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Abstract

Electronegative plasmas have a wide ranging applications following its primary role in the
production of energetic neutral beams of hydrogen used for plasma heating in fusion
devices. In technological plasma applications electronegative gases are used for plasma
etching which readily form stable negative ions. Significant population of negative ions in a
discharge can greatly influence the discharge properties by reducing electron density while

modifying the sheath structures adjacent to the substrates.

Formation of negative ions is a complex process. They are primarily formed in the bulk
phase by the dissociative attachment of low energy electron to an excited molecule.
However intermediate excitation of the neutral molecules requires the presence of energetic
electrons in the discharge. An efficient mechanism of negative ion production is via
interaction with a low work function material such as Caesium coated surface as used in the
negative ion source for neutral beam extraction. However, caesium migration between the
acceleration grids can be a major concern for the failure of ion source during long pulse
operation. Therefore suitably tailoring the plasma properties of the source can help in
improving the efficiency of negative ion production in the bulk phase rather than surface

production.
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The thesis deals with the study of oxygen negative ion formation in the anodic glow
plasma. The anodic glow is characterized by a double layer having a steep gradient in T,
and electron density. This region provides a natural favourable condition for the production
of negative ions. The anodic glow is created via D.C discharge between a hollow tubular-
anode in conjunction with parallel plate cathodes. The results show significant fraction of
negative oxygen ions near the anodic glow. Theoretical estimates of negative ions at each
spatial location are obtained by providing electron density and temperature measured using
plasma diagnostic probes. The results show reasonable agreement with the experimental
data suggesting that anodic glow can provide a suitable breeding ground for the production
of negative ions. A qualitative model is presented for observing the oscillation in the

discharge current due to ionization instability at the anode sheath.

b|Page



Acknowledgement

It is great pleasure for me convey my sincere thanks to a number of people who gave
suggestions, who encouraged me and who helped me with their valuable counsels and

assistance during my PhD research.

First of all 1 am thankful to my supervisors Dr. Shantanu Karkari and Prof. Miles Turner
for giving me an opportunity to undertake this research. Thanks to Association Euratom
DCU- Fusion for funding my research. | express my deep sense of gratitude to my
supervisor Dr. Shantanu Karkari for his constant support, encouragement, and valuable
suggestions during the course of this work. The discussions with Shantanu have always
encouraged me throughout my PhD research. The completion of this thesis is a result of his
constant encouragement, guidance and constructive comments. | would like to thank Prof.
Miles Turner for his invaluable guidance, feedback, motivation and encouraging remarks. |
am thankful to him for taking my responsibility while Dr. Shantanu was away from DCU.
| also thank Dr. Stephen Daniels for his support and encouragement throughout the process

of my PhD.

It had been always a great experience to interact with academicians in DCU, especially
with Dr. Paul Swift and Dr. Bert Ellingboe. My sincere thanks to Prof. Greg Hughes and

Prof. John Castello, current and former head of Physics School. The experimental and

c|Page



developmental work described in this thesis would not have been possible without the
support from the technical staff of NCPST and School of Physical Sciences, DCU. | am
grateful to Mr. James Lalor and Mr. Des Lavelle who helped me to design and construct
various electrode geometries, vacuum components and plasma diagnostic tools. My special
thanks go to Mr. Pat Wogan for his support while constructing electric and electronic
circuits. I am also thankful to all the admin staff Sam, Sheila, Sarah, Trish and Lisa for their

continuing help.

I am thankful to Prof P K Kaw for providing the hospitality during my stay at IPR,

Ahmedabad, India.

I am thankful to all my DCU buddies, Nishant, Gurusharan, Sarveshwar, Cezer, Igbal,
Huw, Sean, Samir, Nina, Zhening, Jim and Niall who made my work more enjoyable.
Although never expressed, | have to thank my Indian gang Vivek, Nitin, Priya, Chakrapani,
Viswanath, Kishore, Amit, Sourabh, Sanchali, Swarna, Sarvesh, Bhavana, Vikas, Lalit,
Hrishikesh, Aarathy, Jai, Sweta, Gurmit, Pavneet for their continuing support and

undemanding friendship.

Last but by no means least, thanks to my family members for all their love, support and
patience during my entire course of PhD. | am eternally grateful to my parents Mr.
Ajmuddin Mujawar and Mrs. Mumtaj Mujawar, my wife Deepa, my sisters Dr.Shahanaj
and Anarkali, brother Mustafa for their belief in me through my many years of study,
without their good wishes | could not have completed this work. Love to my nieces and

nephews Saniya, Jahin, Kaif, Vaiz and Aymaan. ....Mubarak

d|Page



Table of Contents

ADSIFACT e a
ACKNOWIEAGEMENT ... e c
Table Of CONTENTS ......oouiiiieee e e
Chapter 1 - INTrodUCTION .......ooviiiii e 1
1.1 Background and MOTIVALION. ...........ccuiirieiiieiie it 1
1.2 Important plasma PAramMELEIS. .........oviieieieeie et 8
1.2.1 Plasma TeMPEIAIUIE ......c.ecveitieie ettt sraere e 8

1.2.2 DEDYE ShEALN.......eciiee s 10

1.2.3 Electron plasma freQUENCY .......c.eoiuiiiiiicee e 12

1.2.4 Ambipolar diffusion of charged particles.............cccooveviiiiiicice e, 13

1.3 DC DISCNAIGES ......eiiiiiiiiieieie ettt b et b ettt nb et bbb 15
131 DC DiSCharge STIUCTUIE ........ooveiuiiiiiiieieiee e 20

1.3.2 Anodic glow and double TaYer ... 21

1.33 Hollow Cathode EffeCt ........ccoiiiiii s 23

1.4 Negative ionS iN @ diSCharge ........covi i e 24
14.1 VOIUME PrOQUCTION ... 24

e|Page



1.4.2 SUFACE PrOQUCTION ...ttt eae e nne s 25

143 Negative ion destruction MeChaniSIM .........c.ccccveririeiiieieeie e 27
Chapter 2 - Electric probes for negative ion diagnostiC...........c.ccevveveeiieennnnnn, 28
2.1 INTFOAUCTION ..o b bbbttt b bbb 28
2.2 The Langmuir PrODE .......ooi ittt 29
2.2.1 Theory of Langmuir Probe .........c.coveiieieiic e 30
2.2.2 Measurement of plasma denSity..........c.ccceeveiiieiiiie i 32
2.2.3 Current — Voltage Characteristics of the Langmuir probe ..........cccccooevvevieenn, 34
2.3 Planar Langmuir probe (1on fluX probe).........ccccooeiiiiiiii i 37
2.4 Plasma potential measurement by floating emissive probe............ccoceveieninenincnennn. 38
24.1 Basic principles of emiSSIVE Probe.........ccooiiiiiiiiiii e, 38
2.4.2 Construction of the emissive probe and itS CIFCUIL. ..........ccooereiirerininiceee, 40
2.5 Resonance hairpin probe for the measurement of electron density............cccecvvvevivenns 41
2.6 Measurement of negative ions using electrical probes..........cccccceevevieiiiicicce e, 45
2.6.1 A WO Probe tECANIGUE .......oiveeiicie ettt 47
A AT 1101 1 0= U Y RS RPRRR 53
Chapter 3 Anodic glow in constricted hollow anode plasma source ........ 54
T8 A [ 411 7T [¥ i ([ o OO TSSO PP TPTPTUTRPRPRPN 54
3.2 EXPEriMENTAL SEI-UD ..ouveiiiiieiiiiiieieee ettt eneas 55
3.3 EXPErimental FESUILS ........ooui i 60
3.3.1 Typical picture of the glowing an0de...........ccccoiiiiiiiiiiiiee e 60
3.3.2 The role of anode area on the breakdown properties ...........ccocevvveviviiiecivecineenn, 61
3.33 The sustaining voltage and CUITENL...........covviiieiii i 63

flPage



3.34 Plasma density dependences on the anode area...........ccceeveveevvereesieseeseeieennnnn 67

3.35 Spatial plasma properties in the anodic glow region..........ccoccevveveeieneenesieenenn 68

3.3.6 The plasma electron density scaling with applied power............cccccoovviiiiennn. 70

3.3.7 The effect of cathode spacing on the measured density in the bulk plasma ....... 73

B4 DISCUSSION ...ttt etttk e bbbttt bt bbbt bt b e e b e bbbt bt ne b 74
34.1 Model for the observed density in the anodic glow .........c.cccceeviieieveccc e, 74

3.5 SUMMary and CONCIUSION..........ciiiiiieie ittt sttt sae e sree e 80
Chapter 4 Properties of the anodic glow .........ccccccvevviviie i, 81
4.1 INEFOTUCTION .ottt ettt b e n et b b n e nb e 81
4.2 EXPErimental FESUILS ........ooiiiiiiiiicee e 82
421 Temporal behaviour of discharge CUIrent ...........cocovviiieieici e 83

4.2.2 Relative voltage dependencies at cathode and anode with pressure and

916111 OO PR PR 85
R B 1ol U 11 [ o USSP PP 86
4.3.1 Phenomenological model of anodic sheath expansion..............ccccceevevieieeinennen, 87

4.3.2 Electron temperature dependencies on oscillation frequency with pressure

L1001 1T SO 88

4.4 Summary and CONCIUSION.........coiiiiiiiiie e 93
Chapter 5 Investigation of negative ion production in the anodic glow.......... 94
o T0 R [ 1o 1§ [ox 1 o] I PRSPPSO 94
5.2 EXPerimental detailS ..o 96
5.3 EXPerimental RESUILS.......ccuiiiiiiie it 97
53.1 Comparison of argon and argon-oxygen discharge properties...........cccccevevuvenee. 97

g|Page



YT B 1T o0 Y] (o] o FO ORI 103

54.1 Negative ion formation in the Ar/O; diSCharge.........cccoovvveienieninie e 103

5.5  Summary and CONCIUSION........cciiiiiiiiieii e 114
Chapter 6 Summary and OULIOOK...........ccceevieiiiiie e, 115
6.1 Evaluation of CHAPS as NEJatiVe 10N SOUICE .......ccoveveruerieriiriiniesieie e 118
Appendix A Plasma Uniformity in CHAPS.........cccooiiiii e, 121
EXperimental detailS...........coveiiiiiiiiece e e 121
Experimental ReSults and diSCUSSION ..........ciuveiiiieieeiie et 122
Uniform negative 10N DENSILY ........coviiiiie e ns 125
SUMMEIY .. b bbb bt b et e bt et e b e n e ns 126
Appendix B Constricted Plasma SOUrCe...........cccccvevveiieiic i 128
Experimental set-up and working prinCiple ... 128
Experimental results and diSCUSSION ..........coiiiiiiiiiieieieres e 130
Discharge properties With ArgON gaS .........cciveieiiieiieie e seesre ettt 130
Estimation of negative ion density and electronegativity ............ccccoevevviieiicie e, 132
SummMary and CONCIUSION .......cuviiiieie et a e teebe e anas 135
Appendix C  DC POWET SUPPIY ...ooiiiiiieiie et 136
DC power supply: A VoItage dOUDIEN...........ooiiiiiiieeeee e 136

(OF T (01| 0] 013 1L o]  FO USRS TP PPN 136
RETEIENCES e 138

h|Page



Background and motivation

Chapter 1 - Introduction

1.1 Background and motivation

In recent years, the world’s energy needs have increased rapidly due to the increasing level
of sophisticated living styles and the quicker growth of human population. To date , fossil
fuels are one of the major energy sources which are set to be short supply in the near future.
This shortage has necessitated the quest for the unconventional methods of producing
energy on a large scale to fulfill the future energy demands [1, 2]. Alongside, there is also a

need to develop viable technologies to produce energy efficient devices and applications.

During the last half century the advent of plasma science and technology has played a vital
role in these areas. While plasma based fusion has emerged as a prospective and feasible
energy source [2, 3], industrial plasmas are routinely used for manufacturing the lighting
devices, large area solar cells, flat panel displays and electronic devices [4-6]. The modern
day microelectronics industry is largely dependent on the plasma assisted processes such as
cleaning, etching and deposition [7-9]. More recently, plasmas have also found important
biomedical applications such as biocompatible coatings, biosensors, wound healing and

sterilization [10-12].
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Background and motivation

The word ‘plasma’ is used to describe an ionized state of matter which is a collection of
charged and neutral particles [13]. Taking into consideration the energy of the particles it
constitutes, plasma is energetically the fourth state of matter in which electrons are
separated from molecules and atoms [14]. The constituent plasma particles have random
kinetic energy due to which they can move freely in random directions. Moreover, positive
and negatively charged particles in plasma are constrained to move together under the
influence of long range coulomb forces. This collective behaviour of the plasma particles is

responsible to maintain the charge neutrality of the plasma ensemble [15, 16].

A typical plasma system comprises of equal number of positive ions and electrons in order
to maintain the charge neutrality. While in some cases, plasma contains more positive ions
than the electrons as a fraction of electrons become attached to the atoms or molecules and
form ‘negative ions’. Such plasmas, rich with negative ions are generally termed as
‘electronegative’ plasmas. These plasmas can occur naturally, for example, in the Earth’s
ionosphere and in the photosphere of the Sun [17, 18]. Electro-negative discharges used for
cleaning, oxidising and etching of processing semiconductor substrates have significant
negative ions. Their presence can influence the sheath structure and indirectly influence the
ion flux and the energy of the positive ions impinging the substrate. In contrast to the
positive ions, the interaction between negative ions and the substrate is an endothermic
process. Therefore, plasma processing by negative ions minimizes the heat load on the

polymeric substrates.
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Background and motivation

An important application of electronegative plasmas is for the generation of energetic (1-2
MeV) neutral hydrogen beam. The neutral beam sources are commonly used for plasma
heating in various fusion devices (e.g. ITER, JET, JT-60). The energetic neutral beam is
produced by the charge exchange collisions between the accelerated negative ions and the
background neutrals. The negative ions are preferred over positive ions as the neutralization
efficiency of positive ions falls drastically to zero, while for negative ions, it is about 60 %
for 1IMeV nucleon™. Therefore, negative ion source producing plasma densities in the range
of 10*® m® at a low operating pressure 0.3 Pa is primarily the focus of attention, both in
terms of fundamental understanding of the properties of negative ions and as the
technological challenges in terms of optimizing the source parameters and extraction of the

beam [19-21].

The existing negative ions sources for fusion applications are based on the surface
production mechanism in which positive ions of hydrogen (H") interact with a low work
function surface and capture two electrons to form a negative hydrogen ion. For this
reaction, Cs gas is fed in the chamber along with the working hydrogen gas, where Cs
deposits on the stainless steel chamber walls and provides the active low work function
surface [20, 21]. However, Cs can migrate along with negative ions through the extraction
grid. This has serious consequences as some negative ions are produced in between the
accelerator grids and their energies are significantly lower than the major component of
negative ions extracted from the plasma. This leads to poor optics of the beam and
consequently causing the beam to diverge. These energetic beams striking the duct chamber

walls can lead to the damage of the chamber walls besides polluting the beam by bringing
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Background and motivation

in the residual impurities into the chamber. Therefore making the volume production more

efficient is a key to eliminate Cs injection inside the source.

The efficient production of negative ions in the bulk phase is the result of balance between
the production and the loss rates. The production of negative ions in the bulk phase is a
two-step process. In the primary step, an atom or a molecule is excited by energetic
electrons in the distribution. These excited molecules then capture a low energy plasma
electron to form a H- through the dissociative electron attachment process [19, 21]. The
main cause for the destruction of negative ions is the fast electrons. Therefore, production

of negative ions in the bulk phase is less efficient as compared to the surface process.

A systematic study of the kinetics behind the volume production requires controlling the
electron temperature (T) distribution inside the plasma. Generally, the electron energy
distribution can be manipulated by varying the collision frequency by changing the
operating pressure. However, changing the external parameter such as the pressure also
results in a change in the number density of electrons which is also responsible for the
attachment process. Therefore, in an experiment, there is a limited scope for studying these

mechanisms independently over a broad spectra of electron temperature.

One method of separating different electron temperature regions in a plasma is by applying
magnetic filters in a plasma chamber which selectively screen the transport of electrons.
These kind of sources are known as Tandem (two chamber) sources and have been
implemented to study the negative ion production by volume process [21-24]. The distinct

electron temperature can also be created in a pulsed plasma. In this case, electron
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Background and motivation

temperature in the ON phase of the pulse cycle is higher, which drops transiently in the
OFF phase of the cycle [25, 26]. However in both these cases, the active control of electron

temperature over a wide range is difficult to achieve.

In summary, understanding the kinetics behind the production and loss mechanisms of
negative ions is vital for both industrial plasmas [8, 9, 27-29] as well as for the neutral

beam heating source for fusion devices.

In view of the above discussions, we focus our objective on the properties of a D.C anodic
glow plasma for the production of negative ions. The anodic glow region is characterized
by the spatial gradient in the electron temperature ranging from 1eV to 5eV. The anodic
glow, sometimes referred as “fire ball’ is a bright luminous glow formed in front of the
positively biased electrode (anode) due to the intense secondary ionization. The glow is
associated with the presence of space charge double layer structure which confines the
energetic electrons near the anode. The electron temperature outside the anodic glow shows
a typical spatial decrease in the electron temperature. Such a situation is ideal to study the
effect of electron temperature on the kinetics of negative ion formation and destruction at a

fixed gas flow rate.

The overall thesis can be broadly classified into two parts. The first part deals with the
properties of the plasma source which comprise of a differentially pumped constricted
hollow anode for the production of anodic glow, in conjunction with number of parallel
plate cathodes. Systematic studies are carried out to understand the role of the electrode

configurations in the enhancement of local plasma production near the constricted anode
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and its impact on the overall plasma properties. The investigations also look at some basic
issues such as plasma instabilities due to the anodic glow. The second part of the thesis
deals with the systematic study of negative oxygen ions formation in the anodic region. The
experimental observations are explained on the basis of the quantitative analysis of
different rate constants. The investigations described in this thesis are schematically shown

in figure 1.1.
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Important plasma parameters

The following section briefly reviews the well-known plasma parameters.
1.2 Important plasma parameters

1.21 Plasma Temperature

Plasma is a collection of many bodies with range of velocities in three dimensional phase-
space. When the density of particles in a velocity space is plotted against the velocity
ranging from — infinity to + infinity, we get a peak at the centre which falls away from the
centre as described by a Maxwellian distribution. The full width at half maximum of the
distribution determines the temperature of the species and is associated with the mean

velocity of the particles. The Maxwellian distribution of electrons is given by

fvy=n[ -1 js/zex _m?
O\ 2T Pl kT

In the above expression, m denotes mass of electron and T denotes the temperature of the

electron. The distribution function f(v) describes the number of particles (dn) in a given
velocity interval, dn=f(v)dv. This can be expressed in terms of energy and the electron

energy distribution function, f(E) is obtained from the velocity distribution function as

1/2
f(E)= n(ﬁj (k)32 exp(—ij
V4 kT
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The average particle velocity, V , as obtained from the velocity distribution function is

8kT \"'?
2
zm

The Te, Ti , T are generally used to denote the temperature of electrons, positive ions,

negative ions.
If plasma species fulfil the following condition
Tg =Tj=Te=Tex =Tq =Ty

(T,= gas temperature, T;= ion temperature, T,= electron temperature, T,,= excitation

temperature, T,= dissociation temperature, T,.= radiation temperature)

then the plasma is said to be in thermal equilibrium. Complete thermal equilibrium is very
difficult to observe, however, under certain laboratory conditions local thermal equilibrium

can be achieved. If the ion temperature and gas temperature is comparable with the electron

temperature i.e. Tg =Tj =Tg the plasma is said to be in local thermal equilibrium.
Typically for low pressure plasmas,
Te>>Ti =Ty

And therefore, the plasma is said to be in non-thermal equilibrium
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Important plasma parameters

1.2.2 Debye Sheath

If a local potential is imposed in the plasma, the opposite charged particles organize in
order to confine the electric field from leaking in to the plasma. The potential created due to
thermal fluctuation of highly mobile electrons, is shielded to a distance called the Debye
length, Ap, and the phenomenon is termed as Debye shielding. The Debye length in the
plasma can be obtained by equating the kinetic energy of thermal electrons %z kTe to the

electrostatic potential created as follows:

- 1/2
&

e“ng

where g is the permittivity of the free space and e is the charge of electron. When the

values of gy and e is inserted in above equation we get

T (eV 1/2

Ap =743 _Tel&V) in cm
Ne (10lo cm ’3)

where T.=kT./e is in eV. Debye length is inversely proportional to the number of charges

available for shielding the local potential. The Debye length is proportional to the electron

temperature. The physical dimension L of the plasma must satisfy the condition Ap << L.

An object in contact with the plasma is charged by the random fluxes of electrons and
therefore it builds up a negative potential with respect to the plasma. The negative potential

accelerates positive ions towards the walls while repelling the electrons. In a steady state,

10|Page



Important plasma parameters

plasma continues to provide electrons to the surface in order to maintain the negative
potential just enough to make the electron and ion fluxes equal such that the net current is
zero on an average. The potential at which the net current is zero is known as the floating

potential.

The potential developed between the surface and the plasma bulk is confined to a layer of
thickness of several Debye lengths. This layer of positive space charge that exists around

all surfaces in contact with the plasma is called the plasma sheath.

The potential developed across is called sheath potential. For the floating surface the sheath

potential is given by
1/2
M
(DW = —Te |I‘I(2—j

where M is mass of ion. The velocity with which the ions enter into the sheath is called

1/2
Bohm velocity and is given by ug :(—ej

M

If certain voltage is applied to the surface immersed in plasma, the surface starts collecting

the current which is given as jo =ensug

In terms of the applied voltage on the surface, the current collected is given by the Child’s

law of space charge limited current
4 (29)1/2 V03/2
S ) I I
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Important plasma parameters

where s is the thickness of the sheath and is obtained by

3/4
szzzzg;%Ds(EéélJ

e
where Aps is the Debye length at the sheath edge.
1.2.3 Electron plasma frequency

In line with the above discussion of Debye length, the local perturbations from the
quazineutrality develop an electric field to limit the charge accumulations. The response of
charged particles to these local electric fields is via fundamental mode of oscillations. The
frequency of these oscillations is termed as the plasma frequency. For electrons it is given

as

1/2
ezne
a)pe =
meg

The above equation is simplified as

@
fe = 2;’: ~8980,/n, Hz  (n, incm™)

In a typical glow discharge, the plasma frequency is in the microwave band (1-10 GHz).

Recalling the expression for the Debye length, the plasma frequency is written as

\7e
I0) =-_>
pe D
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Important plasma parameters

where v, is the average thermal velocity of the electrons in plasma.

The above equation shows that, during the one plasma oscillation, electrons move with

velocity v, over a distance of a Debye length so as to maintain the neutrality of the plasma.
However, this electron shielding is inefficient for the plasma perturbations with greater

frequency than wpe .

1.2.4 Ambipolar diffusion of charged particles

If the discharge has nonuniform distribution or density gradient of charged particles, the
plasma particles tend to move by diffusion towards the region of lower density. The
electrons have higher mobility and tendency for faster diffusion than ions which causes the

formation of positive space charge over a region greater than Ap . In order to maintain the

quazineutrality an electric field sets-up which restrains the electrons and accelerates the
positive charges such that the flux of both the charged particles is balanced i.e.

Ie =I; =T =nv. This phenomenon is called ambipolar diffusion.

The flux of ion and electron in the presence of diffusion gradient % is composed of two

terms, and is given by

I =-6;Vn; + 40 E (1.2)
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Important plasma parameters

In the above expressions, Dvnis the diffusive flux of charged particles induced by
concentration gradients and + znE is the flux associated with the drift of charged particles
under the influence of ambipolar electric field E. The symbols D and x denote diffusion

coefficient and mobility of charged particles and are given by

where v, is the momentum transfer collision cross section. Using the mean speed

v =(8kT/zm)'2 and a mean free path 1 =v/v,, , we write

5 1/2

D=|:7d kT} (1.3)
8m
MZ 1/2

“ :|q|.{8kTm} 14

ForIy =I; =I", from eq 1-1 and 1-2 we can write
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DC Discharges

— DeVne iyeneE = —DiVni T 140 E

Assuming the quasineutrality condition n, =n; =n, we can find the value of electric space

charge field (E) generated due to ambipolar diffusion to maintain the local flux balance.

D;i — De Vn
E=—1 ¢ (1.5)
Hi +He N
The value of I, =T =T is
r-_#iPet 4By, b vy (1.6)
M+ e

where D, is the ambipolar diffusion coefficient.

1.3 DC Discharges

The most common form of plasma generation in the laboratory is by applying a DC or time
varying potential between two electrodes in a rarefied gas. The stray electrons present
between the electrodes accelerate and gain energy in the electric field developed due to the
applied potential. The accelerated electrons lose their energy in ionizing collisions with
atoms or molecules of the gas and produce an electron-ion pair. The newly created
electrons undergo further ionizing collisions. This electron multiplication process is

characterized by the first Townsend coefficient (o) which represents the mean number of
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DC Discharges

ion-electron pair formed by an electron along the unit length . a depends on the electric

field (E) and the relation between o and E is given by

a_ _Bp
2. Aexp( ! j .7)

where A and B are constants and p is the gas pressure. For a low applied voltage, the
current flowing through the gas is due to the collection of charged particles available
between the electrodes. As the applied voltage increases, due to the electron multiplication
process the current monotonically increases. However this current is very small and
requires sophisticated instrumentation for its measurement. This flow of electric current
through gas is termed as Townsend discharge. The ionization in the Townsend discharge is

very small and gas emits no significant light.

( Cathode Anodc\

B . Electron
>0 multiplication
3 process

| +

Figure 1.2: Schematic of the DC discharge and electron multiplication process in

Townsend discharge
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DC Discharges

For a fixed distance, the electric field to neutral ratio increase by increasing the external

applied voltage. If the applied voltage is further increased, at the critical value VB, the

current abruptly increases and the gas begins to glow and thus called glow discharge. The

critical voltage at which gas begins to glow is called breakdown voltage (VB) and it is given

by

d
V8™ InApd-In [E:rr: (11 )] (1.8)
se

In this relation d is the distance between the electrodes, Vee is the secondary electron

emission coefficient, which is the ratio of the number of emitted electrons at the cathode to
the number of incident ions. From equation 1.5 and equation 1.6, it is clear that the
breakdown voltage depends on the electric field (E), Townsend’s coefficient (o)) and system

pressure (p).

Equation 1.6 is known as Paschen’s law which correlates the breakdown voltage to the
product pd. If the value of pd is large, very small number of ions reach at the cathode

surface to produce the secondary electrons, thereby, increasing VB. If the value of pd is

small, number of ionizing collisions of electrons between the electrodes is greatly reduced

and therefore VB increases. The breakdown voltage has a minimum between the two

extremes of pd. This behavior is described by Paschen’s curve as shown in figure 1.3.
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Figure 1.3: Schematic Paschen curve for paralle plate DC discharge
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Figure 1.4: I-V characteristics of DC discharge
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Figure 1.4 shows the I-V characteristics of the DC discharge. Region A-C corresponds to a
dark discharge regime where the discharge current is very low. In region A-B, the current is
mainly due to the migration of stray charges to the electrodes. In region B-C, the discharge
current increases exponentially with a little increase in voltage. This region corresponds to
the Townsend discharge. At point C, the electric breakdown occurs in Townsend regime
with the addition of secondary electrons emitted from the cathode due to ion or photon

impact exceeds the losses to form self-sustaining plasma and the current rises by a factor of

10%-10°. The discharge is characterized by a luminous glow because of excitation of
neutrals by the electrons. This glow, called as the normal glow, which is visible close to the
cathode, but does not cover the whole cathode surface. Further, increasing the current at a
constant voltage leads to plasma covering the entire cathode surface (region D-E). Beyond
this range, the voltage and current show a linear Ohm’s relationship, and the discharge is
called abnormal glow discharge (region E-F). In this region, the cathode gets heated by the
increasing number of impinging ions, attracted by the negative potential. Abnormal glow
region is of specific interest because the plasma density scales linearly with the applied
power. The abnormal glow transfers in to an arc which is characterized by a sharp rise in
the current while the discharge voltage drops. The arc regime is facilitated by strong a
thermionic emission of electrons from cathode, local increase in sheath potential and

enhance electric field close to the electrode.
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1.3.1 DC Discharge Structure

Aston dar’ k space Anode dark space
Cathode glow Faradaw dark space

Negative glow

Catho de ik space Positive cohlmn Anode glo“

(a)

(®)

Figure 1.5: (a) Characteristic glow structure of DC discharge (b) photograph of a

DC discharge tube showing distinct luminous glow regions

The DC discharge is often shown as divided into distinct regions, as shown in Figure 1.5.
Close to the cathode, a thin luminous layer is observed. This cathode glow is caused by
atoms excited by electrons coming from the cathode, or ions accelerated from the plasma
towards the cathode. The dark space between the cathode and the glow is called the Aston
dark space. Here the electrons are too slow to cause excitation or ionization of the neutral
gas. Moving towards the anode after the cathode glow, we see a dark region called the
cathode (or Crookes or Hittorf) dark space. The largest potential drop occurs within the
region cathode dark space. This region is often referred to as the cathode sheath or cathode

fall. The major part of the cathode sheath has a net positive space charge due to the positive
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ions attracted by the negative potential. The cathode dark space is directly adjacent to the
negative glow, which is the lightest intensive part of the discharge. In this region, electrons
gain enough energy to ionize and excite the neutral gas. After the negative glow, the
Faraday dark space is observed followed by the positive column. The region adjacent to the
anode is dark. This is because the electric field in the anode sheath is too weak to carry out
any ionization and excitation. However, if the area of the anode is drastically reduced as
compared to the area of the cathode, a bright luminescent glow appears in front of the

anode. This glow is called as anodic glow.

1.3.2 Anodic glow and double layer

In a DC discharge, the polarity of the anode sheath is such that the plasma potential is
always positive than the anode so as to repel the excess electron flux arriving at the anode
due to their random thermal motion. However, if the anode is biased more positive
compared to the plasma potential, electrons are attracted towards the anode. The electrons
gain energy in this process and undergo ionizing and excitation collisions with the
background neutrals in the anode region due to enhancement in the E/p ratio. This process
leads to the formation of the intense glow around the anode. Similar intense discharge
structures, sometimes called fireball, are also observed in plasma diagnostic probes when

biased above the plasma potential[30-34].

The intense ionization in the fire ball is always described and associated with the formation
of ‘double layer’ adjacent to the anode. A ‘double layer’ consists of two adjacent and

opposite space charge regions. The opposite space charge layers create a strong electric
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field and correspondingly sharp change in potential across the double layer. In case of
anodic double layer, the electron sheath is attached to the anode and the adjacent positive
space charge region is sandwiched between the electron sheath and the positive column [31,

35, 36].

The DC discharges based on the constricted hollow anode have also been subject of interest
for last two decades because of their potential application as high density downstream
plasma source for thin film synthesis and processing [37-39]. Miljevic, in 1984, described
a DC discharge which consists of a concave cathode and a small disc with aperture at the
center as anode[40]. The discharge is characterized by a bright plasma and maximum ion
density in the small anode region. Miljevic discussed that this strong excitation and
ionization of the gas in the anode region was due to the concave cathode which focused
electrons towards the small anode located at the center of curvature of the cathode.
However, later in 1995, Anders et al used a planar cathode and a small anode and showed
that the dense discharge in the anode region is not the result of focusing of electrons by
concave cathode but is essentially due to the secondary ionization in the anode region of
constricted plasma source[41]. Since the area of anode in these plasma sources is
sufficiently small as compared to the area of the cathode, they are called as constricted
anode plasma source’. Anders further modified the constricted anode plasma source by
addition of hollow cathode instead of plane cathode. The addition of hollow cathode
increased the total discharged current which further enhanced the effect of anode

constriction[42].
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In this study, we present a constricted hollow anode plasma source in which an intense
glow is created using a hollow tubular anode whose outer surface is shielded using a
dielectric. The cathode consists of an array of equidistant parallel plates. This specific
geometry of the cathode is useful to accommodate a large area cathode in the plasma
source. Also, the distance between the parallel plate cathode is optimized in such a way to

create a hollow cathode effect as described in the following section.

1.3.3 Hollow cathode effect

Instead of having a planar cathode in the DC discharge, the cathode can be made up of a
cylinder or two parallel plates. If the distance between the parallel plates or the diameter of
the cathode cylinder is such that the negative glow is confined inside the cathode cavity
then it is called as hollow cathode discharge (HCD). A characteristic feature of hollow
cathode configuration is the oscillation of fast electrons in the cathode cavity. The electrons
which are emitted from the inner walls of cathode are accelerated in the cathode sheath
region. These electrons meet the opposite cathode sheath where they are reflected.
Therefore, the energetic electrons reside within the cathode cavity for a long period of time,
instead of going into the positive column and then be lost to the anode. This has a direct
effect on the increase of collision probability and higher ionization rate in the cathode

region [9, 43-45].

HCD are characterized by a reduced breakdown voltage and higher current density.
HCD are generally operated with DC however use of pulsed DC and RF bias allow more

ionization efficiency and hence better performance of the source. One of the major
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disadvantages of the HCD is that they operate at relatively higher pressure which limits

their use where very low pressure operation is necessary.
1.4 Negative ions in a discharge

Negative ions are formed when an extra electron gets attached to the electron affinity level
of an atom or molecule. The process of formation of negative ion can be (a) volume process
in which the electrons in the bulk plasma get attached to the atom or molecule and (b)
surface process in which positive ions impinge on the low work function metal surface and

grab electrons from the metal surface to become negative ions.
14.1 Volume Production

Volume production of negative ions is a two-step process. In the first step, the vibrationally
/ rotationally excited molecules are created by direct impact of energetic electrons with the
molecules. In the later step, these excited molecules either split into a negative ion and a

neutral or they are stabilized by releasing the excess energy.

XY+e (XY ) =X +Y Dissociative attachment

Dissociative Attachment (DA) is the most common process for the formation of negative

ions.
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The formation of hydrogen negative ions by DA of slow electrons (with energy less than 1
eV) was first investigated by Bacal in 1977. Through this process hydrogen negative ions
are effectively produced in the bulk of the plasma. However, fast electrons with energy

more than 40 eV are required to produce excited molecules of H,orD, molecules.

Ho +e g (40eV) > Hy +e

Hj +egon@eV) >H™ +H+e

Since the electron energies for these two processes are different, the plasma in the ion
source is divided in two regions by magnetic filters. In one region the high energy electrons
excite the hydrogen molecule. These fast electrons are confined in that region by a
magnetic field. Only heavier excited molecules selectively cross the magnetic field and go
to the other region where the negative ions are produced by dissociative attachment of slow

electrons.
1.4.2 Surface production

In the surface production of negative ions, an electron from the Fermi level of conduction
band of a metal gets attached to the electron affinity level of a positive ion which moves

away from the surface of the metal after reflection or sputtering.
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Figure 1.6: Surface production of negative ions
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For lighter particles, reflection from the metal surface is a common process. The probability

of formation of negative ions due to reflection (P (v)) has been theoretically given by

Rasser et al [46].

- _E _ﬂ-((D_Ea)
i (v)_ﬁexp{ 2v oSO } (1.9)

where ¢ is the work function of a metal, Ea is the electron affinity, ® is the angle of

ejection and v is the velocity of the emitted particle. From the above equation, it is clear
that probability of the formation of negative ions can be enhanced by using the low work

function target metals.

The work function of a target metal surface can be lowered if the surface is coated by

another low work function metal such as alkali or alkaline earth metal. The minimum value
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of effective work function of the coated metal surface is lower than the work function of the
deposited material. Ceasium has the lowest work function (1.81 eV) of all the elements,
and therefore it is frequently used to obtain a low work function metal surface for the

enhanced production of negative ions by surface process.

1.4.3 Negative ion destruction mechanism

The loss of a negative ion occurs due to the detachment of the single or double electron.
The negative ion then becomes a neutral or positive ion. Most common negative ion

destruction reactions are listed below.

X +e—sX+2e Electron detachment by fast electron
X +Y X+ Mutual neutralization
X +Y s X+Y+e Collisional detachment

The value of electron detachment cross section increases with the pressure. For hydrogen
negative ion, at the gas pressures of 102 Torr or above, no negative ion can survive. The

negative ion survival percentage for 102 Torr and 10 Torr is 50% and 93% respectively.
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Chapter 2 - Electric probes for negative ion

diagnostic

2.1 Introduction

Information about the state of the plasma is obtained by means of a wide variety of plasma
diagnostic tools. The most basic ones include measurements of voltage and current through
the plasma, photography etc. Other, more sophisticated tools are electric probes, optical and
mass spectrometry. Of these, measurement of plasma properties with electric probes is the
oldest and most often used techniques. The advantages of probes over other diagnostics

techniques are as follows.

1. The experimental arrangements are simple, require lesser space and can be easily
fabricated in laboratories.

2. The physics of probe techniques is relatively simple and less complex. Therefore,
the raw data obtained from the probe can be processed to determine the range of
plasma parameters e.g. plasma density, plasma potential, electron temperature.

3. One of the most important features of probe technique is their ability to perform the

time and space resolved measurements of the plasma parameters.
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Here we are primarily interested in the local measurement of plasma parameters. Therefore

the electrical probes were the obvious choice.

Although electric probes are popular for the reasons highlighted above, the negative ion
density can only be obtained indirectly from the electron density and positive ion density
measured by the probes. This chapter describes different probe techniques applied for the
characterization of plasma parameters in Constricted Hollow Anode Plasma Source

(CHAPS).

2.2  The Langmuir probe

The Langmuir probe is the most simple and commonly used method to measure almost all
the important plasma parameters. Its construction is relatively simple comprising of a
small conducting electrode inserted into the plasma. The electrode is either planar,
cylindrical or spherical in shape and made up of high melting point metal such as tungsten
or molybdenum. The potential on the electrode is varied by the external voltage source and
current collected by the probe is measured as a function of applied bias. The current voltage
(I-V) characteristic of the probe is thus obtained from which a number of important plasma
parameters are obtained such as ion and electron densities, floating potential, plasma

potential and electron temperature as well as electron and ion energy distribution functions.

There are three main sections of the current — voltage curve, namely ion saturation,
transition and electron saturation regions. Section 2.2.1 describes the theory of the

Langmuir probe to interpret the three regions of the IV curve and deduce the information
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about the important plasma parameters. Before that we briefly discuss some of the

important plasma parameters.

Plasma potential (Vp): It is defined as the potential at which all electrons arriving near the
probe are collected and the probe current equals the electron current. If the probe is at the
plasma potential, the perturbation it induces to the free ion and electron current is very
small. The plasma potential is essentially the electric potential in the plasma in the absence

of the probe.

Floating potential (Vs): If the probe is electrically isolated from the others parts of the
plasma reactor i.e if the probe is floating, the probe gets negatively charged due to the
higher flux of electrons as compared to positive ions. As the probe charges negatively with
respect to plasma, the electron flux decreases and ion flux increases. The probe attains a
potential at which the electron flux is repelled just enough to balance the ion flux. This

potential (which is negative with respect to plasma) is floating potential.

In the current—voltage characteristics of the Langmuir probe, the plasma potential is at the
boundary of electron saturation and transition region, while the floating potential is at the

edge of ion saturation and transition region.

2.2.1 Theory of Langmuir probe

Langmuir and Mott-Smith first developed the basic theory to interpret the IV characteristics

of the Langmuir probe[47]. Following are the basic assumptions of this theory.

1. The electrons follow Maxwell — Boltzmann velocity distribution
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2. The probe does not perturb the plasma and that

3. Every particle which enters into the sheath is collected by the probe.

Let ne is electron density in the undistributed plasma at potential Vp and ng is electron
density in the immediate vicinity of the probe surface at potential Vg < Vp then from the

Boltzmann relation [9]

Ne =Ny exp[VBT;VPJ (2.1)
e

The electron current (l¢) collected by the probe surface of area A in this region given by

— Vg -V
le :%enoveAexp(%J (2.2)

e

The total current to the probe in the transition region is the difference between the electron

current and the ion current.

I+1; =1, :%enOEAeXp(VBT;VP) (2.3)

e

At Vg=Vp, the exponential term in above equation vanishes. Also at Vp the ion current

collected by the probe is zero. Therefore we get the electron saturation current given by
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lge = engveA (2.4)

By dividing and taking logarithm, we get
le | Vg -Vp
In (—J =T (2.5)

Thus the value of electron temperature is determined from the inverse slope of a plot of In |

against applied probe bias (Vg)

_m 2.6)

2.2.2 Measurement of plasma density

Electron density (ne) and ion density (n;) are determined by knowing the I and Isi from IV

curve of the Langmuir probe. For the Maxwellian electrons, mean electron velocity is given

by v, = (8eT, /zm)*'? . Therefore,

W @2.7)
zm
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For cold plasmas, Ti<<T,, the ion saturation current ls is independent of the ion

temperature and is given by
ISi = €en; AUB (28)

where ug is Bohm velocity given by ug = (eT, /M)Y2. Thus

The calculation of particles densities from the above equation assumes that the effective
area of the probe through which the probe collects the particles is known. However, the
particle collecting area may change significantly depending on the geometry of the probe.
In case of cylindrical or spherical probe, due to the expansion of the sheath area, it is
difficult to get the exact value of saturation currents and plasma potential which leads to the

inaccurate measurements of particle densities.

In case of planar probes, the area of the probe is too large as compared to the sheath
thickness such that effective area of the probe is independent of sheath thickness. This
helps to the more accurate measurement of I, However, due to its large collection area,
application of positive bias for determining I strongly perturbs the plasma. Thus the use of

planar Langmuir probe is limited only to the measurement of ion density.
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2.2.3 Current — Voltage Characteristics of the Langmuir probe

Consider a probe immersed in plasma which consists of only electrons and positive ions
and no negative ions. If the potential on the probe is varied we get a current voltage
characteristics as shown in figure 2.1. If the probe is floating i.e. no current is collected by
the probe, a floating potential is developed on the probe surface which repels the excess
flow of electrons and the current contributed by negative and positive charges at the probe

becomes equal.

Figure 2.1: 1 V characteristics of a Langmuir probe

When the probe is biased with respect to the floating potential, but negative to the plasma

potential, positive ions are repelled and electrons are attracted towards the probe surface.
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The net current collected by the probe increases with the applied bias which is given by the
Boltzmann distribution. For a perfect planar probe, where collection area is not a function

of bias voltage, the ion current is essentially constant for Vg < Vp.

At (Vp — A4V)=0, there is no negative charge on the probe, and the probe attains the same
potential as the plasma. In this case no sheath forms and the collection area equals to that of
probe tip. Since there is no sheath, electrons and ions are neither attracted nor repelled, they
simply collide randomly against the probe tip. Again, because of the higher thermal
velocity of the electrons, the probe current is dominated by the electron current. As the bias
is increased further, the probe becomes positive with respect to the plasma and electrons are
attracted while ions are repelled. Equation 2.4 can be used to calculate the saturation

electron current as a function of bias in this region.

The plasma potential lies on the edge of the transition region and the electron saturation
region. This is usually seen as a 'knee' in the I-V curve. However in some cases, the knee
cannot be defined distinctively. In this case Vp is determined by a linear extrapolation from
the electron saturation region and an extrapolation from the transition region. The bias
point at which the linear extrapolations cross is Vp. It can also be identified by the peak of
the first derivative, or the zero crossing point of the second derivative of the |-V

characteristic.

If the probe is biased sufficiently negative with respect to floating potential, ion current

dominates as electrons do not have sufficient energy to cross the sheath and be collected on

3B|Page



The Langmuir probe

the probe. lon saturation occurs when a further increase in negative potential does not

increase the collected current.

The ion current is independent of the probe bias and is determined by the product of density
at the sheath edge and the Bohm’s speed of ions entering the sheath. For obtaining the
positive ion saturation the probe must be biased to strong negative potential to minimize the

contribution of energetic electrons from the tail of the Maxwellian distribution.

In case of cylindrical probes, in the ion saturation region, collection area increases as a
function of bias due to sheath expansion. Therefore as ion saturation approached, more

current is collected, and so, incomplete saturation occurs.

For an ideal planar probe, whose sheath width expands with sheath voltage, but sheath area
remains constant, the collection area of the probe does not change throughout the I-V

characteristic.

For ideal planar probes, as the bias on the probe increases, the sheath expands but the
sheath area remains constant. Therefore the accurate measurement of positive ion density is
possible. In practice, the ion saturation is rarely seen due to edge effects and also
hemispherical distortion of the sheath edge as a function of bias voltage. Guard rings are
often used to reduce edge effects, thus allowing planar probes to produce I-V characteristics

with more complete saturation regions.
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2.3 Planar Langmuir probe (lon flux probe)

As mentioned in section 2.2, measurement of ion density by planar Langmuir probe is one
of the more accurate and simple techniques. Figure 2.2 shows the construction of the planar
probe which is used to measure ion density in our experiments. A probe consists of metallic
disk of diameter 1.75 mm. The disk is biased negatively by using an external stabilized
power supply. The ion current collected by the disk is measured by measuring the voltage

drop across the resistor (0.1-1 k) connected between the battery and the ground.

The ion density (n;) is calculated from the ion saturation current (lsy) using the formula
N =lgt / AJeTe /M (2.10)

where A is the area of the planar probe.

R

Probe tip ceramic co-axial cable > Vout
Rﬂ

Figure 2.2: Planar lon flux probe
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For low temperature plasmas, the value of electron temperature lies in the range of 1-5eV,
thus advantage of this technique is that it gives a reasonable estimate of ion density without

knowing the exact value of Te.

2.4  Plasma potential measurement by floating emissive probe

The measurement of plasma potential by Langmuir probe is carried out by finding the
electron saturation current. As mentioned in section 2.2 which describes -V
characteristics of Langmuir probe, obtaining the accurate value of electron saturation
current is practically difficult and therefore we have to find a ‘knee point’ on the current-
voltage characteristics corresponding to the ion saturation current and the plasma potential.

There are two major challenges in the measurement of plasma potential by Langmuir probe.

A highly positively biased Langmuir can disturb the plasma by drawing a large

electron current.

It is difficult to find the exact ‘knee point’ corresponding to V, due to some
reasons such as fluctuations in the plasma potential or the existence of magnetic

field.
The difficulties mentioned above can be overcome by using the ‘emissive probe’.
24.1 Basic principles of emissive probe

The plasma potential is potential at which all the electron arriving near the probe are

collected and therefore the potential difference between the probe and plasma is zero. This
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can be achieved by biasing the probe or by simply making the probe emit electrons
thermionically such that at an equilibrium value the random electrons received by the probe

becomes equal to the electrons emitted thermionically from the probes surface [48, 49].

The emissive probe consists of a thin electrically floating wire. When the wire is placed
inside the plasma it acquires the potential corresponding to the floating potential so as to
balance the electron and ion flux to the probe. If the floating wire is sufficiently heated by
passing the current through it then the wire starts emitting electrons. The energy of the
emitted electrons is equal to kgTw/e where Ty is the temperature of the wire. If the plasma
potential is higher than the potential on the probe, then the electrons move to the plasma
from the probe and thus the current flows towards the probe from the plasma. However, if
the probe is floating (which means no current is flowing through the probe) the potential on
the probe is developed which is equal to the plasma potential V,. The uncertainty in the

measurement of V,, by this method is of the order of kgTw/e which nearly equal to 0.15 V.
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2.4.2 Construction of the emissive probe and its circuit.

F

20kQ

Tungsten  Breaded Twobore
filament copper wire ceramic tube

Figure 2.3: Emissive probe

The construction of the emissive probe is shown in figure 2.3. The probe consists of a fine
‘V’ shaped tungsten filament with radius 0.03 mm immersed the two bore ceramic tube.
The breaded copper wires inside the ceramic bores make good electrical contact with the
tungsten filament. The filament is heated by passing 2.0 A current through the regulated
constant current power supply. The potential (V) developed at the filament with respect to
ground is measured across the two 20 kQ resistors connected to the two ends of the
filaments. When the filament is cold, Ve corresponds to the floating potential (Vy) and for
hot filament, Ve corresponds to the plasma potential (V). The difference between the

floating potential and the plasma potential is the function of electron temperature (T¢) given

by
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7im

v, _Vf,)zw( 2&) @11

where M and m are ion and electron mass respectively.
2.5 Resonance hairpin probe for the measurement of electron density

A straightforward method of measuring electron density is by using a hairpin probe. This
technique was investigated by Stenzel and Gould in mid 1970’s and has attracted some
renewed interest in recent years [50-52]. The principle is based on measuring cold plasma
permittivity by imposing a time varying electric field in the plasma using a resonance wire
in the shape of U. The U shape of the probe provides a most simple microwave resonator
which consists of a parallel transmission line opened at one end and short-circuited on the
other end. The resonance frequency depends on the length of the probe and the dielectric

constant surrounding the probe tips. The resonating frequency (f;) is given by

c

AlLe

fr = (2.12)

where c is the speed of light, L is the length of the transmission line and ¢ is the dielectric
constant of a medium in which the transmission line is placed. With typical probe length of
L=3 cm, the resonance frequency in vacuum f, is found by taking ¢is 1 to be 2.5 GHz falls

in the microwave range.
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In the case of unmagnetized plasma, the plasma dielectric constant is given based on cold

plasma permittivity by

e=|1-—2 (2.13)

where a, is the electron plasma frequency.

The plasma permittivity in the case of unmagnetized plasma is always less than one.
Therefore plasma permittivity increases with the electron density increases. Therefore
according to eq. 2.12 the resonance frequency will shift to higher frequency. The difference
between the f, values in vacuum and in plasma is directly related to the electron density (ne)
of the plasma given by the relation

2 ~ 17
r_plasma — Tr_vacuum (2.14)

0.81 (10" cm’®).

ne=
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Directional coupler loop
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Figure 2.4: (a) Microwave resonance hair-pin probe set-up for the measurement of

electron density (b) typical assembly of hairpin probe

A schematic of the hairpin probe setup and typical probe assembly is shown in figure 2.4.
The hairpin probe system consists of a 50 Q coaxial line with a tiny loop antenna at one
end. The coaxial line and the loop are covered by ceramic tube. The hairpin probe tip,
which is made up of either molybdenum or tungsten, is placed in the proximity of the loop

as shown in the figure 2.4. The hardware consists of (a) scanning microwave source, (b)
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directional coupler for measuring the reflected part in the coaxial line to which the loop is
attached, (c) a diode for measuring the r.m.s value of the reflected power at each frequency

and (d) an oscilloscope.

As the frequency is swept from typically 2-8 GHz, the reflected power is found to vary in
amplitude and at the resonant frequency the amplitude drops significantly. In this way the
resonance frequency can be identified. The electron density is then calculated by knowing

the value of f, in vacuum and in plasma using eq. 2.14.

L shaped hairpin resonance probe

The typical hairpin probe is 3.0 cm long and therefore spatial resolution of the hairpin
probe is on the order of centimeters. However experiments planned in the thesis required a
resolution on the order of a millimeter. Therefore a modified geometry of the hairpin probe
is used. In this modified geometry, a loop is bend by 90° with respect to the co-axial line
and a hairpin probe tip placed parallel to the loop and perpendicular to the coaxial line. This
modified geometry is called as ‘L shaped’ hairpin probe which is shown in figure 2.5. Since
the width of the hairpin wire is about 0.25 mm therefore we could achieve the probe
resolution in the plane of the probe tip on the order of 0.1 mm. The typical error in the

measurement of ne by hairpin probe is less that 5%.
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coaxial cable

90° bent loop

Figure 2.5: Scematic of L shaped hairpin probe

The hairpin probe is floating. Therefore sheath around the probe tips is on the order of 0.1
mm for electron density of 10'° cm™ and Te ~ 1 eV . The width of the hairpin probe is 3.0

mm. In comparison that the sheathwidth around the tips can be neglected.
2.6 Measurement of negative ions using electrical probes

The Langmuir probe technique described in earlier section is directly used to diagnose the
electropositive plasmas. Some of the most important features of Langmuir probe or in
general, electrical probes are (a) the localized measurement of the plasma parameters, (b)
easy instrumentation and (c) well developed plasma sheath theory which enables the
accurate measurement of plasma parameters. However use of Langmuir probe in the
electronegative plasmas is not straight forward. In this case, the negative ions contribute to
the probe current as well as their presence in the discharge presence in the discharge
influences the Bohm speed. This leads to inaccurate measurement of plasma parameters

from the current-voltage characteristics of the Langmuir probe [53, 54]. The negative ions
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diagnostics by mass spectroscopy technique requires the extraction of negative ions from
the discharge. However in the presence of positive plasma potential, negative ions are
confined in the plasma and therefore mass spectroscopy technique is limited to only pulsed

plasmas[55].

One important method of extracting information of negative ion density and temperature is
the pulsed laser photo-detachment technique and is widely used to characterise the
electronegative plasmas. This technique is based on removal of electrons from the negative
ions by irradiating laser beam and have been studied extensively [56-58]. In the probe
assisted laser photo-detachment technique, negative ions are irradiated with the pulsed laser
beam. The energy of the laser beam is greater than the electron affinity of the negative ion
so that the electrons attached to negative ions are stripped off [59]. The negative ions
density is then inferred from the time resolved measurement of excesses electrons by
Langmuir probe. Recently hairpin probe has been successfully used in conjunction with

laser photo-detachment to measure the negative ion density [60, 61].

Although probe assisted laser photo-detachment give quantitative measurement of negative
ions; the technique demands expensive and complicated apparatus. Also, this technigue can
measure the line of sight integrated negative ion density [62] and therefore spatially
resolved measurements are difficult. In the present study, the choice of negative ion
diagnostic technique to characterise the electronegative discharges in the constricted plasma
sources is very crucial. The focus of the study is to understand the formation and transport

of negative ions in the constricted plasma source and which requires the measurement of
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the localised plasma parameters. Therefore the choice of laser based technique is obviously

excluded.
2.6.1 A two probe technique

In the quest of using the Langmuir probe for negative ion diagnostics, previous works by
Boyd and Thomson[53], Braithwaite and Allen[54], Amemiya [63], and Chabert et.al[64]
have provided a good a foundation to understand the sheath formation around the Langmuir
probe in low pressure electronegative plasma. According to the theories described in the

above literature, the saturation current above the plasma potential is given by

1/2 1/2
1(V,)= Ae{ne(:;;j + n(%j + n+v+th]

Where A is the probe area, T, T_ are the electron and negative ion temperatures and V., is

the ion thermal speed. The positive saturation current is given by
Isat = Aely (7, Ne)

Where T, (&, 7,n,) =n,V, is the modified Bohm flux to the probe of area A in the presence

of negative ions which depends on the values of a=n_/ng and y =T /T_. Braithwaite and

Allen, have proposed that if the values of saturation currents are known, then the negative
ion fraction « can be determined from the saturation current ratio R=1(Vp)/ leat [54].

Although this technique is experimentally simple and gives relatively precise values of «

[65], it requires accurate measurement of electron density and a good model for the positive
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ion flux [66]. Chabert et.al have used two different probes to measure the value of « from
R. In their studies, one of the probes was a cylindrical probe to collect the electron thermal
current at the plasma potential. A planar probe was used to measure positive saturation
current and a model was developed to measure the I'y (a,7)=n,V, for the plane symmetric
discharge. Curley et al further modified this two probe technique in which a hairpin probe

is used for the measurement of electron density.

In our investigations, we have followed the two probe technique, in which the hairpin probe
Is used to measure Ng while a planar Langmuir probe, as described in section (3.3), is used
to measure the positive ion flux. However, unlike Chabert and Curley’s work where n. is
determined from i, using the theoretical model, we have used a more straight-forward,
experimentally feasible probe evaluation method [67]. In this method, hairpin probe and
planar Langmuir probe are compared in the stable electropositive argon discharge as

follows.

The ion saturation current for planar Langmuir probe is

[ =eApnﬂ/kM£-F (2.15)

Where A, is the probe area and F is the factor which depends on set of parameters such as
expanded sheath area, effect of fast electrons on ion saturation current etc. For
electropositive plasma, n.=n¢, hence the value of n, measured by using hairpin probe is put

in the above equation to determine F as
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|+
F= sat

KT, (2.16)
AN, Ve

The value of electron temperature required in the above equation is inferred using emissive

probe as described in section 2.4.

For the electronegative plasmas, it is assumed that the small value of a( < 2) and y (~ 10 -
15) does not significantly affect the positive ion saturation current and therefore the same
constant factor F is used to determine n..

I +
sat

- 2.17
€A, Ke ¢ 217)
M

The value of n. is determined by considering the quasi-neutrality condition n.=n¢+n. and

electronegativity is calculated as a=(n./ng)= (n./ng) — 1.

Calibration of planar Langmuir probe with Hairpin probe

The experiments to measure negative ion density by two probe technique described in this
section are performed in an inductively coupled plasma source, BARIS (Basic Radio-
frequency lon Source) in Dublin City University. Argon and argon-oxygen gases are used
to create electropositive and electronegative plasmas. The RF power is varied from 50 —

400 W at the constant pressure of 1.3 Pa. A hairpin probe and planar Langmuir probe are
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simultaneously introduced in a discharge. The probe tips of both probes were at equal

distance from the RF coil.

Figure 2.6 shows the graph of ne measured by HP and 1., measured by PP in the argon

discharge. Both the electron density and ion density increase monotonically with power and
pressure. The figure also shows the corresponding values of F power which are determined
by using eq 2.16. From the figure, we see that F is almost constant with the applied RF

power and lies between 0.71 to 0.77 with the average value of 0.74.
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Figure 2.6: Graph of ne, ls5; and the factor F for the argon discharge operated at 1.3 Pa

The graph in figure 2.7 shows the effect of applied power on electron and ion density for

the Ar-O, (1:1) discharge. The positive ion density, n., plotted in the graph is calculated

50|Page



Measurement of negative ions using electrical probes

from equation 2.15 and by putting F = 0.74. The negative ion density is computed by taking
the difference in n. and n. and is plotted in figure 2.8. As is seen from the figure, the
negative ion density increases monotonically with the applied power and it is in the range
of 10'° cm™ Figure 2.8 also shows the electronegativity (o) plotted as function of applied
power which is as high as 1.4 for 50 W power and decreases to ~ 0.4 with increase in

power up to 200 W. After 200 W, the value of o saturates to 0.35.
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Figure 2.7: Variation of n and n. with power for Argon — oxygen plasma operating at 1.3

Pa
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Figure 2.8: Electronegativity («) and negative ion density (n.) versus power for argon —

oxygen plasma operated at 1.3 Pa

The measurements of n. and o in the same experimental reactor (BARIS) have also been
carried out by Conway et. al for the similar power conditions (5- 500 W) and at 4 Pa in the
oxygen discharge[60]. Those experiments were performed using hairpin probe and laser
photo-detachment technique and hence their data was more accurate as compared to our
experiments. The typical behaviour and the values of negative ion density and the
electronegativity of the Ar-O, discharge with power as obtained by the two probe technique
resemble to the hairpin probe assisted laser photo-detachment technique. Therefore the two
probe technique is later used for the investigations on the electronegative discharges which

are described in details in chapter 5.

52|Page



Summary

2.7 Summary

In this chapter, we presented the usefulness of electric probe techniques to measure the
gross plasma parameters. A detailed description of Langmuir probe, emissive probe and
hairpin probe has been given in order to simplify the understanding of the electric probes.
A comparative study is carried to out to calibrate the planar Langmuir probe with the more
accurate hairpin probe. A two probe technique comprising of these two probes is designed
to estimate the negative ion density and the electronegativity of the oxygen discharge. This
two probe technique is not only simple and accurate but it gives good information about the

local plasma parameters.
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Chapter 3  Anodic glow iIn constricted

hollow anode plasma source

3.1 Introduction

The negative ion production and loss mechanism depends on the electron temperature. The
operating pressure of the plasma governs the electron temperature. Therefore, the basic
need in the present investigation is creating a broad spectrum of electron temperature in a
discharge without varying the given plasma conditions e.g. operating pressure. It is well
established that the double layer structures in plasma are characterised by distinct electron
temperature regions. Such double layer structures have been observed in space plasmas
[68] and also in laboratory plasma such as in RF plasmas expanding in a bigger
chamber[69], in double plasma machines [70, 71], in a quenched discharge tube [31]. The
presents study focuses on creating and investigating an anodic glow as a double layer

structure.

Anodic glow is a term used for describing a luminous glow around the anode of a DC
discharge. In ordinary parallel plate discharge the glow is confined in the cathode region

due to energetic electrons releasing from the cathode surface. However, in special case, if

54|Page



Experimental Set-up

the area of the anode is restricted, then enhancement in the current density at the anode
surface leads to localized ionization at the anode sheath which becomes accelerating for the
electron. Anodic Glow is also observed in the case of a Langmuir probe when biased at

higher potential than the plasma potential [13, 30, 33, 34].

This chapter describes a DC anodic glow created by reducing the effective area of the
anode. It has been observed that if the area of the anode is reduced sufficiently, a bright
luminescent glow appears in front of the anode. A systematic study is presented with
different anode sizes and its impact on the global discharge properties. This chapter also
describes the properties of the anodic glow and its influence on the overall DC plasma

properties.

3.2 Experimental Set-up

The constricted hollow anode plasma source (CHAPS) is a plasma device which is
designed and developed to generate the double layer structure in front of the anode. The
source uses a series of parallel plate cathode in conjunction with a small cylindrical anode
whose outer surface is insulated from the plasma. The basic concept behind CHAPS is
inspired from the constricted anode plasma source which comprised of a large cylindrical
grounded vacuum chamber as cathode while anode is a solid stainless steel rod insulated
from the ground and vacuum chamber[72]. Since the cathode was grounded the typical
plasma potential in that system was on the order of 1kV. Therefore measurement of plasma

parameters required specially designed probes.
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Figure 3.1: Schematic of different cathodes. (a) Semicircular cathode plates (b) annular

cathode plates
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Figure 3.2: Schematic of the constricted anodes, (a) small anode and (b) relatively large

anode area achieved by shortening the length of the outer dielectric cylinder.

In comparison, the CHAPS consists of the parallel plate cathodes geometry which is
insulated from the grounded chamber. The cathode plates are either in the form of
semicircular stainless steel plates or is an annular circular plate assembly as shown in figure
3.1(a) and (b) respectively having diameters 20 cm which are designed to fit inside a

cylindrical vacuum chamber of inner diameter 22 cm which leaves a gap of approximately

56|Page



Experimental Set-up

1 cm from the grounded plasma chamber. The length of the vacuum chamber is 30 cm
therefore typically four plates with the plate separation of about 5 cm are used as cathode.
The motivation behind the use of multiple parallel plates is to achieve the plasma
uniformity over the arbitrary area. The semi-circular cathode plates are designed to obtain
the plasma uniformity above the cathode plates; while annular plates are used to achieve
uniform plasma at the center of the cylindrical vacuum chamber. The anode in CHAPS is a
differentially pumped cylindrical hollow anode, made up of stainless steel tube having
inside diameter of 4 mm and 10 mm outer diameter. The anode is inserted in the plasma
chamber from one of the ports equipped with a vacuum feed through which has several
KV’s insulation to ground. The outer surface of the anode is insulated using a ceramic
macor tube as shown in figure-3.2(a). The length of the ceramic tube can be adjusted to

increase the effective surface area exposed to the plasma as shown in figure 3.2(b).

The cylindrical 304 stainless steel vacuum chamber is fitted to rotary and turbo molecular
pumping. A base pressure of 10° mbar (10“Pa) is achieved before either one of the
working gases He, Ar, N, were gradually introduced through the anode via a mass flow
controller. The operating pressure inside the chamber is kept in the range of 0.5 to 10 Pa.
This can be achieved by reducing the pumping speed by a manually operated gate valve at
the mouth of the pumps, and also by regulating the flow rate.. In some cases the gas is also
fed directly into the vacuum chamber via one of the ports equipped with gas feedthrough
Figure-3.3 shows the schematic of the setup and the respective positions of the electrical
probes that are introduced inside the plasma chamber for characterizing the plasma

properties. The position of the anode is independent with respect to the cathode plates. The
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Figure 3-3: (a) A constricted anode - hollow cathode plasma source; P;, P,, P3: Position of the
probes (Hairpin probe / Emissive probe/Langmuir probe); Vcs: cathode voltage drop with respect
to ground, Ve: cathode voltage drop with respect to ground; I4: discharge current. (b) Photograph

of the plasma system showing the position of electrodes
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parallel plate cathodes in the CHAPS provide conditions similar to hollow cylindrical
cathodes. The secondary electrons produced by the bombardment of positive ions are
trapped between the opposing ion sheaths of the adjacent plates resulting in an efficient

plasma production at low pressures.

For creating the plasma, a non-regulated type DC power supply is designed which
comprises of a 6 kW, 50 Hz transformer. The output of the secondary is 1.5 kV rated at a
maximum peak current of 4 A. The output voltage is increased up to 3 kV using a simple
voltage doubler circuit which gives up to 2 A of continuous discharge current. The details
of the power supply are described in Appendix 3. The electric potential of the cathode Vg
and the anode Vac are measured using the Tektronix high voltage probes (model P6015a)
with respect to the grounded chamber. The anode to cathode voltage difference is obtained
by subtracting the Vac from V. The discharge current g is measured as shown in figure
3.3 using a Tektronix current probe (model TCP 202). With the plasma in contact with the
grounded chamber allows one to measure the potential difference between the anode and
ground with respect to the ground. The potential of the plasma is found to be close to few

volts above the ground.

The plasma parameters such as electron temperature and electron temperature are measured

using hairpin probe and Langmuir probe and emissive probe.
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3.3 Experimental results

In the CHAPS, the working gas is injected through the anode and pumped out from the
plasma chamber. Therefore the configuration helps in maintaining a large differential
pressure inside the anode. The neutral pressure in the main plasma chamber remains
typically 1 Pa — 10 Pa. By applying continuous DC electric potential between the cathode
and the anode, we obtained efficient plasma at modest powers (typically 500 W) with
density ranging from 1 — 7 x 10'® cm™ in different gases such as He, Ar and also molecular
gases such as N, and O,. As we increase the potential, we first observe an intense glow
engulfing the constricted anode and then the chamber between the electrodes is filled with
the plasma. Earlier authors regarded this glow around the anode as a fireball or fire-rod

plasma depending on its shape.
331 Typical picture of the glowing anode

Figure 3.4 shows a typical image of the anodic glow produced in front of the constricted
anode. The size of the anode was 30 mm? and the size of the cathode was 60000 mm?. The
ratio of the cathode to anode (Ac/A;)was about 2000. It has been visually observed that the
anodic glow is present when Ac/A, > 500. Also the intensity of the anodic glow increase

with increase in A¢/A, . The typical size of the anodic glow is 1.5 cm.
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Radial probe position

D=0.0 cm

Figure 3-4: Anode glow in front of the constricted anode produced in a nitrogen discharge
operating at 50 W and 4 Pa. Picture also shows the position of the probe in radial direction

corresponding to the probe position P3 in figure 3.3(a).

3.3.2 The role of anode area on the breakdown properties

Figure 3.5 shows the behaviour of the breakdown voltages as a function of effective anode.
Four different anode sizes of area 30 mm?, 210 mm?, 405 mm? and 600 mm? were chosen
for the experiment. After the breakdown, for anode area of 30 mm? the anodic glow was

well developed; for A;=210 mm? and 405 mm? , anodic glow was less intense and hazy.
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Figure 3-5: Breakdown voltage characteristics obtained for four different sizes of the
anode having surface areas 30 mm? 210 mm? 405 mm? and 600 mm? exposed to the
plasma. The working gas nitrogen is introduced through the anode while the flow rate was
maintained at 50 sccm and the pressure was varied by adjusting the pumping speed using a

manually operated gate valve.

Figure 3.5 shows the behaviour of the breakdown voltages as a function of effective anode.
Four different anode sizes of area 30 mm?, 210 mm?, 405 mm? and 600 mm? were chosen
for the experiment. After the breakdown, for anode area of 30 mm? the anodic glow was
well developed; for A,;=210 mm? and 405 mm? , anodic glow was less intense and hazy
where as for A,= 600 mm? the anodic glow was absent. The experiment has been

performed for different pressures ranging from 2Pa to 5 Pa of Nitrogen gas.
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From figure 3.5 we see that that the breakdown voltage increases on reducing the operating
pressure whereas on increasing the effective anode from 30 mm? to 600 mm? results in 30
% reduction in the breakdown voltage. The increase in breakdown voltage at lower pressure
is expected due to the reduction in the electron neutral ionizing collisions. The possible
reason behind lowering of the breakdown voltage Vg with increasing anode area is because

the energetic electron fluxes at the anode increases with the surface area.
3.3.3 The sustaining voltage and current

Figure 3.6 shows the plot of discharge current versus voltage for N, gas at an operating
pressure of 2Pa. The experiment is performed with two different anodes with areas 30 mm?
(constricted or small anode) and 500 mm? (big anode). It can be seen from the figure that
at lower sustaining voltage (up to 700 V) discharge current is equal for both constricted and
large area anode. However for sustaining voltages from 700 V to 1250 V, discharge current
is higher in case of constricted anode. This result shows that for the fixed power, the
constricted anode operates at lower sustaining voltage. This result is particularly important
because, as voltage drop across the anode is fixed, lowering the sustaining voltage lowers
the voltage drop at the cathode. Therefore lesser amount of sputtering from the cathode

takes place on reducing the anode area.
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Figure 3-6: | — V characteristics of a nitrogen discharge operated at a constant 2 Pa

pressure shows higher discharge current for a small anode (30 mm? area) as compared to

the big anode (500 mm? area).

Figure 3.7 and figure 3.8 are the graphs of discharge current and sustaining voltage, plotted
against the pressures for values of 2 Pa to 20 Pa for a constricted anode (area = 30 mm?)
and large area anode (area=500 mm?). The experiment is performed with helium gas at
constant power of 400 W. From figure 3.5 it is observed that, in case of constricted anode,
discharge current is higher by 20 % as compared with the large area anode. Also the
decrease in discharge current with pressure in case of constricted anode is small as
compared to the change in the discharge current with the big anode.
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Figure 3.8 shows the low sustaining voltage for both constricted and large area anode
plasmas for 10 Pa to 20 Pa. However at lower operating pressures, sustaining voltage for
large area anode increases rapidly and reaches up to 1200 V. While in case of constricted

anode the sustaining voltage rises only up to 400 V.

From figure 3.7 and figure 3.8, it is also evident that gas flow through the anode helps in

enhancing the discharge current and reducing the sustaining voltage.
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Figure 3-7: Plot of discharge current verses pressure at a fixed power of 400 W. The
working gas is helium, with flow rate 100 sccm. The discharge geometry comprise of 10
annular plates having 2.5 cm separation between the individual plates. The width of each
plate is 4 cm. In one case the gas is introduced through the anode while in the other case

the gas is directly introduced in to the chamber.
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Figure 3-8: Plot of sustaining voltage as a function of background neutral pressure in the

plasma chamber.
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3.34 Plasma density dependences on the anode area
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Figure 3-9: Comparison of electron density outside the cathode plates (region 1 in Figure

3-3) for two anodes having 30 mm?and 500 mm?. The operating power was fixed at 400 W.

Figure 3.9 shows the graph of the bulk electron density which is measured by hairpin probe
4 cm above the semicircular cathode plates (region 1 in figure 3-1) plotted against operating
pressure (2Pa to 5 Pa) at the fixed input power 400 W. The data is shown for the small
anode (30 mm?) and large anode (500 mm?) and the distance between the cathode plates
was d=5 cm. It has been observed that the electron density increases monotonically with
increase in the background pressure for both constricted and large area anode and electron

density is 20 % higher in case of constricted anode as compared large area anode.
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In all above experimental investigations, we studied the effect of anode area on the bulk
discharge properties and observed that the area of the anode plays an important role in the
determining the bulk plasma properties. The reason for this interesting dependence is
definitely the formation of anodic glow in front of the constricted anode. In order to

understand this effect it is necessary to study the properties of anodic glow.
3.35 Spatial plasma properties in the anodic glow region

This section describes the properties of anodic glow. The glow is formed in an N;
discharge. The anode area was fixed to the 30 mm? with Ac/Aa ~ 2000. The distance
between the cathode plate wax fixed 5 cm. The radial measurements of plasma parameters
are carried out in the anodic region using the probe position P3 as described in figure 3.1

and figure 3.2. The tip of the anode was chosen as zero position.

In figure 3.10, the spatial plasma potential profile and electron temperature profile
measured by emissive probe and electron density profile measured by hairpin probe show
distinct plasma properties in the anode glow and in the bulk plasma. The results are
presented for the discharge operating at fixed input of power of 400 W and at two different

pressures of 2 Pa and 5 Pa.

The plasma potential profile illustrates that the bulk plasma potential is about 10 eV which
rises to 25 eV inside the anode glow. The transition of plasma potential is rapid and it takes
place at D= 1.5 cm which is the boundary of anode glow and bulk plasma. It has been also
observed that for 5 Pa pressure the plasma potential inside the anodic glow has a flat

profile.
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Figure 3-10: Spatial plasma potential, electron temperature and electron density profile in
the anode region along the radial direction for the nitrogen discharge for the nitrogen

discharge operating at 2 Pa and 5 Pa pressure and at 400 W input power.
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The electron temperature profile also resembles to that of plasma potential profile wherein
it is observed that the value of electron temperature in bulk plasma is ~1 eV which rises to

4-5 eV inside the anode glow.

It shows that the electron density in the anodic glow is two orders of magnitude higher as
compared to the bulk electron density. The spatial electron density profile show that the
electron density in the bulk plasma is on the order of 10'°%cm™ whereas increases upto 10

cm inside the anodic glow.
3.3.6 The plasma electron density scaling with applied power

So far we have investigated the properties of anodic glow and its influence on the bulk
discharge properties. For all those investigations, the peculiarity of particular cathode
geometry was not taken into account. The geometry of the cathode consists of equidistant,
equipotential, parallel, stainless steel plates. The peculiarity of this cathode geometry is that
it allows increasing the Ac/A, ratio. Also the parallel plate geometry acts as a hollow
cathode which helps in increasing the ionization efficiency in the cathode region by the
hollow cathode effect. Thus it is essential to study the effect of this particular cathode
geometry as it directly affects the plasma properties in the bulk and anode region by (a)
increase in the area ratio A./A,, thereby affecting the voltage drop at the anode. (b) Increase
in the ionization efficiency by hollow cathode effect gives rise to increase in the discharge

current and therefore it increases the overall current towards the constricted anode.

This and the next section describe the experimental investigations related to the cathode

geometry. The area of the anode is kept constant at 30 mm? and the working gas nitrogen
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was introduced through the hollow anode at a constant flow rate of 50 sccm. The cathode
assembly consists of 4 semicircular stainless steel plates. The distance between the plates is

varied from d=2tod=7 cm.

Figure 3-11 (a) and (b) show graphs of electron density measured 4 cm above the parallel
plate cathode (region 1 in figure 3-3) versus power (50 - 400 W) at different pressure
values (2 Pa to 5 Pa). Figure (a) corresponds to d= 3 cm and figure (b) corresponds to d=5

cm.

For d= 3 cm (figure 3.11 (a)), we observe that the electron density monotonically increases
for 3 to 5 Pa pressure. However for the operating pressure of 2 Pa, density tends to saturate
beyond 150W. These observations can be explained by considering the cathode sheath
width. As the sheath width is inversely proportional to the plasma density, more plasma is
present between the plates at higher operating pressure of 5 Pa than at 2 Pa. The electric
field in this case would be normal to the cathode surface which helps in accelerating the
secondary electrons emitted from the cathode towards the opposing sheath. As more
secondary electrons are trapped the efficiency of the discharge improves and the electron
density tends to increase with the applied power. However saturation is reached as the
sheath voltage also increases with the applied power which makes the sheath width again

comparable with the separation between the plates.
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Figure 3-11: The graph of electron density measured by hairpin probe versus power above
4 cm from the parallel plate cathode. The distance between the cathodes plates was (a) 3

cmand (b) 5 cm.
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When the distance between the plates increases from d=3 cm to d= 5cm , the electron
density increases monotonically for all the pressure values (2-5 Pa) and it is observed that
the rate of increase with applied power increases with increase in the background

pressure.(figure 3.11 (b)).

The above discussion suggests that the separation between the plates need to be greater

than the sheath width to achieve the better efficiency of the discharge.

3.3.7 The effect of cathode spacing on the measured density in the bulk

plasma

Figure 3-12 shows the comparison of plasma density in region 1 (see figure 3.3, 4 cm
above the semicircular cathode plates) for d= 3cm, 5 cm and 7 cm. The discharge was

operated at the background pressure of 2 Pa.
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Figure 3-12: Electron Density variation with the distance between the parallel plates. The

operating conditions are the same as Figure 3-11.

As observed in figure 3-12, the highest electron density is obtained when the plate
separation is d=5 cm. For d = 3.0 cm, the sheaths tends to overlap at low densities. The
secondary electrons can be barely confined if the total sheath width becomes comparable
with the distance between the adjacent plates. Hence this will act adversely on the
efficiency of the source. The electron density also falls if the plate separation is increased to
7.0 cm. This is because the losses of secondary electrons can also increase as the plate
separation becomes comparable with the radius of the semicircular plates. For the efficient
trapping of secondary electrons from the plates, the physical dimension of the cathodes
should be of the order of 3 times greater than the separation between the individual plates
to obtain effects similar to that of cylindrical hollow cathodes. This observation highlights
that in order to operate the discharge at lower pressures the physical dimension and the
separation between the plates must be chosen appropriately for that particular operating

condition.

3.4 Discussion

34.1 Model for the observed density in the anodic glow

The role of the anode in the DC discharge is to repel the excess current towards the anode
due to thermal motion of electrons. Thus the potential drop across the anode with respect to
plasma in the glow discharge is negative. If the area of the anode is reduced, the effective

current reaching at the anode surface reduces. In order to balance the net discharge current
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(or current at the cathode), electron repelling potential at the anode transforms to the
electron attracting potential. The positive potential drop at the cathode can be estimated by

equating the anode and cathode current. The current collected by the anode is given by
I, =enyva Ay (3.1)

where v, is the velocity of the plasma electrons reaching the anode surface, n, is the plasma
density at the anode and A, is the area of the anode. Similarly we define n. as plasma
density near the cathode and A as area of the cathode. The current at the cathode
constitutes of ion current to the cathode and secondary electron current from the cathode to

the bulk plasma. The ions of mass M move towards the cathode with Bohm speed

1/2
T .
Vp :[i\ﬂ—e] and bombard the cathode surface to eject secondary electrons from the

cathode. The yield of secondary electrons depends on the coefficient of secondary electrons

v. If V¢ is the voltage drop at the cathode, then cathode current is given by

1/2 1/2
KT, 2¢eV
|C _encAc|:(VeJ +7/( mC] :l (32)

If we consider n, =n, then from Eq. 3.1 and Eq. 3.2, we write
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1/2 1/2
KT, 28V,
en VoA, = enCA{[V‘*j +7[ & ] ]
m

Therefore , A, ﬂer 2V 1/2 is
A LM 4 Me (33)

And therefore the voltage drop across the anode is given by

2

Me [AC JZ [kijl/z +?/(2evc ]1/2 (34)

A= 2 An) | W ™

Eq. 3-4 reveals that voltage drop at the anode is directly proportional to the (A./A,)* and it
also depends on the voltage drop at the cathode. If the area of the anode is made sufficiently
small as compared to the cathode then the voltage across the anode grows significantly high

as shown in the figure 3-13.
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Figure 3-13: Mean electron velocity and Anode potential are plotted as a function of

cathode to Anode area ratio

It can be seen from the figure 3-13 that the anode voltage drop starts increasing rapidly as
the ratio of cathode to anode area exceeds 300. In our case of constricted anode, this ratio is
500-2000 so the potential drop at the anode should have been 100-800 V. However the
observed potential drop across anode with respect to plasma is just 15 V. The reason behind

this discrepancy is the formation of double layer in the anode region.

From figure 3.13 we can see that as the anode area decreases, the electrons are attracted
towards the anode with greater velocity. Energetic electrons undergo ionizing collisions
with the neutrals and the electron -ion pair is created in the anode sheath. The newly
created electrons rapidly move towards the anode while the positive ions respond slowly by

drifting away from the anode and thus double layer evolves. Two distinct spherical layers,
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outer positive space charge layer and inner negative space charge layer attached to anode,
are produced between the anode and the bulk plasma. The surface of the positive space
charge layer acts as a virtual anode with increased surface area. This increase in anode area
decreases the potential drop across anode and adjusts itself so as to maintain the positive
potential drop which is equivalent to the ionizing potential of the background gas. From
figure 3.10 we observe that plasma potential in the bulk is Vpg =10 V and inside the anode
glow the potential increases to Vp = 25V and the difference between Vpgand Vpgis 15V,

which is close to the ionization potential of the nitrogen gas (14.53 eV).

As newly born ions move away from the anode, the plasma potential in the anode layer
flattens as observed in the plasma potential profile plotted in figure 3.10 for the nitrogen

discharge operating at 400 W, 5Pa; and also observed numerically by Conde et.al. [73].

While calculating potential drop at the anode in eq.3.4, we assumed that the plasma density
in the near-anode region and plasma density in the cathode region are equal. However due
to the ionization process in the anode region this assumption is not true. Because of the
intense electric field at the anode, the accelerated electrons dump their energy to produce
localized heating of the plasma. The electron neutral collision frequency, vi, IS
proportional to p exp(-ei; /Te); where p is the neutral pressure and ¢, is the ionization
potential of the gas. There as electron temperature increases, vi; rises , therefore an intense

ionization results in the creation of an anode glow.

In order to find the electron density to the anodic glow, current collected by the anode (1)

given by (and the current at the cathode (l¢) given by (3.2) are equated i.e.
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1/2 1/2
KT, 2eV
A. = Al —& c
ENaVafg =EN¢ c[( M j +7( 0 j } (3.5)
The above equation is rewritten as the ratio of plasma density at anode and plasma density

at cathode.

n_A JE/MF
e AdT AMY V. (Vs (3.6)

The above equation shows that the density near the anode increases as the area of the anode
increases. For a typical experimental condition, (Vo/Va)Y? = 4, AdAs = 2000, y = 0.2 for
stainless steel at 200 eV and for N, the ratio (m/M)"? = 4.5 x10?, Eq. 3-6 vyields n, / n¢ =
100~1000. This means that the plasma density in the anode region is two to three orders of

magnitude higher as compared to the plasma density in the cathode region.

Figure 3.10 shows the spatial plasma density measurements in the anodic and bulk plasma
for nitrogen discharge operating at 2 Pa and 5 Pa and at 400 W of power. The graph shows
that the electron density in the bulk plasma is about 3x10*°cm™ whereas inside the anode
glow electron density is about 10*’cm™. The enhancement in the anodic plasma density as
compared to the bulk density is in good agreement with the value obtained in Eq. 3-6. From
the above results we can conclude that the plasma density near the anode scales similarly

with the cathode to anode area ratio.
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3.5 Summary and conclusion

In this chapter we investigated the DC properties of the constricted hollow anode plasma
source. The emphasis of the study was to investigate the origin and properties of the anodic

glow in the DC discharge.

In our studies, the gross discharge property showed that higher efficiency can be achieved
by minimizing the surface area of the anode exposed to the plasma. This enhancement is
attributed to the formation of the luminous anodic glow near the constricted anode. Since
the constricted anode is the part of the discharge circuit, therefore, its properties plays a
crucial role in the sustainment of the plasma at lower pressure. The anode potential self-
consistently adjusts itself with the background pressure and the applied power. The rise in
the anode potential with reference to the plasma corresponds to the ionization potential of
the gas. The strong electron heating due to reduction in anode area enhances the secondary
ionization in the anode region which in turn increases the plasma density in the anode

region by up to 2 to 3 orders of magnitude.
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Chapter 4  Properties of the anodic glow

4.1 Introduction

The bright luminous glow observed around the constricted anode is characterized with
sharp gradients in density and temperature. Because of the accelerating potential at the
anode the electrons are quickly absorbed while a space charge of positive ions is left behind
which are pushed away from the anode. The violation of quasi-neutrality in the local
region creates a double layer structure in the anodic glow. The double layer is a region of
periodic non-neutral region which is characterized by a sharp gradient in potential structure.
As mentioned in chapter 3, the double layers are reportedly observed in various laboratory
plasmas [31, 69, 74-76] as well as in space plasmas [68, 77, 78]. Since the phenomenon
taking place in the anodic glow is similar to the plasma double layer, a large number of
papers deal with the theoretical understanding of the properties of the anodic glows [30, 35,
73, 79-82]. Recent work on the anodic glow show that the ion acoustic and electron plasma

waves have been observed to be launched from the anodic double layer [33, 82, 83].

Occurrence of anodic glow or fireball in front of positively biased electrode is always
associated with the observation of linear or non-linear oscillations in the electrode current.

These current oscillations are attributed to the plasma instabilities in the presence of anodic
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glow which arise due to the excitation and ionization phenomenon in the anode sheath
region [33, 80, 84-86]. Recent studies on the rise and fall time of the current pulse and the
frequency of the current oscillations show the direct correlation to the ionization time in the
anodic glow [35, 83]. These studies are particularly important to understand the process of
anodic glow formation. Although the subject of much attension, most of these studies on
the anodic glows have been carried out in a Double Plasma device where the anode is not
part of the discharge forming circuit. Therefore the effect of secondary electrons from the

cathode surface on the properties of anodic glow is negligible [33, 36, 79, 82].

Unlike the earlier works on anodic glow at a positive biased probe, in our case the anodic
glow is a part of the discharge circuit. Additionally, the parallel plate geometry of cathode
has a direct influence on the secondary electron production from the cathode surface. The
important result discussed in this chapter regards to the oscillation in the discharge current
in the frequency range of 250 to 400 kHz. The oscillation frequency is linked to the
phenomena happening at the cathode and therefore depends on the cathode sheath potential,

the ion flux and the secondary electron emission from its surface.

4.2  Experimental results

The experimental results presented in this section refer to the experimental set-up described
in figure 3.3 which consists of semicircular parallel plates acting as cathode and the
stainless steel constricted hollow anode. The working gas nitrogen is introduced through

the anode at a flow rate of 50 sccm.
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4.2.1 Temporal behaviour of discharge current

Figure 4.1 shows a typical time dependent discharge current. In this figure we observe that,
although the discharge was operated by applying a continuous regulated voltage, the
discharge current shows oscillations with the frequency of 300 kHz. The peak to peak
variation of the discharge current is over 40 % with respect to the time averaged current.
The density variation in the bulk plasma was not significant suggesting the phenomenon is
localized at the anode. As the pressure was varied from 2 to 10 Pa (figure 4.2) the
oscillation frequency was found to be increasing with pressure. On the other hand, the
frequency tends to fall linearly when the applied power was raised from 50 to 400 W

(figure4.3). This is discussed in section 4.3

2 Pa
——6 Pa

|

o

I

Time (us)

Figure 4.1: Oscillation in the discharge current. The current on the y—axis is normalised
with the mean value of the discharge current. The period of current oscillation for 2 Pa is
higher compared with that of 6 Pa.
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Figure 4.2: Frequency of discharge current oscillations with the background pressure
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Figure 4.3: Frequency of discharge current oscillations with the power
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4.2.2 Relative voltage dependencies at cathode and anode with pressure and power

In tandem with the behavior of oscillation frequency, the relative power distribution at the

electrodes with pressure and power is also interesting.

; —|—50W
—0— 100 W
—0— 200 W
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. ]
>
~_ 0.05-
>

Pressure (Pa)

Figure 4.4: Plot of normalized anode to cathode potential with pressure.

In figure 4.4 the ratio of voltages on the anode to the cathode (Va/V.) is plotted as a function
of operating pressure. Both V, and V. are measured with respect to ground using a high
voltage probe. The ratio Va/V. shows an increasing trend suggesting the relative power at
the anode must be increasing with increase in the operating pressure. In contrast to above
observation, in figure 4.5, we observe that the relative voltage at the anode decreases by

upto 30% when the power increases from 50 W to 400 W.
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Figure 4.5: Plot of normalized anode to cathode potential with power
4.3  Discussion

The discharge current shows the oscillations in the range of 250 to 325 kHz. The oscillation
frequency shows some interesting peculiarities such as increase in frequency with operating
pressure and contrary decrease with the applied power. By noting the similar tendency in
the oscillation frequency and the voltage drop at the anode with the respect to the applied
power and pressure, it can be inferred that the oscillation frequency has direct correlation

with the relative voltage drop at the anode.
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4.3.1 Phenomenological model of anodic sheath expansion

As discussed in chapter 3, the discharge has two distinct ionization mechanisms. The
parallel plates act for the confinement of energetic electrons released during ion
bombardment at the cathode plates and enhance the ionizing mean free path before the
electrons escape outside the cathode region. The small anode enhances the local current
density around the anode resulting in locally heating the electrons. As the electron

temperature rises near the anode it results in greater electron neutral collision frequency

viz o p-exp(-e&i, /Te); Where p is the neutral pressure and &, is the ionization potential of

the gas. Therefore intense ionization sets up in front of the anode a glow or fireball

structure develops.

As discussed by Stenzel et al [33], the fireball plasma is physically unstable. After the
creation of the electron-ion pair in the anode sheath, the electrons are quickly absorbed
while the positive ions response slowly by drifting away from the anode. This creates an
excess positive charge in the vicinity of the anode and the sheath transforms into a double
layer. The ions created inside the double layer move away from the anode which results in
the expansion of the double layer. As the double layer expands, more electrons are
collected from the plasma resulting in observed growth in the net discharge current.
However as volume of the double layer increases the electric field at the anode drops and
reaches a state at which the electron impact ionization reduces significantly. This results in
the collapse of the anode glow and the decrease in the anode current. The process repeats

itself consistently resulting in the observed oscillation of the discharge current.
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According to the above model, it is concluded that the rise and decay of the anode
sheath determine the oscillation frequency. The positive ions created inside the anode
sheath expand towards the bulk plasma with the sound speed vs, which is proportional to

Tell 2 [83]. Therefore the critical extent of the anode space charge prior to its collapsing can

be estimated to be

o (KT /M)

f (4.1)

where f is the frequency of oscillation, provided the local electron temperature near the

anode is known. Assuming Te = 5eV, M =28 am.u for N2, and f = 250 kHz, we estimate

the critical length to be s=16 mm which is typically close to the visual estimate of the
dimension of the anode glow. This value is also in good agreement with the experimentally

observed values by other researchers [35, 80, 83].

4.3.2 Electron temperature dependencies on oscillation frequency with pressure and

power

Figure 4.2 shows that current oscillation frequency increases with the pressure, while in
figure 4.3 we observe that frequency decreases with the applied power. The increase in the
oscillation frequency suggests rapid expansion of the positive space charge sheath reaching
to the critical limit beyond which the anode collapses. This implies that the electron

temperature in the anodic sheath must be increasing with the pressure.
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From equation 4.1, if the dimension of the anodic glow is known,

(Te)"* o Oscillation frequency

or T, = f{m_s?J (4.2)

Figure 4.6 shows the graph of electron temperature measured by emissive probe as a
function of pressure. The graph also shows the data of normalized electron temperature
([Te]) which is obtained by considering the time period for the expansion of the anode
sheath to reach the critical anode sheath thickness before it collapses (Eq. 4.2). [T¢] is
calculated from the data plotted in Figure 4.2. The values in Figure 4.6 show 15% rise in

electron temperature when the neutral pressure was increased from 2 Pa to 10 Pa.
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Figure 4.6: Graph of normalized electron temperature ([Te]) estimated from the current
oscillation frequency and measured electron temperature by emissive probe in the anode
double layer versus operating pressure ranging from 2 Pa to 10 Pa for nitrogen discharge
at a fixed 100 w input power.

In figure 4.7, the values of normalized electron temperature ([T¢]) are obtained from the
data of oscillation frequencies plotted in figure 4.3. Since the oscillation frequency
decreases with increases in power, [Te] also decreases up to 20% when the power is
increased from 50 to 400 W. This behaviour of normalised electron temperature [T]

matches well with the experimentally measured electron temperature values.
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Figure 4.7: Graph of normalized electron temperature ([Te] estimated from the current

oscillation frequency and measured electron temperature by emissive probe in the anode
double layer versus input power for nitrogen discharge at operated at 6 Pa

The rise in local electron temperature with the pressure (figure 4.6) suggests that the
electrons must be heated near the anode. This can be possible if more power being
deposited at the anode on increasing the background pressure. This point is consistent with
figure 4.4 which shows the rise in the anode to cathode potential drop as the pressure was
varied from 2 to 10 Pa. The reason behind the increase in the anode voltage is directly
related to the increased plasma density with the pressure. As the overall plasma density
increases, it results in higher secondary electrons being generated at the cathode due to
increase in ion flux. Hence to conserve the total current in the circuit, the current density at
the anode must also increase. The increased current density at the anode is followed by
increase in the anode potential in order to accelerate the plasma electrons towards the

anode. As the power deposition near the anode becomes high the electrons will be locally
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heated. As a result the electron temperature will enhance and self-consistently intensify the

ionization near the anode as the pressure is increased.

In contrast to the above feature, the local electron temperature near the anode is found to
reduce with power. In figure 4.7, a 20% drop in Te is observed by increasing the power
from 50 to 400W. The drop in electron temperature suggests that the anode potential should
decrease with power. Indeed this is seen in figure 4.5, as we observe that the relative

voltage available at the anode reduces with increasing applied power.

A qualitative explanation for the observed reduction in the V/V. ratio with power can be
related to the efficiency of the discharge mechanism. Increasing the external power
demands higher electron density to be produced. However, the rate of increase is limited by
(i) the number of available neutrals for ionization and (ii) how the energetic electrons are
confined between the plates. As observed in figure 3.8 in previous chapter, at a given
pressure and for the fixed distance between the cathode plates, the electron density reaches
a threshold on increasing the power. Therefore, in order to increase the production of
electron—ion pairs, the cathode voltage increases to enhance the secondary emission. At the
same time the increase in sheath width results in reducing the plasma volume present
between the plates. Hence the efficiency of secondary electron confinement between the
plates is directly affected on increasing the power. As the rate of plasma production reduces
due to the loss of secondary electrons between the plates, the anode potential self-

consistently adjusts to reduce its potential. This results in lowering the local electron

92|Page



Summary and Conclusion

heating near the anode. The discharge current therefore exhibits oscillations at a lower

frequency.

Thus we can conclude the above phenomenon to be attributed to the ionization instability
which can be controlled by adjusting the cathode plate spacing, applied power and the

working gas pressure.
4.4  Summary and Conclusion

When the anode glow is formed in CHAPS, the total discharge current shows oscillations in
the frequency range of 250-300 kHz. The frequency of these oscillations is found to be
dependent on the applied power and pressure. The current oscillations are attributed to the

expansion and the collapse of the anode sheath determined by the characteristic ion sound

o . 2 . . .
speed which is directly proportional to T, . It is found that the separation between the

plates can influence the observed anode current oscillations. Further, it can also be
concluded that the secondary electrons from parallel plate cathode play an important role in

the determining the frequency of the current oscillations.
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Chapter 5 Investigation of negative ion

production in the anodic glow

5.1 Introduction

From the application point of view in fusion devices, negative hydrogen plasmas are
important for the production of neutral beams and subsequent heating of the plasma. In the
bulk phase, the main process of negative ion formation is by the dissociative attachment of
an electron to the molecule [9, 21]. As well established, the metastable and excited
molecules have higher dissociative attachment cross section as compared to the ground
level molecules [87-91].. However, the required negative ion density at the extractor grid
can only be achieved via interaction of ions and metastables with the low work function
surfaces. For this caesium is introduced in the discharge that helps in enhancing the density
by up to 4 times. However Cs can migrate into the extractor region along with negative ions

and can lead to the divergence of the beam, dumping enormous power on to walls of the
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acceleration chamber. Therefore it would ideal if a caesium free negative ion source can be
developed based on the volume production of negative ions.

Until now, most of the research on the negative ion production is primarily concentrated on
the excited molecules present in the plasma volume only. There are some clear evidences
that the excited molecules are also present in the sheath and wall region and are important
source of negative ions [88, 90, 92]. These findings have encouraged the research on the
development of volume process based negative ion source for the fusion application. The
anodic glow region provides favourable conditions for the production of negative ions.

The anodic double layer is a source of electron acceleration. The energy gained by
electrons due to the double layer potential is released in the form of ionizing and excitation
collisions with the background neutrals. Therefore anodic glow acts as a source of excited
and metastable molecules. These excited molecules are gas dynamically migrate away from
the anodic glow and are available for the effective dissociative attachment process. The
anodic glow is also characterised by a spatial gradient in electron temperature. This
situation is ideal for understanding the effect of electron temperature on the kinetics of
negative ion production and loss in presence of excited molecules.

In the present study, a mixture of argon and oxygen is used as the electronegative gas. The
electropositive discharge created by the argon gas is used for comparison. Detail
characterization of plasma parameters reveals the presence of high concentration of
negative ions in the vicinity of the anodic glow region when a mixture of argon — oxygen
was used as compared with the pure electropositive argon gas. The formation of negative

ions is described by considering the characteristic spatial dependence of T as a function of
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distance from the anodic glow. A theoretical estimate of negative ions at each spatial

locations show reasonable agreement with experimental data.

5.2 Experimental details

The experiments are performed in the argon and argon — oxygen (50-50%) discharge
operating at 2 Pa pressure. Before creating the discharge, vacuum chamber was evacuated
to 0.5 mPa pressure and then a pure argon gas and a mixture of argon-oxygen gas is fed
through the hollow anode. The equal composition of Ar/O, mixture is created by passing
the argon gas to evacuated chamber to 1Pa and then simultaneously introducing oxygen so

that total system pressure is 2Pa.

Radial probe movement

d=2.0cm

R

d=0.0 cm

Figure 5.1: The reference point for the measurement of the plasma properties in the
anodic glow.

Once plasma is created, an anodic glow similar to the glow shown in figure (3.2, chapter 3)
is observed. Spatial plasma properties in the anodic glow region are measured by

introducing the probe in the vertical direction from port 3 (P3) as shown in figure (3.1 (a),
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chapter 3). The reference point for the probe measurements was set with the edge of the

anodic glow and considered as d=0.0 cm (figure 5.1).

5.3 Experimental Results

531 Comparison of argon and argon-oxygen discharge properties
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Figure 5.2: Plot of (a) electron density and (b) positive ion density as function of
power measured locally at d= 0.0 cm to d= 2.0 cm using hairpin probe and planar
Langmuir probe

Figure 5.2 (a) and (b) show the graph of electron density and ion density as a function of
applied power. Measurements are carried out locally at a distance of d=0.0 cm to d=2.0 cm

from the edge of the anodic glow as shown on figure 5.1.

The electron density and ion density in the anodic region scale linearly with power and the

plasma density decreases with increase in the distance from the edge of the anodic glow.
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Although both the graphs have similar trend, the electron density is in the range of upto 15

x 10* cm™ whereas the ion density is almost double and lies between 1 — 28 x 10*° cm™,

The data in figure 5.2(a) and (b) is replotted as a ratio of ion density to electron density
(ni/ne) versus the distance which shown in figure 5.3. At d=0.0 cm, the value of ni/ne is
between 1.7 to 2.2 and it increases upto 2.0 to 4.0 for the input power 50 W to 400 W. The
graph also shows the ratio of ni/n. for the argon gas discharge. The value of ni/n. in case of

Ar lies in the range of 0.7 to 1.5, typically close to 1.
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Figure 5.3: Comparison of electron and positive ion density platted as a graph of ni/n,
versus distance from the edge of the anodic glow.

In a quazineutral plasma, positive ion density and electron density are equal i.e. nj=n,.
Therefore, the ratio ni/ne ~1, as observed in case of the argon. However, in case of

Ar/O,discharge, the deviation of ni/n. from unity suggest the existence of oxygen negative
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ions which gives rise to the new quazi-neutral equilibrium between the positive and

negative species in the plasma, nj=ne+n. .

The validity of the presence of negative ions can be tested by measuring the space potential
in front of the anodic glow. Figure 5.4 (a) and (b) shows the spatial plasma potential
profile for argon and Ar/O, discharge. In the graph, we see that for both Ar and Ar/O,
gases, from d=0.0 cm to 1.0 cm, the plasma potential rapidly drops from ~ 25V to ~10 V.
After this fall, from d=1.0 cm to 2.0 cm, an almost flat plasma potential profile is observed.
Since addition of O, into the discharge do not show any peculiarity, the possibility of the
existence of the positive space charge in from the anodic glow for the case Ar/O; discharge

as against pure argon case can be ignored.

In order to confirm the existence of negative ions in front of the anodic glow, we calculated
the electric field in front of the anodic glow. This electric field is calculated by two ways.

In first case, we directly measure the difference between the plasma potential and use,

e--2 (5.1)

and corresponding distance between two data points plotted in figure 5.4.
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Figure 5.4: Plasma potential versus the radial distance from the edge of the anodic
glow for (a) Pure argon discharge and (b) Ar/O, discharge

In the second case, electric field is estimated by assuming ambipolar diffusion of positive
ions from the anodic glow towards the bulk of the discharge to balance the flux of negative

charges and positive charges.

For electropositive gas fulfilling quazi-neutrality nj=ne, the ambipolar electric field is given

by

_Di—=De Vn
Hi+ e N
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Here, it is assumed that 1,=r;=r andr=-bvn+,ne. However, if we consider the

quazineutrality in the presence of negative ions in front of the anodic glow, then the flux of

positive ions will be balanced by the flux of electrons and negative ions.

Fi :Fe +1_

The ambipolar electric field developed in presence of negative ions is then written as

_ DiVni - DeVne -D_Vn_
HiNj + feNe + 44N

E

(5.2)

Here the value of n.is taken as the n.=n.-n..

From eq. 1.3, the value of diffusion coefficient for each species is given as

) 12 ) 1/2 ) 1/2
D.zw D=7ﬂ—kTe andDz’ﬂkT—
! 8M Te 8m ~ | 8M_

Also from eq. 1.4, the mobility for each species is

1/2 o U2 2 1/2
y Mo = o and = .
8kT,m 8KT_M_

We clearly see that the diffusion coefficient and mobility depends on the temperature of the

MZ
8kT;M

Hi =

species. For calculating the ambipolar electric field (E) at each spatial location, we assumed
Ti= 0.025 eV room temperature), and T.=10 T;=0.25 eV [58]. Also the value of electron

temperature at each corresponding point is obtained by emissive probe (figure 5.7).
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Table 5.1 shows the values of ambipolar electric field obtained using above equations and

assumptions.

Table 5.1: The values of ambipolar electric field in front of the anodic glow in argon-

oxygen discharge

Ambipolar electric field (V/m)

Distance (d) (cm) 300 W 400 W
0.25 1978 1925
0.75 832 817
1.25 307 220
1.75 373 412

Figure 5.5 shows the graph of electric field calculated from eq. 5.1 and the data shown in

table 5.1 using eq. 5.2. The values are plotted as a function of distance. It is seen from the

figure that, for d = 0.0 to 2.0 cm, the values electric field calculated from eq. 5.1 matches

well with the measured values of electric field (eg. 5.2).
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Figure 5.5: Graph of electric field versus distance as calculated by (a) considering
the ambipolar diffusion in presence of negative ions and (b) from the direct
measurement of spatial plasma potential.

Therefore it can be concluded that the difference in the positive ion density and electron
density is due to the presence of negative ions (O~ and/or 03). The maximum value of ni/ne
as high as 2-4 suggest that the conditions are favourable for the creation of negative O, ions

at specific distance, in this case d = 5.0 mm, outside the anode.

5.4 Discussion

54.1 Negative ion formation in the Ar/O, discharge

In the argon-oxygen plasma the dominating negative ion species is O[9, 76, 93, 94] which

is produced by the dissociative attachment process. Following are some important reactions
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involving the dissociative attachment process in which an electron gets attached to either
ground state (O,) or excited (O,) or metastable (O.™) oxygen molecules and then the

molecule splits into a negative ion and a neutral.

e+0,-0+0 Kgar=8.8x10"""x exp(—4.4/Te) R1
e+0, -0+0 Kaaz=4.19 x 107" xT, 230 x exp(—5.19/T¢ ) R2
e+0M > 0+0" Kgas= -1.69x 107'* +6.27x10™°/T, R3

- 1.30x107%/T2+ 9.60x10°%8/T .2

Here Kg, represents the reaction rate constant for the given dissociative attachment process
with a unit m®s™. The value of Kg, directly depends on the electron temperature of the

system under consideration.
The major oxygen negative ion losses are due to

(A)the interaction of negative ions with the oxygen and argon species (mutual

neutralization)

0 +0,, -0+0, Kreer=1.5x 10" x (300/T,)*® R4

. , R5
O +0° —20 Krez=2.7 x 107" x (300/T)"°
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O +Ar" — O+Ar Kres=1.4 x 107" x (300/T,)"° R6

(B) the interaction of electron with the negative ion (electron detachment)

Kge=2 % 10 exp (-5.5/T)

O +te—>0+2e R7

The rate constant for the mutual neutralization depends only on the gas temperature. Also
the order and magnitude of K1 and Krecz and Kiecs is similar, therefore we assume,

Krec1=Kreco=Krecz=Krec~1.5 % 10_13 X (300/T )0.5 .

Considering Kg, values for reactions 1 to 3 involving dissociative attachment of O,, O, and
0,":along with a constant value of K. for reaction 4 to 6, the ratio of rate of production
and loss of negative ions (Kga/Krec) is plotted for electron temperature ranging from 1 eV to

7eV (figure 5.6).
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Figure5.6: Kga/Kget versus Te

The graph shows that for the DA of ground state O, the value of Kya/Krec increases with
increase in electron temperature. For the DA of O, the ratio has maximum value for T, =
1 eV which reduces exponentially as the electron temperature increases. For DA of O, the
value of ratio Kga/Krec increases for Te= 1 to 3 eV and after a peak value at T,=3 eV, ratio
shows a declining trend for Te > 3 eV. From the graph, it can be also be inferred that for T,
< 3eV, DA of O™ is the dominating process; whereas for T, > 3eV, DA of O, is a
preffered negative ion production mechanism. For T, ~ 3eV, we observe a cumulative
effect involving DA of both O, and O, . Therefore we can expect to observe maximum

negative ion fraction at T, ~ 3eV.
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Figure 5.7 shows the graph of spatial electron temperature measured in front of the anodic

glow for d=0.0 cm to 2.0 cm.
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Figure 5.7: Spatial electron temperature estimated by emissive probe in the anode region

The electron temperature inside the anodic glow and at the edge of the anodic glow (d=0.0
cm) is equal to 4-5 eV which monotonically decreases as d increases. At d=0.25 cm to
d=0.5 cm, T, ~ 2-3 eV. Therefore we observe the maximum fraction of negative ions (ni/ne

~2to 4 in figure 5.3) at d= 0.5 cm.

The rate of negative ions production by reactions 1 to 3, is given by

[ddlt} ~ (Kga)[N(O)In, (5.3)
prod
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Where n(Oy).is the density of neutral oxygen molecules in a discharge which is determined
from the partial pressure of oxygen in a vacuum chamber. Here we do not have quantitative
estimate of individual densities of ground [n(O._ground)], excited[n(O,)] and

metastable[O,™] oxygen molecules. However, total oxyen density

n(0,) =n(0¥°"%) + n(03) + n(0Y")

From reaction 4 to 6, the negative ion loss rate by ion-ion recombination is given by

dn —
{_:| = KrecaN_n(0;") + KyeeoN_n(0™) + Kieegn_n(Ar™)
dt loss

Since Krec1=Krecz=Krecs=Krec, from equation (3) and (4), for the equilibrium negative ion

density, we can write

1 dn_/dt|pe Ky, n(O,)n,

Cdn_/dtles K 11(0,7)+n(07)+n(Ar)] o4

For the argon-oxygen gas mixture, the sum of density of O,", O™ and Ar" is the total

positive ion density n;. Therefore, equation 5.4 is written as

Kda “(Oz)ne
n_=———=— 55
Krec n; ( )
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If the O loss by electron detachment process (reaction 7) is taken into account, then from

equation 5.4, the equilibrium negative ion density becomes

K
n = Kda n(0y) (5.6)
det

Whereas if both the mutual recombination and electron detachment processes are

considered then

n = Kdan(OZ)ne (57)

KrecNi + KdetNe

Figure 5.8 shows the graph of n. measured by the two probe technique for d=0.0 cm to
d=2.0 cm. It is observed that the n. is maximum at d=0.0 cm and decreases as the distance
the anodic glow increases. Graph also shows the calculated values of n- from either of
equation (5.5), (5.6) or (5.7). These calculations are performed by considering different
production and loss mechanisms to match the experimental values of n.. The corresponding
values of Kga, Kree and Kge required for these equation are obtained by considering the
experimental values of electron temperature at specific location from the edge of the anodic

glow.
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Figure5.8: The negative ion density estimated by (a) a kinetic model (colored dotted
lines) and (b) two probe method (black continuous line)

The set of production and loss mechanisms are considered to match the experimental data

with the model. They are summarized in Table 5.2.

At d=0.0 cm and d=0.5 cm, the electron temperature is 2-5 eV. The value of Ky, which is
used to match the experimental data corresponds to the DA of excited molecules
(Og*(alAg)). Further, it is assumed that only excited molecules are present in the discharge
which contribute to the formation of negative ions. The main destruction process in this
region is considered to be by the mutual recombination process. For d=1.0 cm to d=2.0 cm,
the electron temperature is lower (Te ~ 1-2 eV). In this case the value of Kgy, corresponds to
the DA of metastable molecules (O,/(A%z."C3A, c*=.")) Therefore it is assumed that in this
region only metastable molecules are present. The negative ion are assumed to be lost by
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the electron detachment process. Since we have considered 100 % contribution of either
excited or metastable molecules for the DA process at each corresponding location in front
of the anodic glow; therefore we can see that the estimated values of n. are notably higher

as compared to the experimental values.

The above assumptions lead us to the fact that, although not 100% but the significant
number of excited and metastable oxygen molecules are present in the discharge. The
presence of excited and metastable oxygen molecules in the anodic glow region can be
attributed to the higher electron temperature inside the anodic glow. The excited oxygen
molecules are created due to the electron impact collisions with the ground state molecules.
The excited species thus created have a few seconds of lifetime. Therefore these molecules

can be gas-dynamically transported out of the anodic glow for longer distances.

Table 5.2: negative ion production and loss mechanisms in the anodic glow region

. . Loss Reaction
Distance (cm) Production reaction

Recombination

0.0 DA: O,

0.5 DA: O, Recombination
1.0 DA: O,M Detachment
1.5 DA: O, Detachment
20 DA: O,M Detachment
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Figure 5.9 shows the plot of negative ion density as a function of operating powers between
50 W up to 400 W. The graph shows monotonic increase in the negative ion density (n.)
with applied power. This rise in the negative ion density with power can be explained by
considering the DA of excited / metastable molecules. As power increases, both excited
molecules and number of electrons available for dissociative attachment process increases

and therefore we observe a rise in n. increases with power as shown in figure 5.9.
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Figure 5.9: Graph of negative ion density versus power for d = 0.0 cm to d= 1.0 cm

for Ar/O, discharge
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Figure 5.10: The ratio a=n_/ n plotted against input power

The electronegativity of the plasma is defined as & =n_/n, . Since n_=n, —n,,

Figure 5.10 shows the power dependence of a in the Ar/O; discharge. As power increases

o reduces for d = 0.0 cm and d=2.0 cm.

The destruction of negative ion occurs due to the collisions with the positive ions (Ar”,
0,", 0") and electrons where electron detaches from the negative ion. As power increases,
the density of the positive ions and electrons increases which leads to increased negative
ion losses. Therefore the rate of rise in the electron density with power is higher than the
rate of increases in negative ion density which results in the decrease of a with power as

observed in figure 5.10.
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5.5 Summary and Conclusion

The properties of electronegative Ar/O, gas mixture in the anodic glow region are
compared with the electropositive argon gas discharge. Comparison of positive ion density
and electron density in case of Ar/O, discharge shows a significant deviation in the ni/ne
from unity. This suggests the presence of high concentration of negative ions near the glow.
The presence of negative ions is confirmed by comparing the electric field profiles. The
electric field calculations show that the ambipolar diffusion of charged particles is

prominent to maintain the charge neutrality in the downstream region the anodic glow.

Negative ion density in the anode region is measured by two probe technique comprising a
planar Langmuir probe and the hairpin probe. The measured n. data is compared with the
data obtained from the kinetic model based on the production and loss rates of negative
ions. It is shown by matching the experimental data with the model, the dominant negative
ion production mechanism is the dissociative attachment process involving the excited and

metastable molecules.

The anodic glow region acts a source of excited molecules. These excited molecules
migrate to the low electron temperature regions in front of the glow. This situation is useful
for the effective production of negative ions by the dissociative attachment process. Thus

anodic glow provides favourable conditions for the localized production of negative ions.
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Chapter 6 Summary and Outlook

Negative ion plasmas have wide range of applications in plasma processing [9], thrusters
for rockets [95], plasma switches, [96] and for the production of neutral beams for plasma
heating in fusion devices [20, 97]. Negative ions are also researched for fundamental study
such as understanding of pair ion plasma [98]. Clearly study of negative ion production has

a far reaching advantages.

As is well understood, the negative ions are formed via three body recombination process
in the bulk phase, commonly known as the volume production, but more efficiently by
interaction with materials having low workfunction. In the ITER-NBI negative ion source
caesium is introduced in the primary discharge in order to achieve the desired density of
10" m™. If a caesium free negative ion source can be developed; it may help in avoiding
unwanted secondary effects resulting from the migration of caesium ions in the accelerator
region, and source of secondary electrons that result in arcing between the grids and

disrupting the beam.
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In order to improve the volume production, it is preferable to reduce the loss rates while
increasing the production. This can be achieved by local production of negative ions from
the region of interest. Since the negative ions are produced by a two-step process, which is
sensitive to electron energy distribution, it is important to design such a source in which the

electron temperature can be efficiently controlled.

The negative glow around the constricted anode provides some salient properties that are
suitable for the negative ion production. As investigated in Chapter 5, the spatial electron
temperature dependence in the anodic glow allows the neutrals injected through the anode a
favourable condition to be excited. Some of them can get excited in to meta-stables which
play a primary role in the production of negative ions. Another important property of the
anodic glow is the spatial dependence of electron temperature that falls away from the
glow. In order to retain enough negative ions, it is essential to cool the plasma electrons. In
other forms of discharges, this has been achieved by pulsing of the discharge [26],[57]. The
electron temperature can also be lowered by increasing the neutral pressure, however in this

case, negative ions are lost at greater rate due to increased ion — neutrals collisions.

The anodic glow can provide all the favourable conditions (1) by local production of
negative ions in front of the extraction region, thereby minimizing the losses caused by ion-
ion and ion neutral interactions, (2) active species generated locally which enhance the
chemistry for the volume production of negative ions, (3) a low electron temperature region

which minimize the destruction of negative ions that are produced.

116 |Page



Summary and Conclusion

A part of the thesis and the main motivation is to understand the kinetics that results in
the observed oxygen negative ions in front of the anode. We have used a simple electric
probing method for quantifying the negative ions as compared to advanced photo-
detachment techniques. The measure electric field obtained are in reasonably good
agreement with basic ambipolar diffusion laws, when compared with electropositive argon

plasma.

The spatial dependence of negative ions measured using the two probe techniques match
very well with the equilibrium model of negative ions formation based on local electron

temperature dependences that is experimentally measured by floating emissive probe.

The investigation also leads to a number of important directions/basis for future

investigations.

1. Instabilities in the anodic double layer
2. Role of hydrogen plasma

3. Large area negative ions source

Overall the thesis presents an untouched area where we have demonstrated promising
applications of the anodic glow for the production of negative ions. Besides the thesis
relates the kinetics behind the volume production of negative ions, the plasma diagnostics
that are useful for the charactering the negative ion plasmas. The anodic plasma provides
the favourable condition as the spatial dependence of electron temperature is important for

the production and minimizing losses.
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6.1 Evaluation of CHAPS as negative ion source

The negative ion source for Neutral Beam heating system of ITER (and future fusion
devices such as DEMO) is required to deliver 40 A of D/H™ negative ion current though 0.2
m? extraction grid. This demands high density (~5x10'®/m®) plasma in front of the

extraction grid at low operating pressure of 0.3 Pa pressure.

The properties of the anodic glow plasma demonstrate typical favorable condition for the
local production of negative ions in front of the extraction region, thereby minimizing the

losses caused by ion-ion and ion neutral interactions.

There are two major issues which need to be addressed in order to realise CHAPS as future

negative ion source.

(@) Plasma uniformity in front of the extraction grid

(b) Low pressure (~0.1 Pa) operation of the source

If the plasma in front of the extraction grid is non-uniform, the extracted beam profile may
get deviated leading to the power loading on the chamber walls. As mentioned in Appendix
1, the plasma uniformity in CHAPS can be achieved by optimising the distance between the
cathode plates. However the low pressure operation of the discharge produced by parallel
plate cathode is well above 0.3 Pa as required by the ITER. In this discharge geometry, at
low pressure, cathode sheaths become comparable to the distance between the plates.
Therefore, the discharge efficiency is reduced and the minimum operating pressure of the

discharge is limited only up to 1.0 Pa.
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In Appendix 2, a modified design of CHAPS and its basic properties have been discussed.
The modified version consists of a device comprised of an enclosed cylindrical hollow
cathode having surface area exceeding several orders in magnitude than the anode. The
anode is a small tube placed outside the hollow cathode. The hollow cathode and the anode
region are separated by a floating stainless steel electrode having a 6.0 mm hole. The gas is
injected from the back of the hollow cathode while pumped through hole which creates a
differential pressure as high as 10 Pa inside the hollow cathode as compared to the 0.1 — 1
Pa outside the floating electrode where the anode is situated. By adjusting the gas flow rate
a suitable electron neutral ionizing mean free path can be achieved for breakdown. The
discharge is sustained with dc power supply at modest operating powers up to 400 W to
obtain downstream plasma of density 10*°— 10*'m™. The neutral pressure near the anode is
lower however bright plasma can be sustained near the anode as the electric field is
concentrated over a small volume. The differential pressure helps to push the plasma
outside the hollow cathode region as a jet of plasma sustained at a low pressure. However
this modified design is a point source and therefore plasma uniformity over the grid area is

difficult to achieve.

Also in the typical density of negative ions in both the sources is in the range of 10*°-10%
m™ which is about one to two orders of magnitude lower than the plasma density required

for ITER NBI source.

In order to achieve these specific requirements, a modified design of CHAPS as shown in

figure 6.1 is recommended.
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Figure 6.1: Recommended design of CHAPS to meet the ITER requirements.

It is also recommended to operate the CHAPS in pulsed DC mode. Following are some of

the advantages of operating CHAPS with pulsed DC bias

1. It is possible to improve plasma density by providing higher input power if the
discharge is operating in the pulsed DC mode

2. Negative ion density enhances in the off time of the pulse bias due to drop in the
electron temperature. Therefore pulsed operation is useful to increase the time

averaged negative ion density.
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Appendix A Plasma Uniformity in CHAPS

Plasma uniformity is the key requirement to achieve unique material properties over the
large substrate area. Negative ion sources used for neutral beam injection system of fusion
devices also require uniform electronegative plasma in front of the extraction grid to
generate a homogenous negative ion beam. Here we present the properties of CHAPS in

cathode region for production of negative ions which can be scalable to arbitrary area.

Experimental details

Figure-1 shows the schematic of the experimental set-up. The base pressure of 10 Pa in
the vacuum chamber is achieved prior to introducing the operating gas, pure Ar or Ar + O,
in the ratio of 50-50% through the anode. The working pressure inside plasma chamber is
in the range 1 Pa-10 Pa maintained using a constant gas flow through commercial mass

flow controller.
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Figure 1: Schematic of constricted hollow anode plasma source; P1, P2, P3 are the positions of the probes
(hairpin probe/emissive probe/Langmuir probe). The discharge is created by applying a DC bias between the

cathode and anode.

As shown in figure 1 the plasma properties along the x-axis are measured using Langmuir
probe, hairpin probe and the emissive probes inserted in the plasma chamber at P1. The
radial plasma properties in region 1 and region 2 are measured by introducing the probes at

P2.

Experimental Results and discussion

The measurement of plasma parameters, ne, T, and n. are carried out at two specific
locations, namely region-1 (outside the parallel plates) and region-2 (between the plates).

The negative ions are inferred by comparing the ratio of ion density to electron density.

122 |Page



Experimental Results and discussion

3 T T i T N T X T
B Ar/O, region 1
O Ar/O, region 2

n(l Olocm'B)

o o
(V) e )\
T o T

n
1 1

L - ]
L 04} ]
03+r 1
02¢F o (@) O o) (@] 4

0.1

0 100 200 300 400 500
Power (W)
Figure 2: Plot of (a) negative ion density, n- and (b) electronegativity, o measured in
region 1 and 2 using dual probe technique as a function of applied power. The operating

pressure of the Ar/O, discharge is 3 Pa.

Figure 2 (a) shows the oxygen negative ion density n. which linearly increases with the
applied power. Typically the density in both regions 1 and 2 is on the order of 10'° cm”

3with slightly higher density found in region 1 as compared to region-2.

The value of electro-negativity a is calculated from
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which is found 0.4 to 0.6 in region-1 while a in region 2 is close to 0.2 and remains

constant with power.

The difference in electronegativities in the two regions is attributed to the characteristic

electron temperatures which are found to be significantly different as plotted in figure-5.
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Figure 3: Graph of spatial electron temperature profile along the y axis (figure 1) in
cathode region for nitrogen discharge. Data is plotted for different cathode plate

separations (d=2 cm, 3 cm, 5 cm).

The electron temperature between the parallel plates is characterized by temperatures of the
order of 4 -15 eV as compared to < 2 eV outside the parallel plates. Higher electron
temperatures between the parallel plates suggest the presence of fast secondary electrons
released from the cathode during ion bombardment which are trapped between the sheaths

of the opposing electrodes as similar to hollow cylindrical cathodes. Outside these plates
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we observe diffused plasma with the electron temperature dropping by over a factor of two
than between the plates. Therefore CHAPS provides distinct electron temperature regions
of typically 10 eV between the plates and a low electron temperature of the order of 2 eV as

measured outside the plates.

In region 2, the destruction rate of negative ions is more because of higher electron
temperature between the cathode plates. On the other hand the presence of energetic
electrons in the discharge is also important for the creation of excited O, molecule in order

to perform the dissociative attachment reaction.

Uniform negative ion density

The spatial profile of oxygen negative ion density in front of the cathode plates (region 1) is

obtained by measuring plasma densities by planar Langmuir probe and hairpin probe.

Experiments are carried out with different cathode plate separations to achieve a uniform
negative ion density. For Ar/O, discharge operated at 3 Pa, the better plasma uniformity is
obtained when distance between each cathode plate was 5 cm. Figure 6 shows the plot of n.

against the probe position.
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Figure 4: Graph of negative ion density along x-axis in front of the parallel plate cathode. Measurements are
taken above 4.3 cm from the edge of the cathode plates (probe position P1 in figure 1). Graph also shows the

position of the cathode plates.

For 200 W and 400 W power, a flat negative ion density profile is observed over a span of
10 cm in front of the cathode plates, which is limited only by the number of plates.

However the negative ion density drops on the either side of the end plates.

Summary

The investigations on Ar/O; discharge in a DC constricted hollow anode plasma source are
presented. A dual probe technique comprising a planar Langmuir probe and the hairpin
probe is used for measuring the negative ion concentration and the electronegativity in the

cathode region of CHAPS

The spatial electron density profile measurements show high concentration of negative ions

above the parallel plate. This is attributed to the distinct electron temperature regions
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created by the parallel plate cathode geometry which enhance the negative ion production

by dissociative attachment.

A uniform negative ion density in front of the cathode plates is simply achieved by

optimizing the distance between the cathode plates.
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Appendix B Constricted Plasma Source

In this section properties of a Constricted Plasma Source are presented. The source is based
on a design first explained by Anders in 1995. The source consists of differentially pumped
hollow cathode in conjunction with a small anode isolated by a constricted insulated
electrode with a small orifice. The device helps in producing a plasma jet exiting from the
high pressure (10 Pa) region inside the hollow cathode through the constricted electrode

into the downstream anode plasma which stays at a low pressure of 0.1 to 0.5 Pa.

Experimental set-up and working principle

The plasma source consists of an enclosed cylindrical hollow cathode in conjunction with a
small anode mounted on the exit aperture of the cathode. The electrode assembly is
mounted inside the electrically grounded vacuum chamber such that both cathode and
anode are floating with respect to chamber. A base vacuum of 10 mbar is created inside
the vacuum chamber and pure argon or argon — oxygen gas mixture (50 % Ar, 50% O,) is
passed through the hollow cathode —constricted anode assembly. The pressure outside the
cathode was maintained in the range of 0.1 Pa — 1 Pa. The DC discharge is created with a
DC power supply at modest operating powers up to 400 W to obtain downstream plasma jet

of density 10'® — 10'” m™. The anode voltage drop is observed to be minimum when the
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sharp anode glow is created just near the anode (figure 1(a)). At this point the typical anode
voltage drop is 40-50 V which depends on the pressure, flow rate and the type of gas.
Although the neutral pressure near the anode is lower, bright plasma can be sustained near
the anode as the electric field is concentrated over a small volume. The differential pressure
helps to push the plasma outside the hollow cathode region as a jet of plasma sustained at a

low pressure.

The spatial properties of the plasma near the anode are measured using hairpin resonance
probe for measuring electron density and an ion flux probe for positive ions density. The
plasma potential and electron temperature is estimated using a floating emissive probe.
These point measurements are carried out relative to the edge of the anode glow, d = 0.0 cm

as shown in figure 2

Figure 1: A view of a Constricted plasma source - A small hollow anode is mounted on the

a hollow cathode aperture; (b) a hazy anode double glow (high anode voltage drop), (c)

fully developed anode glow (minimum anode voltage drop)
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Downstream plasma

Anode

9

HP/PP/EP
d=0 d=1 d=2cm
Probe positions

Figure 2: Spatial plasma parameters measurement from the edge of anode glow. HP: Hair
pin probe, PP: Planar Langmuir probe, EP: Emissive probe

Experimental results and discussion

Discharge properties with Argon gas

Figure 3 shows the graph of electron density measured at d=0 cm, to d= 2.0 cm away from
the edge of the anode glow at different operating powers (200 W, 300 W, 400 W). Plasma
density is on the order of 10'® m™ and increases with power. The plasma density decreases
as the distance from the anode glow increases. The drop in electron density is a result of
ambipolar diffusion of positive ions in the expanding beam plasma. The electron density

also drops as a result of very low ionization.
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Figure 3: Graph of electron density versus axial distance along the plasma jet at 200 W —

400 W power for argon-oxygen gas at 0.65 Pa
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Figure 4: Plot of electron density as a function of gas flow rate for 100 W-300 W power
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Plasma density depends on the gas flow rate. At a given pressure and power, the plasma
density increases with the gas flow rate and after reaching maximum at certain critical
value, plasma density is found to decrease with increase in the flow rate as shown in figure
4 where the electron density data is plotted for 20 — 100 sccm flow rate and for power 100
W to 300 W at constant 1x102 mbar pressure in the anode region. This honmonotonic
behavior of electron density with gas flow rate at constant power can be attributed to the
differential pressure inside the hollow cathode. At the constant pressure outside the hollow
cathode, increases in gas flow rate increases number of neutrals inside the hollow cathode
which leads to increase in the number density at the given power. However, at higher flow
rates, electron temperature decreases due to increase in pressure inside the cathode cavity
which leads to reduction in the electron — neutral ionizing collisions and thus overall

plasma density decreases.
Estimation of negative ion density and electronegativity

The density of negative ions can be estimated by taking the difference between the positive

ion density measured by the ion flux probe and the electron density measured by the hairpin

resonance probe i.e. n_=n, —n,. Figure shows the plot of negative ion density as a

function of operating powers between 150 W up to 400 W at constant background neutral

pressure of 0.65 Pa near the anode.
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Figure 5: Graph of negative ion density versus power for d = 0.0 cm to d= 1.0 cm for
Ar/O, discharge operation at 0.65 Pa pressure near the anode region

The graph shows monotonic increase in the negative ion density (n.) with applied power. n.
is maximum at d=0.0 cm and it decreases as distance from anode glow increases. This rise
in the negative ion density with power can be explained by considering the formation
process of O™ in the Ar/O, discharge. At low pressure, the dissociative attachment of

electrons to the excited oxygen molecule is dominant process

0, +e—>0 +0
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As power increases, both excited molecules and number of electrons available for
dissociative attachment process increases and therefore n_ increases with power as shown

in Figure.

40—

3.51

3.01

2.5

2.0

1.5 .

1.0

150 200 250 300 350 400
Power (W)

Figure 7: The ratio a=n_/ n, plotted against input power

Figure 7 shows the power dependence of a in the Ar/O, discharge at 0.6 Pa. As power
increases o reduces for d = 0.5 cm and d=1.0 cm however at d= 0.0 cm the decreases in o is

minimum as compared to d= 0.5 and cm and d= 1.0 cm.

The destruction of negative ion occurs due to the collisions with the Ar+ and electrons

which increases with the input power (e.g. O +e—0+2e, O +Ar"—O+Ar). Therefore the
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rate of rise in the electron density with power is higher than the rate of increases in negative

ion density which results in the decrease of o with power as observed in figure 7.

Summary and Conclusion

The Constricted Plasma Source is characterized by intense plasma on the order of 10** cm™
in front of the constricted anode and high density (~10'%m™) downstream plasma at the
operating pressure as low as 0.3 Pa and at the moderate input power of upto 500 W. Plasma
density in front of the anode depends on the gas flow rate. Plasma density scales linearly
with operating power and pressure. A high concentration of negative ions (~10*° cm™) in
the downstream plasma region is measured at low working gas pressure (0.6 Pa).
Electronegativity (o) of the Ar/O, discharge has been calculated from the ratio of negative
ion density to the electron density. The high value of o (1 to 5) indicates that plasma is
highly electronegative. o is maximum at 5 mm distance away from the anode which suggest
the localized production of negative at that point. If the source is mounted in front of the
extraction grid, the negative ions produced in the downstream plasma can be efficiently
accelerated with minimum loss of negative ions by collisions with background neutrals and
charged species. The low pressure operation of the discharge and localized production of
high concentration of negative ions in the bulk of the plasma are the key properties which

make the constricted plasma promising for the ITER NBI system.
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DC power supply: A Voltage doubler

Appendix C DC power Supply

DC power supply: A Voltage doubler

A DC power supply used in our experiments consists of a voltage double circuit which
converts the input AC to DC. The advantage of using a voltage double circuit over a usual
full wave rectifier circuit is that the magnitude of the DC output is twice that of input peak

voltage which is helpful to get the breakdown at lower pressures.

Cl (7’|p‘tF) ID1 ‘ R1 (60002) R2(70002)
T | ‘ @ | \ \/\/\/\—.—\/\/\/\—
? :: D2 ——C2(201F)
_)
° ® |

Figure 1: Voltage doubler circuit

Circuit operation

The schematic of the voltage double circuit is shown in figure 2-5. During the first negative

half-cycle, D1 is forward biased and C1 charges to a voltage equal to the peak voltage
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Circuit operation

(Vpeak) Of the transformer. During the following positive half cycle, D1 is reverse biased and
therefore conducts no current. The voltage on C1 adds to the transformer output voltage, so
a voltage of +2Veac appears at the anode of D2. Since C2 is not charged, D2 becomes

forward biased and thus the voltage at the C1 is passed to C2 until Vc1=Vco,.

On the next negative half-cycle, C1 charges again t0 Vpeak, through D1. In the second
positive half-cycle, C2 is still charged to Vc1_sirst cycle, While the voltage at the anode of D2 is
rises to +2Vpeak. So Again, C1 transfers part of its charge to C2, but this time V¢ second cycle
> Vo firsteyele-  1HiS process continues, with C1 being fully recharged to v, on each negative

half cycle, and then charging C2 to a voltage close to +2Vpea.

In the above circuit, R1 and R2 are power resistor used as current limiters.

In our experiments, the line input (230V, 32A) is converted to the maximum of AC 1.5 kV,
4A through the step-down transformer. A voltage double circuit converts this AC to the
maximum DC output of 4.5 kV, 2A which is measured across the capacitor (C2). The
output power of the circuit is controlled by a variable transformer which controls the power
supplied to the step-down transformer. The output power is fed to the electrodes through a
load resistor (R2). This DC voltage doubler power supply can be used with both the

floating electrodes.
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