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Résumé

La connaissance de la science derrière la production d’énergie dans les étoiles a ouvert
la voie à une source d’énergie potentiellement abondante, inspirant divers concepts
de réacteurs de fusion nucléaire. Le gaz peut être chauffé à plusieurs millions de de-
grés Celsius pour former un plasma chaud, où deux noyaux fusionnent pour former
un noyau plus lourd, libérant de l’énergie à extraire des réacteurs de fusion. Les com-
bustibles de fusion les plus courants sont le deutérium (D) et le tritium (T), qui sont
des isotopes de l’hydrogène pouvant fusionner pour former des noyaux d’hélium et
des neutrons, produisant une grande quantité d’énergie équivalente à la différence de
masse perdue lors de la réaction (17,6 MeV). Cette réaction a une section efficace plus
élevée pour la fusion à des températures plus basses que d’autres réactions telles que
la réaction D-D et la réaction D-He3 (Hélium-3). 80 % de l’énergie totale produite se
présente sous forme d’énergie cinétique des neutrons. La réaction peut être exprimée
comme suit :

2
1H+,31H→,42He+,10n(14,1MeV ) (1)

L’une des approches de production d’énergie par fusion nucléaire repose sur le
confinement magnétique. Il existe principalement deux approches d’ingénierie basées
sur le confinement magnétique : (1) le Tokamak 1 et (2) le Stellarator. Plusieurs défis
subsistent pour atteindre la fusion nucléaire sur Terre. L’un des défis est le chauffage du
plasma. Il existe plusieurs méthodes pour chauffer le plasma, notamment le chauffage
par résonance cyclotron électronique (ECRH), le chauffage par onde hybride inférieure
(LH), et le chauffage par résonance cyclotron ionique (ICRH) 2. Une autre méthode est
l’injection de faisceau neutre (NBI), qui consiste à envoyer des particules neutres à
grande vitesse depuis l’extérieur du plasma pour transférer de l’énergie cinétique. Le
chauffage ohmique est également possible en faisant passer un courant à travers le
plasma, mais seulement dans les tokamaks (car il n’y a pas de courant central dans
les stellarators) et à des températures de plasma relativement basses (jusqu’à 106K,
au-delà desquelles la résistivité du plasma devient trop faible).

L’un des principaux défis non résolus qui doivent être abordés dans les dispositifs
de confinement magnétique est l’interaction du plasma avec les composants en contact
avec le plasma (PFCs), y compris les antennes RF nécessaires pour lancer l’onde RF dans

3



Résumé

Figure 1: a) Gyration of particles in an axial magnetic field (left) and b) schematic
representation of tokamak (right) [1]

le plasma.
La surchauffe excessive de l’électrode/antenne RF en raison d’un flux de chaleur

élevé a des impacts néfastes sur les perspectives de fusion ou de traitement des matéri-
aux en plasma. Le chauffage dû aux électrons peut augmenter la température de sur-
face et faire fondre le matériau, réduisant ainsi finalement l’efficacité du couplage de
puissance de l’antenne. Étant donné que le chauffage par résonance cyclotronique des
ions (ICRH) est l’un des mécanismes de chauffage auxiliaires dans les réacteurs à fu-
sion modernes et que les décharges à couplage capacitif sont utilisées pour nettoyer
les premiers miroirs dans les tokamaks, les investigations sur le flux de particules/flux
de chaleur à la surface de l’antenne/électrode dans un environnement RF magnétisé
revêtent une importance suprême. La thèse présentée tente de comprendre les fac-
teurs affectant le flux de chaleur en réalisant une expérience et en la comparant avec
des modèles analytiques/théoriques simples.

Les expériences sont réalisées dans le dispositif expérimental ALINE (A LInear)
avec trois électrodes dans deux mécanismes de couplage RF (couplage direct et capaci-
tif) 3. Les expériences sont effectuées à l’aide d’une électrode RF avec des parois mises à
la terre et revêtues de molybdène de 200 nm pour étudier le processus de pulvérisation
dans le cadre de notre collaboration avec UniBasel pour des applications de nettoyage
de miroirs. Les paramètres du plasma sont mesurés à l’aide d’une sonde de Langmuir
compensée en RF pour comprendre le schéma de pulvérisation non uniforme évolué.
Les valeurs de potentiel flottant bas observées lors des mesures de la sonde révèlent
l’existence d’une population d’électrons chauds près de l’électrode RF due au chauffage

4



Figure 2: Schematic of EAST ICRH antenna [2].

stochastique, étudiée expérimentalement et vérifiée à l’aide de simulations théoriques
et PIC.

Le schéma de pulvérisation observé est compris comme étant dû à l’inhomogénéité
induite par le dérive, vérifiée à l’aide de cartes de dérive diamagnétique E×B dérivées
des cartes de densité et de potentiel 2D. En effectuant les expériences à des angles
d’inclinaison plus élevés, la localisation de la population d’électrons chauds et l’inhomogénéité
de la distribution de densité peuvent être réduites, ce qui peut entraîner des schémas
de pulvérisation uniformes. Les expériences avec une électrode RF facettée avec une
paroi céramique flottante montrent des distributions fortement inhomogènes, comme
observé précédemment, et confirment le flux de chaleur/particules non uniforme vers
la surface de l’électrode, en particulier aux angles de raccordement.

Dans le couplage capacitif, l’auto-polarisation de la surface de l’électrode RF déter-
mine les ions qui y parviennent. Dans les décharges à basse pression, à bas champ
magnétique ou en présence d’un flux parallèle d’électrons, la polarisation de la sur-
face de l’électrode RF est négative, et le flux de chaleur vers l’électrode RF peut être
estimé à l’aide de l’équation de Bohm. Les expériences avec l’électrode RF monoface
montrent une polarisation positive à basse pression et à fort champ magnétique (0,1
T). Les mesures de la sonde à proximité de l’électrode RF montrent un potentiel de
plasma plus bas et l’inversion du champ électrique devant l’électrode RF. L’inversion
du champ électrique localement devant une surface conductrice et l’accélération des
électrons ont déjà été signalées.

5



Résumé

Figure 3: Schematic of the RF circuit and picture of the RF electrode in ALINE.

Le chauffage de l’électrode RF est mesuré à l’aide d’une caméra infrarouge, et le flux
de chaleur est calculé à l’aide du code TEDDY pour l’électrode en tungstène monoface
et l’électrode en tungstène. En mode CCP, un chauffage plus élevé de l’électrode RF
est observé lorsque la polarisation est positive et proche de zéro en raison de la con-
tribution des électrons. Les résultats expérimentaux sont comparés à un modèle ana-
lytique. La polarisation positive sur la surface de l’électrode RF réduit la pulvérisation
de l’électrode RF en repoussant les ions positifs dans le plasma mais pas le chauffage.

Unmodèle simple COMSOL a été développé pour étalonner le profil temps-température
observé expérimentalement de l’électrode RF, donnant des résultats proches des tracés
expérimentaux. Même si le flux de chaleur vers l’électrode RF est plus élevé pour
l’électrode en céramique dans les mêmes conditions de décharge, la température finale
de l’électrode est trouvée être plus basse qu’avec l’électrode en tungstène pur dans le
cas de couplage direct en raison de la plus faible surface de collecte du flux de chaleur.
Pour cette raison, l’électrode "céramique" constitue une alternative intéressante pour
les opérations de décharge prolongées.

6
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Chapter 1. Introduction

1.1 Plasma, Nuclear Fusion and Applications
"Plasma is a quasineutral gas of charged and neutral particles, which exhibits collective
properties" says the definition, but plasma can also be in the liquid and solid forms [3].
Plasma is the fourth state of matter. Under low pressure, at low collision frequency
(long mean free path), when sufficient energy is given to the gas, the free electrons
are accelerated and they ionize the surrounding gas, creating the plasma. The term
plasma is used to represent many forms of matter, from cold laboratory discharges to
interstellar matter and even hot matter found in the core of a star or a fusion reactor.
Stellar plasma can be given as an example of naturally occurring plasma. In the core
of stars, gravity compresses the gas, creating hot plasma in which the ions are fused
to form heavier ions. This reaction, the process of "Nuclear Fusion" releases energy
that counterbalances the gravitational pressure, creating a delicate balance that can
support the star’s structure and brightness for billions of years.

The Townsend discharge is an example of a laboratory plasma, which occurs when
free electrons in a gas are accelerated by an electric field, causing them to collide with
neutral atoms or molecules. This results in the release of additional electrons, the
creation of ions, and the initiation of an electron avalanche, ultimately leading to the
formation of a plasma discharge. As the power fed to the plasma is zero, the ions and
electrons recombine to the neutral gas state. To maintain the plasma, constant power
input is provided to offset the recombination and losses to the walls of the discharge
chamber. The knowledge of the science behind the energy production in stars opened
up a way to a potential abundant energy source, inspiring various concepts of nuclear
fusion reactors. The gas can be heated to several millions of Celsius degrees to form
hot plasma, where two nuclei fuse to form a heavier nucleus, releasing energy to be
extracted from the fusion reactors. The most common fusion fuels are deuterium (D)
and tritium (T), which are hydrogen isotopes that can fuse together to form helium
nuclei and neutrons and produce a large amount of energy equivalent to the mass
difference lost during the reaction (17.6 MeV). This reaction has a higher cross section
for fusion at lower temperatures than other reactions such as the D-D reaction and the
D-He3 (Helium-3) reaction. 80% of the total energy produced is in the form of kinetic
energy of neutrons. The reaction can be expressed as follows:

2
1H+ 3

1H→ 4
2He+ 1

0n(14.1MeV ) (1.1)

One of the approaches towards energy production through nuclear fusion is based
onmagnetic confinement. There are predominantly two engineering approaches based
on the magnetic confinement, (1) Tokamak and (2) Stellarator. There are several chal-
lenges in achieving nuclear fusion on Earth. One of the challenges is the heating of
the plasma. There are several ways to heat plasma, including Electron Cyclotron Res-
onance Heating (ECRH), Lower Hybrid Heating (LH), and Ion Cyclotron Resonance
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Heating (ICRH). Another method is Neutral Beam Injection (NBI), which involves
sending fast-moving neutral particles from outside the plasma to transfer kinetic en-
ergy. Ohmic heating is also possible by driving a current through the plasma, but
only in tokamaks (since there is no central current in stellarators) and at relatively low
plasma temperature (up to 106 K, beyond which the plasma resistivity becomes too
low).

One of the main challenges that remain unsolved and need to be addressed in mag-
netic confinement devices is the interaction of the plasma with the plasma-facing com-
ponents (PFCs), including the RF antennas required to launch the RF wave into the
plasma. Higher energetic particles in the plasma can interact with the PFCs and cre-
ate impurities in the system, which is not in favour of the fusion reactions. While the
interaction of plasma with PFCs creates significant challenges for fusion research, it is
worth noting that plasma, with its unique properties, finds extensive applications in
material processing. The potential structures which accelerates the charged species is
utilised widely in material processing applications. Due to the distinctive properties
of plasma and its capacity to interact with various materials, plasma has a broad range
of applications in the processing of materials. Some of the essential uses of plasma in
material processing include surface cleaning and activation, etching, sputtering, de-
position, surface modification by plasma nitriding, etc. Hence, the understanding of
the physics of the plasma-surface interactions arouses a lot of interest due to its vast
potential and applications [4; 5].

1.2 Plasma inside a Tokamak
The understanding of the motion of the charged particle in combined electric and
magnetic fields introduced a new way of confining the particles. When an external
magnetic field is applied, the charged particle follows the magnetic field direction by
gyrating about the magnetic field lines as shown in figure 1.1. If a species (ions or
electrons) with mass ms and electric charge q has a velocity perpendicular to magnetic
field B, its Larmour radius (gyro radius) is r = ms/qB. The basic design of a tokamak
involves using magnetic fields to confine a hot plasma inside a doughnut-shaped vac-
uum chamber to minimize the axial losses of particles. The effective magnetic field is
brought by the poloidal and toroidal magnetic field coils and plasma current resulting
in a helical magnetic field as shown in figure 1.1b. This configuration allows limiting
the losses of the particles into the walls of the tokamak. The plasma is heated to several
tens of millions of Celsius degrees in its core, and is almost cold at the edge where the
plasma interacts with the metallic wall and other plasma-facing components.

The region extending between the core plasma where fusion reactions occur and
the Last Closed Flux Surface (LCFS) is called the edge plasma, and the region in be-
tween the LCFS and the cold walls in contact with the plasma is called the Scrape-Off-
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Figure 1.1: a) Gyration of particles around an axial magnetic field (left) and schematic
representation of tokamak (right) [1]

Layer (SOL). The physics in the plasma edge and SOL is very important and different
from the core plasma. Moving from the core to the edge, one can see a strong gradient
in the density, potential and pressure. These gradients feed various instabilities and
the resulting turbulence can drive the hot plasma out of the confined region towards
the plasma-facing components. As mentioned earlier, ICRH heating is one of the heat-
ing mechanisms that is used to heat the plasma to the required temperature for fusion.
For effective coupling of the power and the propagation of the electromagnetic waves
into the plasma, the antenna should be in close contact with the plasma. The elec-
tric potential developed on the surface of the RF antenna favours the acceleration of
ions, and fast ions impinging on the surface of the antenna cause sputtering and inject
impurities into the plasma, which is not favourable for the fusion process [6; 7].

1.3 Ion Cyclotron Resonance Heating (ICRH)
Charged particles can change direction, speed up, or slow down under the influence
of electromagnetic fields. This acceleration is equivalent to gaining energy and thus
heats plasma particles. It has already been mentioned that the ions gyrate around the
magnetic field lines with a specific Larmor radius depending on its energy. The fre-
quency of rotation along the direction of the magnetic field lines is called the cyclotron
frequency Ωci. When an external RF antenna emits electromagnetic waves with a fre-
quency ω , matching the cyclotron frequency of ions, called the resonance condition,
net energy is transferred from thewave to the ions. This process is called Ion Cyclotron
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Resonance Heating (ICRH).

Figure 1.2: Schematic of EAST ICRH antenna [2].

The schematic of an ICRH system is shown in figure 1.2. The RF power from the
RF generator-amplifier system is fed through RF transmission co-axial cables to the RF
antenna grid. The frequency of the RF radiation is in the range of 30 to 80 MHz. The
antennas are made of straps that are short-circuited at one end to produce the mag-
netic field exciting the fast magnetosonic waves. Recent antennas consist of poloidal
and toroidal straps. The currents in each strap must be controlled to generate the nec-
essary wave spectrum for the given physics scenario for maximum power coupling.
The maximum power transfer occurs at the resonant frequency ω=Ωci. ICRH heat-
ing is one of the most common heating techniques employed for heating the plasma
in magnetic fusion devices (tokamaks and stellarators). A detailed study of the ICRH
power coupling in fusion devices has been addressed by several authors. The basic
underlying physics of ICRH power coupling via RF antenna has been discussed in the
doctoral thesis of Mariia Usoltceva [8].

1.4 RF Plasma in Material Processing
RF plasma is used in material processing to modify surfaces, deposit thin films, and
treat surfaces. It is vital in industries like electronics, aerospace, and automotive due
to its ability to create controlled and reactive environments. There are different modes
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of coupling of the RF power to the plasma per say, capacitive, inductive and helicon
modes of power coupling. The physics of each mode of power coupling is different and
is discussed in [9; 3; 10]. When the plasma interacts with a material surface, potential
structures develop at the plasma-substrate interface which can accelerate the ions ex-
ploited for the treatment of the surface. The developed interface strongly depends on
the power coupling mechanism.

1.5 Debye Sheath
Plasma, in general, is quasi-neutral. Under the influence of an external charge, the
plasma is perturbed, but it tends to shield the perturbation within a small scale length
called the Debye length and denoted λD. When the plasma interacts with the material
due to the difference in the energies (velocities) of the electrons and ions and other
factors such as the collection area or magnetic field, the particles leaving the plasma
reach and bias the substrate surface. This creates a charge separation between the
plasma and the substrate, creating an electric field in between. If the substrate/surface
is not biased, the potential or the electric field acts to equalize the collection of the
ion and electron fluxes. This space-charge region in which the quasi-neutrality of the
plasma is not valid is the Debye sheath [9].

When plasma first comes in contact with a surface, since the thermal velocity of
electrons ve =

√
kbTe/me is greater than that of ions vi =

√
kbTi/mi (mass of electrons

is smaller than that of ions by orders of magnitude mi >> me), electrons are rushed
to the surface biasing the surface negatively, leaving the plasma positively charged.
Here, kb is the Boltzmann constant, Ti and Te are the ion and electron temperatures
respectively. The potential between the plasma and surface then tends to bring an
equilibrium between the ion and electron fluxes on the substrate surface. This poten-
tial is called the floating potential (Vf ), whereas the plasma stays at a higher potential
compared to the surface and the potential of the plasma is known as the plasma poten-
tial (VP). A diagram representing the potential and the density variation at the plasma
wall interface is depicted in figure 1.3. The floating potential can be expressed by the
formula:

Vf =
kTe

2e
ln

2πme

mi
(1.2)

The value of the plasma potential can simply be evaluated by adding the sheath
drop potential to the floating potential which is around 4.03×Te in the case of a helium
plasma [11]. While moving from the bulk plasma to the electrode surface, there is a
minimum critical velocity that ions should have reached for the formation of the RF
sheath. Below this value, the solution for Poisson’s equationwhile solving the potential
profile becomes oscillatory and a sheath is not formed. This critical velocity is called

14



1.5. Debye Sheath

Figure 1.3: Densities and potential variation near the plasma/sheath transition region
[9].

the "Bohm velocity" (uB), and the condition for sheath formation is called the "Bohm
criterion", which can be mathematically expressed as [3]:

uB ≥
√

kbTe/mi =Cs (1.3)
The Bohm velocity is also known as the ion acoustic velocity and expressed by the

term Cs. In the region of space between the bulk plasma and the Debye sheath, there
exists a regionwhere the ions are reaching uB, where the quasi-neutrality of the plasma
prevails, but the density of the plasma is slightly reduced, called the pre-sheath region.
Considering static electrons in the bulk plasma at potential VP, they are accelerated to
the ion acoustic velocity in the pre-sheath region and one can write:

eVP =
1
2

MCs
2 (1.4a)

VP =
1
2

kBTe

e
(1.4b)

Assuming that the quasineutrality of the plasma is still valid at the interface of the
Debye sheath and presheath, the density of the plasma at the entrance of the Debye
sheath can be determined by:

15



Chapter 1. Introduction

nes = ni(0) = ne(0) = n0 exp
(
− eVP

kBTe

)
= n0e−1/2 ≈ 0.61×n0 (1.5)

If the potential drop (V0) inside the sheath is known, the size of the sheath s can be
determined based on the Child-Langmuir law as [9], see figure 1.3:

s =

√
2

3
λDe

(
2

e|V0|
kBTe

)3/4

(1.6)

where λDe =
√

ε0kBTe
nese2 is the Debye length.

1.6 RF power coupling
RF power from the generator-amplifier array can be delivered to the plasma in different
modes namely (a) using an RF antenna (or RF electrode) either in direct coupling or ca-
pacitive coupling (CCP), (b) inductive coupling, or (c) helicon discharge. The inductive
and helicon methods of power coupling are non-contact methods, where the antenna
is not in direct contact with the plasma, and the power is coupled via the waves pro-
duced by the variations in the RF current/voltage through the RF antenna. This thesis
solely focuses on the experiments that utilized a RF electrode in direct or capacitive
power coupling and thus, the other two methods are not included in the discussion.

Figure 1.4: Diagram representing the asymmetric discharge in ALINE

In a simple RF discharge using an electrode, the active electrode receives the RF
power while the counter electrode remains grounded. If the area ratio between the
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grounded to the active electrode is high, such discharges are called asymmetric dis-
charge. Generally, in asymmetric RF discharges, the wall of the reactor or the vacuum
chamber is grounded. A diagram representing an asymmetric RF discharge is pre-
sented in the figure 1.4. In direct coupling, the RF power from the RF generator is
coupled directly to the RF electrode via an RF coupler (case SW1). In direct coupling,
the DC current is allowed to flow through the electrode, the average potential over
one RF period is zero, and the RF voltage is modulated with respect to the zero voltage
on the surface of the RF electrode. SW2 represents the capacitive mode of power cou-
pling in which the power from the RF coupler is fed to the electrode via a matching
box. The matching circuit aims at ensuring maximum power coupling to the plasma
with minimum reflected power. The matching network is an array of capacitors and
inductors, which do not allow the flow of the DC current through the circuit, resulting
in a "DC self-bias" on the surface of the RF electrode depending on the type and the
flux of the species reaching the electrode surface. But the capacitor allows the flow of a
displacement current through the electrode, where the displacement current is current
to the electrode due to the time varying electric field (E) and is given by Id = ε0

dE
dt [9].

1.7 RF Sheath
Instead of a constant DC voltage, an oscillating potential of the form V0 = VDC +
Vr f sinωt is applied on the RF electrode. Here VDC is the mean DC voltage, ω is the
RF frequency, Vr f is the peak RF voltage. The frequency can vary in the range from 1
to 100 MHz and the nature of the discharge varies significantly with the applied RF fre-
quency. The major difference in the plasma properties are introduced by the response
of the particles with the oscillating RF potential. The RF oscillations are in the range be-
tween the ion plasma frequency and electron plasma frequency, i.e. ωpi <<ω <<ωpe,
where ωpi =

√
ne2/Mε0 and ωpe =

√
ne2/mε0 , M and m are the mass of ions and

electrons respectively. The ions cannot respond to the instantaneous changes in the
RF potential due to their inertia, whereas electrons are more mobile and can follow the
RF oscillations.

Detailed discussion on the RF discharge, RF sheath and its dynamics are discussed
in [9; 10; 12]. The electron and ion dynamics with the oscillating voltage brings a lot of
complex physical processes. In this part, some of the important processes are discussed
in order to explain the physics and the context of the research presented here.

1.7.1 Sheath rectification in RF discharge
In a setup represented by the figure 1.4, the electric field changes direction periodically
at the RF frequency. The electrons can follow the instantaneous variations in the RF
electric field, but ions being heavier cannot and respond to the time-averaged poten-
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Figure 1.5: A schematic circuit model of RF sheath, with constant current source rep-
resenting the ion current, the electron current is represented by a reverse-biased diode
and a non linear capacitor to represent the displacement current.

tial. The RF sheath is formed at the plasma electrode interface and also oscillates as
a response to the RF potential variations. Due to the differences in the electron and
ion mobility and the asymmetrical behaviour of the plasma around the RF electrode,
the sheath does not follow the RF potential linearly and leads to the development of
a net DC component in the plasma sheath voltage waveform. This means that during
the positive phase of the RF cycle, the voltage drop across the sheath may differ from
that during the negative phase over a certain period. This phenomenon is known as
sheath rectification. This DC component decides the energy of ions reaching the elec-
trode surface and affects the material sputtering rate and this phenomenon is exploited
in the sputtering, etching and surface modification applications using the plasma dis-
charge [9].

The total current through the RF sheath has ion, electron and displacement currents
(Id) components. It can be expressed as:

IRF =−n0euBA+
n0eve

4
Aexp

(
−eVsh

kTe

)
+ Id (1.7)

Here, A is the electrode area, ve is the average velocity of electrons and Vsh is the po-
tential drop inside the sheath. When the RF frequency is high enough so that the ions
do not respond to the instantaneous variations, the ion current can be represented as
a constant ion source. The electron current across the sheath is controlled by a Boltz-
mann exponential function of the voltage, resulting in a current-voltage characteristic
of a reverse-biased diode. Since a capacitor allows a displacement current to flow, it
becomes the third parallel element of the circuit shown in Figure 1.5. The displacement
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current varies as a function of the amplitude of RF modulation.

1.7.2 Estimation of the self bias
Suppose V1 and ω be the RF potential and the RF frequency, the self bias on the sur-
face of the RF electrode can be calculated using the time averaged flux balance. As
mentioned earlier, since the ions are not responding to the instantaneous RF potential
variations, their motion is dependent on the potential drop inside the sheath, and it
can be represented by the Bohm flux. Balancing the electron and ion flux yields:

1
4

nsve exp
(

e(VfRF )

kTe

)
(ω/2π)

∫ 2π/ω

0
exp
(

eV1sin(ωt)
kTe

)
dt = nuB (1.8)

The integral term can be expressed in terms of modified Bessel function

1
4

nsve exp
(

e(VfRF )

kTe

)
I0

(
eV1

kTe

)
= nuB (1.9)

Putting the expression for ve and uB and rearranging the terms gives the floating
potential under RF-biased conditions:

VfRF =
kTe

e

[
1
2

(
2πm
M

)
− ln I0

(
eV1

kTe

)]
(1.10)

A reference electrode without RF bias would adopt a potential given by equation
1.2, so in front of the RF biased surface the potential developed has an additional term
(second term in the RHS of equation 3.1), called the self-bias voltage (these formula are
valid for a single sheath)[9].

1.7.3 DC self-bias in asymmetric CCP RF discharge
As mentioned earlier, the average speed of electrons is larger than that of ions, leading
to the higher flux of electrons reaching the electrode surface. In the blocking capac-
itor scheme, the net current through the electrode biases the electrode negatively (in
general). This bias ensures the net current collected by the electrode for a complete RF
cycle is zero. The DC self-bias developed on the surface of the RF electrode depends
on several factors such as the RF power/voltage on the surface of the RF electrode, gas
pressure and the collisions in the system, ratio of the grounded to active RF electrode
area and in a magnetized discharge, the strength of the magnetic field.

Considering an asymmetric discharge, with a small active electrode with area A1
and a larger grounded electrode with area A2>A1, the average voltage falls V 1 (i.e. the
DC component of the potential across the sheath at electrode 1) [9] is much greater
than V 2 in the grounded electrode sheath. The magnitude of V 2 coincides with the
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plasma potential VP relative to the ground. Let A1/A2 << 1, due to the higher capaci-
tance of the blocking capacitor, the DC self-bias developed on the RF electrode can be
expressed as:

Vdc =−V 1+V 2 (1.11)

which is close in value to the RF voltage amplitude Va. It is also dependent on the
area ratio η = A1/A2

V 1
V 2

=

(
A2

A1

)q

(1.12)

where q is the power index, which is also dependent on η but varying in a narrow
range q≈1-1.4. This relation is derived from the interpolation based on an experimental
data which is explained in the Raizer et al. book [12].

Chabert et al. [9], based on the RF current continuity considering the constant ion
density model, linked the relation between the DC component of the voltages and the
area of the electrodes as:

V 1
V 2

=

(
A2

A1

)2

(1.13)

indicating larger DC voltage adjacent to the smaller electrode. The different sheath
voltages creates a DC bias between the electrodes unlike in the symmetric discharge
and it can be expressed as:

V 2−V 1 =V 2

(
1−
(

A2

A1

)2
)

(1.14)

This means that at higher asymmetry, almost all the RF potential is rectified by the
larger sheath. The asymmetry of the electrodes’ sizes plays an important role in the
sheath dynamics, the energy of ions reaching the electrode and nature of the boundary
wall sheaths at the RF electrode. This point has been elaborated for both direct and
capacitive discharge cases by Kohler in [13]. The time averaged plasma potential for
an asymmetric RF discharge has been discussed on the basis of a capacitive model RF
sheath in [14]. The study on rectified potential, the DC bias and energy of ions reaching
the RF electrode is reported in [15; 16; 17].

1.7.4 Double sheath model in asymmetric RF discharge
For the direct coupling case, when the RF electrode is connected directly to the RF gen-
erator via the generator resistance instead of the usual blocking capacitor, the sheath
can be modelled using a double sheath model [18]. Since there is no blocking capacitor,
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Figure 1.6: Diagram showing magnetic flux tube exchanging RF currents [18] (left) and
sheath rectification plot in asymmetric discharge based on equation 1.15(right).

it allows DC currents to follow. The model explains the effect of sheath capacitance,
electrode surface ratio, plasma and generator resistances, and the applied RF potential
on the DC current to the RF electrode. According to the model, when the the displace-
ment currents in the sheath are neglected: C1 and C2 → 0, the rectified RF potential
can be represented as:

φ(t) = φ f l + ln
(

A2

A1 +A2

)
+ ln

[
1+

A1

A2
exp{φRF(t)}

]
(1.15)

Here, φ = eV
KBTe

is the plasma potential, φ f l =
eV f l
KBTe

is the floating potential, A1 andA2

are the area of the active and grounded electrodes and φRF = eVRF
KBTe

is the RF potential.
In the special case of a symmetric discharge, the time averaged potential in the plasma
has the following well-known expression [12]:

< φ >= φ f l +
φRF

π
(1.16)

For the infinite sheath capacitance case, meaning RF displacement currents are
higher than non linear conduction currents, the new expression is :

φ(t) = φ f l + γ1φRF(t)+ ln
(

exp(φb)A1I0(γ2φRF)+A2I0(−γ1φRF)

A1 +A2

)
(1.17)

with γ1 =
C1

C1+C2
and γ2 =

C2
C1+C2

. The model is applicable for the asymmetric RF dis-
charge or to a symmetric magnetized RF discharge where the asymmetry is introduced
by the external magnetic field.
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1.7.5 Double Saturated Probe (DSP) model
The double probe model can be modified to take into account the saturation of the
electron current [19]. In that case the current is like an asymmetric double probemodel
with 2 saturations (ionic and electronic). To simplify the derivation of this model, a
"tanh" function has been used. This model allows to compute the real time plasma
potential during an RF oscillatins. The DSP model explains a drastic fall in plasma
potential values when the area ratio is higher than the electron over ion saturation
current ratio. This model has been compared to Aanesland’s model [20] and to PIC
simulations with a good accordance as shown in figure 1.7.
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Figure 1.7: Plasma potential with respect to the Wall/Electrode ratio S2/S1. Compar-
ison of the DSP model (blue curve) to PIC simulations (gray curve) and Aanesland’s
model (red curve).

1.7.6 Magnetized oblique sheaths
An externalmagnetic field can change the character of the plasma discharge drastically.
The extent of magnetization cannot only be described by the strength of the magnetic
field, it also depends on the collisions in the system. However, the presence of an
external magnetic field limits the motion of charged particles perpendicular to the
magnetic fields by confining them among the magnetic field lines. This favours higher
collisions in certain regions inside the plasma and higher ionization. The magnetic
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Figure 1.8: Diagram of Chodura sheath [21]

field increases the motion of charged particles along the field lines and modifies the
potential and density distributions of the plasma, which can create drifts. The drifts
and the effect of magnetic fields in the diagnostics of the plasma are discussed in the
experimental perspective in the next chapter. Here, the discussion is limited to the
sheath structure in a magnetic environment.

In the presence of an external magnetic field, the motion of the ion from the bulk
plasma to the surface of the RF electrode is presented in figure 1.8. According to
Chodura, the velocity of ions at the presheath- magnetic presheath edge (MPSE) is
constrained such that:

v ∥ B,MPSE ≥ uB (1.18)

This is known as the Chodura criterion [22; 23]. The typical length scale of the
magnetic presheath is a few ion Larmor radii, and at the entrance of the debye sheath,
the ion velocity perpendicular to the solid surface should be at least equal or larger
than Cs [24]. Chodura predicts that the Debye sheath vanishes beyond a critical angle
called the "Chodura angle" at which the total potential drop beween the plasma and
the surface will take place inside the magnetic presheath itself. The detailed discussion
on this topic has been done by Riemann and Stangeby in [25; 21]. The discussion
of plasma-surface interaction has been extended to the parallel case by Stangeby in
[21; 26; 27; 28] and the possibility of positive self-bias has been explored below the
critical angle in [29].

1.7.7 Stochastic heating
The rectification process of RF electric fields occurring in the electrode sheaths causes
the rise in the potential barrier in which positive ions are accelerated towards the
surface, and the electrons are pushed back into the plasma, creating a plasma sheath
boundary. With oscillating RF potential, the plasma sheath boundary will also oscillate
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Figure 1.9: Non-collisional heating of electrons (a) without magnetic field (b) with
magnetic field.

about a mean position S0 called the time-averaged sheath thickness, which is evalu-
ated using the Child-Langmuir law. When an electron interacts with an oscillating
boundary that moves opposite to the direction of the electron, the electron is reflected
to the plasma, like a ball on a moving wall, with an increased velocity, v0 +2vs, where
v0 is the initial velocity and vs is the velocity of the oscillating sheath edge 1.9. This
non-collisional process in which electron gain a net energy from an oscillating sheath
is called the stochastic heating. An analytical model explaining the process and the
energy transfer is available in [10]. The simplest expression for the stochastic heating,
considering a Maxwellian electron distribution fes(u, t) at the entrance of the sheath
is given as follows :

Sstoc =−2m
∫

∞

vs

vs(u− vs)
2 fes(u, t)du (1.19)

The mean stochastic heating Pstoc, considering vs = u0 cos(ωt), with u0 the peak
sheath velocity and ω the RF frequency, is given by:

Sstoc =
1
2

mu2
0nve (1.20)

It appears that the average power density transferred to electrons by the oscillating
sheath is proportional to the square sheath edge velocity. And the sheath velocity is
ds
dt with s the sheath thickness from the Child Langmuir law. Here this is an oscillating
sheath so that s(t) = s0 sin(ωt) and then u0 = ωs0 is proportionnal to ωV 3/4

RF , meaning
that the stochastic heating is much higher at high RF frequencies and high RF voltages.
Stochastic heating is a dominant heating mechanism in low pressure RF discharges
[30; 31; 12; 9; 32; 33; 34] where the ohmic heating can be neglected as it will be the case
in most of our experiments in the ALINE plasma device. Some more elaborated models
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have been built, considering non Maxwellian varying distribution [35] but a true self
consistent model is almost impossible to solve, considering that the stochastic heating
strongly disturbs the distribution function [36]. At low pressure, high RF voltages can
generate bi-Maxwellian electron distribution, with most of the population at low tem-
perature and a high energetic tail, responsible for higher ionisation rate. This effect
can also be increased by secondary electron emission. PIC simulations [37] have repro-
duced this mechanism already observed by Godyak experimentally [31], showing the
transition from a two-temperature distribution at 70mTorr to a single-temperature dis-
tribution at 500 mTorr. Another simulation of discharge behavior [38] was performed
at a pressure of 3 mTorr (argon) with again a two temperature distribution. This effect
is even enhanced by the presence of a grazing magnetic field above the surface of the
electrode as it will be explained in next section and chapter 3.

1.7.8 Stochastic heating in presence of a magnetic field
In the presence of a magnetic field, when electrons interact with oscillating plasma
sheath boundary, they are not directly recoiled back into the plasma. Instead, be-
cause of the cyclotron gyration, they undergo multiple correlated collisions with the
RF sheath as seen in figure 1.9 and gain energy during each interaction resulting in
higher net energy gain. This mechanism occurs in the magnetically enhanced reactive
ion etcher (MERIE) or RF magnetrons in which magnetic field ranges from 50 to 200
G. The total power deposited in the plasma due to the stochastic heating is given by
Lieberman [39]:

⟨Pstoch⟩=
1
2

mv2
s nve

ωce (νcol +ωce/π)

2π(ν2
col +ω2)

(1.21)

Where νs is the velocity with which the sheath boundary moves, vcol is the electron
collision frequency. ωce = qB0/m is the electron cyclotron frequency, in which m is
the mass of electrons, ve is the average electron energy, q is the electronic charge and
B0 is the strength of the magnetic field and νcol is the collision frequency. Stochastic
heating is proportional to B2

0 and dominates the ohmic heating at low pressures and
high magnetic fields. In low pressure discharges, due to lower collisions, the classical
stochastic heating is enhanced by a factor ω2

ce/ω2, which can lead to the generation
of hot electrons near the surface of the RF electrode, and the deviation of the electron
distribution from Maxwellian locally inside the plasma [40]. This energy gain at each
bounce increases mainly the perpendicular electron velocity. Now considering a graz-
ing magnetic field above the electrode surface, the perpendicular velocity is given by
vs, but the parallel sheath velocity is sensitively enhanced and, in the upper limit and
for an infinitely long electrode, can be written as vs∥ = vs/sin(α). Of course, this is
a purely theoretical velocity assuming no inertia for electrons, and it is not valid at
α = 0. In the ideal case of a magnetic field perfectly aligned with the surface of an
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electrode with a radius R, the longitudinal sheath velocity can be deduced from the
perpendicular velocity as follows:

vs∥ = vs
R
s

(1.22)

Thus the enhancement factor is simply the ratio of the sheath thickness (perpendic-
ular to the surface of the electrode) over the electrode radius, again considering that
electrons can accelerate with almost no inertia.

To conclude, at 0° or grazing angles (like in MERIE systems and our device ALINE),
this results in a quite higher acceleration of the electrons in themagnetic field direction,
in a small layer equal to the sheath thickness above the electrode. This phenomenon
has been simulated and experimentally observed in chapter 3 for different magnetic
field strength and angles.

1.8 The heat flux and motivation of the thesis
In direct coupling, due to the sheath rectification, the plasma stays at a higher poten-
tial compared to the RF electrode, which favours the acceleration of the ions from the
plasma to the RF electrode. When the instantaneous RF voltage on the surface of the
electrode is higher than the plasma potential, the electrons from the plasma will accel-
erate to the RF electrode in the electric field developed, and each species will transfer
its energy to the RF electrode, leading to the heating of the RF electrode. Inside a toka-
mak, the potential developed in front of the RF antenna can be very high, in which the
ions can be accelerated eventually causing the sputtering of the antenna [41; 42; 43; 44].
In capacitive coupling, the ions are also accelerated to the active electrode, which is
exploited for instance in sputtering applications. But in both these cases, the potential
developed favours the heating of the RF electrode, which will eventually reduce the
efficacy of the power coupling to the plasma.

In the perspective of surface treatments, the bias developed on the RF electrode
or the sheath rectification is the key to having adequate flux to the RF electrode and
deciding the energy of ions. In the presence of an external magnetic field, the sheath
in front of the RF electrode is modified, which also changes the distribution of the
density and potential around the RF electrode. In the fusion research perspective, since
the surfaces of the fusion devices makes grazing angles with magnetic field lines, it is
important to study the dynamics of the RF sheath at grazing angles to the magnetic
field. Even though many authors have worked on the magnetized sheath, the area
of the magnetized RF sheath and its influence on the heating and heat flux to the RF
electrode, especially at grazing angles needs to be further explored to improve the
power coupling without impurity generation, and to have control over the processing
of surfaces with RF plasma. Different aspects affecting heat flux to the RF electrode are
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presented in figure 1.10.

Figure 1.10: Factors affecting heat flux to the RF electrode.

This thesis aims to understand the heat flux to the RF electrode for different dis-
charge conditions. The experiments are performed in the linear plasma device ALINE
by varying the coupling mechanism, gas pressure, RF power, strength of the magnetic
field and tilt angle of the RF electrode. Chapter 2 is dedicated to introducing the exper-
imental setup, diagnostics and theories that are used for analysing the experimental
data. The background of this research topic, which is relevant for pursuing the in-
vestigation and important studies that have already been conducted in magnetized RF
plasma are briefly presented in this chapter. The experimental and PIC simulation re-
sults based on highly negative floating potential observed around the RF electrode are
presented in Chapter 3. In Chapter 4, the observation of positive self-bias and reversal
of the sheath in front of the RF electrode observed during the experiment with a faced
RF electrode at the low-pressure and high magnetic field is discussed. Chapter 5 is
dedicated to studying the density and potential distribution around the RF electrode
for different electrode configurations. The heating and heat flux results based on the
experimental measurements and the corresponding analytical model are presented in
Chapter 6. The conclusion and perspectives of the presented work are discussed in the
final chapter.
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Chapter 2. Experimental Setup and Diagnostics

2.1 ALINE Plasma Device

All the experiments discussed in this thesis are performed in ALINE (A LINEar) plasma
device. An image of the experimental set up is presented in figure 2.1. The cylindrical
vacuum chamber of ALINE is 1 m long and 30 cm in diameter [8; 45; 46; 11]. One of the
circular ends of the vacuum chamber is connected to the 3D manipulator array which
is identified as (b) in the image. An RF compensated Langmuir probe is used tomeasure
the plasma parameters. The power delivered by the RF amplifier (Prana DP600) is cou-
pled to the plasma via a RF electrode either directly or capacitively connected through
a matching box. The RF power generator, amplifier and matching network array are
represented by (c) in figure 2.1. An IR camera is placed above the RF electrode to study
the heating of the RF electrode through an IR window. When it is not operated the
vacuum vessel is maintained at 5×10−7 mbar, thanks to the turbo molecular pump.

A uniform axial magnetic field up to 0.1 T is produced by six 75 turn water-cooled
copper coils insulated with 1 mm PVC layer. These coils are powered by three Elektro-
Automatik PS 8000 3U devices, capable to deliver 15 kWeachwith aDC current ranging
from 0 to 510 A between 0 and 80V. Each unit is connected to a pair of coils mounted in
series to vary the magnetic field longitudinally. Temperature controllers are attached
to each coil, enabling them to be deactivated if overheating occurs, to prevent the PVC
layer on the copper tubes from melting [45].

A 3D manipulator connected to a Langmuir probe allows measurements of plasma
parameters around the RF electrode and inside the plasma column in the volume con-
nected to the RF electrode in all 3 axes. It can move 50 cm along the axis of the cylinder
(z axis) and 10 cm along both x and y axes. It is used to realize profiles and 2D (or even
3D) maps of the plasma parameters automatically with a 1 millimeter resolution [45].

The Prana DP 600 broadband amplifier can couple RF power in the frequency band-
width from 10 kHz to 250 MHz. Its nominal power is close to 600 W but it can deliver
a maximum power of 1100 W at 1 MHz range. The amplifier is linked to a coupler
that measures forward and reflected powers on the coaxial cable feeding the antenna
in the plasma chamber. MFJ-989D antenna tuner matching box is used for improving
the power coupling efficiency corresponding to different experimental conditions in
capacitively coupled plasma discharge (CCP). It consists of two series capacitors (500
pF air variable capacitors ) and a shunt inductors (AirCore Roller Inductor). The set-
up can couple a maximum power of 1500 W in the frequency range 1.8 to 30 MHz.
The discharge in capacitive coupling is performed at 25 MHz and in direct coupling
performed at 34 MHz for better coupling efficiency.
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2.1. ALINE Plasma Device

Figure 2.1: Sketch (top) and picture (bottom) of the ALINE plasma device (a), 3D probe
manipulator (b) and rack holding the RF power generator, amplifier and coils power
supplies (c)

2.1.1 RF electrode types

3 different electrode configurations are used in the framework of this thesis to perform
experiments. The images of the electrodes are presented in figure 2.3. One can see the
RF electrode is held by a stainless steel rod at the center of the cylindrical chamber,
which is connected to a rotor, and allows to make a tilt angle α with the axial magnetic
field ranging from 0-90°.
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Figure 2.2: T-type Matching network in ALINE

Figure 2.3: Three different electrode configurations used for experiments in ALINE (a)
copper electrode with grounded shield (b) tungsten electrode with ceramic covering
(c) simple tungsten electrode.

Copper RF electrode with grounded copper shield

RF capacitive coupling based set-up for in-situ cleaning of the first mirrors to recover
the optical efficiency in tokamaks are currently in development in Univeristy of Basel.
As a part of our collaboration with Laurent Marot and Paul Hiret through the SHEAR
project experiments were performed in ALINE plasma device to study the sputter-
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ing at 0.1 T magnetic field. Results from the probe measurements are used to explain
the in-homogeneous sputtering pattern evolved by understanding the drifts in plasma.
Experiments performed at different tilt angles to study the potential and density dis-
tribution of the plasma around the electrode with a perspective of understanding and
improving the sputtering pattern. The results of this measurements are published in
[47].

The RF electrode has 2 parts, The active electrode made of copper has a diameter of
4.8 cm and 0.6 cm thick, coated with a thin layer of Molybdenum (200 nm). There is a
grounded shield made of copper (1.6 cm wide) as shown in figure 2.3a, covering all the
sides of the RF electrode allowing the plasma electrode interaction only at the coated
surface of the active RF electrode. The experiments, results and discussions based on
this electrode is presented in chapter 3 and 5.

Tungsten RF electrode with Ceramic covering

The active part of the electrode is made of tungsten and it has a dimension of 6 cm by
diameter and 1 cm in thickness 2.3b. The lateral side of the disc shaped electrode is
covered with a ceramic ring (made of Mullite C610) at the lateral side with inner radius
3.2 cm and outer radius 3.7 cm. The bottom side of the RF electrode is covered with a
ceramic disc of diameter 6.5 cm and during the discharge the ceramic part of the RF
electrode is floating with respect to the plasma. Hence the ceramic covering ensure
the collection of particle by the RF electrode through the lateral side and one of the
circular sides to be zero.

Tungsten RF electrode

The ceramic covering of the tungsten RF electrode presented in the last case is removed
and the whole surface of the RF electrode is exposed to the plasma during the discharge
(R= 3 cm, t= 1 cm). The typical discharge using the RF electrode is shown in figure 2.3c.
The probe characteristics around the RF electrode and the heating of the RF electrode
is studied for different discharge parameters at different tilt angle and the results are
discussed in chapter 5 and 6.

2.2 Diagnostic tools in ALINE

2.2.1 RF compensated Langmuir probe
Langmuir probes are the most common technique used to characterize plasma. From
the IV curve obtained, one can estimate the density, temperature and potential of
the plasma. Despite of the practical challenges in the measurements in the mag-
netic environment, probes are still the leading candidate for plasma characterization
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[48; 49; 50; 51]. The probe measurements are influenced by a number of variables, in-
cluding collisionality, magnetization, the type of probe tip, the surroundings, and the
probe’s orientation in relation to the magnetic field. According to each instance, the
probe analysis can change. One difficulty is the lack of technical solutions and theo-
ries for measurement and analysis in exceedingly difficult environments like measure-
ments near the RF antenna in a magnetic environment [52; 50; 53].

Probe setup in ALINE

ALINE is equipped with an RF compensated Langmuir probe with cylindrical probe
tip. The probe tip is aligned parallel to the magnetic field lines, combined with the
3D manipulator array, precise localised measurements of plasma in each millimeter
is possible. This ESPION probe is built by Hiden [54]. The probe provides a passive
compensation to the RF noises based on [55] by AC decoupling the probe from the DC
measurement circuit and allowing the tip to follow RF variations.

Figure 2.4: RF compensation in Langmuir probe in ALINE [54].

The probe can be biased from -200 to 100 V and the measurements were taken at
a swept frequency of 65 kHz. For a cleaner profile, 20 measurements were averaged.
Note that at this frequency, the measurement can be considered to be stationary, since
the measurement frequency of measurement is much smaller than the characteristic
plasma frequencies.

Probe tips

Two different probe tips are used for Langmuir probe analysis in ALINE plasma.

Cylindrical probe tip : The cylindrical probe tip is made of tungsten. It is 10 mm
long and 75µm in diameter, see figure 2.5.
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Figure 2.5: Different probe tips used for measurements in ALINE .

Modified probe tip : To study the effect of drift the cylindrical probe tip is modified
by covering half of the collection area of the tungsten probe tip with a ceramic. The
ceramic layer has half hollow cylinder shape of outer radius 2.5 mm and thickness 0.5
mm. The results using the modified probe tip is presented in chapter 3.

2.2.2 Analysis of probe data

Figure 2.6: IV curve from RF compensated Langmuir probe measurements in ALINE.

IV analysis

2 Sample curves corresponding to a 0.02 and 0.05 T magnetic fields are presented in
the figure 2.7. One can divide the IV curves in to thee region, ion saturation region, ex-
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ponential region and the electron saturation region. When the probe is biased at lower
voltage, it collects only the ion current, with increasing bias voltage, it starts to collect
the Maxwellian electrons, which gives the exponential region and at highly positive
voltages, the probe only collects the electrons. Ion saturation current and the electron
saturation currents are represented by the Iis and Ies respectively. In the transition
region, the ion current is negligible and the electron current Ie can be represented as:

Ie = Ies exp
(

e(VB −VP)

KTe

)
(2.1a)

Ies = eneAv/4 = eneA
(

KTe

2πm

)
(2.1b)

A is the area of the probe tip exposed to the plasma. VB is the voltage on the probe,
VP is the plasma potential or the space potential and v is the average electron velocity.
The potential at which the probe drives a net zero current from the plasma (equal ion
and electron current) is called the floating potential and represented by Vf l . Floating
potential can be determined from the zero crossing point of the IV curve. The point
at which the electron current begins to saturates represents the end of the repelling
sheath and corresponds to the plasma potential.

There are 3 methods employed in this thesis to find out the plasma potential :

The first method is the intersection method, which is shown in the figure 2.7 by
finding the intersection point of the lines extrapolated from the exponential and the
electron saturation part of the IV curve [8; 11] In the second method (the most used),
the peak of the first derivative of the IV curve can also be taken as the position of the
plasma potential.
With increasing magnetic field there is a significant reduction in the electron satura-
tion, which is visible in the figure 2.7. At higher magnetic fields, near the RF electrode,
especially at low pressure, the first derivative method is not reliable since there can be
multiple peaks in the first derivative, representing different populations of electrons
with different energies. Under this condition, the second derivative is taken and dif-
ferent peaks identified to find out the plasma potential. This third method is explained
in detail in section 4.2.3.

OML Theory

OML theory is the simplest theory used for analysis of Langmuir probe IVs [56]. Con-
sidering ions are coming from infinity to an attracting probe tip with velocity v0 with
an impact parameter p. The plasma potential V is 0 at infinity and negative every-
where, varying gently towards the negative probe potential Vp. The conservation of
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Figure 2.7: IV curve from RF compensated Langmuir probe measurements in ALINE.

energy and angular momentum results in

1
2

mv2
0 =

1
2

mv2
a + eVa =−eV0 (2.2a)

pv0 = ava (2.2b)
conservation of energy and angular momentum results in

1
2

mv2
a =

1
2

mv2
0

(
1+

Va

V0

)
(2.3a)

p = ava/v0 = a
(

1+
Va

V0

)1/2

(2.3b)

If a ≤ Rp,the ion is collected and the effective probe radius is taken to be P(Rp).
For mono-energetic particles the flux to the probe of length L can be written as:

dI =
qv0

π
dn2πrpLp

√
1+

V
V0

where dn = 2πn0v0

( m
2πKT

)
exp
(

mv2
0

2KT

)
dv0 (2.4)

Here (v0/π)dn represents the flux crossing a unit area. The total current to the probe
tip can be found by integrating over the speed from 0 to ∞:

I(V ) = I0

∫
∞

0
x
√

x2 +β 2 exp
(
−x2) where I0 = 4qn0rpLp

√
2KT

m
(2.5)

Note that for x2 = mv2/2KT and β 2 = eVp/KT , The integral can be simplified to:

I(V ) =
1
4

an0Ap

√
8KT
πm

[
2
√

ϕ

π
+ exp(ϕ)er f c

√
ϕ

]
where ϕ =

eV
KT

(2.6)

Here, Ap is the area of the probe. This formula is true for ions and for electrons
when the size of the sheath s is significantly larger than the probe radius, ie, rp <<
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s. Since the average sheath size is a few debye length λD, with increasing rp/λD ratio,
the validity of the OML theory becomes questionable.

The peculiarity of this theory is that when the ion temperature Ti → 0 the current
becomes independent of the ion temperature and the equation becomes.

Ii(V )→
√

2
π

en0Ap

√
eV
M

(2.7)

Note that here, V is the probe potential relative to the plasma potential. In practice,
V should be replaced by Vp-V.

OML method is used to find out the plasma density in ALINE plasma device. The
density is evaluated from the ion saturation part where the I2

p(V) profile is linear. An
experimental and theoretical work was performed by Pelling et al. [57] to study the
collisional effects on the analysis of probe data using OML method. All the experi-
ments were performed at lower pressures (0.6 and 1 Pa where the collision effects are
negligible. When the magnetic field is 0.1 T the ions are weakly magnetized because
the collision frequency is still higher than the cyclotron frequency, especially in Argon
gas. At lower collision rates, the ions are magnetized, they move in helical orbits along
the magnetic field lines, but the Bohm condition for the ion collection to the electrode
is still valid, if the area of collection is considered to be the projection area of the probe
along the magnetic field lines [58]. The algorithm used for the determination of the
plasma parameters around the RF electrode for different areas of projection in ALINE
are explained in [59; 60; 11]

Bi-Maxwellian EEDF

In a CCP discharge, due to the stochastic heating resulting from electron-RF sheath
interaction, a hot electron population can get generated near the vicinity of the RF
electrode. In the presence of a magnetic field, the electrons can have multiple en-
counters with the oscillating sheath before returning to the bulk plasma and gaining
higher energy compared to the case of no magnetic field. But probe measurements
near the RF electrode in a magnetic environment can leave the IV curves noisy, and
this results in bad electron temperature evaluation. But the presence of supra-thermal
electrons can shift the floating potential to negative values, and this has been observed
in the ALINE device when the probe takes measurements at the flux tubes connected
to the RF electrode. A detailed investigation of a shift of floating potential and its
dependence on various input conditions is studied in [61]. These are studied using
PIC simulations and analytically in [62]. Here, an attempt has been made to evaluate
the electron temperature from the IV profile measured using the probe employing the
Druyvesteyn method. The probe measurements were smoothed over 100 points, and
the Druyvesteyn method was applied.

The electron energy probability function (EEPF) can be expressed as:
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gp(ε) =

√
8me

e3Ap

d2Ie

dV 2 (2.8)

if the distribution of electrons are Maxwellian, equation 2.8 can be represented as:

gp(ε) =
2√
π

nekTe
−3/2e−ε/kTe (2.9)

Here Te is the electron temperature and ε = e(VP−VB) = eV is the electron energy.
If the natural logarithm of Eq. 2.8 and Eq. 2.9 are taken then natural logarithm of EEPF
is directly proportional to the inverse of the temperature as shown in Eq. 10:

ln(gp(ε)) = ln
(

d2Ie

dV 2

)
+ constant =− ε

kTe
+ constant (2.10)

Where the electron current Ie = Ip − Ii, Ip the total probe current and Ii is the ion
saturation current. Using this slope of the curve, the average electron energy of the
electrons has been evaluated.

Figure 2.8: Electron temperature evaluation using Druyvesteyn method.

We found two slopes for the curve in which the tail part represents the temperature
of the hot electron population. The confidence on this measured values are not so high
because of the noisy IV curves and different smoothing methods (mainly Savitzky-
Golay method).
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2.2.3 Floating Probe
A floating probe is a simple setup in which a tungsten probe tip floats on the plasma
and is connected to an oscilloscope. Measured the voltage on the probe tip gives the
floating potential of the plasma. If the oscilloscope allows the measurement of voltage
variation with higher time resolution (Higher frequencies), one can measure the RF
oscillations (noise) in the plasma.

To study the influence of the RF perturbations, floating probe measurements were
taken for 1.2 Pa argon discharge, 0.1 T magnetic field and in capacitive coupling, see
figure 2.9. Here RF represents the reference signal and the noise corresponding to
different Y position in the plasma are measured and compared. Floating probe study
revealed that the RF noise is small and negligible and the probe measurements with
RF compensations are not very much affected due to the same, because the RF floating
potential component had a very low magnitude (less than 1 V), especially in capacitive
coupling where the plasma potential is low (10-20 V) according to the thermal electron
temperature (3-5 eV).

Figure 2.9: Floating probe measurements inside ALINE using simple tungsten probe
tip (OP) and modified probe tip (NP). The green curve represents the Reference signal.

2.2.4 IR Camera
In fusion research, IR thermography is widely used across various fusion devices to
assess the heat loads on the first wall and ensure equipment safety [63; 64]. Studies by
Balboa et al.[65] , Sieglin et al.[66] , Gauthier et al.[67], and Takeuchi et al.[68] have
demonstrated its effectiveness. With the progress made in IR camera technology in
the past two decades, it is now possible to investigate rapid events in the tokamak
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plasma [69]. This section aims to explain the basic principles of IR thermography and
IR camera setup used in ALINE.

Basic principle

Any material with temperature greater than absolute zero, emit thermal radiations.
Maximum radiant power emitted per unit projected area of an object in a given wave-
length range to a unit solid angle can be expressed by Plancks law:

LBB
λ
(λ ,T )dλ =

2hc2

λ 5

[
1

exp
{ hc

λkT

}
−1

]
dλ (2.11)

here LBB
λ
(λ ,T ) is the spectral radiance in Wm−3 sr−1, h, the Planck’s constant

=6.626×10−34 Js k is the Boltzmann constant, c is the speed of light in vacuum and T is
the absolute temperature of the object in K. The wavelength λmax at which the spectral
radiance peaks for a given temperature T can be found usingWien’s displacement law.

λmax =
b
T

(2.12)

whereWien’s displacement constant b≈2.898×10−3 mK. Total radian power emit-
ted in a given wavelength range (λ ,λ +dλ ) per unit area by a blackbody is given by
spectral excitance Mλ (λ ,T ) [Wm−3].

Mλ (λ ,T )dλ =
∫

hemisphere
Lλ cosδdΩdλ

=
∫

π/2

0

∫ 2π

0
Lλ cosδ sinδdδdϕdλ =

2πhc2

λ 5

[
1

exp
{ hc

λkT

}
−1

]
dλ

(2.13)

δ and ϕ are the zenith and the azimuthal angle. The total excitance M(T) (with units
[Wm−2]) of the unit area of the black body is given by the Stefan-Boltzmann law:

M(T ) =
∫

∞

0
Mλ (λ ,T )dλ = σT 4 (2.14)

σ = 2π5k4

15ch3 =5.67 ×10−8 Wm−2K−4 is the Stefan-Boltzmann constant.
A perfect black body absorbs all incoming radiations and reflects and only a black

body can have the radiance value given by the Planck’s law. A real body doesn’t emit
all the radiation which it absorbs like a black body in the same temperature and the
radiance of a real object is dependent on several factors such as the angle of observa-
tion, surface properties and environmental conditions etc. The ratio of the radiance of
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an object and of a black body is given by emissivity (ε), which will be in the range of
0≤ ε ≤ 1.

ε(λ ,δ ,ϕ,T ) =
Lλ (λ ,δ ,ϕ,T )

LBB
λ
(λ ,T )

(2.15)

Incoming radiation to an object is either reflected, transmitted or absorbed. Hence
one can write ρ + τ + α = 1. Where ρ,τ,α are the reflectance, transmittance and
absorptance. For an opaque object, emissivity can be expressed as ε = 1−ρ .

IR camera in ALINE

ALINE is equipped with Optris PI400i IR camera. The IR camera is looking through an
IR window and placed right above the RF electrode. There are two different sensors
that are used in IR camera the (a) thermal detectors and (b) photon detectors. Thermal
detectors rely on changes in physical properties of detector material (metal or semi-
conductor) caused by absorption of incident radiation, such as temperature-dependent
electrical resistance in a bolometer. Optris PI400i IR camera has a Focal plane array
(17 µm) uncooled sensor, which is a thermal sensor. Thermal detectors may experience
signal leakage among individual detector elements due to their principle, which also
makes them slower than photon detectors. However, their lower cost is an advantage.
Technical details of the IR camera are given in the table 2.1.

Table 2.1: Technical details of Optris PI 400i IR camera.

Detector FPA, uncooled (17µm)
Optical resolution 382 × 288
Spectral range 8-14 µm

Temperature range -20-1500° C
Accuracy +/-2°C or +/-2%

TEDDY

TEDDY stands for (Thermography Estimate of Deposited Heat DYnamics) and is a
2D linear thermographic inversion algorithm [70] developed for heat flux studies of
divertor in WEST tokamak. TEDDY has been used in this thesis to estimate the heat
flux from the surface temperature of the RF electrode. Though the heat diffusion is a
3D problem, assuming here that the heat flux will diffuse only in 2 directions, (i) along
the profile of deposited heat flux (denoted by x) and (ii) along y direction through the
depth of the tile. The heat equation can be written as:

ρCp(T )∂tT =−∇⃗.⃗q (2.16)
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Where ρ is the volumetric mass (kg/m−3) of the RF electrode material, Cp is the
specific heat capacity in J/Kg.K T denotes the local temperature in K and he is the heat
flux W/m−2. The emissivity of the tungsten is around 0.125, and TEDDY neglects the
radiation losses since it is negligible, as well as the heat loss to the electrode holder.
The details of the code are explained in detail in [70]. The temperature measurements
from the IR camera corresponding to 11 measurement points are given as input to the
TEDDY, and the heat flux to the RF electrode is measured using the reverse model.

Since the electrode is receiving heat flux from both the circular faces and also
through the lateral side, heat flux is assumed to be constant all along the surface. Also
the electrode is considered as 2 separate tile of 0.5 mm thick receiving constant flux.

2.2.5 Fast Camera Imaging
Fast cameras are widely used in nuclear fusion research for providing valuable in-
sights into plasma behaviour, implosion dynamics, impurity tracking and diagnostics.
The visible imaging technique for plasma diagnostics has been used since 1985. Re-
cent technological advances in high-speed cameras capable of recordingmovies at very
high frame rates and higher resolutions have opened up the possibility of using high-
speed camera imaging as a reliable tool for plasma diagnostics. Visible imaging tech-
niques are used with the gas puffing technique by Nishino et al [71]. for studying
the plasma rotation due to the electron drift waves in the GAMMA 10 tandem mirror.
Fast camera imaging is used in TORPEX plasma device to study the low-frequency
electrostatic fluctuations due to the drift waves to complement the Langmuir probe
measurements [72].

While diagnosing the plasma with fast camera the light intensity recorded by the
camera Icam is often compared with measurements of the ion saturation current (Iisat )
with a cross-correlation of up to 0.75 as given in [73; 74].This is because the intensity
of the light can be used as a proxy for (Iisat ) or the density of the plasma (n) [73; 74; 75].
The relationship between Icam and the physical parameters of the plasma is explored
based on a simple model explained in doctoral thesis of Simon Vincent [76]. The dis-
cussion is limited to the normalization and 2D-FT techniques used in our experiments,
as we do not use these methods to find plasma parameters from the intensity of the
lights.

Optical set-up

FASTCAM SA-Z by Photron camera is used for the fast camera imaging of ALINE
plasma [77]. ALINE has an optical port at one of the circular ends of the cylindrical
vacuum chamber and the camera is placed at Z position Z= +80 cm. Fast camera mea-
surements were taken at the frame rate in range 67.2-100 k frames per second over a
square region of size =8 cm of the plasma with a resolution of 384×328 .
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Figure 2.10: Diagram representing fast camera and IR camera imaging in ALINE

Image analysis tools

The tools that are used to analyse the images from the fast camera are presented here.
This is preceded by a normalizing process of the form:

Ĩnmd =
Ĩ(⃗x, t)
Ĩavg(⃗x)

(2.17)

Ĩavg is the normalised light intensity obtained from the time averaged value of Icam

Ĩavg(⃗x) = ⟨Ĩcam(⃗x, t)⟩t (2.18)

2D Fourier Transform (2D-FT)

The camera images are analyzed by mode decomposition technique. 2-D Fourier de-
composition technique is used to study the flow of rotating structures. Hence, a spatial
decomposition of the fluctuations along θ and their corresponding time frequencies are
being derived. 2D-FT of 2 variables, function reads f̂=

∫ ∫
f(x, t)exp{−i(kx+ωt)}dxdt .

the time series Ĩnmd(, t) is extracted from the images at a given radius r and the 2D-FT is
computed as : Î(kθ ,ω) =

∫ ∫
Ĩnmd(r∗,θ , t)exp{−i(kθ r ∗θ +ωt)}dθdt to transform it

in to the θ spatial direction. Since the variations in θ are periodic, the wavelengths can
be calculated by : λ = 2πr ∗/m, where m is an integer. Different modes are identified
by the mode number m, with

kθ =
m
r∗

(2.19)

In addition, the frequencies are expressed systematically in Hertz to simplify the phys-
ical interpretation. More concise representation of 2D-FT is in the form :
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2.2. Diagnostic tools in ALINE

Îr∗(m, f) =
∫ ∫

Ĩnmd(r∗,θ , t)exp{−i(mθ +2πft)}dθdt (2.20)

Experiments are performed using a 50 mm lens with f/1.2 mounted on the camera.
The camera is aligned parallel to the RF electrode to reduce the paralax error and the
videos recorded by focusing on a narrow region over the RF electrode as shown in
figure, thanks to shallow depth of field of the lens. the The camera Results based on
the 2D FT of the fast camera analysis is presented in chapter 5, in the case of one-faced
RF electrode.
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Chapter 3. Measurement andModelling of Highly Negative Floating PotentialMeasurements aroundOne-faced RF Electrode in an RFDischarge

3.1 Langmuir Probe Measurements in a Magnetized
CapacitiveDischargeAround aTiltedRFElectrode

3.1.1 Introduction

Since the end goal of this work is to measure the heat flux received by an RF elec-
trode, the characteristics of the plasma around the RF electrode are important to know
the factors that affect the heat flux and must first be studied. One of the most widely
used diagnostics is the Langmuir probe, which allows to get the plasma density, po-
tential and temperature of electrons [31; 52; 78; 40; 79]. This characterization work of
the plasma all around the RF electrode has been started in a previous thesis [11]. It
has been shown that in such magnetized plasma in the ALINE device where the mag-
netic field never exceeds 0.1 T, ions can be considered as almost unmagnetized and
then follow the classical OML theory [80; 81]. Chen already demonstrated "the sur-
prising validity of the OML theory in Helicon plasmas" [51]. Nevertheless, if 2D or
even 3D maps of the plasma density can be drawn thanks to the 3D manipulator, the
surprisingly very negative floating potentials measured by the probe when magneti-
cally connected to the RF electrode sheath have not been explained properly, especially
when the electrode is tilted at grazing angles (see figure 3.1). As it has been explained
in the introduction chapter (section 1.7.7), stochastic heating may be the best candi-
date to explain these very negative floating potentials due to high energetic electrons
accelerated in the moving RF sheath. This effect has already been observed in MERIE
devices at lowermagnetic fields [82; 39], but deeper investigations have been necessary
for the ALINE device. In the first experimental part, this effect is studied by scanning
many parameters such as the magnetic field strength, tilt angle or gas pressure. These
floating potential measurements are compared to PIC simulations in the 2nd part, al-
lowing us to conclude their origin and the existence of the bi-Maxwellian distribution

Figure 3.1: Argon plasma discharge in ALINE for 5° tilt angle (left), and schematic
view of ALINE reactor (right).
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of electrons with temperatures as high as 20 eV.

3.1.2 Setup and Experiment

ALINE (A LINEar machine) is a 1 m long, 30 cm diameter cylindrical device designed to
study the RF sheath and sheath dynamics [45; 59]. At themaximum axial magnetic field
of 0.1T, the electrons in the system are magnetized and ions are weakly or not magne-
tized (depending on the pressure). ALINE is equipped with an RF-compensated Lang-
muir probe coupled to a 3D manipulator, facilitating the measurement of the plasma
parameters in all three directions. A sketch of the reactor and a photo of the antenna
and plasma are depicted in figure3.1 [60]. The electrode is placed at the geometrical
centre of the chamber. RF electrode is a specially designed one consisting of an active
part, a disk placed at the centre through which the RF power is coupled to plasma via
a matching network (capacitive) or directly. The active part of the electrode is sur-
rounded by a grounded copper shield 3.2. The inner copper disk is 48 mm in diameter,
and 11 mm thick grounded outer cover. The density of the plasma is significantly low
below the electrode because the excitation of the plasma is formed only above the ac-
tive part (figure 3.1). The electrode is connected to a rotor (piloted manually) which
enables the rotation of the electrode, making an angle α with the axial magnetic field.
The RF power (35 W for the current study) to the plasma is coupled either directly (Di-
rect coupling) or through a matching box (Capacitive coupling). The angle between
the electrode and the axial magnetic field has been varied to study the effect of the tilt
angle on the floating potential, plasma potential and density.

3.1.3 Langmuir Probe Measurements in ALINE

To interpret the results, we assume that the plasma can be seen as a set of adjacent
flux tubes since the electrons are magnetized, and the electron mobility perpendicular
to the magnetic field is much lower than that along the parallel direction. On the
contrary, the electrons in the flux tube connected to the grounded part of the electrode
move along the axis of the cylinder 3.2, and are collected on the lateral side of the
electrode or the wall cutting the magnetic field lines (the circular end of the ALINE
chamber). On the other hand, the electrons connected to the active side/Edge of the
electrode oscillate back and forth in the RF electric field of the sheath, creating a bright
region inside the plasma, see figure 3.2. Plasma parameters have been measured using
the moving probe along the y direction, from 2 cm above the centre of the RF electrode
to 2 cm below the RF electrode for three z-positions (60, 80, and 100 mm). The effect
of gas pressure, tilt of the electrode and magnetic field strength on plasma parameters
are studied separately.
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Figure 3.2: The diagram explaining design of the RF electrode and the flux tubes/
plasma columns connected to different regions of the RF electrode.

IV Curves inside the plasma column connected to the RF electrode

The IV curves measured from the bright plasma column connected to the RF electrode
and one that from two centimeters are quite different from each other. In figure 3.3a,
IV curves inside and outside of the flux tube are compared from both direct and ca-
pacitive coupling cases for 0°, 35 W, 0.8 Pa argon discharge. The IV curve inside the
bright column have the specific characteristics representing higher density by higher
ion saturation current, lower floating potential values and two slopes in the exponen-
tial region compared to the ones from outside the flux tube. The double derivative and
the EEPFs (IV curves smoothed using sgolay function in matlab by preserving the orig-
inal shape of the curve) are compared for the capacitive discharge case in figure 3.3b.
The curves corresponding to the ones from inside the bright plasma column (Y=0 mm)
represents higher energetic thermal electrons and followed by a long tail due to the
hot electrons, whereas outside the flux tube (Y=-19 mm) there are no hot electrons and
the thermal electrons are cooler which can be interpreted from the second derivative
and EEPF profiles. In the following parts the focus is given to the parameters inside
the plasma column connected to the RF electrode.

Effect of Gas Pressure

In this study, experiments were performed in ALINE at three gas pressures 0.8 Pa, 1.5
Pa and 3 Pa to study the variation of the plasma parameters at low, intermediate and
high pressures, and the results from the probe measurements are shown in figure 3.4.

At 0.1 T magnetic field, the electrons are highly magnetized (ωc/νc =1280, 684,
342 for 0.8, 1.5, 3 Pa respectively) and they are confined inside the flux tube above
the RF electrode. These energetic electrons increase the density due to the increase in
effective and ionization collision cross section [83], inside the flux tube significantly
compared to the surrounding plasma 3.4(a). In addition, collisions favour the cross-field
motion of electrons, which causes a widening of the flux tube inside the plasma along
Y direction. For higher Z positions, since the length of the plasma column increases
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Figure 3.3: I-V characteristics (a) and I”p (d2I) and EEDF plot (b) taken at different
radial positions at a 0.8 Pa discharge.

to a few mean free paths (λ e
m f p =68.4, 36.5, 18.2 mm for 0.8, 1.5, 3 Pa, respectively for

electrons), due to higher collisions the density is slightly improved (15-20% for 0.8 and
1.5 Pa). Higher collision frequency reduces the average electron temperature, which
results in a reduction in the magnitude of the floating potential profile (up to -60 V).
This can be seen in the floating potential values inside the magnetic flux tube in figure
3.4b. The stochastic processes in RF discharges have been known and widely studied
for the last few decades [34; 84; 85; 86]. It is the dominant heating mechanism at low-
pressure RF discharges. The electrons are accelerated in the oscillating RF sheath and
gain energy from the electric fields at low pressure. At higher pressures, the collision
rate inside the plasma increases, and the stochastic heating process becomes lower
than the Ohmic heating.

At low gas pressure discharge, the electrons are not thermalised close to the RF
electrode. The second derivative of the IV curve and EEPF corresponding to Y=3 mm
in the flux tube is plotted as a function of the energy in figure 3.4c. At Y=3mm, even the
thermal electrons have high energy (15 eV) corresponding to 0.8 Pa measurement, and
as the pressure doubles, at 1.5 Pa, the average energy of the electrons drops to 8.8 eV. At
3 Pa, where the collisions are high, all the electrons are thermalised, and the energy of
the electrons inside the flux tube has almost the same energy as the electrons outside
(2.1-2.5 eV), figure 3.4c [87; 40](measured from the inverse of the slope of ln(EEPF)).
At lower pressures there is a deviation of the electron distribution from Maxwellian to
non-Maxwellian with two or more electron populations inside the magnetic flux tube
connected to the RF electrode.
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Figure 3.4: Dependencies of density (a) floating potential (b) and natural logarithm of
EEDF and the second derivative (d2I) inside the flux tube connected to the RF electrode
(c) on gas pressure for capacitive discharge in ALINE device.

Effect of tilt of the Electrode

The dependence of the tilt angle between the RF electrode and themagnetic field on the
plasma parameters inside the flux tube connected to the RF electrode is discussed here.

52



3.1. Langmuir ProbeMeasurements in aMagnetized Capacitive Discharge Around a Tilted RF Electrode

The experiments were performed at 0.1 T magnetic field for 0.8 Pa argon gas pressure
at 35 W coupled RF power for both capacitive and direct coupling cases. RF power
is coupled through capacitive and direct coupling at 25 MHz and 34 MHz frequencies
respectively for better power coupling. The results are depicted in the figures 3.5 for
capacitive coupling and 3.6 for direct coupling.

The density and the floating potential profiles are shown in figure 3.5. The density
profiles have much narrower and higher peaks at lower angles 3.5(a). At 0°, the peak
density value measured by the probe is around 1.5×1017m−3 at Z = −60mm and it
increases for lower Z values. As the tilt angles increases the peak values reduces and
the density profile is widened. The density peaks are corresponding to the positive Y
values due to the edge effect as explained before. Similarly the floating potential values
are highly negative for lower angles 3.5(b). Absolute values of floating potential are
decreasing with the increasing distance from the RF electrode due to collisions with
neutrals. While the position of the measurements is far from the electrode by a few
times the mean free path of the electrons, the electrons encounter multiple collisions,
and they are thermalised. As for the gas pressure scans, the possible explanation of
the negative floating potential can be associated with stochastic heating generating a
population of supra-thermal electrons inside the magnetic flux tube, as reported before
[88; 89; 90; 91]. As the tilt angle increases, the width of the plasma column increases
because the projection of the electrode surface along the magnetic field is increased.
When the electrode is rotated from 0° to 2° as we can see from the profile, even if
the width of the flux tube increased, there is no reduction in the density profiles or
the magnitude of the floating potential inside the flux tube. The stochastic heating
process is more efficient at grazing angles with the magnetic field since electrons are
pushed out of the sheath along the magnetic field and gain a net acceleration. Also, the
electrons gyrating along the magnetic field lines can have multiple interactions with
the oscillating sheath and gain more energy [39]. At higher angles, the acceleration
of electrons is less efficient, leading to flatter profiles for the floating potentials (figure
3.5(b)). This dependence is observed for both direct and capacitive modes of power
coupling.

An attempt has been made to see the effect of the tilt angles in the EEPFs inside the
flux tube connected to the RF electrode. For this study, the IVs corresponding to the
position of the most negative floating potential are taken and compared with the EEPF
for different angles (figure 3.5c). The error margins in the tail of the curve can be high
due to the noises in the probe and severe smoothing of the IV curves. So in this case, we
stick our discussions by comparing the slope corresponding to the thermalised electron
part (or the cold electrons). The inverse of the slope of the dashed line indicates the
average electron temperature. The slope is almost the same for 0° and 2°, indicating
higher electron temperatures, and higher efficiency of stochastic heating. The average
slope increases and then the electron energy is decreased at higher angles (5° and 20°)
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Figure 3.5: (a) Density measurement, (b) floating potential and (c) natural logarithm
of EEPF for different tilt angles inside the magnetic flux tube in capacitive coupling.
The inverse of the slope of the dashed line represents the average energy of thermal
electrons in each case.

as one can see from the figure 3.5c. Similar trends for the density and floating potential
variations are observed in direct coupling as well, see figure 3.6.
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Figure 3.6: Density measurement (a) and floating potential profiles (b) in ALINE for 4
different angles (α) in direct coupling.

Effect of the magnetic field strength

Here the discussions are based on the measurements corresponding to a 0.8 Pa argon
discharge at 35 W coupled RF power for 4 different magnetic field values (25, 50, 75
and 100 mT) in capacitive coupling.

Variations of the floating potential along the Y direction, corresponding to both
direct coupling and capacitive coupling for two magnetic fields and two distances of
the measurements, are shown in figure 3.7a. These measurements were taken using
the floating probe (section 2.2.3) and observed highly negative floating potential values
inside the flux tube connected to the RF electrode. The value of the floating potential
measured by the floating probe is more negative at higher B field and its magnitude
decreases with increasing distance from the RF electrode, which is in agreement with
the RF compensated Langmuir probe. This observation is revisited in the next section,
comparing the PIC simulation results. The variation of the floating potential corre-
sponding to four magnetic fields along the Y direction is displayed in the figure 3.7b.
The lowest of the floating potential is observed for the measurement corresponding
to highest magnetic field. The region of space along Y direction where the floating
potential is negative is widened with decrease in the magnetic field.

From the scans taken along the Y axis, the density of the plasma is plotted in figure
3.8(a).

The density of the plasma grows significantly when the magnetic field is increased
from 0.025 to 0.05 T. The width of the plasma column connected to the RF electrode
becomes narrower and the peak of the density profiles is shifted closer to the RF elec-
trode. The reduction of the self-bias on the surface of the RF electrode can explain
this observed behavior. With the increasing magnetic field, the magnitude of the RF
voltage is reduced, and the density above the RF electrode is increased. This reduces
the size of the sheath above the RF electrode. As mentioned earlier, at grazing angles
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Figure 3.7: Floating probe measurement results for 0° in direct coupling (DC) and
capacitive coupling (CCP) (a) and dependence of floating potential (b) on the applied
magnetic field measured using conventional RF compensated probe .

(2° here), the magnetic field enhances the efficiency of the stochastic heating, along
with that, better confinement improves the density significantly. The first derivatives
corresponding to the IVs from inside the flux tube are presented in figure 3.8(b). At
lower pressure, since the collisions inside the plasma are low, the energetic electrons
generated due to the interaction with the sheath are not thermalised. In figure 3.8(c) it
is seen that the plasma has a hot electron population inside the flux tube connected to
the RF electrode. For the 0.025, 0.05 and 0.075 T cases, this can be seen from the elon-
gated tail as shown in figure 3.8(c). When the magnetic field is 0.1 T, there is a change
of shape in the first derivative of the IV curves inside the flux tube corresponding to
Y=3 mm position figure 3.8(b). The first derivative of the 0.1 T IV curves is different
from the lower magnetic field ones with a bump after the maximum of the curve corre-
sponding to the thermal electron population. This kind of profiles makes the analysis
complicated [92]. The potential of the plasma can’t be determined from the peak of
the first derivative. At this point, the population of the hot electrons are higher than
the thermal ones which is determined using the Druyvesteyn method and the actual
plasma potential can be shifted to the small bump of the first derivative corresponding
to the thermal electrons on the right.

An attempt has been made to determine the electron temperature from each IVs
using the Druyvesteyn method and the results are portrayed in the figure 3.8(c). The
temperature values obtained from the curves are tabulated in the figure. The values of
the hot electrons can have huge error bars but the thermal electrons in the flux tube
have almost the same temperatures in the range 6-7 eV for the lower B cases. The
higher magnetic field measurements have lower slopes, implying higher temperature
values.
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Figure 3.8: Dependencies of density profile (a) and Variations in the gradient of IV
profiles inside the magnetic flux tube (b) and log of the (C*D2I) on gas magnetic field
for CCP discharge in ALINE device at 0.8 Pa argon discharge for 35 W coupled RF
power.

3.1.4 Theoretical floating potential for supra-thermal electrons

Considering Maxwell-Boltzmann velocity distribution for electrons, the electron flux
contribution from the thermal electrons to a wall biased at a potential φ can be deter-
mined by:

Γx =
∫

∞

v0

∫
∞

−∞

∫
∞

−∞

vx f (v)dvxdvydvz = n0

√
kT

2πme
exp(−χ) (3.1)

where n0,T,m,v are the density, temperature of thermal electrons, mass of elec-
trons and thermal velocity respectively, and χ = mv0

2

2kT = eV
kT . Equating the ion flux
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equal to the Bohm flux Γi = n0Cs with the thermal electron flux yields the famous for-
mula of the floating potential for a plasma given by equation 3.2, which should not be
confused with the floating potential of a probe plunged into the plasma. As a matter
of fact, the floating potential of the plasma is the gap between the plasma potential
Vp and the probe Vprobe as follows : Vp −Vprobe = Vf l . Here this floating potential is
defined as positive because the minus sign is already in equation 3.1.

Vf l =−kTe

2e
ln
[(

2π
me

mi

)(
1+

Ti

Te

)]
(3.2)

The magnitude of the floating potential measured by the probe is then proportional
to the electron temperature Te, assuming a simple Maxwellian velocity distribution,
with me and mi the electron and ion mass respectively and Ti the ion temperature.

Now considering a population of supra-thermal electrons with density ns and tem-
perature Ts with a shifted distribution function with a drift vd along the x direction,
the contribution of the flux to the electrode can be determined as follows.

fd(vx,vy,vz) = ns

(
m

2πkTs

)3/2

exp

(
−

m((vx − vd)
2 + v2

y + v2
z )

2kTs

)
(3.3)

The general solution for the supra-thermal flux is :

Γ
s
x =

∫
∞

v0

∫
∞

−∞

∫
∞

−∞

vx fd(v)exp(−χs)dvxdvydvz (3.4)

Γ
s
x = ns

[
vd

2

(
1− er f

(√
m

2kTs
(v0 − vd)

))
+

√
kTs

2πm
exp
(
−m(v0 − vd)

2

2kTs

)]
(3.5)

with χs =
mv2

0
2kTs

= eV
kTs

For vd = 0, we find

Γ
s
x = ns

√
kTs

2πm
exp(−χs) (3.6)

The total electron flux is then Γe = Γx +Γs
x. The ion flux is still the Bohm flux,

and equating now the total electron flux to the ion flux allows to determine the new
floating potential of the plasma. The equation is solved numerically to yield the floating
potential gap Vf l between the plasma potential Vp and the probe floating potential
Vprobe. The floating potential magnitudes deduced for different density ratio ns/n0 of
the supra thermal to thermal electrons are plotted in figure 3.9. For the non-zero drift
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condition, the floating potential values from the model replicates the experimental
results seen in figure 3.7 for density ratios between 5− 20%. The floating potential
values at 0.8 Pa range from 35 to 55 V with 20 eV supra-thermal electrons. For the
condition vd = 0, floating potentials show lower magnitudes but are comparable with
the negative floating potential of the probe from figure 3.7 because Vprobe = Vp −Vf l ,
and the plasma potential is between 10 and 20 V as measured by the probe
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Figure 3.9: Floating potential from the model for different supra thermal to thermal
electron population ratios (ns/n0) for (a) vd =

√
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3.2 PIC Simulation of the Electron Energy Distribu-
tion Function in aRFMagnetizedPlasmaColumn
Connected to a Tilted Electrode

As seen in the last section of this chapter, a tilting electrode allows to change the
angle of the active RF surface with respect to the magnetic field. At grazing angles
some very negative floating potentials (figure 3.7a ) have been measured [61] with a
RF compensated Langmuir probe [55].

The first hypothesis for this observed behaviour was that it might be due to the bad
RF compensation due to the probe. The floating probe measurements showed that the
effect of RF noise is smaller as explained in the last chapter. Another possible reason
was due to the drifting of electrons in the plasma. To check the effect of the drifted
electrons on the observed behavior, the IVs taken at different Y positions using the
normal probe tip and the modified probe tip is compared for a 1.2 Pa argon discharge,
35W couple RF power and at 0.1 T magnetic field, see figure 3.10. The details of the
modified probe tip is provided in Chapter 2. Since the direction of the drift should be
in different direction due to the change in direction of electric fields inside the plasma,
there should be a significant difference in the probe measurements made using normal
probe tip and the modified probe tip. Since the collection area of the probe tip is re-
duced by half, the ion and electron current is reduced, and no effect of drift is observed
while comparing the IVs.

Figure 3.10: IV curves corresponding to near or inside the magnetic flux tube using
modified probe tip and tungsten probe tip (normal probe tip).

The third hypothesis is a bi-Maxwellian distribution with supra-thermal electrons
[50] as explained in the previous theoretical model. This implies that electrons have
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been highly accelerated by the grazing electrode due to stochastic heating [39].

3.2.1 PIC Simulations
To test the last assumptions, some PIC simulations have been run, scanning the RF
voltage, the bias DC voltage on the electrode, the plasma density and the tilt angle of
the magnetic field with respect to the active RF surface as sketched in figure 3.11a.

Figure 3.11: (a) PIC simulation box (b) Density profiles at different probe positions (z
is the distance between the probe and the electrode center)

The GPUPIC code is based on a Matlab script with specific CUDA functions run-
ning on a RTX6000 GPU with 24 GB of memory. It is able to run up to 67 millions
super-particles. The code is quite simple, no collision, no ionization, FFT electrostatic
solver, Lorentz integrator is a Tajima implicit method, ion or electron number can be
chosen as constant in the box to allow negative biasing of the plasma. The PIC code
has been compared to Xoopic [93] simulations with exactly the same conditions to be
validated. In both cases (Xoopic and GPUPIC), a 100x50 cells rectangular box has been
simulated in a Helium plasma at B=0.1 T. Many diagnostics have been compared (ve-
locity distribution, potential map and profiles, potential as a function of time...), but
only density profiles are shown here in figures 3.12. It can be seen that electron and
ion densities are very close for each code (Xoopic and GPUPIC).

The GPUPIC code is able to simulate rather large area of magnetized plasma : here
7.5 cm height by 5 cm width. The plasma density is either 1015 or 1016m−3, which
is lower than the experimental density, measured by a Langmuir probe using Orbital
Motion Limit (OML) method [94], in the core plasma (few 1017 m−3, see figure 3.11b).
But at such higher densities in the simulations, electrostatic waves grow inside the
box and the whole plasma is heated so that it does not represent the thin plasma layer
we observed experimentally. To do so the PIC code should include ionization and
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Figure 3.12: (a) Density profiles along the magnetic field (x direction) (b) Density pro-
files perpendicular to the magnetic field (y direction).

collisions, as it can be done in Xoopic but at a much lower speed because the code is
not natively multicore. At the end, the choice has been done to keep the plasma density
constant all over the box to isolate the effect of the RF electrode on the particle energy
only, to prove the existence of stochastic heating only (no collisions, no ionization in
the code, no electromagnetic waves).

Capacitive Coupling Results

The simulated potential maps appear in figure 3.13 for a 100 V RF voltage at 25 MHz
(same as experiment) and a DC bias voltage of -100 V to simulate the self biasing of the
cathode in capacitive coupling. The plasma flux tube magnetically connected to the RF
electrode segment can be clearly seen as green or yellow with respect to angle in the
potential map. 6 tilt angles are tested (5.7, 11.3, 26.5, 45, 63.4 and 90°). The electrode
position is given by the -100 V DC bias appearing on the left side of the maps.

Other simulations have been performed for V(t)=-200+200.sin(ωt), and in direct
coupling : V(t)=100.sin(ωt) and V(t)=200.sin(ωt). Only the case V(t)=-100+100.sin(ωt)
is discussed here at a density of 1016 m−3 and the direct coupling scenario is presented
in the next subsection. The density maps are shown in figure 3.14 for the 6 tilt angles
cited before. The RF flux tube connected to the RF electrode, and following the mag-
netic field direction is barely visible at higher angles (above 26.5 °). As for the grazing
angles (5.7 and 11.3°), there is a small density depletion in the connected RF flux tube as
it can be typically seen in direct coupling discharges (see next section and [60; 19; 95]).
The oscillation of the sheaths at both sides of the flux tube results in a net pumping of
electrons (considering no secondary emission of the wall or electrode). While electrons
move back and forth along magnetic lines, ions oscillates mainly in the perpendicular
direction to conserve the total current. To compensate the lack of electrons and the
neutrality, more ions are expelled from the biased flux tube, that’s why this region is
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Figure 3.13: 2D maps of the plasma potential at 6 different angles between magnetic
field and y direction.

depleted. However at higher angles, the plasma potential of the connected flux tube
does not oscillate so much, reducing the ion outer flux and then, the depletion. The RF
plasma potential of the flux tube can be seen as almost constant, reducing in the same
way the perturbation on the probe measurements due to a bad RF compensation.

The Electron Velocity Distribution is shown in figure 3.15 , which is representative
of what happens for the different angles under RF excitation. The reader must pay
attention to the "y" labels in figure 3.15. As a matter of fact, the velocity distribution
is diagnosed along y axis (vy) or along x axis (vx) in rectangular areas shown in figure
3.11(a). So vy distribution is given for low angles (5.7, 11.3, 26.5 and 45) because the
flux tube connected to the RF electrode only hit the upper wall for these angle values
(as seen in the potential maps figure 3.13) . Beyond 45°, the RF flux tube starts to hit
the right wall and then the vx distribution is shown.

It can be seen that the initial Maxwellian distribution of vy is only disturbed at
low angles (5.7 and 11.3°) while, at 26.5 and 45°, it remains mainly Maxwellian at the
same temperature. The 3 last sub-figures are plots of vx as a function of y and are
diagnosed in the vertical rectangular box in figure 3.11a. A small perturbation appears
at 90° angle but is much lower than at 5.7°, meaning the acceleration process through
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Figure 3.14: 2D maps of the electron density at 6 different angles between magnetic
field and y direction in direct coupling.

stochastic heating is much more efficient at low angles. The 0° angle has not been
tested in the PIC code to avoid the effect of the grounded wall because the RF electrode
is aligned with the wall. The consequence of this electron acceleration is an increase
of the electron flux and then an increase of the floating potential magnitude measured
by the probe placed on the beam trajectory imposed by the magnetic field angle.

Both plasma potential and floating potential of a probe, Vp andVf respectively, are
plotted in figure 3.16. The floating potential as it is measured by a virtual probe, can
be calculated from Γe = Γi with Γe the electron flux and Γi the ion flux. The last one
is given by Γi = n.Cs with Cs the ion acoustic speed and n the plasma density at the
entrance of the sheath, as provided by the Bohm criterion. A limit velocity v0 can
next be deduced from the electron velocity distribution calculated by the PIC code as
follows :

Γi = n0Cs =
∫

∞

v0

ve fe(v)dv (3.7)

The floating potential can be calculated from Vf l = me.v2
0/(2e) in the same way as
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Figure 3.15: Electron velocity distribution at 6 different angles for capacitive coupling
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Figure 3.16: Plasma (blue) and floating (red) potential profiles at 6 different angles
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in section 3.1.4. The floating potential of a probe Vf is deduced from Vf =Vp −Vf l .
At 5.7°, one can see the floating potential of the probe Vf is strongly negative (-30

V) due to high electron flux in the region connected to the RF electrode. This floating
potential can be as negative as -180 V for the case V (t) = −200+200.sin(ωt) at low
density (1015 m−3) as shown in figure 3.17 where all RF biasings are gathered for the
5.7° angle only. The first number in the legend is the plasma density and the second is
the RF potential in direct coupling when it’s positive, and the DC bias potential when
it’s negative (knowing that the RF potential magnitude is the same as the DC potential).
To be clear, 1015 200 means a plasma density equal to 1015 m−3 andV (t) = 200.sin(ωt)
direct coupling and 1016 −100 means a plasma density equal to 1016 m−3 and V (t) =
−100+100.sin(ωt) capacitive coupling.
The velocity distribution also reveals that at 90° angle, significant perturbations can be
seen at the edge of the biased flux tube. The heating, in that case, occurs in the strong
perpendicular potential gradient region.
But the most spurious consequence of the electron acceleration at grazing angle is the
possible generation of a hot spot on surfaces connected the active RF surfaces. Such
hot spots are observed on the structure of ICRH antenna, either due to their own power
or to ECRH antenna output magnetically connected to them in fusion devices. If this
high energy flux hit a surface the local negative biasing can again accelerate the ions
to balance the current and finally induce hot spot, sputtering and impurity generation.

Figure 3.17: Floating potential of a probe obtained from EEDF measured in GPUPIC
for direct and capacitive couplings at 2 different density values.
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Direct Coupling Results

Here the discussion is on V(t)=100.sin(ωt), 1015 m−3 case. The plasma potential profile
corresponding to 6 angles in the case of direct coupling obtained from the PIC model
are presented in the figure 3.18. Unlike the capacitive coupling case, the time averaged
RF electrode potential stays at zero because it is directly connected to the RF amplifier.
As seen in the figure, the magnitude of the plasma potential in the magnetic flux tube
connected to the RF electrode is higher with respect to other regions of the plasma.
The averaged plasma potential values are higher compared to the capacitive coupling
values.

Figure 3.18: 2D maps of the plasma potential at 6 different angles between magnetic
field and y direction in direct coupling.

The densitymaps (figure 3.19) exhibit a strong depletion of the electron density, and
thus the ion density aswell outside of the sheath. The RF sheath clearly appears in front
of the RF electrode where no electrons are present (white area). At the other end of the
flux tube, the sheath size is also larger because of the oscillation of the plasma potential
in the RF connected flux tubes. This oscillation is also responsible for depleting the
flux tube due to strong RF ion currents perpendicular to the magnetic field. These
currents allow the parallel electron currents to be high (by current conservation) and
then increase the electron pumping by the RF electrode, resulting in a net density
depletion. This phenomenon is quite strong at 11.3° where the RF flux tube is totally
blank, all electrons have been expelled. This effect can be observed also for all over
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angles, but at 63.4 and 90°, the density depletion is a little bit higher in the region
magnetically connected to the edges of the electrode, where the transverse potential
gradients are quite strong. This corresponds to the highest transverse ion currents,
proportional to the transverse electric field [19].

Figure 3.19: 2D maps of the electron density at 6 different angles between magnetic
field and y direction in direct coupling.

As seen in the previous capacitive coupling case, the velocity distribution is highly
perturbed from the classical Maxwellian to a long tail distribution function at lower
angles (5.7 and 11.3°), see figure 3.20. Unlike the capacitive coupling case, the veloc-
ity distribution is affected by the influence of the electrode at higher angles as well
(up to 26.5°) but the disturbance stays much lower than for the grazing angles. This
difference from the capacitive coupling case, comes from the lower plasma density
(1015 instead of 1016 m−3). The electron acceleration is then higher because the larger
sheath thickness allows to accelerate a bigger volume of electrons along the magnetic
field lines.

The plasma potential and the floating potential of a probe are presented in figure
3.21. When α = 5.7 and 11.3° the floating potential is highly negative (<-100 V) inside
the flux tube connected to the RF electrode. This is due to the long tail electron distri-
bution at 5.7 and 11.3°. The floating potential is directly proportional to the energy of
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Figure 3.20: Electron velocity distribution at 6 different angles in direct coupling.

the hot electrons. At higher angles (63.4 and 90°), the plasma potential rises up to 60
V and the floating potential is here slightly disturbed by the hotter electrons, so that
both profiles look the same.

To summarize, the PIC simulations of potential profiles and velocity distributions
corresponding to both capacitive coupling and direct coupling showed the presence of
hot electrons inside the flux tube connected to the RF electrode at grazing angles.
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Figure 3.21: Plasma (blue) and floating (red) potential profiles at 6 different angles in
direct coupling.

3.3 Conclusion
The dependence of gas pressure, magnetic field and tilt angle on the floating potential
has been studied in the ALINE experiment in direct and capacitive coupling. The min-
imum floating potential value, -100 V, has been measured in capacitive discharge at a
tilt angle (0°), highest permitted magnetic field (0.1 T) and low pressure (<1Pa) at 35
W of coupled RF power. This shift in the floating potential to more negative values is
a result from accelerated electrons in the RF sheath of the electrode at a grazing angle
due to stochastic heating. The combined effect of improved stochastic heating at graz-
ing angles at lower pressures, higher confinement and higher density of hot electrons
leads to highly negative floating potential values. Based on simple theoretical consid-
erations equation the floating potential values were deduced for different fractions of
hot electron population. A simple analytical model based on a 2 population distribu-
tion of electrons showed that only a tiny fraction (0.1) of fast electrons (at 20 eV) is
needed to get a -50 V floating potential on a probe.

The final steps to measure the effect of stochastic heating only was the use of PIC
simulations for ALINE-like conditions. The PIC code has been implemented without
collision and ionization processes, avoiding ohmic heating. In the same way the solver
being only electrostatic, no electromagnetic waves could be responsible for heating the
plasma. It appears that the same negative floating potential values were observed at
grazing angles, as seen in the experiments. In the case of a RF electrode, it appears that
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the electrons are much highly accelerated at grazing angle (0-10°), which can result
in high energy electron beams able to bias the connected wall or a probe at strong
negative potentials. This negative biasing can next result in the acceleration of ions in
the local electric field, leading to high energy ion fluxes and local hot spots as it can
be seen on the structure of the ICRH antenna in Tokamaks. The study of these EEDF
in front of a RF biased electrode shows that only grazing angles induce such localized
energetic electrons (up to the RF magnitude in eV) which are accelerated within the
RF sheath mainly in the magnetic field directions. The energy gain and the floating
potential are higher at lower density (larger sheath), higher RF potential and larger
negative DC self-biasing of the electrode.

Experiments and simulations are consistent with each other. In the future, the
EEDF inside the flux tube can be measured using an RFEA (Retarding Field Energy
Analyzer) probe.
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4.1 Positive Self-Bias in a magnetized RF plasma dis-
charge

4.1.1 Introduction

Capacitive coupled plasma discharges are one of the widely used techniques in plasma
physics for processing of materials and have been thoroughly studied mainly with-
out magnetic field [12; 9]. The addition of magnetic field to the system makes physics
more complex, especially for the RF (Radio-frequency) sheath structure in front of the
electrode depending on the electrode tilt angle. In unmagnetized plasma, the asym-
metry between the area of the capacitive electrode and that of the grounded wall of
the vacuum vessel results in a net self-bias voltage on the electrode connected to RF
power supply [12], or a net direct current (DC) bias of the plasma in direct coupling
discharges [20; 19]. In the case of a small active electrode and large grounded wall
discharge, the self-bias is strongly negative due to the higher electron mobility. On
the contrary, it can be positive when the RF electrode is much larger than the wall
[3]. In most plasma devices, the DC self-bias potential is negative and accelerate ions
towards the electrode, also known as cathode. This behavior is exploited in etching
and sputtering applications. In high-power magnetized plasmas like in magnetically
confined fusion reactors, the main goal is to mitigate the heat flux to the wall or ac-
tive RF surfaces on which hot spots can dramatically damage the material [96]. At the
same time, the heavier ions accelerated in the potential difference between the plasma
and the wall, can sputter the wall surface and inject impurities inside the bulk plasma.
Impurities generated via sputtering process can eventually induce disruptions inside
Tokamaks. The magnetic field reduces the particle flux perpendicular to its direction
so that the potential drop inside the sheath decreases with the magnetic field strength
[39] and the tilting angle of the electrode [97; 98; 99].

The particular case when the magnetic field is perfectly parallel [28; 26] to the
surface rarely happens in complex reactors such as tokamaks or stellarators, where
magnetic field lines are slightly tiltedwith respect to thewall [100]. Nevertheless, some
parts of the wall, like active antenna (or electrode in magnetrons, for instance [39]) can
be quasi-parallel to the magnetic field, hence changing the boundary condition of the
plasma locally.

As a result, the electric field inside the sheath at grazing angles [27; 101] can re-
verse at low enough electron perpendicular mobility (at high magnetic field and low
collisionality). This has been observed in PIC simulations for well magnetized ions, i.e.
ε = ρi/λ ≪ 1 where ε is the gyroradius to mean free path ratio for ions [102; 103] . It
occurs as soon as the ion flux is larger than the electron flux, leading to a positive bias
of the wall with respect to the plasma.

In the same way, the self-bias of an RF capacitively coupled electrode parallel to
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the magnetic field could be positive despite of the perturbations due to the oscillating
sheath which enhances microinstabilities and stochastic heating [39]. The possibility
of a positive self-bias on the active RF electrode has been already reported in mag-
netron systems using the magnetic asymmetry effect [104]. In the present work, a
general case study in a system with a uniform magnetic field has been explored, a situ-
ation of practical interest in various configurations. Here, the positive biasing has been
observed with a one-face RF electrode and investigated as a function of gas pressure,
magnetic field, RF power and tilt angle of the electrode for well-magnetized electrons
and almost unmagnetized ions (Table 1).

4.1.2 Experiment
The experiments have been held in ALINE for a wide range of plasma parameters.
For the present study, the pressure varied from 0.25 Pa to 3 Pa, the strength of the
magnetic field from 0.01T to 0.1 T, and the input RF power from 10 to 180 W for angles
ranging from 0-90°. Power from the RF generator is coupled to the plasma using the
RF electrode via a matching box at the frequency of 25 MHz. The coupled RF power,
RF voltage and current are measured using an Octiv Mono IV probe from Impedans.
DC self-bias developed on the RF electrode was measured using a probe connected to
the electrode through an inductor of high inductance to reduce the RF perturbations
in the system. The rotor to which the RF electrode is attached enables its rotation
along its diameter, defining (α) an angle with the axial magnetic field (Figure 4.1). The
experiments have been performed by covering the lateral side and one of the circular
faces of the tungsten electrode with ceramic to limit the particle flux to the electrode.
In this configuration, at α = 0, the flux of particles perpendicular perpendicular to the
magnetic field can only reach the powered surface of the RF electrode.

4.1.3 Model
The ion and electron fluxes to the RF electrode can be modelled to deduce the angle at
which the averaged sheath collapses, meaning the DC potential drop in the sheath is
zero, and the collected ion and electron fluxes are naturally equal. Due to the presence
of the magnetic field, the parallel and perpendicular fluxes to the electrode have to
be calculated separately as a function of the tilt angle of the electrode. Considering a
homogeneous plasma density and magnetic field, with some poorly magnetized ions
(ωci ≤ νiN ) and well magnetized electrons (νeN ≪ ωce), with ωci,e and νi,eN the ion
and electron cyclotron frequencies and ion and electron-neutral collision frequencies,
the ion flux is merely Bohm flux but electron flux has parallel and perpendicular com-
ponents. The last component is mainly driven by electron-neutral collisions through
the perpendicular mobility µ⊥ [3] and the perpendicular electric field E⊥ in the RF
sheath : E⊥ = Ē + Ẽ sin(ωt), with the driving RF amplitude Ẽ and the DC component
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Figure 4.1: Schematic of the RF circuit and picture of the RF electrode in ALINE.

Ē due to the self-bias of the capacitive electrode. The diffusion due to density gradients
and the drift velocities (E×B and diamagnetic drift) are neglected here. In the whole
modelling, the plasma potential is assumed to be close to zero (actually of the order of
the plasma floating potential), which usually occurs in unequal capacitive discharges
[12]. Finally, the parallel electron flux connected to the electrode can be estimated di-
rectly (Chodura model [99]) for an angle α , but another component has to be taken
into account for zero angles. All electrons closer than two electron gyro radii 2rL will
intersect the electrode surface so that the electrons in the layer of thickness 2rL above
the surface will be collected [105]. In the end, equating ion flux (Γi) and electron flux,
it follows :

Γ
i = nµ⊥E⊥+Γ

e
∥

(
4rL

πR
+ sinα

)
(4.1)

with n the plasma density, µ⊥ = µ/(1+ ω2
ce

ν2
eN
) with ωce and νeN the electron cy-

clotron and electron-neutral frequencies, Γe
∥= nce [100] with ce =

√
kBTe
2πme

, kB the Boltz-
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man constant, Te the electron temperature, me the electron mass. R is the electrode
radius.

From this equation, the angle at which the ion and electron fluxes are equal can be
deduced. According to the literature, [27; 101] this angle is usually less than 5°, so that
sin(α) can be approximated as α . Assuming that Γi = nCs withCs the Bohm velocity :

α =
Cs −µ⊥ < Ẽ >

ce
− 4rL

πR
(4.2)

In this equation, the DC component of E⊥, i.e. Ē is null because the DC self-bias of
the electrode is supposed equal to the DC plasma potential, which means there is no
DC sheath potential drop. Electrons can be accelerated towards the electrode surface
by the RF electric field during half a period (when the electric field is directed towards
the electrode surface). Then the time average effective electric field over 1 period is
< Ẽ >= 1

2
∫ T/2

0 Ẽsin(ωt)dt = Ẽ/π . The electric field can be simply deduced from Ṽ/s
with s the sheath thickness defined by the Child-Langmuir law as follows :

s = γλDe

(
Vr f

Te

)3/4

(4.3)

The Debye length λDe depends on the plasma density at the entrance of the sheath,
Vr f is the amplitude of the rf potential and γ is a coefficient which has been chosen at
0.4 to match the experimental measurements. Due to their higher mass, ions do not
respond to the high frequency RF oscillations, and therefore they are not accelerated
in the RF electric field of the sheath, while the DC part is supposed to be 0, so that they
are neither accelerated nor repelled. Hence the ion flux can be simply expressed as the
classical Bohm flux. The results have been compared to the experiments in the next
sections. Similar observations on the angles have been reported already in the case of
tokamak plasmas with a cross-field anomalous diffusion [101] and in the case of pure
ambipolar diffusion in higher collisionality plasmas [27]. These angles apply in steady-
state plasmas, not in the case of an RF-driven sheath. Another crucial parameter is
the B (magnetic field in Tesla) and p (the pressure in Pa) pair, in the case of a straight
electrode (α = 0) for which the DC self-bias is zero. To obtain these parameters, the
following polynomial needs to be solved.

ν
2
eN −νeN

eẼ

me

(
Cs − ce

(
4rL
πR +α

)) +ω
2
ce = 0 (4.4)

There are two solutions for this equation, but the acceptable one is the one which
satisfies νeN ≪ωce, in which the electrons remain well magnetized, which is one of the
main assumptions of the model. The corresponding pressure p = ngkBTg is the neutral
gas pressure and νeN = σngvTe , where σ is the electron-neutral cross-section, ng the
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neutral gas density, Tg the gas temperature and vTe is the thermal electron velocity; and
the magnetic field B is deduced from ωce = eB/me. The main unknown in this equation
is the amplitude of the RF electric field inside the sheath. It can be measured experi-
mentally [106] or calculated from the RF electrode potential and the sheath size. The
sheath structure can be complex in the presence of a magnetic field. At oblique angles
higher than the Chodura angle, the sheath is composed of a magnetic presheath, where
the potential drop is still negative (which means the wall is negative with respect to
the plasma potential). At grazing angles, the sheath can collapse [101; 27], hence its
thickness depends on either the Debye length for ωpi > ωci or the ion Larmor radius
for ωpi < ωci; always assuming well-magnetized electrons [26; 28]. The electric field
inside the sheath can be as high as several thousands V/m in a non-RF sheath [106; 27],
and it can be much higher in a driven RF sheath in front of a capacitively coupled elec-
trode (up to 105 V/m depending on the RF power and the plasma density).

4.1.4 Observations and results
The main parameters of the He plasma column in ALINE are displayed in table 1. The
plasma is highly non-uniform along the y-direction due to 1) the active RF electrode
being at the centre of the chamber, and 2) one of the circular faces and the lateral
side of the electrode covered with the ceramic shield. The magnetic field confines
the electrons along a thin layer above the active surface of the electrode in which the
density can be 10 times higher than the surrounding plasma.

Table 4.1: ALINE plasma parameter.

Quantity Ions (He+) Electrons
Density(n)(m−3) 1−60×1016 1−60×1016

T (eV) 0.026 3-6
λm f p(cm) 1.50 1.4-5.2
νc (s−1) 380×103 3×109

νp (s−1) 7−23×106 635−2000×106

ωc/ν(e/i)N 0.1-5.6 17-967

Effect of pressure and magnetic field

The pressure values and the magnetic field varied from 0.3 to 3 Pa and from 0 to 96
mT, respectively. Considering a cross-section of 5×10−19 m2 for electron-neutral colli-
sions, the magnetization parameter ωce/νeN for electrons varies from 17 to 967 and for
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ions from 0.1 to 5.6 showing the poor magnetization of ions except at “high" magnetic
field and low pressure. The RF power coupled to the plasma is around 35 W. Figure
4.2 shows a ‘Makuma’ interpolation of 6 by 4 points formed by pressure and magnetic
field scans. In 3/4 of the domain (low magnetic field and high pressure), the self-bias
is negative like usually measured in most experiments. But at a high magnetic field
and low pressure (0.3 Pa and 96 mT), the self-bias becomes positive up to values of 55
V. The points where the electrons and ion currents to the electrode are equal (i.e. self-
bias null), estimated from the model, are represented by the black curve in the figure.
The inputs to the analytical model are the cyclotron frequency, the electron-neutral
collision frequency, and the electric field inside the RF sheath, which depends on the
electrode RF voltage and also the plasma density (from which the sheath thickness can
be measured using Child-Langmuir law). The experimentally measured plasma den-
sity using the Langmuir probe via OML theory is between 5×1016 and 5×1017 m−3.
Hence the corresponding sheath size is less than 1 mm for an RMS RF potential of 100
V, yielding an electric field of the order of 105 V/m inside the sheath. The RF voltage
at the electrode or the output of the matching box between the RF amplifier and the
electrode is measured using the Octiv RF power meter, and it is in the range of 45 to
283 V. In the model, the electric field input is equal to 1.1×105 V/m to match the 0 V
isopotential in figure 4.2, which is consistent with the experimental values. Of course,
this is a constant value taken for all the domains, but varying the pressure results in
density variation as well, hence changing the current collected by the electrode and,
in the same way, the RF potential since we operate at constant power. (P,B) pairs at
which self-bias values are zero (denoted by * in figure 4.2) have been added to check the
experimental electric field operating along the isopotential = 0. These 3 measurements
show an electric field of 1.5× 105, 4.3× 105 and 4.8× 105 V/m at pressures of 0.44,
1.2 and 1.5 Pa and magnetic field of 0.05, 0.075 and 0.08 T respectively. The densities
deduced from OML (which usually overestimates the density) are between 4× 1016

and 4× 1017 m−3. The electric field value taken in the model (1.1× 105 V/m) is thus
at least 1.5 times lower than those deduced from measurements, but according to the
wide uncertainties in the density and RF potential across the sheath, the trend of the
model is quite good. Finally, along with this isopotential, the magnetization parameter
ωce/νeN does not vary much, from 60 to 90 for electrons, which makes this parameter
a consistent one to characterize the 0 V biasing.

Effect of the RF power

Several studies have already reported a linear increase in the magnitude of the self-bias
voltage with input RF power/voltage [104; 107]. Here, the variation of the self-bias
with the coupled RF power has been studied for four different gas pressures at 0.096
T (Figure 4.3). A linear decrease in the self-bias values was observed with increasing
the coupled power from 3 to 120 W (corresponding to RF voltage from 40 to 300 V),
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Figure 4.2: Interpolated plot of variation of DC self-bias voltage with gas pressure for
different magnetic field (He gas, 25 MHz, 35 W coupled RF Power). The black curve
depicts the predictions for null self-bias given by our model and blue stars are the
experimentally verified (P,B) pairs for null self-bias.

except at the lowest pressure measurement, which is in accordance with the previously
reported studies [107]. For 0.3 Pa measurements, the self-bias voltage increases first,
reaching a maximum and then decreases linearly. As the coupled power increases,
the electron flux (according to the presented model) increases due to its acceleration
in the RF electric field inside the sheath, which explains the observed trends at higher
pressures. At low pressures, the increase in the RF power enhances the plasma density,
and at 0.1 T, the mobility of electrons across the magnetic field is lower compared to
that of ions. This explains the maximum positive biasing (57 V) at 74 V RF voltage.

Effect of the tilt angle

In the next study, the angle between the electrode and the magnetic field has been
varied from 0° to 90° for four different magnetic field values (0.024 to 0.096 T). Since
the lateral and one of the circular sides of the electrode are covered with ceramic, at
0°, the total flux to the electrode is only due to the perpendicular mobility and the con-
tribution due to the gyration of electrons (the electrode collects all the electrons in the
layer of thickness of Larmor radius above it). At 0.1 T, the DC potential developed is
still positive for grazing angles, but as the tilt angle increases from 0 to 5°, there is a
significant fall in DC self-bias voltage (Figure 4.4). The minimum value of the self-bias
is surprisingly at the tilt angle of 20°.
A possible explanation for this non-monotonic behaviour is the following : At graz-
ing angles, the stochastic heating is proportional to the sheath velocity (see section
1.7.7) here along the magnetic field lines because electrons are well magnetized and
can only go out of the electric field of the sheath by transiting axially, which means
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Figure 4.3: Variation of DC self-bias voltage with RF voltage on the electrode surface
when the RF electrode is parallel to the magnetic field.

they are accelerated all along the diameter of the electrode . The energy gain of these
hot electrons is then close to the maximum RF potential [62]. The self-bias of the
electrode is proportional to the electron flux, which is proportional to electron tem-
perature. As a result, the minimum self-bias appears at an angle which is low enough
to create these hot electrons and high enough to increase the collecting surface of the
electrode. There is an optimum angle at which the electron temperature and the col-
lecting surface are high. While increasing the angle further up to 90°, hot electrons
disappear because the electric field inside the sheath tends to be parallel to the mag-
netic field, so that the sheath velocity (as expressed in the stochastic power equation
in section 1.7.7) decreases. Electrons are quickly ejected from the sheath, gaining less
energy. This decreases the self-bias while the collecting surface does not vary so much
between 45 and 90°. Similar observations have been reported already for a steady-state
collisional plasma with an ambipolar model and PIC simulations in [27].

In the last study, the tilt angles at which self-bias is zero for different gas pressures
and RF powers have been measured experimentally and compared with the theoret-
ical predictions in figure 4.5. For three different gas pressures (0.3, 0.6 and 1 Pa) and
a range of power from 10 to 120 W (corresponding to RF voltage between 50 and 300
V), the zero self-bias was observed at tilt angles lower than 4°, which is in agreement
with predictions from the model based on equation 4.2. These angles shift to lower
values with increasing power. At lower voltage values, the tilt angle deviates from the
prediction. This seems to be due to the non-uniformity of the plasma density and the
deviation of the electron distribution function from the Maxwellian at lower pressures.
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Figure 4.4: Variation of DC self-bias voltage with angle of electrode (He gas, 1.5 Pa,
25 MHz, 19.2 W coupled RF power) when the RF electrode is parallel to the magnetic
field.

It has been observed in the density measurements for the tilted electrode configuration
that the high-density region are magnetically connected to the top side of the RF elec-
trode, as seen in figure 4.1. Unmagnetized ions diffusing from this high-density region
to the electrode surface can be one of the reasons for positive self-bias of the electrode
even at higher angles. Electron temperature measurements using the Langmuir probe
above the surface of the RF electrode are not easy due to the stochastic heating and
generation of hot electrons at grazing angles. A small population of hot electrons can
shift the floating potential to large negative values and the estimation of high electron
temperatures (as seen in the previous chapter). In a sake of simplicity, the average
value of the electron temperature is still considered to be 3 eV for the whole modelling
part. The inputs to fit the experimental curves using the analytical model have been
taken from the Langmuir probe (Density) and RF power meter data to estimate the RF
voltage and hence the electric field within the sheath in front of the RF electrode. It
should be noted that the maximum error on the measured angle is 0.2°.
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Figure 4.5: Angles at which the self-bias voltage developed is zero as function of cou-
pled RF power for a fixed magnetic field and gas pressure.

4.2 Experimental observation of sheath reversal in
magnetized asymmetricRFCCPHeliumDischarge

4.2.1 Introduction

While experimenting with a tungsten electrode with a ceramic covering its lateral and
bottom sides, eliminating the parallel flux of electrons to the surface of the electrode,
we observed positive DC self-bias voltage on the surface of the RF electrode. But a
positive self-bias does not necessarily mean reversed sheaths (or electronic sheaths by
opposition to ionic sheaths).

The reversed sheath has been explored in the case of an electron-emitting surface
through various simulation approaches by [108; 109; 110; 111]. Wang et al. observed
the reversed sheath experimentally for the case when the surface is emitting a higher
number of electrons compared to the plasma electron density for a surface in space
[112]. This is not applicable in ALINE’s case since the electrode is not an emitting
surface. When the mobility of electrons is limited and ions are mobile, reversal of the
potential drops inside the sheath has been explored using PIC and fluid simulation by
Moritz et al. and Kushner [27; 29].

To diagnose such a sheath reversal, the plasma potential at the entrance of the
sheath must be well known while the self-bias of the electrode is measured with a
good accuracy. It is unfortunately not the case of the plasma potential measurement
via the Langmuir probe. As it will be shown in the following sections, the IV charac-
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teristics have to be carefully analysed using a double probe modelling to make appear
2 populations of electrons and find out the good plasma potential. Such analysis will
be presented through 3 different cases at low pressure and low RF power, which are
the most favourable condition to make appear the reversed sheaths.

4.2.2 Setup and Experimental Parameters
Experiments were carried out for two different gas pressures, 0.3 Pa and 0.6 Pa, at a
0.1 T magnetic field, when the electrode is parallel to the axial magnetic field (α = 0°).
Langmuir probe measurements were carried out near the surface of the RF electrode,
to be able to measure the plasma potential close to the sheath entrance. 2D profiles
were taken along the plane perpendicular to the direction of the magnetic field (X-Y)
for the two gas pressures also along the X-Z plane thanks to the 3D manipulator. In
the present study, the measurements were taken for each 3 millimeters above the RF
electrode along the X axis from the X position -30 to +30, Y position ranging from +8
to 30 mm for Z=30 mm for every 2 mm, where the center of the RF electrode (0,0,0).
Plasma parameters retrieved from the probe measurements for the present study are
tabulated in the Table 4.1. The DC self-bias developed on the surface of the RF electrode
is measured using the voltage probe connected to the output of the matching box.

Figure 4.6: RF electrode with ceramic and the plasma around the electrode in ALINE
device.

4.2.3 Model : IV analysis in case of hot and cold electron popu-
lation

Langmuir probe measurements in a magnetized environment can be very challenging
because of the reduction of the electron current due to the magnetic field, probe sheath
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boundary effects and RF perturbations etc.[113; 53; 114; 115; 50]. When there is a
deviation of the electron population from theMaxwellian distribution to bi-Maxwellian
or shifted Maxwellian the analysis becomes more difficult [40; 116; 117].

But, in a magnetized plasma, Langmuir probe measurements can be fitted using
an asymmetric double probe model [45], because of the saturation of both ion and
electron currents at the left and right sides of the IV characteristics. For a symmetric
double probe model, the current is of the form of a hyperbolic tangent, but in the case
of an asymmetric characteristic, this modelling reads as follows

I = I0
1− exp(φ−V f 1

Te1
)

1+ s1
s2exp(φ−V f 1

Te1
)

(4.5)

S1/S2 is the ratio of the ion and electron saturation currents and the ratio decreases
with increasing magnetic field. Such a theoretical model can nicely fit the IV char-
acteristics we measure with the Langmuir probe in a magnetic field. From the first
derivative of the characteristics, one can see there are two populations of electrons. It
is then possible to fit double temperature characteristics based on the model above :

I = I1
1− exp(φ−V f 1

Te1
)

1+ s1
s2exp(φ−V f 1

Te1
)
+ I2

1− exp(φ−V f 2
Te2

)

1+ s1
s2exp(φ−V f 2

Te2
)

(4.6)

A sample characteristic based on the above equation corresponding to a plasma
with two populations of electrons is shown in figure 4.7 where hot electron to cold
electron mixture ratio equal to 3:1, with hot and cold electron temperatures of 25 eV
and 8 eV respectively. Here Ih, It , It+h are sample IV curves corresponding to the hot and
thermal electrons and their sum respectively. These plots are shown to illustrate how
a double electron population can be identified in IV characteristics presented in the
next sections. The following parameters have been chosen arbitrarily as an illustrative
example. The ratio of ion saturation currents corresponding to the hot to cold electrons
is 2.25, the peak electron current for hot electron population is 6.6 times than that of
the cold electrons, and the floating potential for both hot and cold electrons curves are
negative, -53 V and -45 V respectively.

The 5 parameters deduced by the non-linear fitting method (nlinfit - Matlab func-
tion) will be I1 and I2, the current of both electron populations, T1 and T2 their tem-
perature, andVf 2 the floating potential for the thermal population,Vf 1 being provided
by the measured IV.

The first derivative of the obtained IV curve, the model curve (It+h) and the first
derivative of both hot and thermal electron population are depicted in the figure 4.7b.
The peak of the first derivative corresponding to hot electrons is at -31.15 V and the
second peak (bump in the effective curve) for the cold electrons is at + 1.5 V. As men-
tioned before, the second derivative of the curve has no zero crossing corresponding
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to the resultant IV curve, which makes determination of the plasma potential difficult.
The results obtained from the fitting of the curves are discussed in subsection 4 with
the Langmuir probe results.

Figure 4.7: Model IV curve: (a) Curves corresponding to hot electrons, thermal elec-
trons and sum fitted using equation (2) (b) First derivatives of the curves and (c) second
derivative.

4.2.4 Results and Discussions

Langmuir probe analysis

In figure 4.8a, from the density profiles, it is evident that the thickness of the flux tube
connected to the RF electrode narrows with improved confinement at higher magnetic
fields. At the same time, the peak of the plasma densitymoves closer to the RF electrode
as the bias on the surface of the RF electrode is more positive. As seen in figure 4.6,
There is a bright region below the RF electrode because of the incomplete insulation
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Figure 4.8: (a) Density profile corresponding to 0.6 Pa helium discharges at different
magnetic fields measured at Z=-150mm, (b) plasma and floating potential profiles close
to the RF electrode (Z=-30mm) along Y direction corresponding to 0.1 T 0.6 Pa dis-
charge.

of the RF electrode by the ceramic. This leads to a bump in the density profile below
the electrode in figure 4.8a. A probe scan performed from Y=6 to 30 mm, for X=0 and
Z= -30, yields potential profiles from the IVs is depicted in figure 4.8b. The plasma
potential values in the figure are measured using the first derivative method (the peak
of the first derivative). As one can see, the plasma and floating potential values are
almost constant and positive a couple of centimetres away from the RF electrode. As
moving close to the RF electrode inside the flux tube connected to the RF electrode,
the floating potential drops substantially. The occurrence of highly negative floating
potential values close to the RF antenna has been observed before in the ALINE device
(Previous chapter). The 2D floating potential profiles near the RF electrode will be
examined in the next subsection. The potential of the RF electrode is represented by
the blue line (17 V). In this plot, it can be clearly seen that the plasma potential is
lower than the electrode self-bias at a position close to the entrance of the sheath (few
mm from the electrode surface), meaning this sheath potential drop is reversed. To
be pretty sure of this observation, one needs to be sure of the plasma potential value,
which can be quite inaccurate, several volts are common error bars.

Even though positive self-bias cases are reported in other systems [104], experi-
mental evidence of reversed sheath has not been reported yet for capacitively coupled
RF systems as predicted by [29; 27].

This is the reasonwhy some IV characteristics corresponding to three experimental
scenarios with large positive self-biasing will be analysed in details :

(1) 35 W, 0.6 Pa, 0.1 T where the self-bias is +17 V, (2) 23 W, 0.6 Pa, 0.1 T, where the
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self-bias is +23 V since the power coupled to the plasma is lower, (3) 35 W, 0.3 Pa, 0.1
T, lower pressure discharge and the self-bias is +34 V. The results are discussed in the
next subsection.

The big problem about case 1,2 and 3 is that they are all treated in a different way,
only a profile for case 1, full 2 maps for case 2 and again IVs and derivatives, and
potential (floating and plasma), and for case 3 IVs and derivative and floating potential
profile (without plasma potential this time). It gives a taste of inconsistency. It’s like
there is no rigourous logic reasoning to bring consistent conclusions.

Case 1: 0.6 Pa, 35 W, He At 0.6 Pa pressure and 0.1 T magnetic field, The electrons
are highly magnetized, (ωce/νeN = 934) but when the ions are assumed to be cold, they
are nearly magnetized (ωci/νiN = 34). The IVs were measured using the probe, and
are presented in figure (4.9) corresponding to different X positions. The ion saturation
current, as well as the maximum of the electron current collected by the probes, are
higher for the probe measurement at negative X values. The floating potential values
of the curves for negative X values are significantly negative compared to the positive
X side. The 21 IV curves obtained along X direction are averaged together, and next the
first derivative is used to evaluate the plasma potential at the Y=10 mm position. There
exists an elongated tail showing the presence of hot electrons in the double derivative
curve. From the first derivative of the averaged IV curve, the average potential of the
plasma above the RF electrode is obtained to be 14.9 V. The DC self-bias developed
on the RF electrode is measured to be +17 V using the probe connected to the RF
electrode. Here, the potential on the surface of the RF electrode is higher compared
to the average potential above the RF electrode, implying the existence of an electric
field directed from the electrode surface to the plasma, and thus a reversed averaged
RF sheath.

The average values of plasma potential V̄p < VDC, the DC self-bias on the surface
of the RF electrode doesn’t imply the reversed sheath at all the positions above the
electrode. It means that, on average, the sheath is reversed and an electric field is
pointing out of the electrode surface to the plasma. Since the developed self-bias on the
surface of the RF electrode decreases with the input RF power/voltage, measurements
were taken for a lower power. In the next case, the power coupled to the plasma
was reduced to 23 W, keeping the pressure and the magnetic field constant and probe
measurements were performed near the RF electrode.

Case 2: 0.6 Pa, 23 W, He Discharge Since the flux received by the RF electrode
is only through the upper circular surface of the electrode, the probe scanned along
the diameter X ranging from -30 mm to +30 mm with 3 mm step, and along Y from 8
mm to 30 mm every 2 mm. The IVs obtained were analysed, and the results are shown
in figure 4.10. The probe connected to the RF electrode measured the DC self-bias
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Figure 4.9: IVs, first and second derivative of the mean IV taken at Y=10 mm Z=-20 mm
from X=-30 to +30 mm for 0.6 Pa, 35 W Helium discharge.

voltage on the surface of the RF electrode to be +23 V. The cross-field mobility of ions
is higher than one of electrons (similar to the last case), and hence the higher flux of
ions biases the electrode positively. Plasma density values were retrieved from the IV
curves using the OML method. Analysis of the 2D density profile showed a strong
in-homogeneity along the diameter of the RF electrode close to the RF electrode, see
figure 4.10a. The peak of the density is near the surface of the RF electrode meaning
that and the ionization center is shifted close to the RF electrode

At the same time, the peak density (≈ 1×1017 m−3) is shifted to the left of the RF
electrode (to the negative X axis). It can only be explained by the potential and the
drifts inside the plasma.

The floating potential values are nearly constant and positive a couple of centime-
tres from the RF electrode, figure 4.10(b). The floating potential values drop to highly
negative (up to -65 V) close to the RF electrode, where the density values peak. The
drop in the floating potential values close to the RF electrode and the magnetic flux
tube connected to the RF electrode has been studied experimentally in ALINE earlier
[62]. Faster electrons inside the flux tube reach the probe tip faster, shifting the floating
potential values to negative values. The changes in the electron velocity distribution
function inside the flux tube connected to the RF electrode have been studied by Fau-
dot et al. using the PIC simulations, and the results are consistent with this observed
behaviour and similar observation are already been reported in other magnetic plasma
devices [118].

In figure 4.10 c, the plasma potential profiles follow the floating potential, which is
positive a few centimetres away and close to zero near the RF electrode. The strong in-
homogeneity along the X direction is also seen in the plasma potential profile. Several
points near the RF electrode are at a lower potential than the RF electrode (23 V).
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Figure 4.10: 2D profiles of density, Floating potential, Plasma potential including the
potential of the electrode, the electric field and the E×B drifts above the RF electrode
in ALINE.

These potential gradients create an electric fields with directions pointing opposite
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to each other perpendicular to the magnetic field, along the Y direction. The negative
gradient of the potential near the electrode yields the electric field map, as seen in
the figure (4.10d). The magnitude of the electric field is higher near the RF electrode
compared to the bulk plasma. These electric field components perpendicular to the
magnetic fields create drift inside the plasma. The direction of the magnetic field is
pointing away from the plane, making the particle drift to the -X axis right above
the RF electrode and the to +X axis in the bulk plasma as indicated by the quiver in
figure (4.10e). In ALINE device E×B drift is the dominant drift mechanism. Even
though there is a significant density gradient along the Y direction, the magnitude of
the diamagnetic drift velocities are 2-5 times less than the E×B drift velocities.

The mean drift velocity well above the RF electrode is nearly 5×103 m/s along the
positive X direction. Whereas just above the RF electrode, due to the strong potential
gradient and the reversed potential, there is a drift directed to the left, which is nearly
2.5×104 m/s, which is responsible for the observed density and the floating profiles.
A detailed discussion of the drifts in ALINE for different electrode cases and input
parameters are discussed in the next chapter.

To confirm what is happening near the RF electrode, the IVs corresponding to 21
points at Y= 8mm and along the X axis between -30 mm to +30mm have been analyzed
in detail (6 samples are plotted in figure 4.11a). The 21 IV curves corresponding to Y=8
mm, Z=-30 position are averaged, and the first and second derivatives of the averaged
curve are plotted in figure 4.11b. Both curves are distinctly different from one that has
only Maxwellian electrons. Widened first derivative profile and multiple bumps in the
second derivative indicates the presence of hot electron population near the surface of
the RF electrode.

One can first notice that the floating potential is far from constant along the profile.
This is clearly shown by the floating potential profile in Figure (4.11c). The most nega-
tive value appears in the left part of the profile due to combined E×B and diamagnetic
drifts around the plasma column near the electrode. Similarly, the plasma potential
also follows the floating potential. It seems this plasma potential values are lower than
the electrode self-bias all along the profile except at the right edge.

The IV characteristics are quite different in the highly negative floating potential re-
gion and at the edge where it is close to 0. So, by comparing the first and second deriva-
tive of the IV characteristics corresponding to X=-18 mm and X=+30 mm, as shown in
figure (4.12a and b), one can see the variations in the EEDF and in the plasma potential.
The first derivative of the probe current corresponding to X=-18 mm and X=+30 mm in
the figure (4.12a) are compared. There is one peak and a bump in the X=-18 mm plot,
the peak is at a negative value (-40 V) for the potential and the bump close to 10 V. This
double shape represents the distribution of electrons with two different temperatures
as explained in the model section 4.2.3. That’s why, in this particular case, the classical
method of the maximum of the first derivative to find out the plasma potential can not
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Figure 4.11: IVs, first and second derivative of the mean IV and floating and plasma
potential profiles taken at Y=8 mm Z=-30 mm from X=-30 to +30 mm for 0.6 Pa, 23W
Helium discharge.

work and the first derivative should be analysed in details. The good plasma potential
value is then at the top of the second bump. For the X=+30 mm curve, the highest
peak gives the plasma potential value close to 20 V. This means there are more fast
electrons in the X=-18 mm curve than in the X= 30 mm curve. This is confirmed by the
second derivative plot, in figure (4.12b), even if it is harder to analyse due to numerical
noise. The X=-18 plot exhibits the main shifted distribution centred on -60 V, while in
X=+30, the main distribution is centred close to the plasma potential corresponding to
the thermal population. The conclusion is that the energy distribution is very different
for different X positions, across the plasma column, depending on whether we are in
the converging drift flux or not.

Considering an average of the whole first and second derivative of the IV charac-
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Figure 4.12: First and second derivatives of the IV curves (left) and (right) taken at Y=8
mm Z=-30 mm from X=-30 to +30 mm for 0.6 Pa, 23W Helium discharge.

teristics, the average plasma potential at z=-30 mm and y=8mm can be deduced with
good precision, as it appears in Figures (4.11b). It comes out that the plasma potential
is equal to 13 V while the self-bias of the electrode was measured to be 23 V. This is a
confirmation of a reversed sheath potential drop. In that particular case, ions are re-
pelled by the electrode surface while electrons are attracted. In this specific condition,
the ion sputtering can be significantly reduced, avoiding the release of metal impurities
in the core plasma and the coating of the windows.

Figure 4.13: The fit of the first derivatives of IV curves and the temperature and fraction
of population of hot and thermal electrons retrieved from the coefficient of the fit.

As explained in the model section, the first derivatives of the IV profiles taken at
Y=8 mm are fitted as shown in figure (4.13a) and inputting the floating potential of
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the Langmuir probe IV as input to the fit, the temperatures of the hot and thermal
electron populations and respective fractions of density are evaluated from the fit pa-
rameters. The fraction of density for hot and thermal electrons is deduced from the
fraction of their respective current and temperature from the fit. Three examples of the
fits are shown in the figure (4.13b). On the left half of the RF electrode, the hot electron
population is very high, which is consistent with the observed density and potential
profiles. As it reaches the centre of the electrode, the fraction of the hot electron pop-
ulation drops near the centre. At the same time, the temperature of the hot electrons
increases initially and reduces as it moves towards the centre of the RF electrode, while
the temperature of the thermal electrons come close the hot electrons one, meaning
there is only one warm electron population here. The fit could not provide consistent
results from IVs from the right part of the electrode (for X>5 cm) because the double
temperature model on which the fit is based is not valid anymore, meaning again that
the electron population can be seen as a single temperature one. As a consequence,
those results have not been included in the plots.

Case 3: 0.3 Pa, 35W,He At lower pressure, the DC self-bias on the surface of the RF
electrode becomes more positive. Keeping the coupled RF power to be 35W, IV curves
close to the RF electrode correspond to 0.3 Pa, 0.1 T are analysed in detail. At these
conditions (ωce/νeN) ratio for electrons and ions is 1870 and 47, respectively. The bias
of the surface of the RF electrode to +34 V. Six samples of the 21 IVs measured using
the RF-compensated Langmuir probe are plotted in the figure (4.15a). In the same way
as for case 1 and 2, the averaged first and second derivatives are plotted in the figure
4.15b.

The floating potential profile along the X direction is shown in figure 4.14a. The
minimum of the floating potential is shifted a bit to the centre compared to the 0.6 Pa,
23 W discharge. At 0.3 Pa, the collisions can be neglected. Closer to the RF electrode,
electrons are not thermalised, and energy distribution is not Maxwellian. The fit of the
first derivative is quite satisfactory (The Root-mean-square deviation - RMSE value
of the fits are nearly in the range of 2×10−7) corresponding to the ones on the left
side above the RF electrode. In figure 4.14b, the fit corresponding to the first 3 IVs is
shown. As said earlier, the assumption of the double distribution of the electron profile
is not valid anymore in the right part of the profile, like in the 0.6 Pa, 23 W discharge.
The temperature values and relative population of hot and thermal electrons retrieved
from the IVs are plotted in figure 4.14c. Beyond X= 10 mm, both electron populations
have almost the same temperature and are mixed. The algorithm can only provide the
temperatures of two-electron populations and their respective currents. This explains
the right side of figure 4.14c. But on the left part, there are two populations of electrons;
the dominant one with an average energy of 40 eV (80%) and thermal electrons with
average electron energy of 10 eV.
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From the average curve, the average potential of the plasma (figure 4.15b) above
the surface of the RF electrode is found to be 30.7 V, where the RF electrode is at 34 V.
This confirms the sheath reversal in the third case. In all the cases mentioned in the
present work, the hot electron population is more on the -X side of the RF electrode.
This has been indicated by the improved density and lower floating potential values
of the IV curves. This is consistent with the reversed sheath, direction of the electric
field and the direction of the drift as explained in case 2. When the pressure is lower,
the analysis of the IV curves are challenging, especially the evaluation of the plasma
potential and hence the 2D maps are not presented for 0.3 Pa discharge case.

Figure 4.14: IVs, first and second derivative of the mean IV taken at Y=8 mm Z=-30 mm
from X=-30 to +30 mm for 0.3 Pa, 35W Helium discharge.

To understand the potential drops inside a reversed sheath, extensive studies have
to be performed at higher magnetic fields. All the cases when the positive self-bias is
positive do not satisfy the conditions for the reversed sheath. At the same time, we
have seen hot electrons in the vicinity of the RF electrode, meaning the interaction
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of the oscillation electrons and the RF sheath is still efficient in the case of positive
self-bias. For a reversed sheath scenario, the electrons can reach the RF electrode and
heat the electrode at the same time, ionize the neutrals near the RF electrode. This has
been evident from the density profiles along the Y direction. The positive self-bias on
the surface of the RF electrode or the reversed sheath situation reduces the ion flux
by repelling the ions back to the plasma but accelerates the electrons to the surface.
Hence the result is the reduction in the sputtering of the RF electrode/wall in contact
with the plasma, but not the heating in section 6.4.3.

Figure 4.15: IVs, first and second derivative of the mean IV taken at Y=8 mm Z=-30 mm
from X=-30 to +30 mm for 0.3 Pa, 35W Helium discharge.
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4.3 Conclusion
The possibility of a positive self-bias in an asymmetric magnetized CCP discharge has
been studied experimentally and analytically. Positive self-bias was achieved using a
“one face" electrode surrounded with ceramic at the edge and bottom sides and by lim-
iting the perpendicular electron flow to the electrode in the low collisionality regime
and relatively high magnetic field (≃ 0.1 T). Since ions are almost not magnetized, their
motion is unaffected by the changes in the B values. Variations in the self-bias volt-
age with input parameters such as magnetic field, gas pressure, the tilt angle of the
electrode and input RF power have been studied and compared with the results from
the analytical model. The analytical model is developed on the basis of the flux bal-
ance condition since the electrode should not drive a net current from the surrounding
plasma. The main results are in good accordance with the model, which shows that
the transition angle from a negative to a positive self-bias is mainly lower than 3°, and
that an increase of the RF power plays the same role as an increase of the pressure or a
decrease of the magnetic field. This is due to the oscillating electric field in the sheath,
which increases the perpendicular electron flux. The positive self bias developed prac-
tically repels the ions reaching the RF electrode and the sputtering of the RF electrode
can be minimized.

In the second section, a detailed analysis of the plasma parameters around the RF
electrode is done for low-pressure Helium discharge. Three case studies were per-
formed to investigate the reversed sheath (1) 35 W, 0.6 Pa, (2) 23 W, 0.6 Pa and (3) 35
W, 0.3 Pa, all at 0.1 Tmagnetic field. From the potential profiles measured using the RF-
compensated Langmuir probe, the plasma above the electrode is found to be at a lower
potential with respect to the electrode. From the first and the second derivatives of the
IV curves, the existence of the double Maxwellian is observed near the RF electrode
indicating that stochastic heating is still efficient in heating the electrons near the RF
electrode even when the self-bias is positive. Near the RF electrode, at lower pressure
discharges the electrons are not thermalised and this is validated by the highly nega-
tive floating potential measured by the probe. The analysis of the IVs was performed
by fitting the IVs using the double probe model, from which the population ratios of
hot electrons, thermal electrons and their respective energies were obtained. Close
to the RF electrode hot electrons are the dominant population of electrons especially
in the region at which the floating potential is strongly negative. The reversal of the
sheath was observed for the first time in the case of a non-emissive surface with a
small electrode to wall area ratio. Further discussions about the effect of E ×××B drift
and heating of the RF electrode and their parameter dependence are continued in next
chapters.
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5.1 Introduction

In asymmetric capacitive RF discharge, the energy of ions reaching the surface of the
electrode or material is determined by the bias on the RF electrode. This principle
is utilized in material processing applications. In the fusion science perspective, due
to continual deposition from the first wall materials of the fusion reactor vessel, the
first mirrors, which are the front-end components in these diagnostic systems, signifi-
cantly lose optical performance [119; 120]. In order to recover the efficiency cleaning of
the first mirrors using CCP sputtering is currently under development [119; 121; 122].
Sputtering experiment without magnetic field showed uniform sputtering of substrate
and cleaning observed to be improve significantly in magnetic environment [123]. But
the magnetic field brings non uniformity in the plasma perpendicular to the magnetic
field. In the presence of an axial magnetic field, a perpendicular component of electric
field can create E ×B drift [3]. Magnetic field creates asymmetry inside the plasma
induce pressure gradient across the magnetic field which creates diamagnetic drift
[124; 125]. Better understanding of magnetized discharges and drifts are necessary to
achieve uniform sputtering in magnetic CCP environment. The effects of the magnetic
field in low-pressure discharge have been studied vastly in the previous decades ex-
perimentally and theoretically [39; 9; 10; 126]. The effect of a transverse magnetic field
in making the plasma more resistive and affecting the self-bias developed on the sur-
face of the electrode has been studied theoretically in [29; 127; 128]. Multiple authors
worked on the effect of magnetic field and associated complexities and non-uniformity
in MERIE discharges [129; 130; 131; 132]. Barnet et al. observed the reduction in the
RF voltage with increasing magnetic field strength for a fixed RF power input. In his
work, he used Langmuir probes, optical emission, and laser-induced fluorescence to
analyze how the magnetic field influences the plasma’s distribution in planes that are
parallel and perpendicular to the magnetic field. The magnetic field can also induce
spatial electron temperature in-homogeneity in cylindrical plasma devices [133], as it
has been seen in the previous chapter.

Experiments in ALINE device at 0.1 T magnetic field at 5° using electrode with
grounded walls showed highly non uniform sputtering pattern [47], see figure 5.1. The
non-homogeneity arose due the E ×B and diamagnetic drifts inside the plasma. It has
been reported that by applying optimal electric field value, both drifts can cancel each
other [124; 134]. It has been seen that the potential and electric field profile varies sig-
nificantly with tilt angle of the electrode with the axial magnetic field [59]. To explain
the evolved sputtering pattern, 2D maps of density and potential are made using cylin-
drical Langmuir probe for 2 different tilt angles. Drift velocities were calculated from
the maps and results were compared. These experiments have been extended to other
types of electrodes and the results are discussed in this chapter. The chapter is struc-
tured as follows: Firstly, the discussion focuses on the copper electrode with grounded
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walls. Then, a detailed study is conducted on the behaviour of the plasma formed with
the electrode covered in ceramic. Finally, the discussion extended to the analysis of
the plasma generated using the tungsten electrode without ceramic covering (Simple
W electrode).

5.2 Drift structures in the vicinity of anElectrodeWith
Grounded Copper Shield

Experiments were carried out in the ALINE reactor using an electrode with a grounded
wall [47; 122] to study the sputtering pattern developed at grazing angles (see section
2.1.1).

5.2.1 Setup and Experiment
The self-bias on the surface is measured using the probe-connected electrode, and
plasma parameters were measured using RF-compensated Langmuir probes with mod-
ified probe tip at Z position in range -100 to -150 mm so that the perturbations due to
the RF electrode is lower during the measurement.

To study the effect of tilt angle and the direction of the magnetic field, the following
scans have been performed:

• Langmuir probe measurements along the X-Y plane (-30≤X, Y≤+30) at Z=100
position were taken for 5° and 30° tilt angles for argon discharge at 1 Pa gas
pressure for 35 W coupled RF power.

• Helium discharge at 1 Pa, 0.1 T magnetic field at 35 W coupled RF power for 5°
and 45° tilt angles.

• X-Z scans above the RF electrode corresponding to Y=10 mm, for X position in
the range -30 to +30 mm and Z ranging from -80 to +50 mm corresponding to
helium and argon discharges at 2 different magnetic fields (0.05, 0.1 T) for 5 ° tilt
angle, at 35 W coupled RF power and 1 Pa gas pressure.

• Scans along the X-Y planes corresponding to 0.05 and 0.1 T were taken at Z=-120
mm for both of the gases.

• Finally, the direction of the magnetic field is reversed, and scans along X-Y and
X-Z planes were conducted at 0.05 and 0.1 T as before.

.
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5.2.2 Results and Discussions

Sputtering Experiment with Argon

Figure 5.1: Discharge with (a) RF electrode with grounded walls at 5° tilt angle and the
(b) sputtering pattern developed after 1.5 hours exposure. To explain the sputtering
pattern the circular electrode is divided in to four different quadrants as depicted in
the diagram in the middle.

5° Measurement results As previously stated, as part of the ITER’s first mirror
cleaning study by sputtering using CCP discharge, experiments were performed at a 5°
tilt angle, 0.1 T magnetic field when the self-bias on the surface of the RF electrode is
-100 V, 1 Pa argon gas pressure in the capacitive coupling. The image of the electrode
after the exposure to the plasma is shown in figure 5.1. As one can see, the bottom
right part of the RF electrode (– quadrant of the electrode surface (XZ plane)) is fully
etched by the plasma, and it extends to the -+ XZ plane along the edges and bottom
part of the +- quadrant. The details of the sputtering yield are not in the interest of our
study, and the sputtering aspects of the study have been elaborated in [47].

To study the developed sputtering pattern, the results from the Langmuir probe
scans along the XY plane taken at Z=-120 mm for the same experimental parameters
are given in the figure 5.2. Since the bottom part of the RF electrode is covered with
the grounded copper wall, the RF waves are shielded, and no significant stochastic
heating process at the bottom part, leads to strong asymmetry in density along the Y
direction 5.2(a). In 2D maps there are 2 ellipses drawn, the inside one representing
the projections of active part of the RF electrode and the outer edge of the grounded
copper wall along the B field. Around the RF electrode, the high-density regime is
located in the upper half and primarily at the centre of the circular electrode. It is
slightly shifted towards the negative X-axis on the left side, possibly due to E×B drift
as we will discuss in later. The peak density structure is stretched to the right at the
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Figure 5.2: (a) Density, (b) floating potential, (c) plasma potential (d) electric field (e)
E×B drift velocity (f) Diamagnetic drift velocity and (g) Effective drift velocities corre-
sponding 1 Pa argon discharge at 5° tilt angle 35W coupled RF power at 0.1 T magnetic
field.
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top and to the left at the bottom of the flux tube, which is connected to the parallel
projection of the RF electrode along the direction of the axial magnetic field. This
observation has been addressed in detail later in this subsection. As we have seen in
the previous chapters, the density of the plasma drops drastically outside the flux tube
connected to the active part of the RF electrode. Please note that in the electrode image
in figure 5.1, the positive X axis is oriented towards the left to align with the direction
of the manipulator.

The floating potential map is displayed in figure 5.2b. The floating potential values
are positive and almost constant outside the flux tube connected to the RF electrode
and drop significantly close to the RF electrode. Inside the flux tube connected to the
edge of the RF electrode, the lowest value of the floating potential is nearly -50 V. Note
that the measurements are taken 120 mm away from the RF electrode and as seen
in Chapter II, as the probe moves closer to the RF electrode the value of the floating
potential can be more negative. Similar to what we see in the density profile, the
minimum of the floating potential value is shifted to a negative X direction, indicating
the higher density of hot electrons in that regime. To analyze the localization of hot
electrons, the potential maps on the X-Y plane are examined. The intersection method
[135] is used to find out the plasma potential because the first derivative method was
unable to find the peak due to the noise in the profile. As seen in the floating potential
profile, plasma potential is positive outside the flux tube, and it is still positive inside
the flux tube, but themagnitudes drop close to zero near the surface of the RF electrode,
see figure 5.2c. The area of the projection of the RF electrode stays at a lower plasma
potential compared to the surrounding plasma. The minimum of the plasma potential
(8 V) is at the -X part of the RF electrode, where the sputtering is maximum.

The effect of this E×B drift and corresponding velocities in the X-Y plane perpen-
dicular to the magnetic field is portrayed in figure 5.2d. The quiver and colour palette
represent the direction and relative magnitude of the E×B drift velocities. As depicted
in the figure, when electrons are produced at the lower Y positions of the sheath plasma
interface, they drift and accumulate more towards the left side, resulting in a higher
ionisation rate. Due to this lower potential region inside the plasma, there exists an
area in which the particle drifts at a different speed with respect to the one generated
due to the active electrode-grounded electrode interface. There exists a global rota-
tion of particles at lower velocities outside the flux tube connected to the RF electrode
(103−2×103 m/s). One can see a counter E×B rotation of particles at the edge of the
grounded electrode and the plasma outside the flux tube connected to the grounded
part due to the sudden drastic potential change, as explained. Inside the flux tube con-
nected to the active part of the RF electrode, the direction of the net electric field drifts
the particles toward the left at the lower part (-Y values) and toward the right at the
top part, which explains the in-homogeneous density map.

The in-homogeneity in the density distribution causes a pressure gradient in the
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plasma (For constant Te and Ti, ∇p = kBT ∇n) [3], creating a diamagnetic drift inside
the plasma, see figure 5.2e. The diamagnetic drifts corresponding in the X-Y plane are
calculated from the density profile of the plasma. The average electron temperature
of the plasma is taken as 3 eV for the calculations since our area of interest is to study
the drifts inside the flux tubes connected to the RF electrode, and the average electron
energy is significantly higher due to several factors explained in Chapter 3. From the
diamagnetic drift velocities derived from the density profiles, it is seen that the dia-
magnetic drift drives the particles opposite to the direction of E×B drift. Diamagnetic
drift is prominent inside the flux tube, and the velocities are lower outside the flux tube
connected to the RF electrode, as seen in the case of E×B drift case. But the magnitude
of the diamagnetic drift velocities (2000-6000 m/s), which are lower compared to the
E×B (2-3 times higher) inside the flux tube. The effective drift, the sum of the vE×B
and vdia, have been plotted in the figure, representing the relative magnitude using
the colour palette and the directions by the quiver. The effective drift profile is almost
similar to the E×B times showcasing the fact that it is the dominant drift mechanism
inside ALINE.

Distribution of hot electrons around the RF electrode allows the diffusion of ions
to that specific region, accelerating the ions to the surface of the RF electrode and
sputtering the molybdenum layer on the surface of the RF electrode. Along with the
observed drift, the shape of the sheath plays an important role in the observed sput-
tering pattern. When the RF electrode make a 5° angle with the magnetic field, due to
the shape of the RF sheath, one can divide the space above the RF electrode based on
the density of the plasma. As shown in figure 5.3, there are high density regions at the
left and right hand side of the RF electrode at the intersection of the plasma column
with the active part of the RF electrode due to the higher mobility of energetic electron
generated due to stochastic heating along the field lines. Right above the RF electrode,
due to the shape of the RF sheath and limited mobility of the electrons perpendicular
to the magnetic field, the ionization is lower creating a low density region. Ions from
the higher density regions are accelerated to the electrode surface as shown in figure.
The cumulative effect of the The strong drift, as seen in the quiver plot, and the density
distribution around the RF electrode, favours the observed edge-sputtering effect on
the surface of the RF electrode.

30°Measurement results The 5° angle had been chosen because of the mirror con-
figuration in ITER, but here we investigate what are the consequences at higher angles.
It has been previously shown that increasing the angle, increase the self-bias of the RF
electrode in capacitive coupling, and will reflect in the ExB drift. Then, a higher angle
of 30° has been chosen to measure the same plasma parameters as at 5°. The results
from the measurements are given in figure 5.4. The self-bias on the surface of the elec-
trode is measured to be -140 V. At 30°, the projection area of the RF electrode along the
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Figure 5.3: Argon discharge and plasma column in ALINE with first erosion pattern
developed due to sputtering. The yellow dashed line represents the sheath above the
RF electrode and the red arrows represents the motion of the ions from the plasma
column to the RF electrode.

magnetic field lines is larger. Similar to what is observed for the 5° case, the density of
the plasma is higher inside the flux tube connected to the edge of the electrode as seen
in the figure 5.4a. The peak density is more shifted towards the right when compared
with the 5° case. For the same coupled RF power, the peak density of the plasma is less
for the 30° case and outside the flux tube, the density of the plasma is almost constant.
The peak density value is dropped by half to 8×1016 m−3, while comparing with 5°
along the distribution of the density due to the projection of the active part of the RF
electrode along the direction of the magnetic field.

The floating potential profile is depicted in 5.4(b). The floating potential inside the
flux tube connected to the RF electrode is lower compared to the magnitude outside of
the flux tube, but the values are always positive. The minimum value of the floating
potential is found to be 10.1 V. Unlike the 5° cases, the position of the lowest value of
the floating potential is more shifted to the positive X direction. The floating poten-
tial values are positive and higher compared to the 5° case, implying lower energy of
electrons inside the flux tube. The average energy of electrons inside the plasma is
measured to be 2 eV 5.5 .Hence, it can be seen that the floating potential shifts closer
towards the plasma potential.

Similar to the floating potential, the plasma potential inside the flux tube connected
to the active part of the RF electrode is lower compared to the surrounding plasma,
see figure 5.4(c). Whereas the higher plasma potential regime around the active part
due to the grounded electrode is only visible in ++ quadrant of the XY plane. Probe
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Figure 5.4: (a)Density, (b) Floating potential, (c) plasma potential (d) electric field (e)
E×B drift velocity (f) Diamagnetic drift velocity and (g) Effective drift velocities corre-
sponding 1 Pa argon discharge at 30° tilt angle 35W coupled RF power at 0.1 Tmagnetic
field.

measurement closer to the RF electrode can give an insight into the observed behavior.
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Figure 5.5: Temperature inside the plasma column connected to the RF electrode from
natural logarithm of EEPF.

The electric field values were evaluated from the gradient of the potential profile, see
figure 5.4(d). The electrons move from the negative X half to the positive X half by the
electric field profile perpendicular to both electric field and magnetic field.

From the potential profile, the drift velocities due to the E×B have been evaluated
and are given in figure 5.4d. From the density profiles, the diamagnetic drift velocities
were evaluated see figure 5.4e. Unlike the 5° case, there are no significant gradient
in potential around the active part of the RF electrode, leading to lower E×B drift
velocities, nearly around 6-10× 103 m/s in the clockwise direction (CW). High density
gradient around active part of the RF electrode creates strong diamagnetic drifts around
in the counter clockwise direction (CCW) with average velocity 6-8 × 103 m/s. This
lowers the effective drift velocity, giving a ve f f=1-1.5 × 103 m/s in the CW direction.
In this particular case, ExB and diamagnetic drift almost cancel each other, which can
lead to a more homogeneous sputtering pattern.

X-Y profiles-He Discharge

Experiments were also performed with helium gas to investigate the effect of the ion
mass and to avoid sputtering and metallic coating on windows. X-Y profiles of den-
sity and plasma potential corresponding to each case have been measured using the
Langmuir probe. From the potential profiles and density profiles, the drifts inside the
plasma are calculated to attempt to explain the variation of the population distribution
of particles around the RF electrode.

The density profile corresponding to 0.1 T, 35 W, 1 Pa helium discharge at a 5° tilt

108



5.2. Drift structures in the vicinity of an Electrode With Grounded Copper Shield

Figure 5.6: (a) Density (b) plasma potential (c) effective drift profiles corresponding to
helium discharge at 1 Pa, 5° tilt angle and 35 W of coupled RF power.

angle is depicted in figure 5.6a. For this particular measurement, the floating potential
near the surface of the RF electrode is measured to be highly negative. The probe was
biased from -70 to +70 V, and when the floating potential was close to the minimum of
the bias potential due to the effect of stochastic heating there was no ion saturation in
themeasured IVs and it was not possible tomeasure the density of the plasma using the
OML method in a certain region where the floating potential was highly negative. The
raw maps can be noisy and granulated, so the ’makima’ 2D interpolation technique is
used to display clearer plasma density inside the flux tube. The density profiles peak
above the RF electrode, and the peak structure is almost at the centre. The peak value
of the density is around 6×1016 m−3 inside the flux tube connected to the active part
of the RF electrode, and it drops to the minimum value of 1×1016 m−3 outside. The
profiles at 5° are distinct from the argon case, where the density values are significantly
higher due to the lower ionization energy.

Plasma potential maps are depicted in figure 5.6b, the potential inside the flux tube
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connected to the RF electrode is lower compared to the one from outside. Plasma
potential is lower for the negative X values, compared to the positive X part. The
plasma potential is positive in the flux tube, connected to the grounded electrode part.
There is a higher potential region inside the flux tube connected to the active part of the
RF electrode. From the density and plasma potential profiles, the diamagnetic and the
E×B drifts are calculated and the effective drift velocities are calculated and displayed
in figure 5.6. We observed in the inner loop, the diamagnetic drift is in same direction as
the E×B drift but in the opposite direction outside the area of the RF electrode. As seen
before, the E×B drift velocities (0.5-1.5× 104) are higher compared to the diamagnetic
drifts (3000-4000 m/s), and the effective drift almost follows the E×B drift. Due to the
potential profile, there are two rotations of particles perpendicular to the magnetic
field. Inside the flux tube, particles rotate in the CCW direction due to the radially
inward pointing electric field. There is another structure rotating at a larger radius in
the clockwise direction due to the potential on the active electrode. Velocities of the
two loops have almost the same magnitude, and average drift velocity calculated from
the probe is nearly in the range of 6-8 km/s inside the plasma.

Other measurements were taken at 45° for the same experimental parameters at Z
position =-180 mm. When the probe was close to the RF electrode, it was seen that
the probe was disturbing the plasma during the measurements. The density peaked
at the edge of the active electrode part, where the interaction of the electrons with
the sheath is more efficient, see figure 5.7a. At 45°, the peak density (3.5×1016m−3)
is dropped by half compared to the 5° (6×1016m−3) case. The density is lower at the
centre of the active electrode part. The peak density region forms a circular ring in
the XY plane. The corresponding plasma potential profile is plotted in figure 5.7b. The
potential distribution changes drastically at higher angles in the case of helium. The
central flux tube connected to the active part of the RF electrode stays at a higher
potential than the surrounding region. Plasma potential stays above 30 V for all the
points in the XY plane and peaks around 40 V at the center. Similarly, the floating
potential is high and positive, like in the argon 30° case, but stays at high values in
the active part of the RF electrode. The floating potential has a minimum value at
the centre of the high potential structure, indicating the presence of a fraction of hot
electrons, see figure 5.7c. In contrast to the previous scenario, the floating potential
values are positive in this case. This indicates that the average electron energies, even
those of hot electrons, are relatively lower. This is due to the inefficiency of stochastic
heating at higher angles, resulting in lower energy values.

From the plasma potential profiles, one can deduce the electric field profile. The
electric field is directed from the central flux tube to radially outside all along the X-Y
plane. The ions are repelled from the central region of the plasma, which creates a low
ion region, meaning the sputtering due to the ions will be minimal in that region. One
can assume that at the 45° case with helium, the central part of the RF electrode will
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Figure 5.7: (a) Density (b) plasma potential (c) floating potential (d) effective drift pro-
files corresponding to helium discharge at 1 Pa, 45° tilt angle and 35 W of coupled RF
power.

be the least sputtered part, and the edge of the electrode will be the most. From the
potential profiles and density profiles, the total drifts inside the X-Y plane are evaluated
see figure 5.7d. It is observed that the direction of the diamagnetic and E×B drifts are in
the opposite directions (Vdia is nearly 4-6×103 m/s ), but the rotation inside the plasma
is as whole in the counterclockwise direction due to slightly higher VE×B, which is
quite different from the argon discharge at 30°. The effective drift velocities are lower
compared to the grazing angle case. The average velocity of rotation is around 500-
1000 m/s counterclockwise at the centre of the plasma column, and one can see from
the size of the quiver that the velocity of rotation is increasing as the radius increases
with respect to the origin in the X-Y plane. The observed density distribution can be
explained by the rotation of the plasma with respect to the axial magnetic field. It has
to be noted that the gradient of the potential in the X-Y plane is lower at higher angles
compared to the grazing angles, which is seen in the case of both argon and helium
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discharges, and the effective drift velocities are lower.

Effect of Magnetic field direction

To be sure that ExB drift is responsible for the density/erosion shift, the magnetic field
has been tested at 0.05 and 0.1 T and also reversed at -0.05 T and -0.1 T. XY maps
and XZ maps of density (n) corresponding to 2 different magnetic field values (0.05 T
and 0.1 T) at 35 W coupled RF power and 1 Pa pressure for both argon and helium
are compared. The density maps are sometimes noisy and difficult to process, so the
difference between the maximum electron and ion currents measured by the probe is
directly plotted. The purpose here is not to evaluate a precise density but to compare
the relative shape changes in the plasma column with respect to the magnetic field.
This current (Iei) is proportional to the density, acoustic speed and sheath size (due to
sheath expansion) of the probe tip, and it is also proportional to the flux received by
the biased surface. In figure 5.8a and b, Iei for 0.1 T and -0.1 T measured at XY plane for
Z=-100 mm are given and the results compared. The position of the RF electrode has
been represented by the square box in the XY maps and by the circle in the XZ maps.

Figure 5.8: X-Y maps of Iei for argon case when the magnetic field (a) 0.1 T (b) -0.1 T,
for argon discharge at 1 Pa pressure, 35 W of coupled RF power for a tilt angle α = 0
and X-Z maps of density n (m−3) for (c) 0.1 T (d) 0.05 T (e) -0.05 T and (f) -0.1 T.

During the measurement process, the electrode is tilted by 5° with respect to the
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+0.1 T axial magnetic field and by 175° when the magnetic field is reversed. When
comparing the plots of Iei in figures 5.8a and 5.8b, there is a noticeable shift in the
current profile. When the magnetic field is 0.1 T, the peak of Iei shifts slightly towards
the positive X direction. Conversely, when the magnetic field is reversed, the peak
shifts towards the negative X direction. This shift in the Iei peak was expected due
to the change in the direction of E×B drift resulting from the change in the magnetic
field direction. This effect is also observed in the density profiles. Figure 5.8c to 5.8f
shows the density distribution along the X-Z maps for the Z position ranging from
-80 mm to +50 mm, corresponding to four different magnetic field values at the Y= 15
mm position. Similar to the Iei maps, the peak density shifts more towards the right
(positive X direction) of the RF electrode when the magnetic field is +0.1 T. Conversely
when the magnetic field is reversed, the shift is observed to be towards the negative X
direction. The shift of the density peak is more noticeable for the 0.05 T case in figures
5.8d and 5.8e, since the drift velocity is inversely proportional to the strength of the
magnetic field (vE×B = E ×B/B2). The density was measured to be lower right above
the active part of the RF electrode compared to the bulk. The density maps along the
X-Z plane of helium discharge at 0.1 T and 0.05 T are presented in the figure 5.9(a) & (b)
respectively. Similar to the argon discharge case, the density is higher at the positive
side of the RF electrode, and the shift is more observable at lower magnetic field values
due to the higher drift velocities. The X-Z maps also show that the average density
drops near (just above the active part) the RF electrode by 3-4 time compared to the
bulk plasma becausemost of the ions are attracted at the sheath entrance directly to the
front or back electrode edge. The other possible explanation is that most of ionization
takes place outside the sheath along the plasma column, and the probe measurement
are very close or may be a little bit inside the sheath where the plasma density in much
lower.

Figure 5.9: The density (m−3) maps in X-Z plane (a) at 0.1 T and (b) at 0.05 T for 1 Pa
helium discharge at 5° tilt angle.
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5.3 Experiments with Tungsten Electrode with Ce-
ramic Covering

In order to see the effect on E×B drift and the effective drift due to the change in
electrode configuration, in this sections experiments were carried out with one-faced
electrode. The dependence of the potential and density distribution around the RF
electrode on the tilt angle and strength of the magnetic field is studied using the probe
and compared with fast camera results.

X-Ymaps were taken at Z=-150 mm at 0.6 Pa gas pressure and 0.1 T at 35W coupled
RF power. To study the dependence of the tilt angle on the distribution of plasma
parameters around the electrode, measurements were taken at 0°, 5°, and 20° and the
results were compared. The drifts inside the flux tube are calculated from the potential
and density maps as performed before. To explore the relationship with magnetic field
strength, Langmuir probe measurements were conducted at magnetic fields of 0.02,
0.05, and 0.1 T. The density values were measured using the OML method, and the
plasma potential using the intersectionmethod since the first derivative method giving
noisy maps inside the plasma column connected to RF electrode especially at 5° and 20°
angle measurements. In this section, the dependence of the plasma parameters along
the X-Y plane on the tilt angles is discussed separately, followed by the dependence on
the magnetic field.

5.3.1 Angle Dependence

Density Variation

The density maps corresponding to three different angles are plotted in figure 5.10.
The self-bias developed on the RF electrode corresponding to 0°, 5°, and 20 ° are +17
V, -101 V and -143 V, respectively. In the sheath reversal section of Chapter 4.2 , it is
already shown that at this magnetic field, the peak of the density inside the magnetic
flux tube is shifted close to the RF electrode when the self-bias is positive. The peak of
the density structure is observed to be squeezed along the diameter of the electrode.
The ratio of cyclotron frequency to the collision frequency of electrons is 934, showing
the high magnetization confines the electrons above the surface of the RF electrode,
and explains the observed density profile. The magnitude of the peak density value is
4.5×1017 m−3 for the case of 0° and reduces to lower values 1.8×1017 m−3 and 1.3×1017

m−3 for 5° and 20° respectively. In the case of the straight electrode case, the electrons
gain energy from the oscillating sheath and are pushed back along the magnetic field
lines creating a density area extending all along the Z axis. For 5° and 20°, one can see
that the peak of the density structures are at the edges, both at the top and bottom of
the RF electrode along the Y axis.
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Figure 5.10: 2D density maps at (a) 0° (b) 5° (c) 20° tilt angles corresponding to 0.6 Pa
helium discharge at 0.1 T magnetic field for 35 W coupled RF power.

When the electrode is parallel to the magnetic field α = 0, the peak of the density
structure is mostly centred but slightly shifted to the positive X side of the RF electrode.
Below the RF electrode, due to the imperfection in the screening of the RF by the
ceramic, high-density structures are formed. These structures have lower density and
are separated by a low-density region due to magnetic flux connected to the ceramic
ring. When the tilt angle is increased to 5°, the peak of the density structure is shifted
slightly to the left of negative axis, the peak density is lower compared to the 0° case,
and there are two density peaks present in the -Y part of the RF electrode. The density
of the plasma is higher at the bottom part of the RF electrode, and the structures are
closer compared to the 0° case. There exists a lower density region between the peaks
where there is lower ionization due to the presence of the ceramic and less efficient
stochastic heating at the centre of the active RF electrode. When the tilt angle is further
increased the self-bias is more negative. The peak of the density structure at the top
of the RF electrode is more shifted more to the negative X side of the RF electrode.
At the same time, the peak at the bottom is more shifted to the right. The current
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magnetic field corresponds to the -0.1 T of the last section 5.2.2, which explains why
the structures are rotated in the counterclockwise direction (or to the left above the
electrode) all along the X-Y plane, which will be revisited in detail at the effective drift
part later in this section.

Floating Potential

Floating potential maps measured using the probe for three angles are plotted in figure
5.11. While comparing the values corresponding to three angles, the minimum of the
floating potential value is found at 0° and becomes more positive for higher angles.
The region of a minimum of the floating potential is at the edges of the RF electrode
for all three cases. It is more evident in the case of the 20° case, where the region where
the magnetic field is negative follows the edges of the disc, forming an oval structure
around the projection of the RF electrode along the flux tube. It can be concluded
that the lowering of the floating potential is closely linked to the presence of a hot
electron population and the efficacy of stochastic heating. So these observation is also
in agreement with the experiment results using the electrode with grounded walls and
predictions from the PIC simulation results 3.2.

Looking closely at each figure, for the parallel case, the floating potential is positive
and almost constant for Y values above 20 mm for all X values. For the measurements
close to the RF electrode, the floating potential values are more and more negative
and highly negative up to -30 V inside the flux tube corresponding to the peak density
regime. The presence of the ceramic reduced the efficiency of the collision-less heating
and the floating potential is more positive in the flux tube connected to the ceramic
part of the RF electrode. Floating potential values get negative again in the region
corresponding to the higher density region at the negative Y side of the RF electrode.
For the 5° case, there is a projection of the electrode parallel to the magnetic field, and
the region of a minimum of the floating potential stays at the edges of the RF electrode
both above and below the RF electrode and inside the region in between the floating
potential is positive. For the 20° case, the projection area of the electrode along B is
higher. The floating potential is minimum at the edges (-10 V), and it is positive up to
+30V at the right bottom of the area of the projection of the RF electrode.At the top
left of the RF electrode, the floating potential has a positive value, but it is lower than
the maximum possibly indicating the presence of hotter electrons in that region. The
IVs corresponding to these regions are analysed separately show the difference in the
EEDF and the presence of hot electrons have been confirmed in the blue region of the
maps (position is indicated in the figure). The blue curve has higher width compared
to the red one corresponding to the highest value of floating potential, showing the
presence of hotter electrons.
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Figure 5.11: 2D floating potential at (a) 0° (b) 5° (c) 20° tilt angles corresponding to 0.6
Pa helium discharge at 0.1 T magnetic field for 35 W coupled RF power. In (d), natural
logarithm of EEPF is plotted corresponding to 2 different points in the 20° maps, the
blue curve corresponds to the lower floating potential region and red curve is from the
high floating potential region.

Plasma Potential

The evolution of the plasma potential with the tilt of the RF electrode is plotted in fig-
ure 5.12. The potential of the plasma is always positive and above 25 V at all points in
the XY plane.The plasma potential structures are very similar to the floating potential
maps, except they are much more noisy, and all measured potentials are positive. As
seen in the reversed sheath section, at 0° tilt angle, the sheath almost disappears be-
cause the self-bias (17 V ) is close or even slightly higher than the local plasma potential
just above the electrode. Here, the maps are taken 150 mm away from the electrode
along the Z direction, which is beyond the mean free path (between 5 and 10 cm), ex-
plaining the higher plasma potential due to the thermalization of electrons. This can
explain the slight shift of the density structure to the X positive (instead of X negative
at 5 and 20°) in figure 5.10.
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When the tilt angle is 5 degrees, the average plasma potential is slightly higher
compared to the parallel case. The region corresponding to higher densities, the flux
tube connected to the edge of the RF electrode, stays at lower potentials compared to
other regions in space. At the same time, the flux tube connected to the RF electrode
is at 8-10 V higher than the lower potential region. As seen from the density profiles,
the density is lower inside the flux tube connected to the area of the projection of the
active RF electrode, there are losses at the electrode and the grounded walls on the
other end, which can explain this observed behaviour. Similarly, for the 20° case, the
plasma potential in the X-Y plane varies from 28 to 41 V. The area of the projection of
the active part of the RF electrode along the magnetic field is wider in this case with
respect to the 5° case, and also the region of higher plasma potential. The region of
plasma that is connected to the edge of the electrode stays at a lower potential, as seen
in the 5° case. From the plasma potential profiles, the electric field on the X-Y plane is
used further to determine the drift inside the X-Y plane.

Figure 5.12: 2D plasma potential maps at (a) 0° (b) 5° (c) 20° tilt angles corresponding
to 0.6 Pa helium discharge at 0.1 T magnetic field for 35 W coupled RF power.
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Effective Drift

The effective drift velocities of three different tilt angles are plotted in the figure here.
With increasing tilt angles we have seen that the average vE×B is reduced in the area
above the RF electrode. Whereas the diamagnetic drift velocity above the active elec-
trode has almost the same magnitude ranging from 6-8× 103 m/s. Similar to the elec-
trode with grounded walls case, the diamagnetic drift is in the opposite direction. Con-
sidering each scenario separately, the diamagnetic drift dominates (loop 1) the E×B
drift inside the plasma column connected to the floating part of the RF electrode at the
0° 5.13a. This explains the slight shift of the density peaks towards the positive X side
of the RF electrode. Whereas a few mm above the RF electrode, E×B drift dominates
the diamagnetic drift forms loop 2 as in the figure with CCW rotation.

The projection of the RF electrode in 5° case is represented by the blue ellipse. Right
above and below the RF electrode, a region of low effective drift is created (region 2)
by the counteracting E×B and diamagnetic drift. Strong E×B forms the loops 1 and
3 as in figure 5.13(b). The magnitude of the diamagnetic drift is nearly the half of
the average effective drift velocity, and ve f f is nearly 6-8 × 103 m/s with clockwise
rotation. In discharge with 20° tilted electrode, inside plasma column connected to the
RF electrode, the both drifts counteracts creating a low effective drift 5.13(c). There is
a E×B dominated CCW rotation which is responsible for the high density structure
around the RF electrode.

In all three angle cases, the drift structures derived from the probe data could ex-
plain the density profiles. There is a significant change in the self-bias values with
the changing tilt of the RF electrode. Reduction in the magnetic field values can also
change the bias of the RF electrode since more electrons are reaching the electrode
surface due to the lower magnetization. The effect of the magnetic field has been dis-
cussed in the next subsection for the parallel electrode situation.

5.3.2 Magnetic field dependence
Density and potential maps corresponding to lower magnetic fields (0.05 and 0.02 T)
are taken at Z=-150 mm, are compared with the 0.1 T maps. 2D maps corresponding to
0.1 T magnetic field are already presented in the previous subsection. The decrease in
the magnetic field reduces the confinement of electrons, and the corresponding ratio
of cyclotron frequency to the collision frequency of electrons is 476 and 187 at 0.05
and 0.02 T magnetic field respectively. More electrons can reach the electrode surface
which leads to the biasing of the electrode negatively. At 0.05 T, the self-bias recorded
was -3 V and at 0.02 T, -43 V.

The density plot corresponding to the two magnetic fields is presented in figure
5.14. When the magnetic field is reduced to 0.05 T, the nature of the peak density
structure evolved to thicker shape, and it is shifted to the positive X side of the RF
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Figure 5.13: Effective maps at (a) 0° (b) 5° (c) 20° tilt angles corresponding to 0.6 Pa
helium discharge at 0.1 T magnetic field for 35 W coupled RF power. The direction of
the quiver represents the direction of the drift.

electrode. For the 0.02 T, the peak density structure is at the negative X side of the RF
electrode. The peak density value has been reduced by 2-2.5 to 3 times respectively,
for the 0.05 and 0.02 T cases while comparing with the 0.1 T case. One can notice
the shift of the peak density structure to the positive Y directions when the magnetic
field is lower due to negative bias on the electrode. This shift of the peak density
structure from the negative to the positive X side with the increase in the magnetic
field is visually observable and has been recorded using a camera. Outside of the flux
tube, the density drops significantly, and there are low-density regions connected to
the RF electrode in the case of 0.05 T, which can be explained by analysing the potential
profiles. The density maps corresponding to 0.01, 0.02, 0.05, and 0.1 T in the X-Z planes
are presented in figure 5.15. X-Z profiles were taken for the Z in the range -20mm to
-80 mm for every 5 mm and -30 to +30 along the X axis for every 3 mm for Y =10
mm. The density values are dropping close to the RF electrode since the distance of
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measurements is less or in the same order of magnitude of the electron mean free path.
It has to be noted that the peak of the density structure shifts close to the RF electrode
at highermagnetic fields due to themore positive self-bias compared to lowermagnetic
field measurements. Hence the profiles can give an insight in the radial electric field
above the electrode. The relative Y positions of the density peaks are in both X-Y and
X-Z maps in agreement with each other. For all the cases except 0.05 T in figure 5.15,
The peak of the density structure is shifted to the negative X side of the RF electrode.
A localized higher density flat structure is observed for the case of 0.05 T between Y
position in range -70 to -60 mm. An attempt to explain the density distribution around
the RF electrode by analysing the potential profile is made as following.

Figure 5.14: 2D density maps at 0° tilt angle corresponding to 0.6 Pa helium discharge
at (a) 0.05 T (b) 0.02 T magnetic field for 35 W coupled RF power.

Figure 5.15: 2D X-Z density maps at 0° tilt angle corresponding to 0.6 Pa helium dis-
charge at (a) 0.01 T (b) 0.02 T (c) 0.05 T and (d) 0.1 T magnetic field for 35 W coupled
RF power.

Corresponding floating potential and plasma potential profile are presented in the
figure 5.16. The plasma potential presented here is noisy, hence the discussions are
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Figure 5.16: 2D floating potential (a) and (b) at 0.05 T and 0.02 T, and plasma potential
(c) and (d) at 0.05 T and 0.02 T maps at 0° tilt angle corresponding to 0.6 Pa helium
discharge for 35 W coupled RF power.

continued on the basis of the floating potential profile. X-Z maps of the floating po-
tential corresponding to 4 magnetic field values are presented in figure 5.17. If we
interpret the decrease in the floating potential as indicative of the presence of ener-
getic electrons within the plasma, we can attribute the shift in the minimum of the
floating potential to the migration of these energetic electrons from the positive X side
to the negative X side as the magnetic field strength changes from 0.01 to 0.1 T 5.17.
At higher magnetic field values, the energetic electrons become confined to a narrow
region along the X-axis but exhibit an elongated distribution in the Z-direction 5.17(d).

Due to the noisy potential profile the drift maps are not clear and are not presented
here. For the 0.05 T case, the peak density structure is observed at the position where
the floating potential is minimum. Similar to what we have seen for 0.1 T maps, the
diamagnetic drift 7-12 × 103 m/s inside the plasma column connected to the floating
part of RF electrode which pushes the plasma to the right. The resulting density struc-
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ture can be explained by the combined effect of strong E×B and diamagnetic drift.
Whereas at 0.02 T case, where the density peak is higher, the average ∆n/n is nearly
0.1 considering the average electron temperature to be 3 eV (Locally it is even higher)
the average diamagnetic drift is in the range 1.5-2.5× 104. In this region, diamagnetic
drift is the dominant drift mechanism responsible for the density peak at the negative
X side of the RF electrode.

Figure 5.17: 2D X-Z floating potential maps at 0° tilt angle corresponding to 0.6 Pa
helium discharge at (a) 0.01 T (b) 0.02 T (c) 0.05 T and (d) 0.1 T magnetic field for 35 W
coupled RF power.

5.3.3 Fast Camera results
Fast camera measurements were taken corresponding to 2 different magnetic fields
(0.05 T and 0.1 T) at 105 frames per second for one-faced electrode case. The back-
ground subtracted image after normalising the light intensity field is presented in fig-
ure 5.18. The plasma emitted light integrated over the whole visible range is a func-
tion of the average density and energy of electrons in that specific region [136; 137].
In ALINE plasma discharge, even though there is a fraction of hot electrons present
near the RF electrode, the temperature of the thermal electrons are nearly the same
inside the plasma column connected to the RF electrode. Here the intensity of the
plasma light is represented in arbitrary units shows the relative population density in
the plane of analysis. The images presented here are corresponding to the discharges
at 0.6 Pa for a coupled RF power 35 W, which is corresponding to the density profiles
that are discussed in section 5.3.2 and 5.3.1.

From the images it is clear that for 0.02 T case, the higher intensity structure is
located at the -X side of the RF electrode similar to what observed using the probe. The
bright structure above the RF electrode is broadened along the Y axis. Where as for the
0.1 T case, the peak intensity structure is observed to be right above the RF electrode
surface and it squeezed along the Y axis and shifted slightly to the positive X axis. The
relative intensity is significantly higher above the RF electrode while comparing with
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the 0.02 T case, and the density distribution above the RF electrode is matching with
the probe measurement.

Figure 5.18: Density measurements from the probe (a), (b),and background subtracted
Image from fast camera measurements (c),(d) corresponding to 0.1 T and 0.02 T, 0.6 Pa
He discharge.

The analysis of the spatio-temporal dynamics of light fluctuations recorded at a
frame rate of 67500 fps is presented in 5.18 and 5.20. The light profile is very much
similar to the density maps measured using the Langmuir probe while comparing the
figure 5.18 and 5.14(b) and 5.10(a) corresponding to 0.02 and 0.1 T measurements. As
seen in the density profiles, the peak density structure is at the left side above the
RF electrode and wide along the X axis. At 0.1 T the peak density structure is more
centered about the RF electrode and squeezed along the Y direction. For a fixed radius
about the center point of the RF electrode, 2D-FT inversion is performed to obtain the
spatial temporal modes in the poloidal direction, which is shown in figure 5.19. These
results reveal the existence of a dominant azimuthal mode m = 1 rotating as a rigid
body at the frequency 4 kHz, and a much weaker m=2 mode at 8 kHz, corresponding
to weak velocities of the order of 1 km/s.
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Figure 5.19: Frequency power spectrum corresponding to 0.1 T, 0.6 Pa discharge

Figure 5.20: Background subtracted Image from fast camera measurements.

One of the possible explanations for the observed discrepancy between the velocity
measured using the fast camera and calculated from the probe data could be the Simon-
hoh instability [138; 139; 140]. In a weakly ionized plasma with axial magnetic field
and radial electric field, the electrons and ions are rotated at different E ×B drift ve-
locities. This difference in the mobility creates a charge separation and electric field in
the θ direction. This, along with the density gradient in the direction of the radial elec-
tric field, can trigger Simon-hoh instability and can cause a difference of 10 between
the electron E ×B velocities and ion azimuthal velocities[141; 142; 143]. Dedicated
measurement should be performed to conclude this beyond any reasonable doubt.

5.4 Experiments with Tungsten Electrode
When there is no shielding on the bottom part of the RF electrode, the plasma is gener-
ated symmetrically above and below the RF electrode. The bias on the surface is more
negative due to the larger collecting area for electrons 5.21 and the shift of the den-
sity structures are clearer. To study this, experiments were performed with tungsten
RF electrode (the same as before but without the ceramic shield). 2D density profiles
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and potential profiles distant from the RF electrode, at Z=-150 mm, are taken using the
Langmuir probe, which is discussed in the current section of this chapter. At the same
time, in the case of direct coupling, the time average potential (DC component) of the
active electrode is zero. Hence, the potential structure around the RF electrode and the
density profiles inside the plasma column connected to the RF electrode are strongly
modified. 2D scans for different tilt angles of the RF electrode for the direct coupling
case are also discussed later in this section.

Figure 5.21: Discharge in ALINE device using tungsten electrode

5.4.1 Capacitively Coupled Discharge Results

Effect of Magnetic field

Unlike the ceramic case, the variation of the self-bias with change in magnetic field is
less significant, and the self-bias developed on the surface of the RF electrode corre-
sponding to 0.1 T, 0.05 T and 0.02 T magnetic fields when α = 0 are -103 V, -129 V and
-137 V, respectively for a coupled RF power 35 W at 1 Pa helium gas pressure. All the
measurements here are performed at 1 Pa, The gas pressure and electrons are highly
magnetized for all the values of magnetized, and the ions are nearly magnetized. The
ratio of the cyclotron to collision frequency at 0.1, 0.05 and 0.02 T are 560, 280 and 112,
respectively, for electrons and 27.3, 13.6 and 5.45, respectively, for helium ions.

The density maps corresponding to the three magnetic field values are depicted
in the figure 5.22. One can see the density peaks at both the top and bottom sides
of the RF electrode. The area inside connected to the RF electrode edge, has lower
density compared to the surrounding plasma. This is the case for all three magnetic
field measurements, but the gradient of the density inside the flux tube is lower for
the case of lower magnetic field cases. 128.6, 138.8 and 140 V are the RMS RF voltage
of the RF electrode [144] corresponding to 0.1, 0.05 and 0.02 T magnetic fields. The
difference in the magnitude between the bias and the peak RF voltage decreases as the
magnetic field is reduced. The peak density values have almost the same magnitude
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for all three magnetic fields (2-3×1017m−3). It has to be seen that the peak density
structure is shifting to the left as the magnetic field is lowered. This will be addressed
in the analysis of the potential and the drift part. As seen before, outside the flux tube
connected to the top of the circular sides, the density is dropping on either side. Unlike
the one-faced RF electrode, the plasma structure is almost symmetric with respect to
the electrode centre.

Figure 5.22: 2D density maps of 1 Pa helium discharge with simple W RF electrode for
different magnetic field (a) 0.1 T (b) 0.05 T and (c) 0.02 T at α = 0°.

The floating potential profile for the three cases are plotted in the figure 5.23. In
the region directly connected to the RF electrode edge, where the density is lower, the
floating potential values are higher and positive corresponding to the surrounding in
yellow. This observation is more evident in the higher magnetic field measurement.
The highest value of the floating potential at this region being +15 V, 5 V and -14 V
respectively for 0.1, 0.05 and 0.02 T magnetic field respectively.

At higher magnetic field, 0.1 T, the Larmor radius of He ion is 0.1 mm for Ti =
0.026eV , the confinement is high and the hot electrons also are confined inside the flux
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tube connected to the edge of the RF electrode. The floating potential is negative up to
-26 V and at the flux tube connected to the edge of the RF electrode where the density
is higher. As the magnetic field is lower, lesser the confinement and hot electrons can
diffuse inside the flux tube and hence lower the floating potential even in the flux tube
connected to the lateral side of the RF electrode. This also mean the electrons are
less energetic inside that region of the flux tube compared to the edge. There is some
interesting pattern about the distribution of the hot electrons with changing magnetic
field. One can see that the peak corresponding to theminimum of the floating potential
value is shifting to the left at the top of the RF electrode and towards the right at bottom
side of the RF electrode with decreasing magnetic field. We have seen a similar shift
in distribution of the density and floating potential for the case of one faced electrode
both from the fast camera and probe measurement results at lower B values.

The plasma potential measured from the IVs using the intersection method is plot-
ted in the figure 5.24 (The profiles using the first derivative method was giving noisy
profiles inside the plasma column connected to the RF electrode). The plasma potential
values are positive in all the three cases. For the previous cases we have seen that the
profile of the plasma is following the floating potential profile. One can see the similar
trend in this case especially for the case of 0.1 T measurement. The plasma column
connected to the top and bottom circular sides of the active electrode stays at lower
potentials and the part which is connected to the RF electrode it self is at higher plasma
potential.

Taking input from the 2D potential and the density profiles in the plasma the E×B
and the diamagnetic drift velocities are calculated, the effective drift velocity maps
are depicted in figure 5.25.For the 0.1 T case there are two distinct loops around the
RF electrode. One is just along the edges of the RF electrode and the direction of
rotation is counter clockwise 5.25 (a). The second one is global rotation around a few
centimeters away from the RF electrodewhere the direction of rotation is clockwise. At
0° the diamagnetic drift velocities are in the range of 2-6× 103 m/s. Inside the plasma
column connected to the RF electrode, the CW rotation is dominated by the E×B with
drift velocities in range 1-2 104 m/s. In the outer loop where the rotation is in CCW
direction, is driven by the diamagnetic drift with effective drift speed of 2-3×103 m/s,
can explain the shift of the density peak about the RF electrode.

When the magnetic field is reduced to 0.05 T, the drift velocities are higher and
effective drift in XY plane can be split in to 3 loops, figure 5.25(b). The first loop is
represented by the ellipse in the centre in the CW direction. Along the region around
the loop, diamagnetic drift dominates the E×B withVE f f around 5000 m/s. But inside
the loop there is motion of particles to the negative X axis which is driven by the E×B
drift. Outside the loop there are rotation in CCW direction with velocities 2-3 ×104

due to a strong E ×B drift. When the magnetic field is 0.02, E ×B drifts are much
more stronger and dominates the diamagnetic drifts (4-6 times higher), figure 5.25(c).
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Figure 5.23: 2D floating potential maps of 1 Pa helium discharge with simple W RF
electrode for different magnetic field (a) 0.1 T (b) 0.05 T and (c) 0.02 T at α = 0°.

Effective drift velocities are nearly in the range of 5 ×104 range, in CCW direction
inside the plasma column connected to the RF electrode and CW direction outside.

Effect of the tilt angle

The dependence of the tilt angle on the plasma parameters and the distribution of the
density and potential has been looked in detail in this section. Plasma parameters
around the RF electrode at grazing angles 5° and higher angle 20° are mapped in X-Y
plane at Z=-150mm. When the tilt angleα =5° and 20°, the self bias on the RF electrode
is -120 V and -170 V respectively. All the measurements were taken at 0.1 T magnetic
field and 1 Pa gas pressure for a coupled RF power of 32-35 W. The RF voltage on the
surface of the RF electrode for 5° and 20° are +136 and 163.4 V respectively.

The density maps corresponding to the two tilt angles are presented in the figure
5.26. At the plasma column connected to the RF electrode the density of the plasma
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Figure 5.24: 2D plasma potential maps corresponding to 1 Pa helium discharge with
simple W RF electrode for different magnetic field (a) 0.1 T (b) 0.05 T and (c) 0.02 T at
α = 0°.

is lower. As seen before, the peak densities are inside the flux tube connected to the
edge of the RF electrode. The magnitude of the peak density values are reduced for
the case of 20° case 1.9× 1017 m−3 compared to the 5° tilt angle case 2.6× 1017 m−3,
which is in turn almost equivalent to the 0° case discussed before. The relative position
of the peak density is slightly shifted to the left for the case of 5° with respect to the
20° discharge.

2D Floating potential and plasma potential maps corresponding to the 5° and 20°
are displayed in the figure 5.27 (a) & (b). The area of the 2D profile where there is a
depletion in the density stays at higher floating potential values as seen in the previous
case. At the regions which is connected to the edge of the RF electrode, lowest values
of floating potentials are measured, which is -25 V for the case of 5° and close to -5 V
for the 20° case.

Plasma potential follows the floating potential profiles in all the presented cases
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Figure 5.25: 2D effective potential maps corresponding to 1 Pa helium discharge with
simple W RF electrode for different magnetic field (a) 0.1 T (b) 0.05 T and (c) 0.02 T at
α = 0°. In figure (b) the arrow and the loop represents the dominant drift mechanism
and its direction locally inside the plasma.

here 5.27c & d. The values are ranging from 17-28 V in the case of 5° and for 20° case
the values vary from 29-39 V. The area inside the plasma column which is connected
to the RF electrode stays at higher potential. From the 2D potential and the density
profiles the effective drift velocities are calculated, see figure 5.27e & f

While comparing the maps between 0°, 5°, 20°; effective drift velocities are reduced
with increasing tilt angle. For 5° case, above the RF electrode, there is combined effect
of E×B and diamagnetic drift, which are represented by arrows. The effective drift
push the plasma to the negative X side of the RF electrode above the RF electrode
and in the opposite direction below the RF electrode with average drift velocities 6-8
×103 m/s. At 20°, outside the projection of the RF electrode, the E×B drift dominates
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Figure 5.26: 2D density profiles corresponding to 0.1 T, 1 Pa helium discharge at (a) 5°
and (b) 20°.

the diamagnetic drift (ve f f= 6 ×103 m/s). However, the diamagnetic drift is stronger
inside the projection of the electrode counteracts the E×B drift resulting a lower drift
inside the plasma column (1-2 ×103 m/s).
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Figure 5.27: 2D density maps of floating potential (a) and (b), plasma potential (c) and
(d) and effective drift (e) and (f), corresponding to 0.1 T, 1 Pa helium discharge at 5°
and 20° respectively. The arrow in figure (e) represents the dominant drift mechanism
and its direction locally inside the plasma.
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Effect of tilt Angle- Direct Coupling

In direct coupling, the antenna allows a net DC current through the electrode and
hence net DC voltage on the surface of the RF electrode. 2D density and potential
profiles were taken in the X-Y plane at Z=-150 mm position for the helium discharge
at 1 Pa, coupled power of 32-35 W. Keeping the strength of the magnetic field is 0.1
T, the tilt angle α varied from 0° to 5° and further to 20°. There are no changes in the
operating pressure and strength of the magnetic field, which keeps the ωc/νe/iN values
same as in the case of CCP discharge. Since the DC bias on the surface of the electrode
is zero, the average energy of ions reaching the RF electrode is proportional to the DC
potential of the plasma with respect to the average potential on the surface of the RF
electrode (0 V). Whereas the electrons follow the instantaneous RF potential variations
and collected by the RF electrode during one of the half cycle of the RF electrode.

Figure 5.28: 2D density maps of density at (a) 0° (b) 5° and (c) 20° corresponding to 1
Pa helium discharge at 0.1 T magnetic field in direct coupling.

The density profiles in the XY plane for three different tilt angles are plotted in
the figure 5.28. At 0°, there are two peak density structures above and below the RF
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electrode. The peak density structures are centered with respect to the X position= 0
mm. Whereas there was a shift of the peak density structure to the negative X direction
in the case of CCP discharge. There is a strong reduction in the density in the area of
in the X-Y plane which is connected to the lateral side of the RF electrode. The peak
density values are dropping slightly with increasing tilt angle (2 ×1017 ,1.8 ×1017,
1×1017 m−3 for 0°, 5° and 20° respectively). The density distribution around the RF
electrode forms continuous structure around the RF electrode in the 5° case unlike the
CCP discharge at 5°. In direct coupling in the flux tube connected to the RF electrode,
the RF electrode drains the electrons during the positive half cycle and lost on the other
side of the chamber during the negative half cycle and to maintain the quasi neutrality
the ions are repelled perpendicular to the magnetic field [60].

The floating potential profiles are depicted in the figure 5.29a, b and c. The floating
potential measured to be higher at the region connected to the RF electrode for all the
three cases. The highest floating potential for all three cases are around 15-25 V. The
value of the floating potential out side the area connected to the RF electrode is lower
and negative in the surrounding plasma. The minimum of the floating potential values
are more positive for higher tilt angles. Similar observations have been seen in the case
of CCP discharge in the previous subsections. The lower floating potential regions can
be attributed to the presence of hot electrons in the flux tube.

Plasma potential values are evaluated using intersection method due to noisy 2D
plasma potential maps using first derivative method. Plasma potential follows the
floating potential profiles for all three angles in figure 5.29d, e and f. The values are
positive when the flux tube connected to the electrode and at the area lower outside.
In all the cases the ions are repelled away from the central flux tube to the edges.
Plasma potential values close to zero near the RF electrode which is due to the hot
electron generation near the RF electrode and it is extended along the magnetic field
lines. It is crucial to acknowledge the direct correlation between these positions and
the minimum floating potential values.

Effective drift velocities are calculated using the density and potential profiles as
the sum of diamagnetic and E×B drift velocities. At 0°, on the top-left of the RF elec-
trode, there are some high velocity structures. This comes from the noisy potential
maps due to the noisy IVs. Disregarding this part, E×B and diamagnetic drifts are in
the opposite direction (CW and CCW respectively). The average value of diamagnetic
drifts are almost equal or slightly lower than E×B drift velocities, resulting effective
drift velocity of electrons ranging from a few 100s to 1500 m/s. For 5° case the di-
rection of the drifts follows the same trend but, vE×B are 2-3 times higher than vdia.
For 20°, there is motion of electrons in the clockwise direction due to the E×B drift
with average speed of 1-2×104 m/s around the RF electrode. Average velocity due to
diamagnetic drift is around 0.6-1×104 m/s around the RF electrode but in the counter
clockwise direction. This gives a effective drift velocity around 0.5-1 104 m/s in the
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Figure 5.29: 2D floating potential maps for (a) 0, (b) 5°, (c) 20° tilt angles and plasma
potential maps (d) 0, (e) 5°,(f) 20° corresponds to helium discharge in direct coupling at
1 Pa pressure and 35 W coupled RF power.

clock-wise direction due to the dominant E×B drift. While comparing the effective
drift velocities of three angles, the lowest of all is found for the straight electrode

136



5.5. Conclusion

where the diamagnetic and E×B drifts have almost the same magnitude. There are
two rotation of electrons at higher angles counter clockwise around the projection of
RF electrode and clockwise a few centimeter above it. Drift velocities are higher at 5°
and 20° compared to parallel electrode.

Figure 5.30: 2D effective drift maps of density at (a) 0° (b) 5° and (c) 20° corresponding
to 1 Pa helium discharge at 0.1 T magnetic field in direct coupling.

5.5 Conclusion
2D density potential maps were studied for 3 different electrodes, by varying the tilt
angle and the strength of the magnetic field in ALINE device. Diamagnetic and E×B
velocities are evaluated from the probe data, which shed light on the distribution of
the density of plasma around the RF electrode. The plasma around the RF electrode
is highly in-homogeneous especially at 0° or 5° tilt angles due to the drifts in ALINE,
the peak E×B drift velocities are 2-5 times higher than vdia in all the cases but locally,
however the diamagnetic drifts can dominate.
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Experiments were performed to investigate the evolved sputtering pattern at 5°
grazing angles at -100 V self-bias using RF electrode with grounded copper walls. From
the obtained 2D density and potential maps, it is found that the direction of the mag-
netic field and the tilt of the RF electrode modify the localisation of the hot electron
populations and the distribution of the density around the RF electrode due to the
effective drift. At lower angles, the E×B drifts dominate the diamagnetic drifts. How-
ever, at higher angles, the diamagnetic drift counteracts E ×B drift and the effect drift
velocity is lowered. This is observed for both argon at 30° and helium at 45°. Similar
observation is found in experiments with other 2 electrodes irrespective of the cou-
pling mechanism. The shift of density peaks in the opposite direction observed in the
X-Y and X-Z maps due to the reversal of the magnetic field direction confirmed the
influence of drifts in the density distribution around the RF electrode. The evolved
asymmetric sputtering pattern is a cumulative effect of the drifts and the sheath struc-
tures which explains the strong sputtering at the edges. Sputtering experiments at
higher angles should give more uniform patterns at the cost of lower sputtering yield
due to the reduction in the average density.

For the one-faced tungsten electrode with floating ceramic wall, from the analysis
of the probe data it is seen that in most of the case the E×B drift and diamagnetic
drifts are in opposite direction. Higher magnetic field creates higher asymmetry of
potential, density and pressure (the electron temperature variation has not been con-
sidered in our analysis) around the RF electrode. For parallel electrode discharge, Vdia
is higher above the electrode surface thanVE×B, so that the shift in the peak density is
in the direction of the diamagnetic drift. Although both drift velocities increase with
decreasing magnetic field, the average increase in effective drift velocity is not large
because they oppose each other. In chapter 3, it has been seen that the average elec-
tron temperature is higher inside the plasma column right above the RF electrode with
the presence of a fraction of hot electron population. Taking electron temperature as
3 eV, might lead to underestimation of the diamagnetic drift. Background subtracted
image showed the similar shift in the peak density structure as measured by the RF
compensated Langmuir probe. But the velocities of the structure measured using the
fast camera, which is the global rotation is measured to be around 0.6-1.5 km/s which is
far from the probe measurements results. The probe measures the local drift velocities,
where as averaging over the whole 2D plane can give close to fast camera values. But,
fast rotations with nearly the magnitude of 15-30 kHz are observed in hall thrusters
locally with average velocities of structures nearly 2-3 km/s in [145; 146]. Probe mea-
surements presented here are far away from the RF electrode, where the camera look in
to a plane right above the RF electrode which can also be responsible for the observed
discrepancies (2D scans has been performed close to the RF electrode, not presented
here due to noisy potential profiles).

Experiments with tungsten electrode showed similar variations in the drift veloc-
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ities with magnetic field and the tilt angles. Drift velocities were smaller inside the
plasma column connected to the RF electrode in direct coupling compared to the ca-
pacitive coupling discharges. The effective drift velocities were higher at grazing an-
gles in direct coupling in comparison with 0° and 20° discharges due to the strong E×B
drift, explains the shift of the density peak above the RF electrode at 5° tilt angle dis-
charge. This also explains the smaller shift in the density peak in the case of direct
coupling compared to the capacitive coupling for parallel electrode case. By varying
the tilt angle, one can find an optimum point (Which has to be investigated detail by
taking more 2D profiles) at which the diamagnetic drift counteracts the E×B resulting
in a more homogeneous distribution, which can give a more homogeneous sputtering
pattern. This can only be confirmed by sputtering experiments. This also gives an
insight to the heat flux which won’t be uniform to the RF electrode. The heat fluxes
will be discussed in the next chapter.
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6.1 Introduction

In modern fusion reactors, even though all the plasma-facing components (PFC) are
made of high-refractory metals such as tungsten, the threat of high heat flux and the
erosion of the tungsten creating impurities in the plasma persist as a challenge [7].
Plasma surface interactions and surface erosion experiments are being carried in dif-
ferents tokamaks such as ASDEX-Upgrade (AUG with tungsten) or Alcator C-mod
(Molybdenum) as a major step towards fusion reactors [147; 7; 148]. Ion cyclotron
resonance heating is one of the main auxiliary heating mechanisms used in fusion
devices; the electric fields parallel to the magnetic field generated by RF sheath rec-
tification accelerate ions to the surface [6; 149]. This effect can be further intensified
by self-sputtering of impurities [6]. The distribution of ion energies near the Faraday
shield of an RF antenna has been studied in experiments, and in a computational model
by Caughman in [150]. Hot spot formation in the main limiter of Alcator C-Mod dur-
ing the ICRH operation is understood to be due to the fast ion impact [151; 147]. In
Tore Supra, hot spot formation on the IRCH antenna has been observed during the
high power operations using IR camera imaging [152]. Garrett et al. have shown the
reduction in RF potential by studying the alignment of the RF antenna with the mag-
netic field by finite element method [153]. It is also possible to work on the antenna’s
design to significantly reduce the impurity production, for instance by using multi-
strap antennas to cancel the RF image current at the antenna’s PFCs [154]. In light of
this background information, to understand the fundamentals of the heating of the RF
antenna/electrode in a magnetic environment, a parametric investigation was carried
out in ALINE by varying the RF power, magnetic field, gas pressure, and the angle
between the RF electrode and the magnetic field.

The plasma environment in the ALINE device is far from the edge plasma in a
tokamak, but these experiments can give insight into the physics of energy influx to
the RF electrode. Linear cylindrical geometry offers versatility in the operation, and
the results can also be useful for plasma-based material processing applications. From
a material treatment perspective, the heating of the substrate surface can affect the
quality and the efficiency of etching, deposition or surface modification of thin films
in low-temperature, low-pressure plasmas [155]. In low-temperature plasma, the heat-
ing of the electrode can be due to ions, electrons and their recombinations. Biasing the
substrate and measuring the heating of the RF electrode using the thermal probe has
shown that the heating is predominantly due to ions when the bias is negative and that
electrons are responsible for the heating when the bias is positive [155]. Frequency de-
pendence on the ion bombardment on a grounded surface in both direct and capacitive
coupling has been explored experimentally by Kohler et al. in [13]. Ohter experiments
have been performed to study energy influx measurements using thermal probes and
calorimetric probes [156; 157; 158; 159]. An overview of this topic is presented in [160].
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In this chapter, the heating of the RF electrode is measured using the IR camera.
The thermography inversion algorithm (TEDDY) developed by Fedorczak et al [70] is
used to estimate the heat flux. The results from the IR camera are then compared with
a simple analytical model, taking input from the Langmuir probe measurements.

6.2 Experiment and Analysis
The heat flux experiments were carried out for two different electrode configurations
(a) Tungsten electrode with ceramic covering (one-faced electrode) and (b) simple
tungsten electrode (without ceramic). In the first part, heating of the RF electrode
has been measured corresponding to 0°, 5°, 20° at 0.6 and 1 Pa He gas pressures for
0.01, 0.02, 0.05 and 0.1 T at -4,-7 and -10 dB RF power (35, 70 and 135 W respectively).
Corresponding plasma parametersweremeasured using an RF-compensated Langmuir
probe with a cylindrical probe tip. In the second part, the experiments were performed
with the simple tungsten electrode. There is a parallel flux to the RF electrode at 0° tilt
angle when there is no ceramic cover, which biases the electrode negatively, which is
discussed in detail in the results section 6.5. The heat flux to the RF electrode is studied
for two different power inputs (35 W and 130 W) at 1 Pa helium gas pressure for two
different magnetic fields (0.05 T and 0.1 T). In capacitive coupling, when the bias on
the surface of the RF electrode is negative, the heat flux predominantly depends on the
ion heat flux, electrons being mainly repelled except for the hottest ones according to
their energy distribution inside the flux tube connected to the RF electrode. The heat
flux measurement to the simple electrode is performed at 0° and 5° for both direct and
capacitive coupling.

Scans along the Y axis and in the X-Y planes have been performed to study the
evolution of the plasma parameters and have been used as inputs in the analytical
modelling. The scan along the Y axis is performed for Z=-150 mm, which does not
reflect the density values near the RF electrode. Hence, a correction factor is introduced
based on the measurements close to the RF electrode in the analytical model, which is
explained in the model section. The density is evaluated using the OML method and
plasma potential using the first derivative method in all the cases. The heating of the
RF electrode has been modelled using the COMSOL-heat flux module, and results from
all these models are compared with the IR camera results obtained using TEDDY [70].
The details of the analytical model are presented in the next section.

6.3 Script of the Heat flux Analytical Model
Experiments were performed with a tungsten electrode covered with ceramic shield-
ing, which allows the heat flux collection only through one of the circular faces of the
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electrode (see figure 6.3). In ALINE plasma, the electrons are magnetized even at the
low magnetic field value of the presented work, whereas the ions are weakly mag-
netized at the operational pressure of the presented work. However, the ion flux can
be evaluated using the simple Bohm approximation. The electrons are considered to
follow the Maxwellian distribution of the RF electrode.

The velocity distribution of Maxwellian electrons can be represented by the ex-
pression:

f(vx,vy,vz) = n0
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Heat flux of species x (electrons or ions) following a distribution function f(v) and
having velocities vx, vy, vz along x , y and z directions to an attracting (equation 6.2a)
or repelling wall biased at potential φ (equation 6.2b) can be represented by:
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As of now, the ion and the electron flux are obtained for capacitive coupling using the
equations given as follows [21]. If the potential difference between the plasma and the
biased wall is(VP−φDC) the heat flux due to ions (considered to be cold, Ti = 0.026 eV)
to the surface is evaluated as given below.

Hi = n0Cs(γikTi +
1
2

kTe + e(VP −φDC)) (6.3a)

Here, γi represents the ion sheath transmission coefficient [21]. The heat flux due to
electrons to the RF electrode can be formulated under the potential differenceVP−φDC
as:

He = n0

√
kTe

2πme
2kTe exp

(
−e(VP −φDC)

kTe

)
(6.3b)

The total heat flux to the surface of the electrode can be written as:

H =C1Hi +C2He (6.3c)

Here n0,Cs, Ti, ΦDC, Te, me,VP are the density, ion-acoustic speed, ion temperature,
DC self-bias on the surface of the RF electrode, electron temperature, mass of the elec-
tron and the plasma potential respectively. The source areas for the flux of particles
to the surface of the RF electrode for the ions electrons are different. An effective area
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factor is introduced to include these changes in the source areas. The energy reflection
coefficient for tungsten material is reported to be in between 0.6-0.7 in literature [161].
The constantC1 andC2 are introduced in these equations to incorporate the reduction
in the density factor (in the range 0.33-0.5) near the RF electrode along with the en-
ergy reflection coefficient and the effective flux collection area (effective area factor) of
the RF electrode. Values of C1 and C2 are different for the electrode with ceramic and
without ceramic which has been calculated separately in each case during calculations.

For direct coupling at low-pressure discharges, the constant plasma potential can
be approximated as follows [12]:

VP ≈ 1
π

∫
0

π

φRFsin(ωt)d(ωt)≈ φRF

π
(6.4)

Knowing the plasma potential or the RF voltage, the ion flux to the RF electrode
can be estimated as:

Hi = n0Cs(γikTi +
1
2

kTe + eφRF/π) (6.5a)

For Maxwellian electrons, the flux of electrons to the electrode surface can be ex-
pressed by:

He = n0
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kTe

2πme
2kTeexp
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−eφRF

πkTe

)
(6.5b)

φRF RF voltage on the surface of the RF electrode. Total heat flux to the surface of
the RF electrode is calculated using 6.3c.

Determination of the Effective area factor for electron and ions

One of the biggest problems in the analytical model is optimising the size of the source
column from which the ions and electrons are reaching the electrode surface. Since
there is relatively low ionization in the sheath above the RF electrode, the source of
electron and ion flux is predominantly the plasma column connected to the sheath
surface, see figure 6.1. The size of the source changes with the electrode configuration,
magnetic field and the choice of electrode. So, an effective area factor (ratio of source
area to the total collection area of the electrode) is introduced to include this variation
in this model.

For electrons, the effective collection area by the RF electrode for different electrode
configurations and tilt angles are found as follows.

Case 1 : For the 0° case, it is assumed that all the electrons above the RF electrode
in the range of 2rLe are collected by the RF electrode. To take this into account, an
ellipse of major radius R and minor radius rLe is considered as the area of the source of
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Figure 6.1: Drawing to illustrate the source of electrons and ions from the plasma to
the RF electrode.

electrons from both sides to the RF electrode. The effective area factorAe f f is calculated
as

Ae f f =
2Aellipse

Aelectrode
=

2πRrLe

R2π
=

2rLe

R
(6.6)

Factor 2 is to include the contribution from both the sides.

case 2 : For α ° case, it is assumed that the electrons are collected from an ellipse
of major radius R and minor radius rLe + Rsin(α °). Hence to introduce this factor,
the source area is normalised to the total collection area of the RF electrode which is
evaluated as:

Ae f f =
2Aellipse

Aelectrode
=

2πR(rLe +Rsin(α °))
R2π

=
2(rLe +Rsin(α °))

R
(6.7)

case 3 : Forα ° simple tungsten electrode case, there is an area of projection for the RF
electrode parallel to the magnetic field lines. Unlike the last case there is an additional
factor of projection length of the RF electrode along the Z direction is added to the
minor radius, which will be (t/2+rLe +Rsin(α °)).

For weakly magnetized ions, defining the source area based on the ion Larmor
radius will underestimate the flux to the RF electrode. So, for the one-faced electrode
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case, the size of the bright column, which is nearly 2 cm above the RF electrode is
considered to be the size of the source at 0° and 5°. So, the effective area factor is
evaluated considering an ellipse of major radius R and minor radius 1 cm and dividing
with the total collection area of the electrode. At 20°, half of the projection length of
the RF electrode along the perpendicular to the B is taken as the minor radius of the
RF electrode.

An ellipse of minor radius t/2+R∗ sin(α) and major radius R is considered as the
ion source area for the simple tungsten electrode case.

6.4 Results : One faced Electrode
The measurements of the heating of the one faced RF electrode from IR camera are
presented in this section for different tilt angles. IR measured heat fluxes are then
compared to the analytical model presented in the previous section.

6.4.1 Langmuir probe results

Table 6.1: ALINE plasma parameter.

Quantity Electrons
Pressure(Pa) 0.6 - 1

Magnetic field B (T) 0.01- 0.1
Density(n)(m−3) 5−70×1016

Power (W) 35, 70, 130
T (eV) 5 (Te)

ωc/ν(e/i)N 17-1870 (e), 2.7-33.7 (He+)

In an asymmetric RF discharge, operations with a one-faced RF electrode allow
variation in the self-bias on the RF electrode in the range of 20 to -250V depending
on the working gas pressure, power and magnetic field. Depending on the relative
potential between the plasma and the electrode, the ions are either repelled (Onlywhen
the sheath is reversed) or accelerated and collected by the RF electrode. The operational
and plasma parameters corresponding to the discharges are summarised in Table 6.1

At low pressures, the plasma generation is dominated by stochastic heating due
to the electron-sheath interaction. With increasing magnetic field, the bias on the RF
electrode becomes positive, and one can observe the narrowing of the plasma column
in the discharge, especially along the Y direction, see figure 6.2. This brings the peak of
the density closer to the electrode since the sheath size is reduced due to two reasons:
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for the same amount of RF power, (a) the RF voltage is smaller at a higher magnetic
field, electron collection of the RF electrode is less lowering the magnitude of the self-
bias and (b) improved density of the plasma, maybe due to the ionization of the helium
meta-stable states, the Debye length decreases and hence the sheath size [162]. It is
observable in the 2D maps and the density profiles as a function of the magnetic field,
which has been already discussed in the previous chapter.

The total electron flux to the electrode has three components, (a) all the electron
gyrating above the RF electrode in the distance range 2rL are collected by the RF elec-
trode, (b) the factor arising due to the perpendicular mobility and (c) the polarization
current due to the RF sheath oscillation. The model has not incorporated the latter
two factors, considering it is negligible compared to the direct fluxes arriving parallel
to the magnetic field.

Figure 6.2: Density profile along Y direction in ALINE reactor for different power and
magnetic field values (a) 35 W (b) 70 W (c) 130 W. The blue line represents the position
of the RF electrode edge.

The image of the plasma discharges corresponding to 0.02 and 0.1 T at 35 W RF
coupled RF power and 0.6 Pa discharge are given in figure 6.3. The bright column
above the RF electrode is narrower at higher magnetic field discharge. To give input
to the analytical model, the density values are averaged over the minor radius of the
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Figure 6.3: Plasma discharge corresponding to 0.02 T and 0.1 T magnetic field, when
the self bias on the RF electrode is -43 V and +17 V respectively.

ellipse which is considered as the source for electrons and ions to the electrode. For
the one faced electrode case, the density variation along the y direction for different
coupled RF power and the strength of the magnetic field is depicted in figure 6.2.

6.4.2 IR Camera Measurements

Measurement of emissivity using two temperature method

Correct estimation of the emissivity of the electrode surface is necessary tomeasure the
heating of the electrode. The method employed here is the two-temperature method.
The electrode is heated to 80°C from room temperature by exposing it to the plasma
[70; 163]. The chamber was opened to use the thermocouple tomeasure the actual tem-
perature of the electrode surface. The IR camera was switched on one hour before so
that the components inside the camera were in thermal equilibrium and there was no
change in temperature during the measurement time. During the cooling down period
of the electrode, several temperatures have been measured using the IR camera with
an emissivity value of 0.08, along with corresponding true temperature values using
the thermocouple. The ambient temperature and the temperature of the grounded wall
remained the almost same during the time of operation (nearly 23.2°C). Relation be-
tween the temperature measured using the IR camera TIR and the surface temperature
Tsur f can be written using the Planck luminance function Lp(T ). The first temperature
is given by:

Lp(TIR1) = εLp(Tsur f 1)+(1− ε)εambLp(Tamb) (6.8)

and for the second temperature:

Lp(TIR2) = εLp(Tsur f 2)+(1− ε)εambLp(Tamb) (6.9)

Subtracting 6.9 from 6.8 eliminates the contribution from the ambiance and yields
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ε =
Lp(TIR2)−Lp(TIR1)

Lp(Tsur f 2)−Lp(Tsur f 1)
(6.10)

Here, L represents the radiance, which is the measure of radiant flux emitted by a
surface. The TIR1,TIR2,Tsur f 1 and Tsur f 2 are measured to be 56.1, 34.9, 47.8, and 32.7° C,
respectively. Corresponding luminance values were calculated by integrating Planck’s
law at the temperature T over the wavelength range of the IR camera. Using equation
(4), the emissivity value is measured to be 0.1256. This initial experimental measure-
ment of the emissivity value is close to the reported emissivity value of tungsten [163].
The emissivity of a surface depends on the temperature of observation, the roughness,
the angle of the measurement, ambient conditions etc. [164]. The transmission co-
efficient of the IR window is not considered here since the calibration is performed
through the IR window.

The emissivity measurements using the two-temperature method are validated us-
ing a thermocouple. The RF electrode is heated up to 120° C. During the cooling down
process, the temperature of the electrode is measured using a thermocouple (K-type-
wired) [165], and the emissivity of the IR camera is adjusted to match with the tem-
perature values obtained using the thermocouple. Note that the error range during
the measurement is +/- 2°C. This exercise has been performed several times to reduce
the error bar in the emissivity value measurement. After several measurements, the
value of the emissivity measured converged to 0.127 in the case of the tungsten elec-
trode. For the 5° tilt angle, the same emissivity value gave precise temperature values.
For 20° tilt angle measurements, the emissivity values for the accurate temperature
measurement are obtained using the calibration techniques mentioned above and the
emissivity value is found to be 0.070.

Image Subtraction Method

IR camera measurements are highly challenging in a highly reflective environment. In
ALINE, the Optris IR camera is placed right above the electrode, and the measurements
are taken through an IR window. There is always an effect of the reflection of the IR
camera on the electrode surface. Taking measurements at an angle can reduce these
reflection effects, but this is practically impossible in the ALINE setup. With the IR
camera placed outside the chamber, and assuming the temperature change of the cam-
era is minimal during the time interval of the operation, the effect of these reflections
from inside the vacuum chamber can be minimized using the image subtraction tech-
nique. Image subtraction is an image processing technique used to eliminate or reduce
the effect of ambient reflections in the system. Neglecting the atmospheric influences,
this can be formulated as [166]:

Ldet(x,y) = ε(x,y)LBB
ob ject(Tob ject)+ [1− ε(x,y)]Lamb(Tamb) (6.11)

150



6.4. Results : One faced Electrode

Ldet is the detected radiance, which is the sum of the radiation from the object
(LBB

ob ject ) and the contribution from the reflected radiation of the background. ε(x,y)
is the object emissivity at the position (x, y). If we calculate the difference in signals
detected for two different object temperatures but the same ambient temperatures, the
signal is no longer affected by the reflections from the surrounding:

∆Ldet(x,y) = ε(x,y){[LBB
ob ject(T2,ob ject)−LBB

ob ject(T1,ob ject)]} (6.12)

The subtracted image will depend only on the temperature difference. To achieve
accurate measurements, there are two methods for subtracting reference images. The
first involves subtracting one reference image from all other frames at the beginning or
end of the measurement process (The method used in the thesis). The second method
involves actively subtracting each frame from the next frame.

The Optris software allows the first method and helps in reducing the effect reflec-
tions during the IR measurements. This gives a new sequence of temperature values
with little effect on reflection in the system. An example of the image subtraction ap-
plied for the RF electrode is depicted in figure 6.4. The image on the left is the raw
before subtraction is applied. One can see the effect of the reflection of the camera
lens on the surface of the RF electrode. There are secondary reflections due to the op-
tical window surrounding the primary reflection. The image subtraction (right) leaves
a low-temperature region (the dark region) on the surface of the RF electrode. How-
ever, the effect of the higher-order reflection has been removed effectively due to the
image subtraction. In the raw image, the temperature difference between the hot and
the cold region on the surface was around 15-20° C. After the subtraction, the temper-
ature difference between the hot and cold region is less than 5° C, and the slope of the
time-temperature diagram stays the same for different positions on the surface of the
RF electrode. The prevailing problem can be minimized by removing the final frame
of the recording and averaging it.

6.4.3 IR Camera Results using TEDDY
The time-temperature measurements obtained using the IR camera serve input to the
TEDDY code [70] alongwith the dimension of the tungsten electrode. Initially, the tem-
perature of the electrode increases with time and saturates after several minutes due to
the radiation losses from the RF electrode. During the 15-minute-long measurement,
the electrode temperature was observed to be saturated after the first half. Assuming
the plasma density and potential are constant as a function of time, we can expect a
constant flux during the whole 15 min. So, the linear part of the time-temperature
curve is used to evaluate the heat flux. The first 6 minutes of the heating profile is
linearly fitted corresponding to different measurement points (11 points) on the RF
electrode and given as input to the TEDDY. The results corresponding to the straight
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Figure 6.4: The image of the RF electrode through IR camera after 15 minutes (a) be-
fore image subtraction (b) after subtracting the first frame of the recorded video. The
temperature value on the image on the left is the final temperature of the RF electrode
before subtraction and the value on the left is the difference between the present frame
and first frame.

and tilted electrodes are presented in the following section. Time-temperature plots
corresponding to 3 cases are presented in the figure 6.5. The plots are corresponding to
0.6 Pa Helium discharge at 35, 70 W, and 130 W coupled RF power with the one-faced
RF electrode at 0° tilt angle. The linear part of the plot is fit linearly and corresponding
heat flux (H) values are measured using the specific heat equation, given by:

H = Mcp

(
T2 −T1

t2 − t1

)
= Mcp ∗ slope (6.13)

M is the mass of the RF electrode, which is 0.54 kg, cp is the specific heat capacity
of tungsten material (134 J/Kg.K), and the unit temperature rise of the RF electrode
(dTelectrode/dt) values are the slope of the time-temperature fit. The slopes correspond-
ing to 35 W, 70 W, and 130 W discharge are 0.0483, 0.1108, and 0.195 K/s respectively.
The heat flux values for the 3 cases are measured using equation 6.13 and are 1234,
2847, 4998.7 W/m2, which is close to the values using TEDDY, are 1357, 3111, 5350
W/m2.

6.4.4 Results : α = 0°
For α= 0°, the heating of the RF electrode is due to the accelerated particles from the
plasma column connected to the circular face of the RF electrode. The ceramic receives
the parallel flux and is also heated with time, but the material has high specific heat
compared to the tungsten (950 J/kg-K) and remains at lower temperatures. The heat
flux measurement results using the IR camera corresponding to three RF powers, two
gas pressures and their dependence on the B field are shown in figure 6.6.
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Figure 6.5: Time temperature diagram and fit of time temperature diagram correspond-
ing to 1 Pa helium discharges at 35, 70 and 130 W coupled power and 0.05 T magnetic
field with one-faced RF electrode

In Figure 6.6a, the heat flux obtained using the IR camera-TEDDY is plotted as a
function of magnetic field strength for different power and pressure cases. The heat
flux variation with B follows a similar trend in almost all cases: the minimum value
of heat flux is around 0.02 T and gets higher as B increases. While comparing the
heating at the 0.6 Pa and 1 Pa discharges, the heating is observed to be higher at higher
pressures in all the cases. Since the self-bias and the density are considered to be the
major factors contributing to the heating process, both density and self-bias are plotted
as a function of B in figure 6.6b and c. Density is increasing significantly as a function
of the magnetic field and saturates at higher B values for all the power and pressure
cases. The density is higher at higher gas pressure, especially at lower magnetic field
values. The absolute magnitude of the DC self-bias drops exponentially as a function
of B. The self-bias values are more negative at higher gas pressures and lower magnetic
field values, as explained in Chapter 4.

The heat flux measured using TEDDY was normalised with the density in figure
6.6d, these values drop initially with an increasing magnetic field and are found to
be saturated since there are no significant variations between 0.05 and 0.1 T values.
At lower magnetic fields, the density is lower, and the self-bias is highly negative,
especially at 0.01 T, which accelerates ions from the plasma above the RF electrode and
heats the electrode surface. Heat flux values normalised with the coupled RF power are
plotted in figure 6.6e. Except for 0.6 Pa -7dB (75W) discharge, all other cases show a dip
in the normalised heat flux values. The power coupled to the plasma improved slightly
with the magnetic field. There is no significant difference change in the normalised
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Figure 6.6: TEDDY Results, (a) heat flux (b) density (c) DC self-bias (d) heat flux nor-
malised to the density and (e) heat flux normalised to power (f) Heat flux normalised
to potential drop and density variation with magnetic field (B) corresponding to α = 0°
discharge .

value when the magnetic field is changed from 0.05 T to 0.1 T. In figure 6.6f, heat
flux normalised with the product of the potential drop and the average density value
(proportional to ion flux) was found to be increasing for higher magnetic field values
6.3. At 0.01 and 0.02 T, the normalised heat flux values are almost constant, meaning
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the ion flux is responsible for the heating process.
The heat flux received by the antenna is higher at a higher magnetic field. At the

same time, the heating due to ion flux is significantly reduced due to close to zero or
positive values of self-bias on the electrode. At a higher magnetic field, the density
has improved significantly, the bias on the RF electrode is more positive, and the elec-
trons are less repelled by the RF electrode shifting the plasma column closer to the
RF electrode. In the case of 0.6 Pa and 0.1 T discharge, we have seen that the direc-
tion of the RF electrode is reversed. The value of the RF voltage on the surface of the
RF electrode is significantly higher than the absolute value of the self-bias on the RF
electrode. Hence, the combined effect of higher density of the electrons, the accelera-
tion electrons and presence of higher hot electron population can explain the higher
heating of the electrode at 0.05 and 0.1 T discharges.

Analytical model results

Heat flux is evaluated using the analytical model inputting the Langmuir probe data
for the straight electrode case. The electron temperature in the model is considered
uniform in all the cases and is taken to be 5 eV. The analytical results were compared
with the teddy one for 0.6 and 1 Pa in figure 6.7(a). The magnetic field and the pres-
sure values are shown corresponding to each point representing different discharge
parameters. The heat flux values calculated using the analytical model are closer to the
experimental values at lower power measurements, especially at the lower magnetic
field values. However, the model deviates from the experimentally observed values at
high powers. In figure 6.7(b), the RF potential and the absolute value of the DC self-
bias on the RF electrode are plotted for all the 0° discharges. In lower magnetic field
cases, the self-bias is negative, and the magnitude of the self-bias is closer to the RF
potential. As explained before, electrons are collected by the RF electrode during a
small fraction of the RF cycle. Whereas at higher magnetic fields, even though the RF
voltage decreases slightly, the self-bias is closer to zero or positive. Hence, one could
expect the RF electrode to collect electrons during almost half of the RF cycle.

The quantitative deviation of the model results from the experimental values can
be due to multiple reasons. All the probe scans are taken at Z=-150 mm, X=0 mm,
along the Y axis. The plasma above the RF electrode is highly non-uniform due to the
drift, and the peak position changes significantly with the self-bias values. The density
variation along the Z direction is incorporated in the input to the model based on 35W
power measurements, which may not be the same at higher powers. This has not been
verified because of the challenges in the probe measurements near the RF electrode at
higher powers.

The Equation 6.3b gives the average value of electron flux and underestimates the
electron flux at higher magnetic fields. For example, the difference between the plasma
potential and self-bias is nearly 26 V for 70 W, 0.1 T, 0.6 Pa case. The peak RF Volt-
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Figure 6.7: (a) Heat flux results comparison between TEDDY and analytical model,
(b) The plot showing the RF potential and the absolute value of the self bias on the
RF electrode corresponding to α = 0° experiment with one-faced RF electrode. The
pressure and the magnetic field values for each discharge is indicated near each point
and it is similar for both plots.

age is 163 V, meaning the electrode collects electrons during most of the positive RF
cycle. What one gets using equation 6.3b is far from the actual heat flux value. Ex-
periments have shown that there is a fraction of the hot electron population close to
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the RF electrode. The distribution and the fraction of hot electrons in the plasma vary
significantly along the diameter of the RF electrode, which is not considered in the
presented model. The ions are nearly magnetized at a higher magnetic field, and keep-
ing the size of the source the same for all the magnetic field values overestimates the
heat flux to the RF electrode. If the source area of the ions is based on the ion Larmor
radius, similar to the electrons, the model underestimates flux values in all the cases.

6.4.5 α=5° Measurements
When the electrode tilts by 5°, the self-bias developed on the surface of the RF elec-
trode is always negative, and ions are the dominant factor of heating. There is a short
interval during the RF cycle, when the electrons are collected by the electrode surface.
Considering a parallel component of the electronic current to the electrode surface
creates a thick visible ionic sheath on the active electrode for all magnetic field val-
ues. The heating of the electrode is studied using the IR camera and TEDDY setup and
compared with the analytical model. The result from TEDDY is presented in Figure
6.8.

While looking at the heat flux vs magnetic field (B) plot for different RF powers and
pressures, the heat flux variations are found to be similar to the straight electrode case
in figure 6.8 (a). There is a dip in the heat flux values at 0.02 T and then increase with
increasing B due to reduction in the absolute value of self bias and density. The effect
of increased pressure in the heating of the RF electrode is visible for high power (-4
dB, equivalent to 130 W) measurements, but at a higher magnetic field, the difference
in heat flux values is lower compared to the lower B values. Unlike α = 0°, there is
a projection of the RF electrode along the magnetic field lines. From the 2D potential
profiles in the previous chapters, it is seen that the electrode bias the plasma column
connected to it to higher potential values. While comparing plasma potential values
along the Y direction, the average plasma potential values are observed to be higher at
lower pressure discharges.

The density and the self-bias values corresponding to these heat fluxmeasurements
are presented in Figures 6 (b) and 6(c). Density improves with the magnetic field val-
ues. This can be due to improved collisionless heating at higher magnetic fields, better
confinement and ionization of meta-stable states. Whereas with increasing the mag-
netic field value from 0.01 to 0.02 T, there is a drop in the absolute magnitude of the
self-bias and the later does not evolve at higher magnetic fields. The saturation of the
self-bias voltage can be explained by the density improvement locally balancing the
reduced source area for electrons.

In Figure 6(d), the heat flux is normalised with the density and what is observed is
similar to the straight electrode case; an initial drop in the normalised value and the
saturation part is similar for the 5° case.But here the normalised values do not vary
significantly from B=0.02 values. While normalising the heat flux with the product of
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the total potential drop and the density (proportional to the ion flux) and plotting the
values as a function B, the normalised values were found to be constant irrespective of
the B value. When there is a parallel component of electron flux to the RF electrode,
which biases the electrode negatively, ions are the dominant heating factor, and the
contribution from the electron side is negligible.

Figure 6.8: TEDDY Results, (a) heat flux (b) density (c) self bias (d) heat flux normalised
to the density and (e) power, and (f) heat flux is normalised to the product of potential
drop and the density variation with magnetic field (B) corresponding to 5° tilt angle.
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Figure 6.9: (a) Comparison between heat flux values obtained experimentally and from
the analytical model (b) RF voltage and absolute value self-bias values for different
experimental parameters.

Analytical model results

The heat flux to the RF electrode is calculated using the analytical model presented in
section 6.3 and based on equations 6.3a, 6.3b and 6.3c and the model values are plotted
along with the experimental values in figure 6.9(a). The RF voltage on the electrode
and the absolute value of the DC self-bias on the RF electrode is plotted in figure 6.9(b).

Similar to the 0° tilt angle, the first 12 measurements correspond to 0.6 Pa mea-
surements, and the latter corresponds to the 1 Pa case. In the 5° case, the self-bias is
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always negative, and the magnitude is closer to the RF potential values compared to
the 0° case. Ion flux is the major contributor to the heating of the RF electrode, even
though the electron flux heats the RF electrode when the difference magnitude of the
self-bias and the RF voltage is higher, and this contribution cannot be neglected. The
model is not consistent in predicting the heat flux values to the RF electrode despite
the experimental and analytical values being closer at some discharges. The deviation
of analytical values from the experimentally observed values is lower at 5° compared
to the 0° cases. However, the contribution of electrons heating during the positive half
cycle of the RF period is underestimated by the model. The source area for ions cannot
be taken as the same for all magnetic fields and the coupled RF power. But at 5°, the
model can predict the variation of the heat flux values with changing experimental
parameters from the average density and plasma potential values.

6.4.6 α = 20° Results

Figure 6.10: Comparison between experimental and analytical value of heat flux for
(a) 20°. (b) Heat flux as a function of magnetic field for 3 tilt angles (75 W coupled RF
power and 1 Pa Helium gas pressure).

Finally, the experimental and analytical heat fluxes corresponding to the 20° tilt an-
gle are presented in figure 6.10c. Experiments were performed at intermediate input
RF power (70 W) for four different magnetic field values at 1 Pa helium gas pressure.
While looking at the experimental values, the heat flux is lower for 0.01 T measure-
ments and higher at 0.1 T magnetic field. The analytically obtained heat flux values
for analytical heat flux values were calculated from the probe inputs and found that
the heat flux values match with the experimental values for 0.01, 0.02 and 0.1 T. The
analytical model overestimates the heat flux value at 0.05 T. This can come from the
averaging of the density. Due to the drift, the peak of the density structure could be
aligned with the Y=0 mm position for 0.05 T measurement.
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Heat flux received by the RF electrode (experimental), at 75 W coupled RF power
at 1 Pa pressure for three different tilt angles is compared as a function of magnetic
field and the results are plotted in figure 6.10 (b). 5° measurements showed the lowest
heating of the RF electrode and heating and heat flux to the electrode was higher in all
the magnetic field values at 0°.

6.5 Experiments with Tungsten Electrode

6.5.1 DC self-bias
When there is no ceramic covering the RF electrode, there is always a direct parallel
flux from plasma to the electrode edge. As discussed in Chapter 4, the self-bias on the
surface of the RF electrode strongly depends on the coupled RF power, gas pressure,
strength of the magnetic field and the tilt of the RF electrode. In figure 6.11 (a), the
variation of the self-bias with tilt angle is presented for four magnetic field values at 1
Pa helium discharge at 34 W of coupled RF power.

Figure 6.11: Variation of the (a) self-bias and (b) RF voltage with magnetic field at 1 Pa
helium discharge for approximately 34 W coupled RF power.

The power coupled varies slightly around 34 W for different tilt angles and mag-
netic field values. From the figure, it is clear that the self-bias decreases (magnitude
increases) with the increasing tilt angle, and it saturates at higher tilt angles. The
change in the projected area with an increase in tilt angle has been shown in 2D maps
in the last chapter. Increase in the collection is responsible for the drop in the self bias
value. At higher tilt angles, increase in the collection area is balanced by a decrease
in the density inside the plasma column connected to the RF electrode explains the
saturation of the self-bias.
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Figure 6.12: Density profile along Y direction at X=0, Z=-150 mm for 1 Pa helium dis-
charge for 130 W coupled RF power (a) for capacitive coupling and (b) direct coupling.

Figure 6.11b shows the variation of the rms RF voltage on the active electrode’s
surface with the angle and magnetic field strength. Increase in the magnetic field helps
in confining the energetic electrons without escaping the plasma, which improves the
ionization and excitation in the plasma and the voltage required to drive the RF current
decreases [167]. The rms RF voltage increases with the tilt angle, and saturates at
higher tilt angles for a fixed magnetic field. The increase in the RF voltage with tilt
angle can be due to the increased effective area ratio (ARF/AGround). The value of the
RF voltage is almost the same magnitude as the self-bias on the RF electrode.

6.5.2 Heat flux Measurement results
Experiments were performed at 35 W for 1 Pa helium gas pressure for both capacitive
coupling and direct coupling. At lower power operations (35 W), the heating of the
electrode is lower and the analysis does not helped in understanding the trend. So
experiments were performed at higher power (130 W) at 1 Pa for 0° and 5° tilt angle
for both direct and capacitive coupling at 0.05 T and 0.1 T magnetic fields.

The heat flux measurement from the IR camera+ TEDDY corresponding to 8 dif-
ferent experimental conditions are depicted in the figure 6.13, where the red colored
squares represent the direct coupling measurements and the green color squares rep-
resent the capacitive coupling measurements. The heat flux values and the tilt angle
are shown next to each square. From the figures, it is clear that for a fixed RF power
the heating of the RF electrode is higher for the direct coupling case. While comparing
the 0° and 5° case, the heating is higher for the 0° discharge, the trend is same for both
direct coupling and capacitive coupling. The highest heat flux measured is 2890W/m2

for 0°, 0.05 T measurement direct coupling discharge. In capacitive coupling the heat-
ing of the electrode is observed to be higher at high magnetic field unlike the 0° direct
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Figure 6.13: (a) Heat flux measurement results and (b) heat flux normalised to the den-
sity values corresponding to tungsten electrode for both direct coupling and capacitive
coupling obtained using IR camera.

coupling case.
The heat flux to the RF antenna is normalised with the average density inside the

plasma column, and the results are depicted in the figure 6.13b. Similar to the last
plot the normalised values are given along with the angle of measurements for each
case in the figure. While analysing the capacitive coupling results, the normalised heat
flux values are close to each other. The self-bias voltage and RF voltage on the the RF
electrode at different discharge conditions are given in the table below.

Parameters CCP discharge
Experiment DC self-bias (V) RF voltage (V) Average density (m−3)
0°, 0.05 T -297 303 1.81 × 1017

0, °0.1 T -261 281.4 2.08 × 1017

5°, 0.05 T -322 315.28 1.74 × 1017

5°, 0.1 T -286 297.22 1.98 × 1017

The observed high heating of the RF electrode is due to the higher density at higher
magnetic field. Higher normalised heat flux at 0°,0.05 T can be explained by higher
negative bias on the RF electrode. However, lower heating of the RF electrode at 5°,0.05
T, even though the self-bias is higher has to be investigated more.

The exact power value and the potential on the RF electrode is not available for the
direct coupling case since the RF power meter is suitable for measuring the power at
25 and 40 MHz and these measurements are performed at 34 MHz. The choice of the
operational frequency is only to ensure the maximum power coupling to the plasma
and the power power coupled is assumed to be similar as CCP case. The normalised
values are higher for the direct coupling measurements. The density of the plasma is
higher inside the plasma column in the case of 0° see figure 6.12.
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while the magnitude of the self-bias is much smaller compared to the peak RF volt-
age (-34 V , 245 V respectively for 1 Pa +130 W helium discharge) in one faced elec-
trode case. Hence the observed high heat flux for the one faced electrode case can
be explained as follows, the electrode collects electrons during most of the RF cycle
leading to high electron heating of the RF electrode. Reversal of the electric field and
acceleration of electrons locally to a conducting surface in a magnetron discharge has
been reported in [168; 169] . Whereas for the pure tungsten electrode case, in CCP, the
heating is due to highly negative DC self-bias the electron flux to the RF electrode is
negligible and heating is predominantly due to ions.

6.5.3 Comparison to the Analytical Model

Figure 6.14: Analytical heat flux values in comparison with the experimental values
corresponding to simple tungsten electrode measurements for (a) direct coupling and
(b) capacitive coupling.

The analytically evaluated values of heat flux in the case of direct coupling and
capacitive coupling based on section 6.3, are compared with the experimental values
and presented in figure 6.14. In direct coupling (figure 6.14a), since the voltage values
are unknown, the plasma potential values are given as the input to the analyticalmodel,
and themodel underestimates the heat flux values. In order to get heat flux values close
to the experimental values, the source area has to be modified to an ellipse of minor
radius 1.5 cm. Even though the source area is modified, the model gives higher flux
values at 5° tilt angles since the projection area of the RF electrode along the magnetic
field is higher at 5°. Hence, the model fails to explain the heating in the direct coupling.

In capacitive coupling considering the collection area as explained in section 6.3,
the model gives close to experimental values at 0°. However, the model overestimates
the heat flux at a 5° tilt angle due to the higher source area for ions. So, at grazing
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angles, the effective collection area is not exactly the effective projected area of the
RF electrode along the magnetic field lines. One can stretch the analytical model to
get close to experimental values by changing the parameters in each case, but it won’t
work in all cases.

6.6 COMSOL Results

A simple 3D heat flux model is developed based on COMSOL’s "Heat transfer in Solids
Module". The tungsten electrode is held by the stainless steel rod. When the electrode
is heated due to the plasma exposure, the heat from the electrode is transferred to the
electrode holder. A model of RF electrode is developed with tungsten as the electrode
material and stainless steel as the electrode holder material. For the single-faced RF
electrode case, the heat load is exclusively applied to one of the circular surfaces of the
RF electrode, and for the without ceramic configuration, heat flux is given along all the
surfaces of the simple tungsten RF electrode. The experimentally measured heat flux
values are given as input for the COMSOL model and compared with the experimental
temperature evolution with time. The model is based on the following equations:

ρCp
∂T
∂ t

+ρCpu.∇T +∇.q = Q+Qted (6.14)

q =−k∇T (6.15)

Where Cp is the specific heat capacity of the material, Qted is the thermo-elastic
damping ρ the density of the material, Q represents the heat source, u is velocity field
defined by the "Translational Motion subnode", and k represents the thermal conduc-
tivity. The length of the stainless steel rod holding the RF electrode is 15 cm long. The
whole stainless steel rod is covered with a ceramic hollow rod. Hence there is no direct
heating of the rod by the plasma.

The density value of the stainless steel is given as input to the model. In the ex-
periments with the one-faced RF electrode, the electrode is covered with mullite C-
610 (Cp=950 J/Kg.K), which has a higher specific heat capacity than tungsten(Cp=134
J/Kg.K). Since ceramic is floating in the plasma and the plasma is highly non-uniform,
the estimation of the heating of the ceramic is challenging. To match the model curve
with the experimental curve, the thermal conductivity (80 W/m.K is the real value)
and the length of the stainless steel rod is modified. So, for the presented model, the
thermal conductivity is considered to be 100 W/m.K for the one-faced electrode and
the length of the RF electrode is taken as 2.5 cm. In the simple tungsten electrode case,
the thermal conductivity of the stainless steel is kept as the real value and the length
is taken as 5 cm. The results from the COMSOL model are compared for different
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Figure 6.15: RF electrode model (a) one faced and (b) tungsten electrode case using
COMSOL. The blue region represents the area over which the heat flux is received by
the RF electrode.

heat flux inputs and compared with the experimental results for the one-faced RF elec-
trode in figure 6.16. There is an oscillation in the temperature measurements in these
curves, which can be explained by the flag feature associated with the Oprtis IR cam-
era: when the sensor gets saturated by the radiation, it will lead to an underestimation
of the temperature. So, in every 12-second interval (interval can be varied), the flag
feature blocks the sensor from radiation exposure, leads to a drop in the temperature
measurement and provides the average temperature of the RF electrode over the flag
period.

The model results corresponding to high heat flux and low heat flux are plotted
and compared separately. For the case of the electrode with ceramic ring, the high
heat flux results are plotted in figure 6.16a. At high and intermediate heat flux inputs,
both experiment andmodel curves are in agreementwith each other, even though there
is a slight deviation in the slope of the curves. The COMSOL model could predict the
temperature of the RF electrode within the error range of the IR camera (+/- 3° ). With
time, the tungsten will get heated fast, and after several minutes, there will be heat
flow from the electrode to the ceramic. The experimental curves that are presented
here are the mean temperature of 11 positions on the electrode surface and not the
fitted curve. Lower heat flux measurements are depicted in figure 6.16b. The model
and measurement curves agree in the initial minutes, but with time, the experiment
results get noisy and deviate from the model. At lower heat flux inputs, the heating
of the RF electrode is lower, and the higher rate of sample collection of the IR camera
leads to noisy temperature measurements, which partially explains this deviation. In
figure 6.16(c), a time-temperature diagram of the RF electrode comparing the COMSOL
and the IR camera is given for (960 sec). In this image, one can see that the curve starts
to saturate after 400 seconds. In this plot, even though the slope of the linear part of
the curve is higher for the experimental curve, it reaches the saturated temperature
faster than the model curve.
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Figure 6.16: Time-temperature plot comparison, IR camera vs COMSOL for one faced
electrode case (a) high heat flux (b) low heat flux and (c) 5000 W/m2 for 15 minutes.

Figure 6.17: Time-temperature plot comparison, TEDDY vs COMSOL for simple tung-
sten electrode case.

The results from the model for electrode without ceramic covering is depicted in
figure 6.17. There was no saturation for the time-temperature curve for 15 minutes
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for the simple tungsten electrode case. However, the curves presented in these fig-
ures correspond to the first seven minutes of the time-temperature diagram. In 6.17a,
the temperatures increase during the first minutes, and the model and experimental
curves have the same slope, validating the experimental results. The lower heat flux
measurements are compared with the model in figure 6.17b. As seen in the high heat
flux case, after the first minutes, the experimental and the model curves are in good
agreement with each other. The red curve line representing the experimental curve
corresponding to 740 W/m2 was found noisy and is different from the model even
though the slope of the curves becomes parallel to each other after the first 3 minutes
of the time-temperature profile.

Figure 6.18: Time-temperature plot comparison between one faced electrode and tung-
sten electrode at capacitive and direct coupling at 0° tilt angle, 130W coupled RF power
and 0.1 T magnetic field.

While comparing the heating of the RF electrode for the one-faced case and tung-
sten electrode case, the total energy received by the RF electrode in one-faced RF elec-
trode CCP, simple tungsten electrode DCP and CCP are 19.98 W (7070 W/m2), 20.24
W(2620 W/m2) and 11.31 W (1500 W/m2) respectively. But there is heat flow to the
ceramic in the one-faced electrode case. To compare, the time-temperature diagram
corresponding to 130 W, 1 Pa Helium discharge for both capacitive and direct cou-
pling for one-faced RF electrode (CCP only) and tungsten electrode are compared in
figure 6.18 based on the COMSOL result. During a long operation, since the one-faced
electrode reaches saturation faster, the temperature of the electrode is maintained at
a lower temperature compared to simple tungsten electrode discharges. The tempera-
ture of the RF electrode is observed to be highest for the direct coupling DCP discharge
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for the same coupled RF power.

6.7 Conclusions
Heat flux measurement experiments were performed in ALINE using a one-faced RF
electrode and simple tungsten electrode varying gas pressure, RF power, tilt angle,
strength of the magnetic field and the coupling mechanisms. Heat flux was measured
using the IR camera, which was calibrated using a thermocouple during each phase of
the experiment. From the time-temperature profile of the RF electrode measured using
the IR camera the heat flux received by the electrode is estimated using the TEDDY
code.

Experiments with the one-faced electrode in CCP showed that the heating of the RF
electrode is higher at a 0° tilt angle compared to 20° and 5°. For a fixed RF power, heating
of the RF electrode is observed to be higher at higher magnetic field and gas pressure.
The improved density of the plasma near the RF electrode and higher electron flux to
the electrode due to lower self-bias can be the reason for this observed behaviour. At
0.6 Pa, 0.1 T, the average potential of the plasma is observed to be at a lower potential
than the electrode. Even though it reduces the ion flux to the RF electrode and reduces
the sputtering, the heating of the RF electrode is observed to be higher due to the
acceleration of electrons to the electrode surface. Experiments showed that the heating
of the RF electrode is minimal at 5° tilt angles compared to 0° and 20° in one-faced RF
electrode experiments.

Experiments with simple tungsten electrode at 0° and 5° tilt angles showed mini-
mum heating of the RF electrode at 5°, 0.05 T discharge in both direct and capacitive
coupling. Significantly higher heating of the electrode is observed at a higher mag-
netic field and 0° tilt angles in direct coupling. More experimental investigations are
required to explain this observation. However, the simple tungsten electrode measure-
ments revealed that the heating of the RF electrode is higher in direct coupling at 0°
for both 0.05 and 0.1 T discharges. While comparing with the faced electrode case, the
temperature of the RF electrode is observed to be highest in simple tungsten electrode
DCP discharge.

Even though the heat flux to the one-faced electrode is higher due to the electron
flux, it reaches saturation faster due to heat diffusion to the ceramic, which maintains
the electrode at lower temperature for long-term operations compared to all other
cases. This has been verified using a simple COMSOL model. The heating and the heat
diffusion to the ceramic need to be investigated further.

An analytical model has been used to validate the experimental results. Even
though themodel gives an approximate flux value close to the experimentally observed
value in some cases, the model was inconsistent due to several reasons. Plasma inside
ALINE is highly non-uniform, and probe measurement along Y=0 mm, Z=-150 mm and
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averaging over the source area lead to deviation from the experimental values even if a
density factor is introduced. Optimisation of the source area is another challenge since
the heat flux to the electrode surface depends on the magnetic field, pressure and the
power coupled, and it changes the source area for electrons and ions each time. The
model does not account for the hot electron contribution since the ratio of hot to cold
electron populations is unknown close to the RF electrode. The electron temperature
is not a constant inside the plasma column connected to the RF electrode. It varies
along the X and Y directions. A PIC model or a COMSOL model could provide a better
insight into the heat flux values and also for understanding the particle/heat flux to a
surface at grazing angles in a magnetic environment.
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Chapter 7

Conclusions, limitations and future
perspectives

Themain focus of this thesis was to measure andmodel the heat flux on the RF antenna
in a magnetic environment. There are several factors that affect the heat flux, which
includes the average energies of the species responsible for heating the RF electrode,
the average potential drop inside the sheath where ions/electrons are accelerated, and
potential and density distribution around the RF electrode. The work presented in this
thesis is an exploration of these factors by varying the discharge conditions, in order
to identify the experimental parameters where the heating of the RF electrode is ei-
ther minimum or maximum. Additionally, the thesis aimed to explore the possibility
of controlling the heat flux.

In this work, it has been verified experimentally and theoretically that the float-
ing potential shift to extremely negative values observed in ALINE is due to stochastic
heating. The presence of a hot electron population is confirmed by the Druyvesteyn
method near the RF electrode inside the plasma column connected to the RF electrode.
The efficiency of the stochastic heating as a function of the tilt angle has been studied
using the PIC code for both direct and capacitive coupling discharges. The theoretical
model could produce floating potential profiles similar to those observed experimen-
tally.

While experimenting with a one-faced electrode with floating walls at low pres-
sures and a highmagnetic field in CCP discharge at grazing angles, the probe connected
to the RF electrode measured positive bias on the surface of the RF electrode. At 0.1
T, the electrons are highly magnetized, and their cross-field motion is limited. Weakly
magnetized ions are more likely to reach the electrode surface than electrons, biasing
the electrode positively. At low pressures, the bias on the electrode was positive even
at 6° angle. Measurements were taken using a probe at two different RF power levels
of 23 and 35 watts, with pressures of 0.3 and 0.6 Pa and a magnetic field strength of
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0.1 T near the RF electrode. This was done in three case studies, and the results con-
firmed that the electrode maintained a higher potential than the surrounding plasma
potential. All these measurements were at a 0° tilt angle, showing that the sheath in
front of the RF electrode is reversed. 2D maps of density and floating potential distri-
bution (which represents the hot electron population) around the RF electrode were
in the direction of the effective drift calculated using the potential profile near the RF
electrode. One of the main challenges during the experiment was to find the plasma
potential from the IVs close to the RF electrode. There was a high non-uniformity of IV
curves in the X direction (along the diameter) due to hot electron localization caused
by E×B drift. A bump appeared after the peak of the first derivative, and two peaks in
the second derivative represented hot and thermal electron populations. By fitting the
IV curves using a double saturated probe model, the relative population of the thermal
and hot electrons were evaluated along the diameter of the RF electrode and found to
be highly non-uniform.

Experiments were also performed with a copper electrode with grounded walls as
part of a collaboration with L. Marot’s group from the Basel University, in the frame
of the ITER mirror cleaning project. Sputtering experiments were performed using a
one-faced RF electrode with grounded walls in capacitive coupling in order to investi-
gate the reasons behind the formation of highly non-uniform sputtering patterns. Dia-
magnetic drifts and the E×B drifts were calculated from the 2D potential and density
profiles far from the RF electrode. Drift maps revealed that the distribution of plasma
density around the RF electrode is decided by the effective drift. At grazing angles, one
or the other kind of drift dominates locally, which leads to the non-uniform distribution
of the plasma around the RF electrode at grazing angles. This, along with the shape of
the sheath, explains the non-uniformity and strong sputtering at the edges. The shift of
the population distribution is observed to be in the opposite direction when the mag-
netic field is reversed, doubling down our interpretation. At higher angles, the drifts
counteract each other, forming a low drift region inside the plasma column connected
to the RF electrode, which can generate a uniform sputtering pattern. Measurements
of 2D density and potential maps were taken for other electrodes, revealing a strong
dependence on effective drift velocities. An attempt has been made to benchmark the
probe measurements with the fast camera. The camera measures the global rotation
speed far from the local drift velocities calculated from the RF-compensated probe data.
The dependence on the strength of the magnetic field is studied, and drift velocities
are increasing with the decreasing magnetic field due toVdia,VE×B ∝ 1/B. Drifts inside
the plasma, especially at grazing angles, create highly asymmetric plasma, leading to
the highly non-uniform particle flux and heating of the RF electrode.

In the final chapter, heat flux to the RF electrode was measured using an Optris PI
400i IR camera and TEDDY code for a one-faced RF electrode with a floating ceramic
cover as well as for the tungsten RF electrode. In CCP discharge, the heating of the
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RF electrode strongly depends on the bias. When the DC self-bias on the electrode is
close to zero, both ions and electrons can heat the electrode, though the energy of ions
reaching the electrode surface is lower. It can effectively reduce the sputtering of the
RF electrode caused by ions, but the heating of the electrode is higher due to electron
heating. This can explain the observed high heating of the RF electrode at a higher
magnetic field at grazing angles while experimenting with the one-faced RF electrode.
Magnetic field improves the confinement and density inside the plasma column right
above the RF electrode and is also responsible for higher heating. At low magnetic
fields and higher tilt angles, the bias on the RF electrode is negative, repelling the elec-
trons, and ions are responsible for heating the RF electrode, which can be analytically
approximated as the Bohm flux. Experiments with tungsten electrodes revealed that
heating of the RF electrode is higher in direct coupling compared to the direct coupling.
In direct coupling, electrons collected by the RF electrode during the positive half cycle
are responsible for the heating of the RF electrode. A simple COMSOL model has been
developed to benchmark the experimentally observed time-temperature profile of the
RF electrode, giving results close to experimental plots. Even though the heat flux to
the RF electrode is higher for the ceramic electrode for the same discharge condition,
the final temperature of the electrode is found to be lower than with the pure tungsten
electrode in the direct coupling case due to the lower collection area of the heat flux
and heat flow to the ceramic covering. For that reason, the "ceramic" electrode is an
interesting alternative for long discharge operations.

Several improvements of the presented study could enhance its quality. Although
several kinetic or fluid models predict the reversal of the sheath, a simple analytical
model to benchmark experimental observation could strengthen the results. 2D maps
of density and potential would have enabled the direct comparisonwith the fast camera
results. However, the determination of plasma potential above the RF electrode is a
cumbersome task.

The modelling part of the heat flux is incomplete due to several factors. All the
modelling is performed under the assumption that the ions are cold and assign uniform
temperatures for electrons. Even though a density correction factor is introduced to
incorporate the density variations in the Z direction, the non-uniformity of the plasma
around the RF electrode is not incorporated. The probe measurements close to the
RF electrode are highly challenging, especially at low-pressure discharges, since there
is a deviation of the EEDF from the Maxwellian distribution. The current model un-
derestimates the electron flux since it is only capable of evaluating the time-averaged
flux.

There are several perspectives this thesis puts forward. Investigation of the effi-
ciency of stochastic heating when the DC self-bias on the surface of the electrode is
positive, and with the reversed sheath is worth investigating. Similarly, a PIC model
to investigate the drifts in plasma to understand and benchmark the experimental ob-
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servation would be really interesting. Even though the reversal of the electric field in
front of a conducting surface and acceleration electron to the surface has been investi-
gated using PROES (Phase-resolved optical emission spectroscopy) and PIC modelling
in a non-uniform magnetic field, a COMSOL model or a PIC model to investigate non-
uniform flux and the hot spot formation locally on the surface of the RF electrode
would be fruitful for the fusion physics point of view.
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Résumé

Le chauffage excessif d’une électrode ou d’une antenne RF en raison d’un flux de
chaleur élevé est un problème majeur dans la réalisation d’un futur réacteur à fusion
thermonucléaire ou dans les application de plasma de décharge. L’accélération des
ions dans le potentiel redressé des gaines RF devant l’antenne peut éroder le matériau
et créer des impuretés à l’intérieur du plasma. Le chauffage dû aux électrons rapi-
des peut également augmenter la température de surface et faire fondre le matériau,
limitant l’efficacité du couplage de puissance de l’antenne.

Dans le but de diminuer le flux de chaleur reçue par les dispositifs de chauffage RF
(ICRF, électrode RF) ou de l’augmenter dans des dispositifs de nettoyage des miroirs
utilisés dans les systèmes de chauffage électronique, des études paramétriques ont été
menées pour mesurer les paramètes plasma autour d’une électrode RF de référence.
Cette thèse tente donc de comprendre et de mesurer expérimentalement ces flux de
chaleur reçus grâce à une électrode dont on peut modifier l’angle d’inclinaison avec le
champ magnétique, tout en les comparant à un modèle théorique.

Les expériences ont été réalisées dans le dispositif expérimental ALINE (A LIN-
Eaire) avec trois électrodes différentes utilisant deux mécanismes de couplage RF (cou-
plage direct et capacitif). Des expériences d’érosion sont réalisées en utilisant une élec-
trode cuivre entouré d’un bouclier thermique mise à la terre. Les mesures par sonde de
Langmuir ont révélé que le motif d’érosion inhomogène à la surface d’une électrode
est dû à la distribution non uniforme de la densité du plasma causée par les dérives
ExB et diamagnétique ainsi que par des flux d’électrons rapides générés par la gaine
RF.

L’échauffement de l’électrode RF est mesuré à l’aide d’une caméra infrarouge, et
le flux de chaleur est calculé à l’aide du code TEDDY pour différentes électrodes en
tungstène. Dans les décharges capacitives, les mesures de sonde près de l’électrode
RF montrent une auto-polarisation positive et une inversion de la gaine à champs
magnétiques élevés et basses pressions (0,6 Pa, 0,1 T). Un échauffement plus élevé de
l’électrode RF est observé lorsque l’auto-polarisation est positive. Des expériences sup-
plémentaires avec l’électrode en tungstène ont montré un échauffement plus élevé en
couplage direct qu’en couplage capacitif. Enfin les flux de chaleur mesurés sont plus
importants en incidence rasante et à plus fort champ magnétique.

Mots-clés: Flux thermique,mesures de sonde de Langmuir, caméra IR, gaine RF.



Abstract
Excessive heating of the RF electrode/antenna due to high heat flux has detrimental

impacts on fusion or plasma material processing perspectives. Acceleration of ions in
the rectified potential in front of the RF antenna can sputter the material and create
impurities inside the plasma. Heating due to electrons can raise the surface temper-
ature and melt the material, eventually reducing the power coupling efficacy of the
antenna. Since ion cyclotron resonance heating (ICRH) is one of the auxiliary heating
mechanisms in modern fusion reactors and a new system is being developed based
on capacitive coupling discharge for first mirror cleaning in tokamaks, investigations
of particle flux/heat flux to the antenna/electrode surface in a magnetized RF environ-
ment has supreme importance. The presented thesis attempts to understand factors af-
fecting heat flux by performing an experimental exercise and benchmarking the same
with simple analytical/theoretical models. Experiments are performed in the ALINE
(A LINEar) Experimental device with three electrodes using two RF power coupling
mechanisms (Direct and capacitive coupling). Sputtering experiments are performed
using RF electrodes with a grounded copper wall. RF compensated Langmuir probe
measurements revealed that the in-homogeneous sputtering pattern is due to the non-
uniform distribution of the plasma density around the RF electrode caused by the drift
and hot electron beams due to stochastic heating at the surface of the RF sheaths.
This can also lead to non-uniform heating of the RF electrode. The heating of the RF
electrode is measured using an IR camera, and heat flux is calculated using the code
TEDDY for the one-faced tungsten and pure tungsten electrodes. In CCP mode, probe
measurements near the one-faced RF electrode show positive bias and reversal of the
electric field in front of the RF electrode at high magnetic fields and low pressures (0.6
Pa, 0.1 T). Higher heating of the RF electrode is observed when the bias is positive,
meaning the positive bias can reduce the sputtering of the RF electrode by pushing the
positive ions back into the plasma, but not the heating. Experiments with the tungsten
electrode showed higher heating of the RF electrode in direct coupling than in capaci-
tive coupling. Higher heat flux and normalized heat flux (normalization with density)
are measured for direct coupling at 0° tilt angle than the grazing angle (5°).

Keywords: Heat flux, RF-compensated Langmuir probe, IR camera, RF sheath.
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