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1 Introduction

In view of a growing global energy demand, harnessing nuclear fusion as an
energy source is an appealing prospect. The fusion experiment ITER aims to
demonstrate the technological and scientific feasibility of a positive power balance
via the thermonuclear fusion within a magnetically confined plasma. It is intended
as an intermediate step towards a fusion power plant and will be followed by the
DEMOnstration power plant DEMO, envisaged to be the first fusion device to
actually generate net electricity.

To achieve the high plasma temperatures (> 108 K) required to sustain the
fusion process in these devices, powerful heating systems such as the neutral beam
injection based on negative ions (NNBI) are required. This system works as follows:
in an ion source operating a low pressure deuterium plasma, negative deuterium
ions are created. The negative ions are extracted, accelerated, subsequently
neutralized and then injected into the fusion plasma, providing both heating power
and the capability to externally drive a plasma current. For ITER, beams with a
particle energy of 1 MeV and an accelerated ion current of 40 A have to be provided
for pulse lengths of up to one hour. In view of DEMO, demands corresponding to
or even exceeding the ITER parameters are expected. In particular, a higher pulse
length of at least two hours and an increased wall-plug efficiency of the NNBI
system up to 60 % will be required. In addition, a high reliability of the reactor
and all its sub-systems is a key issue, since DEMO is intended as a prototype for
a fusion power plant. Hence, the NNBI systems have to rely on reliable sources
for negative ions which are capable to meet these demands.

At NNBI ion sources for ITER, inductively coupled plasmas (ICPs) in Dy at a
pressure of 0.3 Pa will be operated within so-called drivers, where electron densities
of the order of 10'®* m~2 and electron temperatures around 10eV are reached. One
source will comprise eight drivers, each supplied with an RF power up to 100 kW
at an excitation frequency of 1 MHz in order to achieve the required parameters.
Such a high power level poses strong demands on the RF generators and circuits
and may thus limit the long term reliability of the ion source. In view of DEMO, it

is therefore highly beneficial to reduce the RF power consumption, while retaining
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the plasma parameters relevant for an efficient negative ion production. The latter
mainly comprise a high density of both positive ions and atoms, which serve as
reactants in the surface conversion process utilized to generate negative ions. In
addition, a high RF power transfer efficiency is a prerequisite, which implies that
a high fraction of the electrically provided RF power is coupled to the plasma
itself, while the heat loads within the RF system due to ohmic losses - potentially

limiting the reliability of the source - are low.

In this context, alternatives to ICPs driven at 1 MHz which are considered
promising in view of an efficient plasma generation at ion sources are fundamentally
assessed. Apart from deuterium, these investigations are also conducted in
hydrogen, since ion source test beds are frequently operated in Hy as well, mainly
for diagnostic purposes. The main framework of the followed approach is that
the general concept of the ITER ion source may not be fundamentally altered.
This ensures an envisaged high return of experience from I'TER NNBI to DEMO.
Two alternative plasma generation methods are specifically considered: the first
one are ICPs driven at a higher frequency. Investigations conducted in noble
gases have shown that the excitation frequency can strongly affect the power
absorption by the plasma. However, the driving frequency of the inductively
heated ion source Hy /Dy plasma has never been specifically optimized regarding
an efficient production of negative ions. The second assessed concept are helicon
discharges operated at low magnetic fields (< 12mT), which rely on plasma
heating via propagating electromagnetic waves. Due to their capability to reach
high plasma densities with relatively moderate RF power at low pressures, they
have raised interest regarding an application at ion sources for fusion among
several groups. However, at conditions relevant for RF driven ion sources for
NNBI, no investigations have been reported up to now which were capable to
demonstrate the efficiency of Hy /D3 helicons in direct and quantitative comparison
to ICPs.

Performing such a fundamental assessment directly at a large ion source experi-
ment is not feasible due to the lack of flexibility and diagnostic access, though.
The investigations within this work are therefore conducted at a versatile, small-
scale laboratory setup which is operated at lower RF powers than ion sources.
It can be equipped with a helical coil for inductive heating or with a Nagoya
type-I1I1 antenna for low-field helicon operation, without changing the general
discharge geometry. RF generated plasmas applying excitation frequencies be-

tween 1 and 4 MHz and RF powers up to 2kW in Hy; and D, at operational



conditions relevant for ion sources are considered. Due to its comprehensive
diagnostic setup, the RF power transfer efficiency and discharge parameters most
crucial for an efficient and reliable plasma generation in view of ion sources for
NNBI are accessible. This allows for a direct comparison of the proposed alterna-
tive plasma generation techniques to the baseline case of ICPs driven at 1 MHz

and thus, for an assessment of their potential to reduce the RF power consumption.

The final aim of this fundamental approach is to identify whether any of
the proposed alternative methods is promising enough to qualify for a further
assessment and application at a larger scale. In order to ensure the resilience
of such an evaluation, the fundamentals of the different heating mechanisms in
the light molecular gases Hy /Dy need to be analysed thoroughly. Such has never
been conducted up to now, since the basic characteristics of low pressure low
temperature plasma heating are typically investigated in noble gas discharges like
argon. In course of these novel studies, the dependences of the main discharge
parameters on operational parameters like pressure, RF power and external
magnetic field are regarded, with a particular focus on the isotopic differences

between hydrogen and deuterium with respect to the plasma heating mechanisms.






2 Ion sources for negative

hydrogen ions

The thermonuclear fusion of deuterium and tritium within a magnetically confined
plasma is considered to be one of the most promising concepts aiming for future
power generation via nuclear fusion. By heating up a plasma to temperatures of
108 K, the desired process

D+IT —  3He+ n+17.6MeV

is taking place in sufficient amount [SCMT07]. The required magnetic confine-
ment of such a plasma can be achieved in toroidal devices, whereas two basic
experimental concepts are followed that are illustrated in figure 2.1: the tokamak
and the stellarator. Tokamaks rely on the transformer principle, where the plasma
itself serves as the secondary winding: by applying a current ramp through the
central soleniod, a toroidal plasma current is driven. This current generates a
transient poloidal magnetic field superimposing the constant toroidal magnetic
field created via external magnetic field coils, which results in the desired magnetic
confinement of the plasma. However, if the toroidal plasma current is only driven
inductively, a tokamak can only be operated in a pulsed mode - an apparent
drawback with respect to its intended application as a future power plant. In
contrast to that, the particularly tailored geometry of the external magnetic
field coils of a stellarator allows for a confinement without the requirement of
a toroidal plasma current. This allows for steady state operation, but breaks
the continuously rotational symmetry of the plasma and results in a significantly
increased geometric complexity of the whole device. Therefore, the development
of stellarators is currently still less progressed in comparison to tokamaks.

In order to achieve the required temperatures for a sufficient rate of the fusion
process, both stellarators and tokamaks rely on external heating systems. Besides
electron cyclotron resonance heating (ECRH) and ion cyclotron resonance heating

(ICRH), the neutral beam injection (NBI) is of central importance. Not only
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Figure 2.1: Schematic illustration of the typical geometry of a tokamak (left)
and a stellarator (right) and the external magnetic coils required for the plasma
confinement.

does it provide heating, but also the possibility to drive a toroidal plasma current
externally, which is a vital ability especially for a tokamak in order to extend
its limited pulse length. Therefore, NBI will also be a key system for the ITER
fusion device!, which is currently build in Cadarache, France and will be, upon
completion, the world’s largest tokamak. ITER is foreseen to start first plasma
operation in 2025 and is intended to demonstrate the scientific and technological
feasibility of a positive power balance via nuclear fusion [SCM*07, TAE02]. In
order to achieve an envisaged pulse length of one hour, ITER will be supplied
by two NBI systems, providing a total power of 33 MW for plasma heating and
current drive [TAE(2].

The first fusion device which is planned to actually generate net electricity will
be the DEMOnstration reactor DEMO [RBB*12], which is forseen to be the last
step towards a commercial fusion power plant. With DEMO being still in the

conceptual design status, presently two different scenarios are under consideration:

either a pulsed, or a fully cw (continuous wave) driven device [FBB*15, FBB*16].

Depending largely on the individual scenario, different requirements for the en-
visaged heating and current drive systems arise that define present research and
development needs [SBJ*12, FF13, McA14, SAB*17, FHF 18]

1

If applied at

DEMO, the NBI system is foreseen to be based to a large extend on the design

Natin for the way
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and technology of the ITER NBI. A general roadmap for DEMO has been estab-
lished in 2012 [RBB*12], which is currently under revision to ensure the coherence
with the timeline of ITER.

Neutral beam injection

NBI heating of a fusion plasma is based on the injection of a high energetic
particle beam consisting of hydrogen or deuterium atoms. As NBI systems are
typically required to operate both isotopes, only hydrogen will be mentioned in
the following if no distinctive isotopic difference has to be taken into account.
Experimentally, this neutral hydrogen beam is produced as follows: First, positive
or negative ions are created within an ion source operating a low pressure low
temperature hydrogen plasma. The charged particles are subsequently extracted
and accelerated to the required energies by an electrostatic multi-grid system. In
order to be able to penetrate the magnetic structure of the fusion device itself,
the ion beam is neutralized via charge exchange collisions within a gas target.
The neutral particle beam is then injected into the fusion plasma, where the
hydrogen atoms get confined after charge exchange and ionizing collisions and
provide the desired heating and, particularly if injected tangentially, also the
additional toroidal current drive.

Most of the presently operating fusion devices are utilizing NBI systems solely
based on positive ions. However, in these cases the achieved particle energies
are relatively moderate: at the up-to-date largest tokamak system JET (Joint
European Torus) for example, particle energies of up to 125 keV have been achieved
with a total beam power of 34 MW delivered in short pulses within the range
of several seconds [AJST15]. However, for ITER and DEMO the NBI systems
have to deliver the same or even higher total injected powers for up to one hour
at particle energies until 1 MeV. At such an energy, the neutralization efficiency
of positive hydrogen and deuterium ions by charge exchange collisions drops
significantly to values below 10 % [BPS75|, which limits the achievable overall
efficiency of the NBI system. Negative hydrogen ions (H™) on the other hand
maintain a relatively high neutralization efficiency of about 60 % even at high
energy [BPS75], due to the weak affinity of the second electron of only 0.75¢eV. At
ITER, and analogously also at DEMO, the neutral beam injection systems will
therefore rely on negative ions (NNBI) [TAE02, FBB*15, FBB*16]. However, the
higher neutralization efficiency of negative hydrogen ions comes at the price of an

increased complexity for the ion source and the extraction system. While positive
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ions can be efficiently created by ionizing electron collisions in low pressure low
temperature plasmas, negative hydrogen ions require additional measures to be
produced sufficiently. In addition, they suffer a high destruction rate due to the
low binding energy of the additional electron and when extracted from the ion

source, electrons are inevitably co-extracted.

2.1 Production of negative ions in RF driven

sources

To illustrate how negative ions can be efficiently produced in RF driven ion sources
for NNBI, a brief overview of the main processes of negative ion formation is
provided?. The formation processes of negative ions can be separated into two
main regimes: the volume production and the surface production.

In the plasma volume, H™ is created via dissociative attachment of slow electrons
(T, < 1eV) to vibrationally excited hydrogen molecules®. In contrast to that, the
surface production denotes the conversion of hydrogen atoms (H) and positive
hydrogen ions (Hf,xz = 1,2,3) to negative hydrogen ions at a plasma facing
surface. The probability of this process is highly depending on the velocity of the
impinging plasma particles as well as on several surface characteristics, but first
and foremost its work function. Once H™ is created and enters the bulk plasma, a
variety of processes can lead to its subsequent destruction: the most important
ones are collisions with positive ions, hydrogen atoms and with fast electrons.

Experimentally, utilizing solely the volume production of negative ions alone
has proven to be insufficient to achieve the requirements for a NNBI systems for
ITER or DEMO [SFF*06]. Therefore, ion sources have to rely on the surface
production of H™.

The RF driven prototype source for negative ions

Figure 2.2 shows the RF driven prototype source for ITER NNBI, which was
developed at Max-Planck-Institut fiir Plasmaphysik (IPP) in Garching. It is

described in detail in [SFF*06] and has 1/8 of the extraction area of the ion source

2Detailed information about the production and destruction processes of negative hydrogen
ions in a low pressure plasma can be found for example in [Bac06].

3Conventionally, the temperature T denotes the corresponding energy equivalent kT (kg is
the Boltzmann constant) and is given in units of eV.
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to be applied at ITER [HDGT09, TAE02]. In general, it consists of three different
regions:

Within the plasma heating regime, commonly referred to as the driver, a low
pressure (0.3 Pa) hydrogen plasma is generated via inductive coupling at 1 MHz
at an RF power of up to 100 kW utilizing an external helical coil. The cylindrical
driver vessel mainly comprises of a metallic backplate, a dielectric tube (typically
made of quartz or Al,O3) and a Faraday screen in order to suppress capacitive
coupling and shield the dielectric vessel from fast ions. Within the driver, high
electron densities (n. > 10"® m™?) and electron temperatures (7, > 10eV) are
present [FFFT06, MDCK*09]. At such parameters, a significant dissociation of
molecular hydrogen to atoms due to collisions with electrons is achieved. The
ratio ny/ny, of the atomic and molecular densities reaches values of the order of
0.3 to 0.6, implying that the atomic density ny is of the order of 10'® — 10* m~3
[FSWT13]. The plasma generated in the driver expands into the ezpansion region
where it passes a magnetic filter field of the order of a several mT. Due to this field,
both the electron temperature and density of the expanding plasma are reduced
[SMF*12]. Thereby, the probability for the destruction of negative hydrogen ions
by fast electrons is significantly reduced, which provides favourable conditions for
an efficient production of H™. Passing the expansion region and the filter field,
the plasma reaches the plasma grid (PG), which is the first grid of a multi-grid
system constituting the extraction region where a negative hydrogen ion beam is

extracted via multiple apertures.

The actual production of negative ions occurs on the plasma grid. For an
efficient surface production of negative ions, the work function of the converter
surface (the PG) has to be very low. This is achieved by utilizing caesium, which
has a work function of 2.14 eV considering the bulk material [Lid05]. The required
Cs is constantly evaporated into the source volume by a Cs oven and subsequently
deposited on the walls of the source and on the plasma grid in order to reduce
its work function. Positive hydrogen ions and hydrogen atoms originating from
the driver region hit the PG and are converted to negative ions with a high
conversion probability [LS92, SCIT96, TKS92]. Due to the magnetic filter field,
the H™destruction rate in the plasma in front of the PG is low enough to provide
sufficiently long lifetimes of the created negative ions, allowing them to reach the

apertures of the PG where they are extracted.
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Figure 2.2: Scheme of the RF driven prototype ion source for ITER NNBI.

Figures of merit of the driver plasma

Modelling of the positive ion and atom transport onto the PG at the typical
source parameters has shown that the conversion of atoms is expected to be the
dominating production process of H= [WGF09, WSM*12]: the surface conversion
rate of H is approximately four times higher than for the ions. However, the
conversion of atoms to negative ions at the PG leads to the build up of a negative
space charge in front of the grid. This results in a potential well, which hinders
negative ions of leaving the surface in order to reach the extraction apertures
and thus, effectively limits the extracted negative ion current. To compensate for
the space charge limitation of the H™ emission from the surface, a high positive
hydrogen ion density near the PG is required [WGF09).

The main task of the driver plasma is therefore to deliver a high flux of both
positive ions and hydrogen atoms towards the PG. Hence, the crucial parameters
in the driver bulk plasma are the electron density n. and the atomic density
nyg: On the one hand, a high electron density implies a high positive ion density
due to the quasineutrality of the plasma. On the other hand, a high n. is a
prerequisite to reach high atomic fractions since atoms are mainly produced via
electron impact dissociation of molecules. The quantities n.(= nio,) and ny are

therefore considered to be the the main figures of merit of the driver plasma.
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In addition to those, the so-called RF power transfer efficiency n is of central
importance: it quantifies how much of the RF power delivered by the generator is
actually deposited in the plasma itself, compared to power losses within the RF
system due to ohmic heating. The knowledge of 1 provides valuable information
to describe and assess the efficiency of the plasma heating and its dependence
on external operational parameters like RF power and pressure. In addition, it
allows to directly quantify the power losses within the RF system, which demand
for cooling measures and directly influence the reliability of the ion source. In
summary, the provision of high electron and atomic densities in combination with
a high RF power transfer efficiency can therefore be generally considered as an

“efficient” plasma generation regarding the requirements of an ion source for NNBI.

2.2 Requirements of ion sources in view of
ITER and DEMO

At ITER, the NNBI system will comprise of two separate beamlines, each with
a heating power of 16.5 MW at a beam energy of 1 MeV per D atom [TAE(02].
To reach these parameters, an accelerated negative ion (D™) current of 40 A is
required per beamline. For the steady state operation of ITER, a homogeneous
neutral beam with the posed parameters has to be stably delivered for one hour. In
order to satisfy these requirements, specific boundary conditions for the operation
of the ion source arise:

Firstly, the maximum filling pressure within the source has to be limited to
a value of 0.3 Pa to reduce stripping losses during beam acceleration. Secondly,
the plasma admission onto the PG (which is of a size of 1.9 x 0.9 m? at ITER
NNBI) has to be as uniform as possible to ensure a equally uniform H™ production
and hence, a homogeneous beam. Thirdly, the ratio between the co-extracted
electron current density and the extracted negative deuterium current density
has to be smaller than unity, since the implicit co-extraction of electrons requires
their deflection within the grid system leading to an associated heat load.

Regarding DEMO, the NNBI system design studies are favoured to be as much
as possible based on the ITER NNBI in order to ensure an optimum return of
experience [RBBT12, FBBT16]. Accordingly, the described requirements may be
considered at least as the minimal requirements for DEMO. However, additional
requirements for the operation of NNBI arise in the latter case, which depend
largely on the discussed scenario [SAB*17, FHE18]:
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o The envisaged total injected power is increased to a range between 50 MW
(pulsed scenario) and 135-200 MW (cw scenario) at beam energies between

0.8 and 1 MeV.

o The pulse lengths are prolonged since either a fully cw operation or at least

2 hour pulses are required.

o The NNBI system for DEMO is required to achieve a high wall-plug efficiency
between 40 % (pulsed) and 60 % (cw), which is a significant increase compared
to the approximated 26 % at ITER [SAB*17].

o In addition, it is recently discussed that the NNBI system for DEMO may
have to be operated with an even lower source filling pressure of 0.2 Pa

[SAB*17).

In order to fulfill these additional demands, all components of the NNBI system
have to be reviewed for DEMO. An overview of the associated research and devel-
opment needs and the followed concepts are for example provided by [SAB*17].
The specific requirements regarding the RF plasma generation within the ion

source are further assessed in the following.

Considering the ITER scenario as the starting point, an RF power of 100 kW
per driver will be applied to for the plasma heating, adding up to a total RF
power of about 800 kW per beamline where 8 individual drivers illuminate the
large area of the PG. At DEMO, the required power may exceed these values
due to the possibility that a lower operating pressure is required. In general,
such a high level of RF power poses strong demands on the components of the
RF circuit, since high alternating currents and voltages are present. Due to the
high currents, considerable ohmic losses arise which require for intense cooling
measures. The occurrence of high voltages demands for sophisticated and robust
insulation measures in order to avoid breakdowns and arcing, i.e. between the coil
windings. In summary, a high RF power requires for substantial countermeasures
and dedicated maintenance efforts in order to ensure the reliability of the ion
source. This is generally critical in view of DEMO though, since the NNBI
system has to fulfil the so-called RAMI issues, which implies the provision of
a high reliability, availability, maintainability and a facilitated inspectability
[FBB*15, FBB*16, FAA*17].

It would therefore be highly beneficial to reduce the amount of RF power

required for the plasma generation, while retaining the plasma parameters relevant
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for negative ion production. Apart from an envisaged higher reliability of the
source, this would also entail an increase of the wall-plug efficiency of the NNBI
system. However, this can only be considered as a favourable side effect, since
the share of the RF power in the total required power for NNBI is in the range
of about 1-2%. A practical possibility to reduce the RF power consumption of
the ion source is to increase the efficiency of the plasma generation itself. This
imposes the necessity of assessing alternative RF plasma generation techniques

regarding their potential application at ion sources.

2.3 Investigation of the plasma generation

efficiency at laboratory scale

The aim of this work is to investigate promising alternatives for the currently
applied ICPs driven at 1 MHz and assess their potential regarding a reduced
RF power consumption at ion sources. The main boundary condition of the
present approach is that the basic geometry and concept of the ion source is not
fundamentally changed with respect to the prototype source for ITER, in order
to ensure the envisaged technology and experience transfer from ITER to DEMO.

Within this work, two different alternatives are specifically investigated:

Inductive heating at a different excitation frequency

The first possibility which is assessed is inductive heating at a different excitation
frequency. The currently applied frequency of 1 MHz is a remnant from RF driven
sources for positive ions, where it has been proven to be a sufficient and reliable
choice [SCF199]. However, the particular influence of the excitation frequency on
the plasma parameters of the driver plasma and its figures of merit regarding the
H™ production has never been specifically optimized. The excitation frequency
of inductive discharges is well known to influence the power absorption by the
plasma and thus the RF power transfer efficiency [LL05, CB11], which has been
reported for noble gas ICPs various times [PGA92, EB04, LL05, KRP*16]. This
correlation is caused by the dependence of the power absorption capabilities of a
low pressure discharge on the frequency dependent plasma conductivity, which is
further influenced by the applied gas type and pressure. However, the frequency
dependent plasma generation efficiency of ICPs has never been experimentally
investigated for deuterium or hydrogen discharges at the ion source relevant low

pressure of 0.3 Pa.
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Wave heated “helicon” discharges

The second alternative to be assessed are RF discharges heated by propagating
waves, which are commonly referred to as helicon discharges. In the presence of a
static magnetic field, so-called helicon wave modes can be excited to propagate
within a low pressure plasma applying an RF signal in the MHz range via
specifically tailored antennas [BC97b, CB97, Chel5]. Due to an interaction of
these waves with the plasma electrons, very high plasma densities at relatively
moderate RF powers can be achieved at pressures below 1 Pa. Typically, helicon
discharges are operated in noble gases (mostly argon) within long cylindrical
tubes applying axial magnetic fields ranging from a few up to several 100 mT. At
these parameters, they have been extensively studied and are applied for example
in semiconductor manufacturing and ion thruster systems for space propulsion.
Generally, helicon discharges can also be efficiently operated at low magnetic fields
of a few mT, even though the achievable plasma density is generally lower in
this case due to a reduced magnetic confinement of the plasma. In this low field
regime, a prominent feature of helicon discharges is known to occur: the so-called
low field peak, which describes a local enhancement of the RF power transfer
efficiency or the electron density at certain magnetic fields [Che92, Cho06].

Within the recent years, an increasing number of experiments have shown that
helicon discharges can be efficiently used to reach high densities also in light
molecular gases like hydrogen or deuterium: applying magnetic fields up to 1T
and RF powers of several 10kW at a pressure around 1 Pa, the achievement of
electron densities of up to 10 m™ and simultaneously low electron temperatures
(~ 5eV) has been reported several times, foremost by experiments aiming for an
investigation of plasma-material interactions like MAGPIE [BCS*12, CB16] or
Proto-MPEX [GCR*17]. Due to their capability to reach high plasma densities at
low pressure and low electron temperatures, the utilization of helicon discharges
at ion sources for NNBI appears as a promising alternative for inductive plasma
generation. However, an application of high magnetic fields of several 100 mT is
not feasible at an ion source for NNBI: the transient magnetic fields of a high-field
helicon discharge are strong enough to modify the magnetic fields patterns within
the ion extraction and acceleration region of the source, which needs to be avoided.
Helicon discharges operated at low or moderate magnetic fields in hydrogen and
deuterium which may potentially exploit the low-field peak phenomenon therefore
appear as the most promising candidate for a further assessment, and are hence

investigated within this work.
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Before the specific approach followed in this work is described, a short overview
about recent research and development activities is provided. Investigations aim-
ing for the assessment of an application of low field helicons at ion sources have
been reported by different groups, mostly in the low power range. In hydrogen
discharges generated at the MAGPIE plasma device at magnetic fields up to
8.5mT, an RF power of 1kW (f = 13.56 MHz) and a pressure of 1.33Pa the
occurrence of a peak of the electron density (=~ 10" m™3) at roughly 3mT has
been observed [SMO™15]. Similar results at comparable parameters were achieved
at a precursory version of the experimental setup utilized in this work and are
reported by [BGR*16]. Up to now, the probably most advanced investigations
regarding ion sources driven by low-field helicons were performed at the RAID
experiment [FAFT17, MAD'17|. Applying an RF power of 5kW (f = 13.56 MHz)
and a magnetic field of 15 mT at the ITER relevant pressure of 0.3 Pa, Hy and D,
discharges were observed to achieve electron densities up to 10'¥m=2 at electron
temperatures around 5eV. Towards the parameters required at ion sources, this
already appears as a very promising result. However, the plasma generated at
RAID forms a long (= 1.5m) and relatively narrow (diameter < 0.1m) column.
Such a plasma geometry is not compatible with the geometry of the ITER rele-
vant ion sources, which require a homogeneous plasma admission onto the large
extraction grids. The discharges generated by RAID are therefore envisaged to
be applied as a part of a whole new ion source and injector concept, known as
Cybele [SAB*16]. Therefore, these investigations follow a fundamentally different
approach than the current work, which aims for a high return of experience from
ITER NNBI, as already stated above.

Present experimental approach

Within this work, two possible alternatives to the currently utilized inductive
plasma heating at 1 MHz are fundamentally assessed: ICPs driven at a different
(higher) excitation frequency and low-field helicon discharges. Performing such
an assessment directly at a large scale ion source is not feasible due to a lack
of flexibility and diagnostic access, though. The investigations are therefore
conducted at the laboratory experiment CHARLIE, which is described in detail
in chapter 5.1.

Due to its flexibility, the experiment can be equipped with different antennas
while retaining the geometry of the plasma vessel. In the present case, a helical

coil for inductive plasma heating and a Nagoya type-III antenna [WHK* 78] for
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helicon operation (both in hydrogen and deuterium) are utilized. The plasma
volume is significantly reduced in comparison to the driver volume of the prototype
source. This allows to reduce the totally required RF power to a maximum of
2kW, while maintaining discharge parameters close to the ion source conditions.
The investigated excitation frequencies range from the current baseline case of
1 MHz up to 4 MHz, for both inductive and wave heated discharges. In contrast
to ion sources, no Faraday shield is applied, which significantly simplifies plasma
ignition at lower RF power. In addition, the setup is equipped with versatile
diagnostics providing access to the plasma parameters most crucial for an efficient
driver plasma, foremost to the introduced figures of merit n., nyg and 7.

The features of this laboratory setup therefore allow for the dedicated and
fundamental investigation of the described alternative plasma generation methods
in comparison to the baseline case of ICPs driven at 1 MHz. The possibility of
a direct and quantitative comparison of differently heated Hy/Do discharges at
ion source relevant parameters is considered as a unique capability of this setup
with respect to other experiments aiming to explore alternative RF generation
methods in view of ion sources for fusion.

Being part of a stepwise approach, the final goal of this experimental work is
to provide the first and fundamental assessment whether any of the proposed
alternative plasma generation techniques are promising enough to qualify for
further investigations at larger scale, e.g. at an ion source test bed. In order to
ensure the resilience of such an evaluation, the fundamental characteristics of the
different heating mechanisms in low pressure hydrogen and deuterium plasmas
have to be investigated. Therefore, the dependences of the introduced crucial
discharge parameters on operational parameters like pressure, RF power and
external magnetic field are studied, as well as the isotopic differences between

hydrogen and deuterium regarding the plasma heating mechanisms.
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3 Properties of low pressure low

temperature hydrogen plasmas

A plasma is an at least partially ionized gas, thus consisting of both neutral and
charged particles, which exhibits collective behaviour in response to electric and
magnetic fields. In low pressure low temperature hydrogen plasmas Hs molecules,
H atoms, three different species of positive ions (H, Hy, Hi), negative hydrogen
ions and electrons are present. Analogously, deuterium discharges comprise the
corresponding species based on the heavier isotope D. The descriptions within this
chapter will mainly refer to hydrogen for simplicity, implying that the mentioned
concepts are equally valid for deuterium. In case there are significant isotopic

differences present, they will be addressed specifically.

3.1 General plasma characteristics

In principle, laboratory low pressure low temperature plasmas are generated by
applying an electric field to a neutral gas in the pressure range of a few Pal.
Primary electrons respond to the applied field, are accelerated to energies of the
order of a few eV and subsequently ionize the gas particles. In equilibrium, a
steady degree of ionization is achieved as the produced charged particles recombine
again at the reactor walls, leading to a plasma which is, on a macroscopic scale,
quasi-neutral, i.e. the sum of the positive charge density equals the sum of the
negative charge density. With respect to the charged species present in a hydrogen

plasma and their corresponding densities n this yields

ng+ + Ny + Ny = Ne + ng-, (3.1)

which reduces to nio, = ne if negative hydrogen ions can be neglected and the

!The following summary of the basic plasma characteristics required in the present work is
mainly based on [LL05| and [CB11], where the underlying concepts are described in further
details.
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effective ion density nio, is defined, comprising the three different positive ion
species. In a plasma, electrostatic deviations from quasi-neutrality are effectively
shielded by the free charge carriers as they respond to occurring E-fields. The
characteristic screening length of Coulomb potentials in a plasma is designated
as the Debye length A\p. Only within the scale of Ap can deviations from quasi-

neutrality and electrostatic fields persist.

Distribution functions and temperature

The characterization of the various particle ensembles within a plasma and the
description of the occurring processes can be performed in general via distribution
functions f(r,v,t), which consider the probability that a certain particle occupies
a given differential region of space at the position r and has a velocity of v at an
instant of time .

If an ensemble of the density n and the particle mass m is in thermal equilibrium,
its isotropic velocity distribution function is given by the Mazwell-Boltzmann

distribution (or short Mazwellian distribution)

m \¥2 mo?
fulv) = <27rkBT> 4mv® exp (— QkBT> , (3.2)

where kg denotes the Boltzmann constant and a temperature 7" in the thermo-
dynamic meaning can be assigned to the ensemble. Analogously, the Maxwellian

distribution can be written in its energy dependent form

m(E) = \/2% (kBlT>3/2 VE exp (—E) : (3.3)

The mean velocity (v) and mean energy (F) of the ensemble are then respectively

(v} =\ o (3.4

(E) — szT. (3.5)

given by

In most laboratory low pressure low temperature plasmas, mainly the plasma
electrons are heated by an external power supply and subsequently distribute
their kinetic energy among themselves, the neutral gas particles and the ions

via collisions. For the electron ensemble, a sufficient collision frequency for ther-
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malization is assumed. In consequence, the electron energy distribution function
EEDF can be characterized by a Maxwellian distribution and the corresponding
electron temperature T, in a first approximation. Regarding the energy transfer
to the heavy neutral and ion particles however, high collision frequencies are
required for a mutual thermalization with electrons due to the large difference
in mass. Since this is typically not achieved in low pressure plasmas, the heavy
particle temperatures Ty, of neutrals and Tj,, of ions are much lower than the
electron temperature, defining a low pressure low temperature plasma to be a
non-equilibrium plasma. The typical electron temperatures at these parameters
are of the order of eV whereas heavy particle temperatures are usually between
one or two orders of magnitude lower and approximately equal, i.e. Tyas & Tion.
In the present case, also for the heavy particle ensembles a Maxwellian energy dis-
tribution is generally assumed with measured temperatures in the range between

0.03 and 0.07 eV (= 400 — 800 K).

Collision processes and rate coefficients

Within the plasma volume, a multitude of different processes occur, e.g. elastic
and inelastic collisions leading to a transfer of momentum or the excitation,
ionization and dissociation of particles. Quantitatively, these processes can be
described by 0-dimensional reaction rates r accounting for the number of reactions
per volume and time unit. The reaction rates of plasma processes can be interpreted
as the source (4) and sink (—) terms of a certain state or particle density n;,

allowing to formulate balance rate equations of the form

dry _
e Sorp =Y . (3.6)

sources sinks

Regarding two-body collision processes involving the species j and k, the reaction
rate can be calculated by the product of the reactant densities n; and ny and the
characteristic rate coefficient Xj. of the specific reaction. The rate coefficient is
depending on the corresponding collision cross section oj(vye) which is in turn
depending on the relative velocity v, of the reactants. Assuming a Maxwell-
Boltzmann velocity distribution for both species, the rate coefficient of a binary

collision process can be approximated by

2Ejrel

Hik

Xjk = /OOO U(Er€1> fM(Erd) dEreh (37)
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Hik ;2
2 Urel
mjmi

by pi = pa— For the specific example of electron collisions with heavy particles,

introducing the center of mass energy F,q = and the reduced mass given

the reduced mass can be approximated by the much smaller electron mass m, and
the center of mass energy equals the kinetic energy E, of the electrons. The rate

coefficient is then provided by

X(T)= [ o(EeMZE: fri(Eei T,) dE,. (3.8)

Based on the rate coefficients of a specific reaction, the average collision frequency

Vi of particles j with the corresponding collision partners k of a density ny is
provided:
Vik = nkak. (39)

Subsequently, the mean free path A; of particles j with a thermal velocity v;

between two collisions is given by

A= L (3.10)

ij

Particle diffusion and plasma boundaries

The flux I' = nv of particles of the density n and velocity v in a plasma can
be caused by diffusion due to density gradients Vn in general and specifically for
charged particles by the presence of electric fields E. Accordingly, the flux can be
written as

I' = unE — DVn, (3.11)

with the diffusion coefficient D = kgT /mucon and the mobility p = q/muveoy for
particles of mass m, temperature T" and charge g that experience collisions with

the frequency v op.

In general, the diffusion of particles superimposes their random movement and
can be a governing process that affects the population density of particles with
sufficiently long lifetimes in the plasma volume. Due to the quasi-neutrality of a
plasma, the diffusion of the heavy and slow ions and the light and fast electrons
is coupled, which is known as ambipolar diffusion: in an anisotropic plasma, the
faster diffusion of electrons eventually leads to the build-up of E-fields effectively
pulling the plasma ions with them, or inversely retarding the electron movement.

The effect of ambipolar diffusion on the particle balance in a low pressure low
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temperature plasma is further assessed in section

At the immediate plasma boundaries, e.g. an insulated object placed into
the plasma, the differences of electron and ion diffusion have analogous conse-
quences. The initially higher electron flux directly leads to a higher flux of negative
charges on the object. Its charging results in a retarding potential for electrons
that inversely attracts ions until an equilibrium is reached where the fluxes of
electrons and ions are the same. The potential of the insulated object corre-
sponding to this steady state is referred to as the floating potential ¢q, whereas

the relatively higher potential of the bulk plasma is called the plasma potential ¢p,.

Plasma response to electromagnetic waves

The dynamic response of a plasma to an external oscillating electric field, e.g. an
electromagnetic wave with the angular frequency w, is generally described by the
dispersion relation of electromagnetic waves in a plasma. In analogy to dielectrics,
a refractive index nZ; = €, can be defined with the complex permittivity of the
plasma €,. Considering the accordingly complex nature of the refractive index, i.e.

Nref = Myeal + Mimag With the imaginary unit 4, it can be written as

w?

> 2 b 3.12
Nreal — Mimag w2(1 + (Vco11/w)2)7 ( |

with the collision frequency v of the considered charged particles and the

characteristic, so-called plasma frequency w,. In general, the latter is defined by

Wp = (Wﬁe + ng)l/Qa (3.13)

being composed by the electron plasma frequency wye and the ion plasma
frequency wyi. Those are defined according to
e2n, e?n,

Wpe = and  wp = ,
€oMe €0Mion

(3.14)

with the vacuum permittivity ¢y and the ion mass mj,,. Due to the mass
difference, the electron plasma frequency is much larger than the ion plasma
frequency (in hydrogen by a factor of 100), leading to the common approximation
Wp = Wpe. With respect to the plasma frequency, two basic domains that describe
the response of a plasma to an electromagnetic wave can be separated: at a
frequency w > wy, the plasma behaves as a dielectric (n2,, ~ 1 —w?,/w?) and the

wave propagates with very weak attenuation (nimag ~ 0). At lower frequencies of
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w < wp, the waves are absorbed by the charged particles and decay, depending
on the collisionality ratio veon/w. In consequence, the perturbations due to an
incident wave are evanescent and diminish within a characteristic scale in the
plasma, the so-called skin depth 6. This is also the typical domain where radio-
frequency discharges are operated, as for heating charged particles in the plasma
those must be able to react to electromagnetic fields in general. The details of the
power transfer between externally provided electromagnetic fields and the plasma

are discussed in chapter [4.

3.2 Atomic and molecular properties of
hydrogen isotopes

Many of the governing processes in low pressure low temperature plasmas lead
to the (re-)distribution of internal energies of the neutral hydrogen particles H
and H,. The basic concepts and designations regarding their internal energy and
quantum mechanical state that are required and incorporated in the present work
are summarized in the following paragraphs. Further and much more detailed

information can be found in corresponding literature, e.g. [Her50, Ber05].

Atomic hydrogen

If fine structure splitting of the electronic levels of the hydrogen atom is neglected,

the energy of its states E,, with the principle quantum number n is given by

1
E, = 13.606V x (1 - ) . (3.15)

n2

Due to disregarding fine structure splitting, the states are degenerate by a degree
of 2n2. The ionization limit of 13.60 €V is reached for n — oo. The atomic ground
state has an electron affinity of E, of 0.75eV, which allows the formation of the
stable H™ ion. In the right part of figure 3.1, the energy levels of atomic hydrogen
are depicted. Optical transitions are allowed between all states FE,,. Exemplarily
included in figure 3.1 are the two most intense and well known transition series
of H, namely the Lyman series which terminates on the ground state n = 1, and
the Balmer series with the lower quantum number n = 2. The emission lines
of the Lyman series are located in vacuum ultraviolet spectral range, while the
Balmer series emits in the visible range, thus providing diagnostic access via

optical emission spectroscopy.
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Figure 3.1: Potential energy curves of selected electronic states of the hydrogen
molecule and the Hy ion [Sha70, Sha71], including exemplary vibrational levels
[FWO06]. On the right side, energy levels of the hydrogen atom are shown [KRR18].
In order to illustrate the correlation of the dissociation products, its energy azis is
shifted with respect to the left part.

Molecular hydrogen

For the homonuclear hydrogen molecule Hs, internal energy can also be stored
via the relative motion of the two nuclei, thus resulting in a far more complex
structure of the internal energy levels compared to the atom. Applying the Born-
Oppenheimer approximation implying that the motion of the nuclei is decoupled
from the electron motion, the internal energy F of the molecules can be described
by the sum of its separate contributions, namely the electronic energy FE, the
vibrational energy Eyi,(v) and the rotational energy Fi.(J). v and J denote the
vibrational and rotational quantum numbers, respectively.

The discrete electronic states of the molecule are determined by the coupling
of the orbital angular momentum and the spin of the two electrons. Depending
on the resulting total spin, for hydrogen a singlet system (antiparallel spins) and
a triplet system (parallel spins) exist. Due to quantum mechanical selection
rules, optical transitions are only allowed within both systems, and not between
each other. The states of the singlet system are typically denoted by capital
letters, the ones of the triplet system by lower case. The electronic ground state
is conventionally designated XlZg. A description of the systematic spectroscopic

notation applied within this work can be found in [Her50].
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In the left part of figure 3.1, selected states of Hy and the corresponding potential

energy curves depending on the nuclear distance are depicted [Sha70, Sha71]. The
potential curve of a stable, binding state like the ground state Xlzg possesses
at least one distinct minimum, while repulsive states like the b®¥ 1 state are
characterized by a monotonic decrease with increasing nuclear distance.

For the binding states, a discrete set of vibrational states designated by the
vibrational quantum number v € Ny exists. For hydrogen, the energetic difference
between these is of the order of 0.5V, decreasing with increasing v. Exemplary
vibrational levels are included in figure 3.1 [FWO06]. In turn, each vibrational state
comprises of discrete rotational levels characterized by the rotational quantum
number J € Ny. The respective energy difference between rotational levels in Hy
is of the order of 0.01¢V.

The excitation into a repulsive state via electron impact or a sufficiently high
vibrational excitation leads to a dissociation of the molecule. In order to indicate
the corresponding reactants and products of dissociation, the energy scales of
the molecular states and the atomic states in figure 3.1 are shifted with respect
to each other. Furthermore, the potential curve of the ground state of the Hj
molecule (ionization energy 15.4€eV), as well as the upper and lower state of the
Fulcher-a transition (d3I,, v, J" — a32g, V", J") are depicted in the graph. The
latter is the most intensely emitting transition of Hy in the visible spectrum,
located between 590 nm and 650 nm and provides diagnostic accessibility to the
distribution of rotational and vibrational states within the Hy molecule via optical

emission spectroscopy.

Isotopic variations between hydrogen and deuterium

In a first approximation neglecting the influence of the nuclear spin, the electronic
structure is independent of the nuclear mass, which refers to both atoms and
molecules. Significant isotopic deviations are therefore negligible for the atoms
and restricted to the vibrational and rotational levels of the molecules. The higher
mass of deuterium generally leads to a smaller difference between the vibrational
and rotational energy levels compared to hydrogen [Die58, FSC85, FW06]. This
implies furthermore that the wavelengths of corresponding ro-vibronic emission
lines are located closer to each other and the total number of possible states within
the potential of a distinct binding state is larger. Regarding the processes in Hy /Dy
discharges, isotopic differences are thus expected if a pronounced dependence on

the ro-vibronic state of the involved reactants is given.
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3.3 Plasma processes

In hydrogen, a multitude of different processes can take place due to the variety
of different neutral and ion species. Collision processes can occur in the plasma
volume as well as at surfaces in direct contact to the plasma. An extensive review
of the collison processes in low temperature hydrogen plasmas is given in [JRS03].
In the present work, the main focus lies on the plasma heating region where
the externally provided energy is transferred to the electrons, which distribute
it further via subsequent ionization, dissociation and excitation processes. In
correspondence, this region is conventionally also denoted as an ionizing plasma,
in contrast to a recombining plasma, typical e.g. for the downstream or expansion
region of a discharge.

A selection of the most relevant processes of the discharges at hand including
corresponding cross sections and rate coefficients is provided in the following. In
order to identify the governing processes, experimentally measured parameters are
required. The investigated hydrogen and deuterium plasmas in a pressure range
from 0.3 to 10 Pa are characterized by electron densities roughly between 1016 m=3
and 10®¥ m~3, electron temperatures of 2 — 6 eV and heavy particle temperatures
of 400 — 800 K.

TIonization and ion recombination

The formation of the positive ion species H" and Hj is dominated by electron

impact ionization of hydrogen atoms and molecules

H, Hy(v) + e~ — H Hy (V) + 2e. (3.16)

In figure 3.2, the corresponding cross sections are shown in the energy region
near the ionization threshold, which is the region of interest in low temperature
hydrogen discharges. Due to its lower threshold energy, the ionization cross section
of atomic hydrogen/deuterium [SEG87] exceeds those of the molecules Hy and
D, [YSHT08, YKK*10] at energies lower than 20 eV, whereas the molecules are
easier to ionize at higher energies. Since the electronic structure of deuterium
and hydrogen is virtually equivalent, the isotopic differences are only marginal for
the molecules (with Dy slightly exceeding Hy, due to the small influence of the
differences regarding ro-vibronic states). Regarding the atoms, the cross sections

are typically assumed to be identical.
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Subsequent to the formation of ions via equation (3.16), the triatomic molecule

H7 is produced by the collision of the heavy particles Hy and HJ:

H, + Hy — H + H. (3.17)

The reverse process of ionization - the recombination of positive ions and
electrons to neutrals - is typically negligible in the plasma volume. Hence, the
main loss mechanism of ions and electrons is the diffusion to the walls of the
discharge chamber followed by a recombination at the wall [Beh91]. The balancing
of both processes yields the ionization balance, which is specifically addressed in
section 3.4, Furthermore, the volume production of negative ions is neglected in
the present case, as the destruction rate of H~ due to collisions with fast electrons
and atomic hydrogen is very high in an ionizing plasma [Bac06], leading to a

negligibly low steady state H™ density.

Mbolecular dissociation and recombination

Atomic hydrogen is dominantly produced in the plasma via electron impact

dissociation of molecular hydrogen in the electronic ground state:

Ho(X(v)) +e - 2H+e™. (3.18)

As described in section 3.2, the dissociation proceeds mainly via the intermediate
excitation of repulsive states (predominantly Hy(b3%1)) and is strongly dependent
on the vibrational state v of the hydrogen molecule, as the probability of this
process increases for higher v. This is illustrated in figure 3.3, where the rate
coefficients Xaiss , (7%) of the electron impact dissociation of Hy and Dy are depicted
for the first three vibrational states of hydrogen and the first four of deuterium,
respectively. Based on cross section data provided by [TT02a, TT02b] and
assuming a Maxwellian EEDF, the rate coefficients are calculated according to
equation @) There is a significant isotopic difference, as the rate coefficients
are systematically higher in deuterium than in hydrogen within the whole electron
temperature region of relevance. This leads to the typical observation that the
degree of dissociation in low pressure low temperature discharges is significantly
higher in deuterium compared to hydrogen.

The reverse process of dissociation is the recombination of atoms to hydrogen
molecules. It is negligible in the plasma volume and takes place in the form of

surface catalytic reactions solely at the walls of the discharge chamber [HKS81,
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Figure 3.2: Cross sections of electron impact ionization of the hydrogen and
the deuterium molecule [YSHY 08, YKKT10] and of atomic hydrogen [SEGS7].
Additionally, the process thresholds given by the corresponding ionization energies
of the particles are indicated.
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Figure 3.3: Rate coefficients of electron impact dissociation of Hy and D, de-
pending on the vibrational state of the electronic ground state and calculated based
on cross section data by [TT02a, TT02b] assuming a Mazwellian EEDF. Included
are the coefficients until v = 2 for Hy and until v = 3 for Ds.
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Chr88]. The recombination processes require the preceding adsorption of hydrogen
atoms at the surface, commonly also referred to as sticking. Due to their reactivity,
the hydrogen radicals are able to form strong bonds with the surface at hand,
typically denoted as chemical adsorption or chemisorption, in short. This leads
to a certain coverage of the surfaces with adsorbed hydrogen, depending on the
properties of both the surface and the plasma. The actual recombination process
itself can then proceed via two main reactions pathways. First, the so-called
Eley-Rideal mechanism describes the reformation of a molecule via the collision of
an impinging atom from the plasma volume with an adsorbed atom on the surface

Hsurface:
Hvolume + Hsurface — H2 (X(Va J)) (319)

Second, the Langmuir-Hinshelwood mechanism denotes the recombination of two
adsorbed atoms:
Hsurface + Hsurface — H2 (X(V7 J)) (320)

Both processes lead to the formation of ro-vibrationally excited hydrogen
molecules in the ground state. In order to quantitatively assess the process of
atomic recombination on the surface, the recombination coefficient ~ is introduced,
equal to the ratio of atoms impinging on the surface that recombine to the total
number impinging on the surface [SL49]. However, the reliable experimental
determination of v is challenging, as it is highly depending on the surface material,
its roughness and temperature as well as on the actual atomic coverage of the
surface at hand. The coverage itself is in turn influenced by the material and
temperature of the surface as well, and in general also dependent on the total
influx of atomic hydrogen from the volume, thus on the volume density and
temperature of atomic hydrogen. Furthermore, the presence of impurities and the
physical sputtering due to ion bombardment from the bulk plasma can play a

role as well. The consideration of absolute values of v from literature in order to

Table 3.1: Values of the recombination coefficient v of hydrogen on different
surfaces as reported by the indicated sources.

Material v (T = 500K) Sources

quartz 1074 — 1072 |GJLT59], [KBI1], [MMT71], [WW62]
Al,Oy 10— 107 [GJL*59]

stainless steel ~ 0.1 IMDZ99], [MMT71]

other metals  0.05 — 0.5 IMMT71], [WW61]
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quantify the rate of surface recombination in a specific discharge therefore requires
a critical assessment. This is illustrated by the fact that the reported values of
7 for the same material sometimes deviate by orders of magnitude. In table 3.1,
typical values of v reported for the materials relevant in the present work in the
temperature region of 500 K are presented. The values of the dielectric materials
quartz and Al;O,, both a frequent choice for insulating vessels and windows for
RF discharges, are typically about two orders of magnitude lower than all metallic
surfaces. Consequently, the recombination rate in experiments predominantly
applying dielectric surfaces is typically lower than in metallic vessels and thus,
higher atomic densities are observed in equilibrium. If a combination of dielectric
and metallic surfaces is present (as it is the case in most RF experiments), the
global probability for a recombination is depending on the properties and the area
of each surface in contact with the plasma. In practice, already a small metallic
surface in an otherwise dielectric vessel can effectively dominate the recombination
rate, since the recombination probability on metals is orders of magnitude higher
compared to dielectrics.

For the recombination of hydrogen atoms on quartz surfaces, an empirical
expression for the temperature dependence of « is provided by [Bel72], based on
measurement data by [WW62]:

(3.21)

T) =0.151
(1) 05exp< -

—1.09 x 103>

Even though the provided absolute value is, as already discussed, not necessarily
transferable without limitations, it describes well the typical behaviour observed
for «(T), which increases with increasing T in the present temperature region
above room temperature.

Regarding an occurrence of isotopic effects within the recombination process,
unfortunately no resilient investigations comparing hydrogen isotopes are found
in literature. However, since both the chemical adsorption at the surface as well
as the recombination process itself (i.e. the molecular binding energy) are mainly
depending on the electronic properties of the particles, virtually no difference

between deuterium and hydrogen is expected in this case.

Excitation and spontaneous emission

The dominating population channel of electronically excited states of atoms

H(i, k) and molecules Hy(7, k) in an ionizing plasma is given by electron impact
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excitation of the corresponding particles in the ground state:

H,H, + e~ — H(i), Ha(i) + e (3.22)

In case there are optically allowed transitions, the excited states i are mainly
depopulated by spontaneous emission into a lower electronic state k£ by emission
of a photon of the energy F; — E).. The rate of an optical transition ¢ — k is called
emissivity €;, and is defined by the product of the density of the upper state n;
and the transition probability given by the Einstein coefficient for spontaneous

emission A

€ir. = niAir. (3.23)

Consequently, information regarding the excited states of hydrogen atoms and
molecules can be gained from their characteristic emission, which provides the
basis for optical emission spectroscopy.

Regarding the hydrogen atom however, additional excitation channels apart
from electron impact excitation from the atomic ground state can be present.
First, the population of excited states can also occur via recombination processes
of ions, which are generally negligible in the present case of an ionizing plasma,
though. Second, also so-called dissociative excitation of Hy can contribute. The
latter describes that not all the molecules taking part in the dissociation process of
equation M) are dissociating via the dominating channel involving the repulsive
b33 T state, but via electronically higher excited repulsive states that dissociate
into excited hydrogen atoms in turn. Therefore, a part of the excited population
of atomic hydrogen, and subsequently of the emitted atomic radiation, can be

coupled to the ground state of the molecules.

Elastic collisions and electron-neutral collision frequency

In contrast to the inelastic collisions of electrons with neutrals leading to
their respective excitation, ionization or dissociation, elastic collisions do not
have a threshold energy. Therefore, elastic scattering of electrons is typically
the most frequent collision process in weakly ionized low pressure discharges
and predominately defines the mean free path of electrons, especially at lower
energy. In figure|3.4 the rate coefficients for elastic scattering of electrons with
the neutral species H and Hy are depicted, which are calculated according to

equation (3.8) based on the respective momentum change cross sections provided
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Figure 3.4: Rate coefficients X (T,) for elastic collisions of electrons with neutrals
H and H,, determined based on momentum change cross sections provided by
[Iti74, YSH'08] and assuming a Mazwellian EEDF.

by [Iti74, YSH*08] and assuming a Maxwellian EEDF. As illustrated, both rate
coefficients cross at 2.6 eV and are fairly comparable in the region between 1 and
4eV. At lower energies, the rate coefficient of the collision with H is higher than
with Hs, at higher energies the situation is inverse. For deuterium, the momentum
transfer cross sections are virtually the same as for hydrogen [YKK™10], thus no
isotopic difference is present in this case. Based on these rate coefficients, the
characteristic collision frequencies of electrons with atoms v,y and molecules ey
can be determined according to equation m, which are central quantities of the

RF heating mechanism described in section 4.

3.4 Particle diffusion and balances

As already mentioned in the previous chapter, for both positive ions and hydrogen
atoms, diffusion to the vessel walls and subsequent recombination are the dominant
loss mechanisms. Setting up balance rate equations for these species allows to
assess and interpret experimentally observed dependencies of crucial plasma
parameters. To do so, an assessment of the diffusion rates of these particles at the
present conditions is necessary. The following descriptions are based on a review
by [M6193]2.

2A general description of the diffusion of neutral and charged particles within a low temperature
plasma can be found in various publications and textbooks, e.g. [LL05, MMS88, Fru09].
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In general, the diffusion rate rqis; of a particle species j of the density n; to the
wall can be written as
Tdiff,j = ij, (3.24)
where 7 denotes the mean confinement time of particles within the plasma.
Depending on their mean free path ); between two collisions (predominantly
with the background gas) and the typical vessel dimensions, different regimes of
diffusion are given.

At sufficiently low pressure, ); is much larger than the dimensions of the vessel
and thus, most particles directly collide with the wall subsequent to their creation
via ionization or dissociation. This regime is referred to as the molecular or the
free fall regime. At higher pressures, the probability for collisions is much larger.
In consequence, the mean free path of the regarded species becomes significantly

smaller than the vessel dimensions and the regime of laminar diffusion is reached.

Diffusion of atoms and dissociation balance

For the investigated discharges, the most frequent collision processes of atomic
hydrogen in the bulk plasma are elastic collisions with hydrogen molecules and
other atoms. Taking into account cross sections of these collisions provided by
[Phe90, KS98]|, the mean free path of atoms at the present parameters can be
estimated according to equation W) Such an evaluation yields that Ay is
of the order of cm and thus, comparable to the vessel dimensions (see chapter

5.1). Therefore, the relevant diffusive regime is an intermediate one, where both

molecular and laminar diffusion have to be considered equally.
In the free fall regime, the mean confinement time 7, of atoms is given by
Amol

Tmol,H = @7

(3.25)
with the mean velocity of atoms (vy) and the mean diffusion length Ape. The
latter depends on the volume V' and surface area A of the plasma vessel at hand

and is given by?

2V (2—1)
Ay

In this case, v is the recombination coefficient introduced in the previous chapter,

Aol = . (3.26)

3This expression is provided by [Cha87], the respective one in [M6193] is incorrect.
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which quantifies the probability that an atom hitting the wall is lost due to its
recombination to a hydrogen molecule. In this O-dimensional assessment, the
recombination coefficient is a treated as a global, isotropic parameter. This is an
approximation, since v can actually be influenced by a variety of factors in a real
plasma such as wall material and temperature, as described in section

In the laminar regime, the mean confinement time of atoms 7, u can be

estimated according to

A2 3
Tt = = with Dy = \fAH\/kBTgas”m. (3.27)
2

In the equation above, Dy denotes the normal diffusion coefficient of hydrogen

atoms. The laminar mean diffusion length Ay, is given by

~1
8 3 2V (2 —7)
A ==+ —= —A 3.28
lam <p2 + Lg) + ?)A’}/ H, ( )

with the radius p and the length L. of a cylindrical plasma vessel. In the present
case, where an intermediate diffusion regime has to be treated, the total con-

finement time of hydrogen atoms 7 can be approximated by the sum Tyl i+ Tiam,H-

dnyg __
dt

and destruction processes of H have to be balanced. A simplified dissociation rate

In order to investigate the equilibrium density ( ) of atoms, the production
balance can be set up by equating the production rate rqis of atoms via electron
impact dissociation with the loss rate rqig i of atoms at the walls, accounting
for the confinement times of atoms deduced above. In a first approximation, the
dependence of the dissociation process on the vibrational states v of Hy can be
eliminated by introducing an effective rate coefficient Xg;ss. This yields

1 nH

SN Xaiw (1) = ———— (3.29)

Tmol,H 1 Tlam,H

The factor % on the left accounts for the fact that two atoms are created for
each dissociation process of Hy. Cross sections for the calculation of Xgis(7Te) are
provided by [JLET87]. In practice, the evaluation of this rate equation allows to
check whether the experimentally obtained values of ny/ny, can be correlated
to simultaneously measured variations of the plasma parameters, e.g. n, and 7.
Thereby, an implicit access regarding the (directly inaccessible) recombination

processes of H at the walls is provided.
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Ton diffusion and ionization balance

As qualitatively introduced in section 3.1, the diffusion of ions in a quasineutral
plasma is coupled to the electrons. Due to their higher mass and lower temperature,
the diffusion of ions is slower, limits the diffusion of electrons and therefore

effectively dominates the loss rate of charged particles to the chamber walls.

In order to assess the diffusion regime for ions within the discharges investigated
in this work, the mean free path of the different hydrogen ion species are estimated
in analogy to the atoms. The collisional cross sections required for this assessment
are provided by [Phe90, KS98]. In the pressure region of relevance between
0.3 Pa and 10 Pa, this estimation yields that A, is globally smaller than the
radius p = 4.5 cm of the cylindrical discharge vessel in use (see chapter @) At
pressures above 1 Pa, the mean free path is well below the vessel radius and the
assumption of a laminar ion transport is a valid approach. Below 1 Pa however,
the mean free path of ions approaches the order of the vessel radius of a few
cm. Consequently, the low pressure discharges in this work are located in an
intermediate regime of ion diffusion, where neither molecular nor laminar diffusion
are strictly valid. In contrast to the treatment of atoms, the ion transport in
the free fall regime is neglected in the present case, though. This approach is
followed since the free fall ion transport can no longer be properly assessed in
a 0-dimensional approach once the effects of static magnetic fields need to be
included (see chapter@. Therefore, only the laminar ion transport is considered,
which leads to the frequently discussed description of ambipolar diffusion. The

confinement time of ions 7, is then given by

A2 3vm T, kg Tgas
Tion = =2 with Da = ﬁi/\ion - )
Da 3 Tgas Mion

(3.30)

where D, denotes the ambipolar diffusion coefficient. Due to the presence of
different positive ion species in hydrogen/deuterium plasmas, mj,, is in the present
case considered as an effective ion mass. The mean diffusion length A;,, depends
on the geometry of the discharge vessel and on the spatial density profiles within
the discharge. In cylindrical plasmas, the ambipolar diffusion of electrons and ions
is radially symmetric and leads to characteristic density profiles with a maximum
at the central axis and a decrease towards the radial walls that are described
by zero-order Bessel functions [TL29, Beh91|. For a finite cylindrical vessel with
radius p and length L., A;,, can be approximated by
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1 2.405\° 7\ 2

Since the free fall ion transport is generally neglected, the application of ambipo-
lar diffusion according to equation QS.SO) has to be considered as an approximation
at pressures below 1 Pa. It is well capable of reflecting the qualitative dependencies
of the ion diffusion on the plasma parameters, but insufficient for a quantitative
description. Since the collisionless loss mechanisms of ions is not included, the

confinement time in this intermediate regime is generally underestimated [Mo6193].

Equating the derived expression for the ion loss via ambipolar diffusion to the
walls with the ion production via electron impact ionization yields to the so-called
ionization balance. A simplified consideration accounting for the total positive ion

density nj,, and only one neutral species of a neutral particle density ng leads to

NeNoXion(Te) = nion, (3.32)
Tion
where the rate coefficient Xio,(T) is given by equation (3.8). Applying quasineu-
trality and neglecting the inverse linear dependence of 7, on T, compared to
the high temperature sensitivity of the rate coefficient Xj.,(7%), the following
proportionality is derived:

1 )\ion
Xion(T2) = x . (3.33)

N Tion N vV Mion

This provides the qualitative description of the typical pressure dependent be-

haviour of T, observed in low pressure low temperature discharges: with decreasing
pressure, the neutral density decreases and the mean free path increases, leading
to an increase of the electron temperature. This arises from the higher losses of
ions due to their faster diffusion which has to be compensated by an increasing

ionization rate.

Power balance

The power Ppasma that is absorbed by the discharge itself mainly heats the
electrons in the plasma. The specific heating and power transfer mechanisms of
the discharges investigated in this work will be discussed explicitly in section 4
When the discharge reaches steady state, the power Pplasma is balanced by different

loss channels. The equation of those losses with the absorbed power is commonly
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referred to as the (electron) power balance of the plasma. Via this power balance,
characteristic dependencies of the electron density can be qualitatively described.
The power losses within the plasma volume mostly occur due inelastic collisions
of electrons with neutrals leading to their subsequent excitation, dissociation or

ionization [Beh91], i.e.

Pplasma = Fexcitation 1 Pdissociation + Pionization- (334)

The amount of the provided energy which is transferred to neutral particles by
elastic collisions or lost to the wall by convection is typically small compared to
these dominant loss mechanisms [Beh91]. In general, the quantitative formulation
of a detailed power balance requires to consider a variety of different atomic
and molecular states, corresponding energy levels and the calculation of rate
coefficients for each process specifically. For qualitative purposes however, this
situation can be strongly simplified. Assuming only one species in the ground
state, only one positive ion species and only one possible dissociation process, the

individual power losses can be written as [Beh91]

Pexcitation - plasmaneno Z Xexc,j (Te>Ej (335)
J

Pdissociation = plasmanenOXdiss <T6)Ed1557 (336)

]Dionization = plasmanenoXion (Te)Eion~ (337)

Vplasma 18 the plasma volume. F;, Fgis and L, are the threshold energies
of excitation (to a state j), dissociation and ionization with Xy ;, Xaiss and
Xion denoting the corresponding rate coefficients. Applying these expressions to

equation (3.34) in combination with the ionization balance provided in equation

(3.32) yields

P o Vplasmane Zj Xexc,j(Te)Ej Xdiss (Te)Ediss
Xion (Te) Xion(Te)

plasma —

+ E) . (3.38)

Tion

Due to the pronounced dependencies of the rate coefficients on Ty, the actual
distribution of the absorbed power to the different loss channels depends signifi-
cantly on T, and thus, on the operating parameters of the discharge in general. If
the electron temperature is assumed to be constant however, the expression in

brackets is constant as well. In this case, the proportionality
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‘/plasmane X PplasmaTion (339)

is obtained. According to this simple approximation, the electron density in a
constant plasma volume is therefore expected to rise if the absorbed power Plasma

or the confinement time 7, is increased.

3.5 Particle motion in a static magnetic field

In the present work, the discharges are exposed to an externally generated, static
magnetic field By of a magnitude By in the mT range. This affects both the
particle motion as well as the propagation of electromagnetic waves in the plasma.
The latter will be specifically assessed later within chapter 4.3, Due to the mag-
netic field, a spatial anisotropy depending on the direction of By is present. To
account for this, vector quantities are expressed by a linear combination of their
components parallel (subscript ||) and perpendicular (subscript L) to the direction
of By. The direction of the magnetic field is defined to be parallel to the Z-axis of

a cylindrical plasma vessel, i.e. By = By2.

The presence of static magnetic fields significantly alters the motion of charged
particles in a plasma and thus, the plasma transport in general?. Being affected
by the Lorentz force (and the centrifugal force due to inertia), moving charged
particles describe a circular orbit perpendicular to By around a guiding center
travelling along the direction of By. This movement is commonly referred to as
gyration and characterized by the gyration or cyclotron frequency w.

we = 1150 (3.40)

m

The gyration radius r. of this orbital motion around the magnetic field lines is
given by

re = —, (3.41)

We
with v, denoting the particle’s speed perpendicular to Bg. The dependence
of the gyration frequency on the particle mass m and charge ¢ leads to different

gyration frequencies and radii for electrons and ions at the same magnetic field.

4The description in this paragraph is mainly based on [LL05] and [CB11], where the underlying
concepts are described in further detail.
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Figure 3.5: Gyration frequencies (a) and radii (b) of electrons and positive
hydrogen ions H, Hy, H at varying magnetic field. In (b), the radius of the
cylindrical discharge vessel applied in this work is indicated for a comparison.

Figure m (a) shows the gyration frequencies of electrons and hydrogen ions at
magnetic fields between 0 and 10 mT. The gyration frequency of electrons w, c is of
the order of 1 GHz while the frequency we ion of the ions is in the range of several
hundred kHz, decreasing with increasing ion mass. Assuming thermal velocity
distributions for both electrons (T, =~ 5eV) and ions (Tion = Tyas ~ 500 K), the
respective gyration radii are depicted in figure 3.5 (b). The values 7, for the
electrons are in the mm range whereas those of the ions range from mm up to a
few cm. If the dimensions of the plasma chamber perpendicular to the magnetic
field are large compared to the gyration radii, the charged particles are confined
to the magnetic field lines, which is frequently referred to as being magnetized.
For the present setup and parameters, this applies well for the electrons even
for low magnetic fields, while the hydrogen ions are only partly magnetized at
low fields since their gyration radii are of the same order as the vessel radius,
as illustrated in figure 3.5 (b). For deuterium, the ion mass is a factor of two

higher, leading to lower gyration frequencies and higher gyration radii, respectively.

Ion diffusion in the presence of a magnetic field

Due to gyration, the transport of charged particles perpendicular to Bg in a
plasma is fundamentally changed: it is only possible via collisions, allowing to

effectively shift the guiding center of their cycloidal motion from one magnetic
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field line to another. The characteristic length scale for this transport is given by
the respective gyration radius r.. Since the transport in direction of the magnetic
field is unaffected and typically considered to be the same as in the field free case,
the charged particle transport in plasmas exposed to external magnetic fields is in
general anisotropic [LLO05, Fru09].

Accordingly, the description of ambipolar diffusion provided in chapter 3.4|
has to be extended. In consequence of the large difference between the gyration
radii of electrons and ions, the behaviour of the field-free ambipolar diffusion
is qualitatively inverted: due to the strong magnetic confinement of electrons,
their diffusion perpendicular to the magnetic field is strongly slowed down, now
effectively limiting the ion diffusion [LLO05].

To account for the influence of a magnetic field oriented parallel to the axis of
a cylindrical discharge vessel, the provided expressions for the ion transport are
adapted. The ion confinement time remains to be given by equation @), while
applying a modified mean diffusion length A = A, [Mo6193]:

1 L 72.405\2 T\ 2
E:(HMQMMB&) 1( 7 > +(L> . (3.42)

where fte = €/(Melen) and fion = €/(MionVionn) denote the mobilities of elec-
trons and ions, respectively. In this approximation, the diffusion in axial direction
remains unchanged, while the perpendicular diffusion length is effectively elongated.
This elongation is proportional to the factor B2/nZ, since both the ion-neutral
and the electron-neutral collision frequency depend linearly on ng. In the limit of
a sufficiently high magnetic field, the perpendicular diffusion of ions is therefore
negligible and the ion transport occurs solely parallel to the magnetic field lines
due to the strong magnetization of charged particles. If the neutral density in-
creases on the other hand - i.e. due to an increasing pressure - the influence of
the magnetic field on the radial ion diffusion is weakened and eventually vanishes.

In consistency with the descriptions of the field-free diffusion in chapter 3.4, the
ion transport in the presence of a magnetic field within the discharges investigated
in this work is assumed to be given by the described concept of ambipolar diffusion.
As already discussed in section 3.4, this is valid at high pressure, but only an
approximation at pressures below 1 Pa, since these discharges are located in an
intermediate regime between laminar and molecular diffusion. In the free fall
regime, the influence of a magnetic field on the ion confinement time is difficult to
assess in a O-dimensional, analytic consideration. If collisions are entirely neglected

for simplification, all ions which are created near the radial vessel boundaries
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in a layer of the thickness of 2 X 7¢;on Will eventually hit the wall due to their
gyration. In contrast, all ions created at the center of the vessel are magnetized
and only contribute to the axial transport [M6193]. If the gyration radius of ions
is additionally of the same order as the vessel radius (which applies to the present
case), the confinement time of ions strongly depends on the location where the
ions are actually created. In consequence, an appropriate consideration of this
process has to radially resolve the ionization process itself. This can be provided
by spatially resolved numerical approaches, but exceeds the capabilities of 0-
dimensional approximations. In consequence, the ion transport in the collisionless

regime is neglected in the present case analogous to the field-free case in section 3.4.

Effects on the ionization and power balance

Since an external magnetic field effectively increases the confinement time of
ions in the plasma, it influences both the ionization balance as well as the power
balance described in chapter 3.4: due to the ionization balance (equation (3.33)),
a higher confinement time can result in a decreasing electron temperature in a
first approximation, if changes of the neutral particle density can be neglected.
According to the power balance, a higher confinement of ions leads to a higher
electron density, assuming that both the plasma volume and the power absorbed

by the plasma remain constant.
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4 RF plasma heating and power

transfer mechanisms

Discharges driven by radio frequency heating can generally operate in different
modes, referring to the actual coupling and power transfer mechanism between the
externally generated electromagnetic fields and the plasma itself. In the present
work, the main focus lies on inductively coupled plasmas (designated as ICPs
or discharges operating in the electromagnetic H-mode) and plasmas generated
due to the excitation of propagating electromagnetic waves, hence operating in
the W-mode. Frequently, the latter are often referred to as helicon plasmas or
just helicons, in consideration of the associated wave modes. Furthermore, also
the operation of RF discharges within the electrostatic F-mode is briefly treated
in the present case due to their importance during the discharge ignition phase.
In principle, all of these RF discharges are driven by applying a sinusoidal AC
voltage signal of a generator operating in the megahertz range to an antenna or
coil, thereby generating the required electromagnetic fields for plasma ignition
and heating. The following descriptions regarding the basics of the RF power
transfer are valid for all RF discharges, independent of the actual heating mode

of the plasma.

4.1 Impedance matching and RF power transfer

efficiency

In order to maximize the power transfer from an AC generator to a load, the input
impedance Zj,,q of the load has to match a characteristic value depending on the
applied generator!. In the present case the generator is designed to achieve its
maximum power output at 50 ), which is the standard value typically provided

by industrial manufacturers. The load consists of the applied antenna or coil,

Further and much more detailed information regarding the concepts used in the following is
found in textbooks sources treating electromagnetism and RF engineering, e.g. [Dem13,/Zim00]
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the plasma and a matching network. In the present work, the term impedance
matching specifically denotes the process of tuning the impedance of this load to

the value of 50 Q required by the generator:
Zload - (Rload + inoad) ; 5OQ7 (41)

with the resistance Re(Zjpaq) = Rloaa and the reactance Im(Zjpaq) = Xjoaqa. The
total reactance X),.q includes the reactive contributions of all components of the
load, which can be both inductive (X = wL) and capacitive (X = ——5), with
L denoting the inductivity, C' the capacitance and w = wgrp the applied angular
frequency. Consequently, impedance matching according to equation (4.1) is
achieved for Re(Z)0aq) = 50 Q and Im(Zjaq) = 0.

In practice, the resistive and reactive contributions of the antenna and the
plasma are given for a specific setup or operational scenario. Typically, they do
not directly fulfil the required matching equality. By tuning the required matching
network, which is basically a resonant circuit consisting of a combination of resis-
tive, capacitive and inductive components, the impedance matching is achieved,
and the power Prp that is coupled to the load is maximized. In this case, the

angular phase shift ¢ between the voltage and the current delivered to the load is

zero. The specific circuits applied in this work are presented in detail in section|6.1.

RF power transfer efficiency

In case of an ideal match to 50 Q), no reactive power between the generator
and the load occurs and the delivered power Prp is consumed by the resistive
components of the load. On the one hand, this leads to the desired transfer of
the power fraction Pplasma to the plasma, proportional to the so-called plasma
equivalent resistance Rpjasma [CB11]. On the other hand, a certain share of
the delivered power is always dissipated due to the finite resistances of the
antenna and the entire RF network. For simplification, those contributions are
combined in the present work, thus defining the integral loss resistance Rj.s and
the corresponding power losses P,s. Subsequently, the delivered power is given
by the sum Prp = Pplasma + Ploss and the RF power transfer efficiency n can be

defined according to

P, plasma B RF — Hoss

'r]: =

4.2
Prr Prp (42)
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As already introduced in chapter 2, the RF power transfer efficiency designates
the relative fraction of the delivered RF power which is actually deposited in
the plasma [CB11]. In opposition to the simple assumption that the RF power
delivered by the generator approximately equals the power absorbed by the plasma,
it has been conclusively shown by a variety of groups in the past decades that

the occurring transmission power losses in RF discharges can in fact be quite
substantial [PGA92, Hop94, SNO198, GPA99, Kra08|.

Power losses

In practice, the power losses P, occur on the one hand due to the ohmic
heating of all components of a finite resistance leading current. This includes as
mentioned the antenna and the components of the matching network itself, as
well as all connections and transmission lines that are part of the applied RF
setup. On the other hand, also the occurrence of eddy currents can contribute to
Poss and Ry, respectively. Eddy currents are current loops within conducting
material that are induced by a changing magnetic field. Regarding RF driven
discharges, they can occur for example within all metallic parts in the vicinity
of the antenna, the RF transmission lines or the matching network. The finite
resistance of these surrounding conductors results in ohmic heating due to the
induced eddy currents and subsequently in the dissipation of power.

Consequently, the integral resistance R, is expected to display the typical
characteristics of AC/DC resistors. First, it is depending on the electrical resistivity
of the conducting material and its temperature, whereas in the present work only
metallic conductors are of relevance. Accordingly, the resistance increases linearly
with the temperature of the conductor in the first order. Second, in the RF
range it increases with increasing applied frequency wrp of the current due to
the skin effect, which describes the reduction of the effective cross section of a
conductor leading an AC current [Jac99]. The assumption of a resistor with
a circular cross section leads to the approximation that its AC resistance is

proportional to the square root of wgp.
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4.2 Inductive heating

The basic principle of an inductive discharge is the induction of an RF current in
a plasma by driving an alternating current in an adjacent coil®>. In the present
case, specifically cylindrical ICPs utilizing an external helical coil wrapped around
a dielectric tube are considered. By applying an RF voltage in the low MHz range
to the coil, a corresponding RF' current is driven and the coil acts as an antenna
radiating an electromagnetic field. Since the angular excitation frequency wgp is
typically much smaller than the plasma frequency wy, the charged particles of the
plasma are able to follow the RF fields and can, in principle, gain energy. Moreover,
the typical assumption for low pressure low temperature ICPs is that solely the
electrons respond to the RF field and are heated, while the heavier ions are not
able to follow. In case of inductive discharges in hydrogen and deuterium driven
at lower frequencies of a few MHz however, this is not necessarily valid, since
the heavy particles are in fact considerably light compared to most noble gases,
e.g. argon. Consequently, the ion plasma frequency wy; defined in equation Q3.14)
can be higher than wgr and the ions are actually responding to the applied fields.
Nevertheless, the descriptions within the following paragraphs adopt the typical
assumption that only the electrons are heated in general, while the possibility and

relevance of ion heating is specifically addressed afterwards if necessary.

In general, an RF discharge generated in the way described above can operate
in both the electrostatic E-mode and the electromagnetic H-mode. The E-mode
describes the direct interaction of the charged particles with the E-fields occurring
due to the RF voltage applied to the coil®. Typically, an ICP starts in the E-mode
where the electron density is low and performs a E-H-mode transition when n, in-
creases and reaches the critical threshold required for an operation in the H-mode,
e.g. by increasing the RF power. In other words, the electrostatic E-mode can be
mandatory to achieve the minimum electron density required by an inductively
coupled plasma in the first place. If the E-mode is suppressed (e.g. by a Faraday
shield [LLO05]) or very inefficient (e.g. at low frequency or low antenna impedance
resulting in a low voltage drop), additional external sources for ionization like
glow discharges or filaments are required to provide a sufficient electron density

for an operation in the H-mode. If the E-mode is not suppressed however, real

2The following section is mainly based on the descriptions provided by [CB11, LLO5].

3Discharges typically designed for an operation in the E-mode are known as capacitively
coupled plasmas (CCPs) and typically utilize separated electrodes instead of a coil or antenna
[CB11]
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plasmas can also be operated in an intermediate region where both modes are

present simultaneously, particularly at lower power.

Discharges operating in the H-mode

In the following, an idealized inductive discharge operating solely in the H-mode
in steady state is considered qualitatively. The derivation of this electromagnetic
model of an inductive discharge is provided in the corresponding literature in
extensive detail [LL05, CB11, Jac99]. The exemplary scheme of the considered
cylindrical geometry is presented in figure 4.1. The electromagnetic fields excited
by the oscillating azimuthal current I,,(¢) through the coil must obey the Maxwell
equations and are indicated respectively. First, an oscillating axial magnetic field
B,(r,t) is excited in the plasma according to Ampere’s circuital law. Faraday’s
law of induction furthermore requires an oscillating azimuthal electric field E,(r,t)
oriented in opposing direction of the coil current. Since the excitation frequency is
smaller than the plasma frequency, the fields are continuously attenuated as they
penetrate into the plasma within the characteristic decay length ¢, in this case
also denoted as the RF' skin depth. Accordingly, the induced azimuthal E-field
leads to an alternating current of charged particles within the skin depth layer at
the plasma surface, oriented in the reverse direction of the external coil current.
Within this layer, the RF power is deposited and the electrons are heated. The
described picture displays significant analogy to a transformer, where the primary
coil is the external RF coil and the plasma is regarded as the one-turn secondary
coil [PGA92].

dielectric
tube

Figure 4.1: Schematic of an inductive discharge in a cylindrical vessel and
the corresponding electromagnetic fields generated by an alternating RF current
running through an external helical coil.
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The actual mechanism of power dissipation within the RF skin depth layer of
an inductively coupled plasma depends on the specific parameters of the discharge,
namely on the collisionality, i.e. the ratio of the collision frequency of electrons
with neutrals v, and the excitation frequency wgrr of the applied generator. As
introduced in chapter 3.3, in hydrogen discharges electron-neutral collisions gen-
erally imply the collisions of electrons with both atomic (ven) and molecular
hydrogen (Vems), hence ve, = Ven + Vema. Collisions of electrons with ions can be
neglected due to their lower density. With respect to the operational parameters
of a discharge, the electron-neutral collision frequency is mainly depending on the
pressure and the gas temperature, which yield together the neutral particle density
according to the ideal gas law. In the present case of low pressure plasmas in the
range between 0.3 and 10 Pa, the electron-neutral collision frequencies are typically
of the order of 10”s™! and therefore well comparable with the applied angular
excitation frequencies, which requires a sensitive distinction between different

heating regimes.

Collisional plasma heating

At sufficiently high pressures, i.e. if the collision frequency v, of electrons with
neutrals is much larger than the applied frequency wgrp, the dominant mechanism of
power dissipation in an ICP is collisional heating: the electrons follow the applied
RF field in the skin depth layer, are accelerated and collide with neutral particles,
leading to thermalization via randomization of momentum, and consequently to
the deposition of power. It is frequently also referred to as ohmic or joule heating
as it is described in principle by treating the plasma as a conductor and using
Ohm’s law.

In general, the RF excitation is sinusoidal with the characteristic angular
frequency wrr = 27/T and the oscillation period T, allowing for a Fourier
transformation of all correspondingly oscillating quantities with respect to the
time. Subsequently, the time-average power per unit volume absorbed by the

plasma pplasma can be written as [LLO05]

1T O
Potama = 75 [ 3p(t) - Bre(t)dt = SRe(3y - Bi) = SRe(Ty - ), (43)

with the plasma current density J, driven by the induced electric field Erp

and their corresponding complex Fourier amplitudes jp and Egp. The asterix
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denotes the complex conjugation of the respective quantity. Applying Ohm’s law

furthermore yields the proportionality [LLO05]

Jp = 6pErr, (4.4)
where o, is the spatially dependent complex plasma conductivity

€ow? Ne€?

Op = - Pe_ - . 4.5
P IWRF + Ven me(szF + Ven) ( )

Using Ohm’s law (4.4) in equation (4.3) now yields the power absorption in the

plasma, which is given by

1 =
Pplasma = §Re(0p)|ERF’27 (46)
with the real part of the complex plasma conductivity

Ne 62 Ven

Re(6y) =

(4.7)

Me Wiy + V2,

As a result, the power dissipated in the plasma due to collisional heating is
characterized by a quadratic proportionality to the amplitude of the induced RF
field and linearly depending on the real part of the plasma conductivity. According
to Maxwell’s equations, |Egg| is proportional to the amplitude and the frequency
of the externally applied current in a first approximation neglecting the influence
of the plasma. Re(d,,) is depending on the electron density and both the electron
collision frequency v., and the excitation frequency wrr. The fraction of these
frequencies in equation m yields a characteristic behaviour of Re(d,,), which
is displayed in figure 4.2 where the conductivity is plotted versus the electron-
neutral collision frequency for different excitation frequencies at a typical electron
density of 101" m—3. Depending on v, the conductivity describes a maximum for
Ven = wrp. Accordingly, the position of the maximum is shifted with the applied
excitation frequency. For high collision frequencies, i.e. at high pressure, the
dependence of Re(5,,) on the excitation frequencies vanishes. In the region of lower
Ven Where the dependence on wgry appears to be more prominent, the discussed
concept of collisional heating is in fact not valid anymore, since v, < wrr. Based
on this characteristic behaviour, the power transfer of an inductive discharge can
be optimized in principle by choosing the appropriate excitation frequency for an
operation in the desired pressure range. Since the actual electron-neutral collision

frequency is dependent on the cross sections of the neutral species at hand, the
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Figure 4.2: Real part of the complex plasma conductivity calculated according
to equation (4.7) for a varying electron-neutral collision frequency at different
excitation frequencies Wry.

observed behaviour is in general depending on the gas type of the discharge. For
inductively coupled noble gas discharges, corresponding investigations have been
reported e.g. by [Kra08, KRP*16]. As shown therein, a maximum of the RF
power transfer can be expected if the electron collision frequency is comparable
to the angular excitation frequency.

In the specific case of collisional heating where v, > wgp is valid, the skin

depth ¢ is given by the collisional skin depth d.., which is defined according to

202V,
5C011 - 2 (48)
wRpre

where c is the speed of light in vacuum. This illustrates well the typical behaviour

of attenuated electromagnetic fields within in the collisional regime of a plasma:
while their penetration depth increases for a higher collision frequency, it decreases
for a higher excitation frequency and a higher electron density (%2)6 X ne). The
frequency dependent RF skin depth provides also a practical boundary condition
for the design of inductively driven discharges: if the skin depth of the RF field
exceeds the dimensions of the discharge itself, the potential volume for plasma
heating is restricted and the heating efficiency is limited [LLO5]. In order to avoid

that in practice, the geometry and the desired driving frequency of a discharge
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have to be matched up.

Up to now, only the collisional heating of electrons has been considered. As
already mentioned however, in hydrogen ICPs an analogous response of ions to
the applied RF fields cannot be neglected a priori. At a typical plasma density of
about 10'"m™2 and an excitation frequency of 1 MHz, the ion plasma frequency
wpi is in fact more than one order of magnitude larger than wgrr. In consequence,
the ions can indeed follow the RF field. In order to estimate the relevance of
RF power deposition via collisional ion heating however, the ion-neutral collision
frequency has to be evaluated in analogy to the case of electrons. Therefore, the
collision of the hydrogen ion species H*, H and HJ with neutral particles is
considered based on cross section data provided by [KS98, Phe90]. Assuming ion
temperatures in the range of the gas temperature (500 to 1000 K), this yields
ion-neutral collision frequencies which are typically between one and two orders
of magnitude lower than wrr. Consequently, the requirement for collisional ion
heating is clearly missed and its contribution to the total RF power deposition

can be well neglected compared to the contribution of electron heating.

Collisionless (stochastic) heating

In the low pressure region of inductive discharges, where the collision frequency of
electrons with neutrals is smaller than the angular excitation frequency, collisional
heating is ineffective. However, inductive discharges are well capable of achieving
considerably high densities in this low pressure region nonetheless, which is due
to a process typically referred to as collisionless heating [Wei67, Tur93, LLO5].
Frequently it is also called stochastic heating, due to its analogy to the non-local
heating mechanism of the same denotion known from capacitive discharges.

In principle, collisionless heating is a warm plasma effect, i.e. requiring a certain
kinetic energy of the electrons (and assuming a Maxwellian EEDF subsequently
a certain electron temperature T;,) [Tur93]. Considering the opposite case of a
cold collisionless plasma (7, = 0), each electron samples the induced electric field
at a single location in the RF skin depth layer of the width §. Since the fields
vary harmonically in time, the integral field seen by the electrons averages to zero
everywhere and no energy can be gained. However, if the electrons have a finite
temperature T, > 0, they are in thermal motion and sample the field along their
trajectories. Since the induced RF field is non-uniform and concentrated within
the skin depth layer at the plasma surface, it does not average to zero along a

trajectory in general. If the transit time of electrons through the skin depth layer
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is much shorter than the RF period, the electrons are able to gain net energy
from the field in consequence. The corresponding inequality to be fulfilled is given

by [Tur93]:

WRF 0 5 \/ kBTe/me. (49)

In analogy to collisional heating at higher pressures, this process can also be
qualitatively understood in the form that bulk plasma electrons are "colliding'"
with the oscillating fields in the RF layer, as they are accelerated and subsequently
thermalized [LL05|. Therefore, a stochastic collision frequency vso. can be defined
analogous to the electron-neutral collision frequency. In order to calculate vgoc
for the present case, an analytical approach proposed by [VLD"95] is followed.

First, rewriting the inequality given in equation 44—.9D, a characteristic parameter

« 1s introduced:

_ 46%wh

a:
2
T2

, (4.10)

where v, is the mean electron velocity. This parameter describes the square of
the fraction of the transit time of a thermal electron through the skin depth ¢
and the RF period. Taking into account the parameters wgr and v, a distinction
between different expressions for the stochastic collision frequency based on the
resulting value of o has to be made.

In the first case, the applied frequency is much lower than the inverse electron
transit time, yielding a@ < 1. Consequently, the stochastic collision frequency and

the corresponding skin depth d in this regime are given by

2

1/3
L% d 5:<C Ue) . (4.11)

Vstoc =
2
27 0 Whe TWRF

The above expression for the skin depth is equally derived by [Tur93, LLO5],
and frequently called the anomalous skin depth.

In the second case considered here, the applied frequency is roughly in the
order of the electron transit frequency, yielding a value for « in the range of
0.03 < a < 10. In consequence, vgo. and § are given by

1 v,

C
Vstoc — ZS and (5 = wpe. (412)

This expression for the skin depth ¢ is commonly referred to as the inertial skin

depth, as it approximates the attenuation of the RF field to be determined solely
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by the inertia of the plasma electrons without the occurrence of any collisions. In
the case of a > 1, the applied frequency is much higher than the electron transit
frequency and collisionless heating of electrons is no longer possible. Depending
on the individual plasma parameters of the discharges investigated in the present
work, the parameter a can be calculated, which allows to identify the valid
expression for the stochastic collision frequency.

However, for hydrogen discharges driven at low excitation frequencies the
provided description requires some additional remarks. In the derivation of the
concept described above, it is assumed that the ions do not respond to the RF
fields [VLD"95]. As already mentioned, this is in contradiction to the discharges
at hand. Since up to now no resilient description of stochastic heating in the
regime of wrp < wp; is available to the authors knowledge, the provided concept
assuming stationary ions is applied nonetheless. This is justified, since also the
collisionless heating of ions can be neglected, assuming an analogous mechanism
compared to the electrons: the transit time of ions through the RF skin depth
layer is about 100 times longer than the duration of an RF period at 1 MHz, due
to their low temperature between 500 and 1000 K. Consequently, the ions follow
the harmonic oscillation of the induced field, but without any relevant gain of
energy, in analogy to the collisional case at higher pressure. Thus, the typical
assumption in low pressure low temperature ICPs that electrons are the only
species with a relevant contribution to the total power absorption holds in the
present case, independent of the collisionality regime.

In order to account for both collisional as well as collisionless heating of elec-
trons simultaneously, an effective collision frequency veg = Ven + Vstoc Can be
defined. The validity of this assumption which considers both local and non-local
heating mechanisms in inductive discharges over a broad collisionality regime has
been conclusively shown by [LL05, VLD*95]. The plasma conductivity given in
equation @) can then be written as

Ne€>  Veg

Re(6,) = = Oeft, (4.13)

Me Wiy + Vg

thus defining the effective plasma conductivity o.g. According to the equa-
tions m and (TlSD the power absorption of the plasma is - in a simplified
0-dimensional consideration neglecting the influence of the electric field E as well
as spacial variations of the involved plasma parameters - proportional to n., and
the fraction veg/(w? + 1/%), that reaches its maximum at veg = wry analogously
to the behaviour of v, presented in figure [4.2]
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4.3 Low field wave heating

As already introduced in chapter 2.3, wave heating within magnetized low pressure
discharges in the RF range relies on the excitation and propagation of certain
wave modes, conventionally denoted and summarized as helicons. The following
description of the conditions and mechanisms of wave propagation, excitation and
damping is mainly focused on the low field regime (B < 12mT) of relevance for

the present work?.

4.3.1 Helicon and Trivelpiece-Gould waves

As discussed in section 3.1, in an unmagnetized plasma electromagnetic waves
of a frequency w smaller than the plasma frequency cannot propagate due to
the dynamic screening via free charge carriers. The application of an external
magnetic field changes this situation fundamentally, as the gyration of charged
particles not only changes the plasma transport but also enables the propagation
of a variety of different electromagnetic waves within the plasma at low frequencies
of w < wpe. Among these waves are also the desired helicons, which will be further

discussed in the following®.

Frequency range and unbounded dispersion relation

The frequency range where the excitation of helicon waves is possible is located
at the low-frequency limit of electron cyclotron waves [CB11]. Considering the
basic assumptions that the ion gyration is sufficiently slow to be neglected and
that the electron inertia is small leads to the condition [CB11, ST96, Chel5]

Wei K W K Wee K Wpe- (4-14)

In practice, the excitation frequency and the externally applied magnetic field
have to be adjusted, accordingly. Usually, excitation frequencies in the RF range
of some MHz and magnetic fields of the order of a few up to 100 mT fulfil this
inequality well, as in the present case: At typical parameters of n, ~ 5 x 1017 m=3

and By = 8mT in hydrogen (mj,, ~ 2u) at an excitation frequency of 4 MHz,

4A description of helicon sources operated in the high field/high power regime is discussed
by various sources in the corresponding literature. A comprehensive review is for example
provided by [BC97b, CB97|

>General information regarding waves in (magnetized) plasmas is provided e.g. by [Sti92].
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those frequencies are
wei 2105 K w=25x10"8"" K wee & 10787 K wpe = 1010571

Solving the electromagnetic wave equation in this frequency range while applying
the cold plasma approzimation® and taking into account electron collisions yields

the dispersion relation k(w) of quasi-longitudinal R waves [Sti92]:

ww?

2 _ pe
b= 2 (weecos(h) — wé) (4.15)

mbtkz—wt) with the squared total

This relation describes waves of the form e
wave number k? = /{:ﬁ + k2, the angle 6 between By = By2 and the wavenumber
vector k, i.e. cos(f) = kj/k and the azimuthal mode number m. The term
¢ = 1+ i(ven/w) accounts for wave damping due to electron collisions with
neutrals and ions. In correspondence to the convential notion, the wave numbers
k) oriented parallel to the magnetic field are also referred to as longitudinal, while
those in perpendicular direction (k) are called transversal. The wave modes
described by this dispersion relation are also known as whistlers, in reference of
naturally occurring electromagnetic disturbances due to lightning flashes in the
earth’s ionosphere [Chel5, CB11].

For the particular case of cylindrically bounded waves at low frequencies of
W <K Wee, €quation M) now describes the dispersion of the desired helicon waves
in its original form without any further limitations. General information about
the properties of these waves can be found in a variety of publications, which
are comprehensively reviewed by [BC97b, CB97, Chel5] and subject to several
textbooks treating RF plasma heating, i.e. [LL05, CB11]. In the following, only
the particular case of waves excited in an axially limited device will be discussed

further, as it is of relevance for the present work.

Wave modes in axially bounded plasmas

If an axially bounded plasma is considered, e.g. in case of a cylindrical device
of the length L., it acts as a (plasma filled) cavity and a longitudinal quantization
condition for the waves is imposed. Following the descriptions of [ST96] for low

aspect ratio sources where the antenna length is comparable to the device length,

5The cold plasma approximation implies that electrons and ions are motionless in the unper-
turbed state, i.e. they have zero temperature. A comprehensive description of this model is
provided e.g. by [Sti92].
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the longitudinal wavenumber is defined by

/-cH:zLi with 1 €N. (4.16)

Since k| = 2m /A with the wavelength A, the integer I denotes the number of
longitudinal half wavelengths within the device. Accounting for this boundary
condition, the dispersion relation in equation (4.15) can be solved with respect to

the transversal wavenumber k, [ST96]:

k= kQ%Q;%Z(l — 2o — 28%%6° + /1 — 4¢a), (4.17)
with the parameters
wWpew Lo\ w ler\?
o= () ma = 2 () (119

It can be seen that equation W ) describes two solutions, i.e. two different
wave modes exist that fulfil the imposed boundary conditions in the discussed
frequency range. The first one, designated by the minus sign, is again the helicon
wave. The second one is corresponding to the plus sign and commonly referred to
as the Trivelpiece-Gould (TG) wave. Typically, helicon waves are weakly damped,
have a longer radial wavelength and are able to penetrate the plasma volume and
propagate along the magnetic field lines. The TG waves on the other hand are
highly damped, of a short radial wavelength and therefore localized at the plasma
boundary [ST96, Chel5|.

Conditions for helicon and TG wave propagation

In order to qualitatively assess the typical range of the parameters By and n,
that permit the propagation of helicon and TG waves, the collisionless case is
considered in a first approximation, i.e. ven = 0 = §{ = 1 [ST96]. In figure 4.3,
the characteristic regions of wave propagation depending on the electron density
and the magnetic field are illustrated for fixed values of w and k. In order to
allow for wave propagation, k%, in equation (4.17) has to be real and positive.
This requires the term under the square root to be positive, yielding the condition
a < 1/4. If o exceeds 1/4, the electron density is too high at a given magnetic
field, k2, is complex and the plasma is opaque for both modes. Resolving the
expression for o in equation @) while setting o = 1/4 yields an upper limit

Nmax for the electron density:



4.3 Low field wave heating 59

legBE [ ler ?
max — 4.19
" 4 me \wL, ( )

Above this density, neither helicon nor TG waves can propagate. This case
corresponds to the area in top-left of figure ]ﬁ Since equation M) yields
Nmax X B2, it is limited by the depicted parabola.

To allow for a propagation of helicon waves a second condition has to be met in
order to fulfil k2 _ > 0: the expression in the brackets of equation (4.17) has to be
positive. This leads to the requirement § < 1, if the frequency ranges introduced
in equation (4.14) are accounted for. This second condition corresponds to a
minimum density n.,;;, which is needed for the propagation of helicons, which is
gained by rewriting the expression for § in equation M) with respect to the

density assuming the limit 5 = 1:

Boeo (ler\”
Nmin = ﬁ <£W> . (420)

The minimum density increases linearly with By, as depicted in figure|4.3. If the
plasma is not dense enough, it is opaque for helicons. In summary, helicon waves
can only propagate for ny;, < ne < Nmax. For TG waves on the other hand, no

minimum density condition is present and propagation is possible for n, < npax.

o> 1/4 / a<1/4,B<1

opaque for oa=1/4 transparent for

both waves n helicons and
max TG waves

B>1
transparent for TG waves,
opaque for helicons

Bo

Figure 4.3: Conditions for the propagation of helicon and Trivelpiece-Gould
waves in an azially confined plasma depending on the electron density and the
applied magnetic field for fixed frequency and longitudinal wavenumber according
to [STI6].
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4.3.2 Antenna coupling and heating mechanism

As described in the previous chapter, the presence of a static magnetic field By
enables the propagation of helicon and Trievelpiece-Gould waves in the radio fre-
quency range. In contrast to inductive heating, the exact mechanisms responsible
for both the excitation of these waves as well as for the power transfer between
the waves and the plasma particles are not entirely understood up to now and still
the subject of active experimental and theoretical research [LL05, CB11, Chel5].

Antenna coupling and wave excitation

In order to excite the described wave modes, particular antennas are utilized.
A comparison of the properties and capabilities of different helicon antennas
is for example provided by [KB96]. In the present work, only the so-called
Nagoya type III antenna [WHK™ 78] is utilized, which is known to preferably excite
wave modes characterized by the azimuthal wave numbers m = £1 [Chel5, KB96].

Figure 4.4 shows the Nagoya type III antenna in a schematic illustration. It
consists of two rings which are closed around a cylindrical dielectric discharge
vessel. The rings are connected to each other by a long horizontal leg on top.
Via two shorter legs at the bottom of the rings, the antenna is connected to the
RF generator and the matching circuit. Considering a fixed point in time during
operation, e.g. in the rising RF half-cycle, a current I, is flowing through the
antenna following its geometry, which is illustrated by the black arrows. Assuming
an ideal antenna, the RF current splits in half at the end rings. Effectively,
the Nagoya antenna can be seen as a one turn coil. In consequence, the same
description of the electromagnetic fields as in case of the helical ICP coil in section
4.2 is valid here, yet in a different orientation: the magnetic field occurring due to
Ampere’s law is oriented perpendicular to the cylinder axis along 3. The induced
electric field E,, is generated in opposition to the rising antenna current along the
rings and legs of the antenna, as illustrated by the red arrows in figure 4.4. As a
result, the Nagoya antenna can also be operated in the inductive mode, e.g. if the
external magnetic field is switched off.

In order to illustrate how the Nagoya antenna is capable to couple to and excite
the desired wave modes due to its geometry, the reaction of the plasma electrons
on the generated fields has be specifically considered. For a qualitative discussion,
the description provided by [Chel5, LL05] is followed: the induced field E,, along

the top connection and the bottom legs moves electrons from one end ring of
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dielectric tube

Figure 4.4: Scheme of the Nagoya type 11l antenna in operation at a fized point
in time. Indicated is the current flowing through the antenna (black), the induced
electric field E,, (red) and the space charges and electric fields generated due to
the reaction of the plasma electrons (blue).

the antenna to the other, leading to positive and negative space charges near the
antenna rings as indicated by & and &. Those charges give rise to an electric field
E; indicated in blue, which eventually stops the electron flow along By. Due to the
alternating direction of the current through the top and bottom legs, inverse space
charge patterns build up. In turn, these charges create a transverse, quasistatic
E-field oriented perpendicular to By. This field points in the same direction as
the field E,, induced at the antenna rings and thus, effectively amplifies it. These
amplified fields are considered responsible for the capability of the antenna to
couple to the desired wave modes [Chel5, LLO05]. In particular the m = +1 helicon
modes are excited, as their transverse mode patterns [Che91| resemble well the

amplified transverse fields.

Wave damping and power transfer mechanisms

In general, the energy transfer from excited waves to the plasma relies on the
same basic mechanism that has already been described for the inductively heated
plasmas in section The charged plasma particles, dominantly the electrons,
react to the excited electric fields (in this case those of the propagating waves)
and are accelerated. Subsequently, collisional (or collisionless) processes lead to
the randomization of momentum and thus, to power absorption by the plasma as

the propagating waves are damped.
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In contrast to the well understood ICPs, there is up to now no universally
applicable description for the heating mechanism in the low field regime of RF
helicon discharges if only helicon wave modes are considered. This is mainly due
to the fact that helicon discharges are usually operated at relatively low pressures
(p < 1Pa). In this region, the probability for electron-neutral collisions alone is
too low for collisional damping of helicons and thus, for efficient ohmic heating
[CB11, CB97, BC97h]. In the particular case of highly ionized helicon discharges
(ne > 10 m~3) operated in the high power/high field regime, this shortcoming
can be compensated by the inclusion of electron-ion collisions [LL05, CB11].
However, this does not apply to the discharges of moderate density driven in
the low field regime, which are of relevance for the present work: according to
[CB11, Che91], the collision frequency v,; of electrons with singly charged ions

can be estimated by

kT, 2
B) . (4.21)

e

Vei = 2.9 x 107 1n, <

Typical parameters characterizing the discharges in the present work are T, =
5e¢V and n, = 5 x 10" m™3, which yields v, ~ 1 x 10°s~!. This is about one
order of magnitude lower than the typical frequency of electron-neutral collisions
at low pressure and thus, much lower than required for efficient collisional wave
damping [CB11].

Since collisional damping of helicons is insufficient to explain the high ionization
capability in the low field regime, different collisionless mechanisms have been
invoked [BC97b, CB97]. One of the most thoroughly investigated processes is
Landau damping. Initially suggested by [Che91] as a possible heating mechanism
for helicons, it was adopted by many authors [LBB*91, ZB91, CB97| and can
also be found in textbook sources [LL05, CB11]. Its basic assumption is that fast
electrons of a thermal velocity comparable to and in direction of the phase velocity
of helicon waves are effectively accelerated by the propagating waves. However,
investigations by [MER97, CB99] showed experimentally that the number of fast
electrons is insufficient to explain the high power absorption in a helicon discharge,
which eventually lead to the abandonment of this theory [Chel5].

In consequence, the excitation of the Trivelpiece-Gould wave modes introduced
in section 4.3.1 is frequently considered to be the dominant source of the observed
plasma heating in the low field regime [Chel5, LL05, ST96]. In order to assess
the role of these modes, the damping of TG and helicon waves is discussed in the

following based on the description provided by [ST96].
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Damping rates of helicon and TG waves

In case of collisional wave damping (veon > 0), the transversal wavenumbers
k14 given by the dispersion relations of helicon and TG waves introduced in
equation M) become complex. The real transversal wavenumbers k. are then
given by ki = Re(k,+), whereas spatial damping rates k4 are obtained from
ke = Im(k ). If a parameter region of the plasma density and the magnetic field
is assumed where both helicons and TG waves can propagate well (i.e. o, 3% < 1)
at a low collisionality (veon < w), simplified expressions of these quantities can be
obtained that allow for a qualitative discussion [ST96].

For the helicon waves (—), this yields

1
k=g, (4.22)
Veoll
K_ = I MHB. (423)

Considering typical experimental conditions [ST96] in a cylindrical plasma
device with a radius p yields that the transversal wavelengths of helicons are
in the order of the plasma radius, i.e. k_p > 1. The damping lengths however
may strongly exceed the vessel dimensions, as k_p < 1. This corresponds to the
statement already provided above that helicons are only weakly damped.

Applying the analogous assumptions for the TG waves (+) provides the expres-

sions

[09)
ky = kj— 4.24
+ | w ) ( )
Ry = —k+ VZSH (425)

At typical conditions, the transversal wavelengths and the damping length of
TG waves are less than the plasma radius, as k;p > |ky|p > 1. In contrast to
helicon waves, TG waves strongly decay across the magnetic field and deposit their
energy mainly at the plasma boundary and can therefore dominate the absorption
of RF power in the low field regime [Chel5]. Numerically obtained examples of
the transversal wave profiles and damping lengths of both helicon and TG waves
are provided by [Chel5].

In practice, low field discharges that mainly rely on the power deposition via

TG waves exhibit radial plasma distributions that are not unlike those observed in
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cylindrical ICPs, where the power deposition also occurs at the plasma boundaries.
In high field helicon discharges on the other hand, where the plasma heating is
mainly dominated by helicon wave modes, the radial plasma distribution usually
exhibits a significantly different behaviour. In such discharges, the plasma heating
occurs not at the boundaries, but within the plasma volume due to the long
damping lengths of helicons. Due to the strong magnetization of charged particles,
the plasma is radially concentrated in a small area at the cylinder axis and broadly
distributed parallel to the applied magnetic field. Examples for the spatial profiles
in these discharges can be found e.g. in [BC97a].

The low field peak

Helicon plasma sources operated at low magnetic fields are known to exhibit
a local enhancement of the electron density or the RF power transfer efficiency
at a certain By of a few mT. This phenomenon is commonly referred to as the
low field peak. Since its first observation by [Che92], it has been reported and
investigated frequently both in argon [DJBT96, Cho06] as well as in hydrogen
discharges [SMOT15, BGR™16]. It is usually explained by the reflection of helicon
waves from the axial endplates of a cylindrical vessel, leading to constructive

interference and thus, to an increased power deposition and ionization [Chel5].
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5 Experimental setup and

diagnostics

5.1 The CHARLIE experiment

The investigation of the RF driven hydrogen and deuterium plasmas is carried out
at the laboratory experiment CHARLIE (Concept studies for Helicon Assisted
RF Low pressure Ion sourcEs). A schematic of the experimental setup is presented
in figure 5.1. The plasma is generated within a cylindrical quartz vessel which
has a length of 40 cm, an outer diameter of 10 cm and a wall thickness of 0.5 cm.
At both ends the cylinder is attached to the vacuum system. As depicted on the
left of figure|5.1, one end is connected to the gas feed line via a stainless steel
transition piece. The latter effectively serves as an end plate for the discharges,
since it also contains a vertical stainless steel grid in order to reduce the expanse
of the discharge into the vacuum system. Additionally, an AlyO3 ceramic ring is
installed to shield a majority of the metal surfaces from the plasma. Both the
grid and the ceramic ring serve as countermeasures to suppress the sputtering
of metal particles by the plasma, which can occur especially if the discharge is
operated in a regime where capacitive coupling is not negligible.

At the opposite end of the discharge tube, a cylindrical stainless steel vacuum
chamber is mounted which serves as the expansion region for the generated
plasma. It is 25 cm long and has a diameter of 31.8 cm. The dimensions of the
expansion region are therefore well comparable to those of the IPP prototype source
introduced in chapter 2. As indicated in figure 5.1, the two-stage pumping system,
which consists of a rotary vane pump and a turbo molecular pump, is connected to
the chamber. This allows to evacuate the whole system to a background pressure
of some 10~% mbar, which is monitored by a compact pressure gauge consisting of
a Pirani gauge and a cold cathode gauge connected to the expansion chamber.

During gas and plasma operation, the absolute working pressure is measured

by a capacitive pressure gauge insensitive of the gas type which is also connected
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Figure 5.1: Schematic of the experimental setup of CHARLIE.

to the chamber. The working pressure is adjusted by reducing the pumping
speed via an in-line valve installed between the chamber and the pumping system.
At a fixed flow rate of 5sccm in Hy and Do operation adjusted by a mass flow
controller, this allows in general for filling pressures within the range of 0.2 to
10 Pa, whereas the lower limit is determined by the pumping rate and the higher
limit is set by the upper measurement limit of the capacitive pressure gauge. Some
of the investigations presented within this work have been conducted in a prior
configuration of the experiment, lacking the expansion chamber. In this case, at
both ends of the discharge vessel identical transition pieces like the one depicted

on the left end of the tube were installed.

The RF discharges investigated in this work are generated via one of two
different antennas which is installed around the center of the discharge vessel. In
figure 5.1 the Nagoya type antenna utilized for the operation of wave assisted
discharges is shown exemplary. The helical five-turn coil which is used for the

inductive discharges is installed at the identical position. Both antennas are also
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helical coil (ICP) Nagoya type-lll antenna (helicon)

Figure 5.2: Schematic of the two RF antennas which are utilized at CHARLIFE.

depicted in figure 5.2, Both are of an aspect ratio of one, with a diameter and
length of each about 10 cm. The helical ICP coil is a bent copper tube with an
outer diameter of 6 mm. The Nagoya antenna is manufactured from solid copper
with a rectangular cross section of 6 x 9mm. The antennas are connected via
an impedance matching network to the RF generator (RFG-1/30-2000, Barthel
HF-Technik). This generator is capable of delivering RF powers up to 2kW at a
frequency ranging from 1 to 30 MHz, which can be adjusted in steps of 10 kHz.
Details regarding the required impedance matching network and the discharge
ignition procedure are provided in section 6.1.

The external magnetic field, which is directed parallel to the cylindrical axis of
the discharge vessel (2), is generated by a pair of Helmholtz coils (380 windings
and 18 cm inner radius each). The maximum field strength in continuous wave
operation is about 15mT, limited by ohmic heating of the coils which are not

actively cooled.

Diagnostic setup

The investigations presented in this work focus on the determination of the RF
power and efficiency and on the plasma parameters within the discharge vessel itself,
which is typically the defining region for the plasma heating mechanism. Plasma
parameters in the expansion region are therefore not specifically investigated. In
figure [5.3 the general setup of the applied diagnostic systems at CHARLIE is
depicted. A specific description of the diagnostics and the subsequent evaluation

of the plasma parameters is provided in the following section |5.2. The diagnostic
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Figure 5.3: Arrangement of the diagnostic systems at CHARLIE. Exemplary,
the ICP coil is depicted; the diagnostic setup with the Nagoya antenna is identical.

setup for both antennas (ICP and Nagoya type) is identical, in figure ]ﬁ the
helical ICP coil is exemplarily shown.

In order to obtain the required parameters of the RF circuit, two measurement
devices are utilized. First, a current transformer (CT-FO.1-BNC, Magnelab) is
installed around the connection between the matching circuit and the RF antenna,
which is connected to a digital oscilloscope (TDS-3004B, Tektronix) and measures
the RF current [, flowing through the antenna. Second, an in-line voltage
and current probe (V/I Probe 350, MKS ENI Products) is installed between
the RF generator and the matching network and allows for the time resolved
measurement of the voltage and current output of the generator and the phase
angle between both. Consequently, the V /I Probe provides an in-situ monitoring
of the impedance matching as well as a value for the delivered RF power. The
combination of the antenna current and the RF power measurement allows for
the quantification of the RF power transfer efficiency.

Line of sight averaged plasma parameters of the generated discharges are
measured via optical emission spectroscopy (OES). At CHARLIE, three different
lines of sight (LOS) are utilized.
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The axial LOS is oriented parallel and in 1cm distance to the cylinder axis.
The emitted radiation of the discharge passes through a quartz window installed
behind the transition piece and is collimated by a non-dispersive focusing mirror
into a fiber optic. Additionally, an aperture stop of 10 mm is used to limit the
collected solid angle. The optical fiber guides the light towards a high resolution
spectrometer (Acton Series SP-2756i, grating with 1800 grooves/mm, Princeton
Instruments PIXIS:2KB CCD camera). The spectrometer is wavelength and
intensity calibrated within the wavelength region of 300-850nm. The full width
at half maximum AMpwpy of the Gaussian apparatus profile is in the range
from 18 to 20 pm in the wavelength region of interest between 400 and 650 nm.
Wavelength calibration was done by recording emission lines of known wavelength
using mercury and rare gas lamps. The intensity calibration of the system is
performed via an Ulbricht sphere serving as a diffuse and homogeneously emitting
secondary calibration standard. Since the absolute emission of the Ulbricht sphere
is known, a calibration factor f(\) for the spectroscopic system can be derived
by dividing the known emission of the sphere by the emission measured with the
present spectroscopic system. Further details of the applied calibration procedure
are provided e.g. by [Brill, Fril3]. Along the axial line of sight, the absolute
intensities of the atomic Balmer lines and rotational lines of the molecular Fulcher
band are detected. The length of the LOS is set to be 40 cm, assuming that the
plasma emission originating from the expansion region is negligible. The measured
intensities provide the input for the applied collisional radiative models, which
allow for a determination of line of sight averaged values of the plasma parameters.

The first lateral line of sight (#1) is aligned in the central region of the discharge
directly above the antenna. The light is collected and transferred via an optical
fiber to a wavelength and intensity calibrated survey spectrometer (Plasus Emicon
HR, 300-850 nm, AApwpm ~ 0.3nm). This LOS is solely utilized to measure the
time resolved emission of the discharge, allowing to monitor the temporal stability
of the discharge. Absolute intensities and plasma parameters are, in this case, not
evaluated.

The second lateral LOS (#2) is positioned in a distance of 9 cm to the end of
the discharge vessel. The light is collected and transferred to the high-resolution
Acton spectrometer in the same way as in case of the axial LOS. However, its
solid angle is reduced by an aperture stop to a diameter of 4 mm. Additionally,
its vertical position can be varied within a distance of 10 cm by a stepper motor,
allowing to scan the whole diameter of the discharge vessel. It is applied to

measure lateral intensity profiles of the discharge.



70 Chapter 5 Experimental setup and diagnostics

The floating double probe consist of two identical tungsten wires (@300 pwm,
length 10 mm), positioned parallel and in a distance of 5mm to each other. The
wires are connected to electrical vacuum feedthroughs via two stainless steel tubes
embedded in an insulating Al;O3 rod which also serves as probe mounting. The
probe is inserted through the transition piece into the discharge chamber and can
be moved parallel to the cylinder axis within a range of 15cm. Analogously to
the axial LOS of OES, it is positioned in 1 cm distance to the cylinder axis. The
floating double probe provides plasma parameters at a specific position, and thus

allows for space resolved measurements in axial (2) direction.

5.2 Applied diagnostics

5.2.1 Measurement of the RF power transfer efficiency

The applied method to evaluate the RF power transfer efficiency or analogously,
the plasma equivalent resistance, relies on the measurement of the power losses
Poss during plasma operation due to ohmic heating. These occur both within the
RF coil and the matching network as well as via induced eddy currents in the
vicinity of the RF system. Due to its approach, the technique is frequently referred
to as the subtractive method [Hop94, Hor83, GP90]. According to equation @),

the RF power transfer efficiency is given by

2
n = Pplasma o PRF - Ploss . PRF - Iant,plasmaRIOSS
- - - )
Prr Prr Prr

where Lont plasma 18 the root mean square of the AC current running through the

(5.1)

antenna during plasma operation. In analogy, the plasma equivalent resistance

Rpjasma can be determined via

P
Rplasma = ]Qi - Rloss- (52)

ant,plasma

The delivered RF power Prp is measured by the in-line voltage and current
probe. In order to quantify the power losses Poss, two steps are required [Hop94].
First, the current Ione plasma during plasma operation is measured via the installed
current transformer. Second, the real part of the complex resistance of the RF
coil and the matching network Rj.s has to be determined at the same conditions
as during plasma operation. This is achieved by applying power to the RF system
while the ignition of a discharge is suppressed, typically by reducing the working
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pressure significantly below the Pa regime, while maintaining the settings of the
matching network. This implies on the one hand, that the impedance matching
to the output resistance of the generator is typically no longer achieved, and
a considerable amount of reactive power occurs. On the other hand, all of the
active RF power is now solely consumed due to ohmic losses within the coil, the
matching network and due to eddy currents. If the antenna current Ifnt’vac is
measured simultaneously during this vacuum operation, the loss resistance can be
calculated according to

Rioss = Par/I2

nt,vac*

(5.3)

In practice, the RF power is varied in several steps, each time measuring the

respective antenna current. By plotting Prp against 1> the antenna resistance

ant,vac’
is provided by the slope of a linear increase. Exemplarily, this is shown in figure
5.4 for an excitation frequency of 1 MHz and the application of the helical five-turn
ICP coil. The observed dependence of Prr on the square of the current is almost

ideally linear, yielding a loss resistance of 0.117 Q.
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Figure 5.4: Example of the measurement of the resistance R.ss required for the
evaluation of the power transfer efficiency. Indicated as dashed lines are the
enveloping linear regressions accounting for the measurement uncertainty of the
RF power.



72 Chapter 5 Experimental setup and diagnostics

Limitations and measurement errors

In principle, the applied subtractive method tends to slightly overestimate the
losses, since the plasma itself can effectively shield some of the induced eddy
currents in its vicinity, which contributed to the measured value of Rj.s without
plasma ignition. Therefore, the method provides a lower estimate of the RF power
transfer efficiency [Hop94]. However, in the present work this overestimation
is assumed to be small. Due to the dielectric plasma vessel and a relatively
large distance of about 15cm from the antenna to the nearest conducting walls
(transition plate and expansion chamber), losses due to eddy currents in the
vicinity of the plasma are considered to be small in comparison to the ohmic losses
within the antenna and the matching network.

In practice, also the effect of the temperature on the network resistance has
to be considered. During plasma operation, the RF system is heated due to
both ohmic heating as well as its proximity to the plasma and the discharge
vessel. Ideally, the determination of the network resistance has to be conducted at
the same temperature as during plasma operation. Therefore, R, is measured
directly after the plasma operation to avoid a significant cooling of the system. In
order to assure this, the measurement procedure has been fully automatized and
can hence be conducted within a few seconds [Seil7]. Additionally, the order of
the current running through the antenna during the measurement of R is kept
in the same region as during plasma operation to provide a comparable amount
of ohmic heating. Therefore, the range within the RF power is varied is chosen
appropriately.

The resulting error of the power transfer efficiency and the plasma equivalent
resistance are estimated based on the typical measurement errors of the utilized
devices. The relative measurement error of the antenna current is smaller than
2.5%. The relative uncertainty of the delivered power Prr depends on the phase
angle ¢ between the voltage and current measured by the V/I probe. During
plasma operation, ¢ is close to 0 since impedance matching is typically achieved.
In this case, the resulting error of Prp is smaller than 5.5%. Since the phase
difference during the determination of the network resistance is typically larger
than zero, the uncertainty of the power measurement increases. This is shown
by the error bars in figure|5.4, Consequently, the error range of the determined
resistance is provided by the enveloping linear regressions indicated by the dashed
lines. This error range of Ry is much higher than the fit error of the linear

regression, and typically dominates also the resulting errors of the RF power
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transfer efficiency and the plasma equivalent resistance. Those can be estimated

as follows:

ARigss \
An=(1- n)J (5.5%)% + (2.5%)2 + (Rl"> (5.4)
loss
ARplasma = (Rplasma + Rnetwork) : 105% + ARIOSS‘ (55)

The resulting errors are evaluated for each measurement individually, as they
depend on the value of n and Rpiasma, respectively. In general, the error An is
low at a high efficiency, and significantly increases at low efficiency. The relative
error of Rpjasma 1S at least 10.5% and increases depending on the values of Ry
and ARjogs.

5.2.2 Optical emission spectroscopy (OES)

Optical emission spectroscopy provides non-invasive access to line of sight aver-
aged plasma parameters. It relies on the measurement of the spectral intensity
distribution I(\) of optical transitions, consecutively allowing to determine the
densities of the involved initial atomic or molecular states. The emissivity €
introduced in equation (3.23) is connected to () as follows:

1

€ik =

/A IV (5.6)

l plasma

In equation dﬁ), lplasma denotes the length of the line of sight within the plasma
and f(A) is the calibration factor of the spectroscopic system, which takes into

account its wavelength dependent sensitivity.

OES at atomic hydrogen

In the present work, the line emission ey (n; — ng = 2) of the first four transition
lines of the atomic Balmer series of hydrogen and deuterium is measured and
the corresponding emissivities are evaluated according to equation (5.6). Those
serve as input for the collisional radiative models applied to evaluate the plasma
parameters. The designation, principal quantum number of the upper and lower
states and the corresponding central wavelengths of the first four Balmer lines of

hydrogen and deuterium are summarized in table 5.1.
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OES at molecular hydrogen

Due to the multitude of different electronic, vibrational and rotational states of
the hydrogen molecule, a variety of optical transitions occurs. The spectroscop-
ically well accessible Fulcher-a system (d®II,,v",J — a?’Eg, V" J"), located in
the wavelength region between 590 nm and 650 nm is diagnostically treated after
[FH98, BRF17] for both hydrogen and deuterium. This evaluation allows to deter-
mine rotational and vibrational temperatures of the electronic ground state X! Eg,
as its ro-vibrational population is linked to the upper triplet state of the Fulcher
system via electron impact excitation, assuming the validity of the Franck-Condon
principle [Her50]. Subsequently, the total emission of the Fulcher-a transition
is determined, which is required as input for the collisional radiative modelling.
In the present work, the first twelve emission lines of the rotational Q-branch
(J) = J") of the first four diagonal vibrational bands (v/ =0,...,3 — V" =1/)

from its spectrum are evaluated.

In the present work, the gas temperature Tg,, is specifically required to
determine the neutral particle density nyg = ng + ng, during plasma operation
via the ideal gas law. For the latter, also the absolute pressure is required, which
is measured by the capacitive pressure gauge. During plasma operation at lower
pressure, thermal transpiration effects occurring between the discharge tube and
the pressure gauge are considered according to an empirical approach by [TS63].
Diagnostic access to the gas temperature is provided by the evaluation of the
rotational population of the upper Fulcher state. In hydrogen and deuterium, the
energy difference between the rotational levels of a vibrational level in the electronic
ground state X is small (of the order of 0.01€V), which allows for a population
by heavy particle collisions and a subsequent thermalization. Consequently, the

population distribution of the rotational states can be described by the energy

Table 5.1: Transition lines of the Balmer series of atomic hydrogen and deuterium
with the principal quantum numbers n for the upper and the lower state and the
corresponding wavelengths A [GMS95].

Hydrogen Deuterium
n; ng designation A [nm]| designation A [nm]
3 2 H, 656.3 D, 656.1
4 2 Hp 486.1 Dg 486.0
5 2 H, 434.0 D, 433.9
6 2 Hs 410.2 Ds 410.1
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distribution of the heavy particles (— Tyas)[OORT89]. Assuming that for electron
impact excitation the rotational quantum number is not changed, the rotational
distribution in the ground state is projected into the excited upper Fulcher state.
In order to evaluate the rotational distribution in the upper Fulcher state, the
corresponding emissivities of the ro-vibronic transitions are determined according
to equation Qﬁ) Those are characterized furthermore by the proportionality
[Her50]

/ I/"7J/,,]"

v, S
Ed,a xX g J!J" exXp | —

AErot(']/)> , (57)

d !
k B Troty

where g denotes the degeneracy due to the nuclear spin and Sy j» the Honl-
London factor [Her50, Kov69]. AE..(J') is the energy difference between the

rotational levels and the lowest level J' = 1. T4 is the rotational temperature of

a thermal distribution in the vibrational state v/ and is determined by the slope

of ln(eg:;//"ﬂ"]“ /9Sy y) plottet against AE,.(J'). Considering the corresponding
d

rotational constants BY_, and B%, the rotational temperature in the ground state

X is obtained via [OOR*89]

TXV:O . BZ(:UTdV’ (5 8)
rot - Bd/ rot * .

If the rotational states in the electronic ground state thermalize with the heavy

TX v=0

U7 is assumed to be equal to the gas temperature. In

particles, the value of
the present case, this is valid only for the lowest five rotational levels up to J' = 5,
as the rotational population in the investigated discharges typically exhibits a
strong two-temperature Boltzmann distribution where the population of the higher
rotational states is characterized by a much higher temperature than the gas
temperature. Further details regarding this phenomenon and remarks regard-
ing its origin can be found within [BRF17]. Accordingly, the gas temperature
in this work is evaluated from the rotational temperature of the lower states,
and taken from the mean value of the first three evaluated vibrational transi-

tions v/ = 0, 1, 2 which are typically in good agreement among themselves [BRF17].

In order to determine the entire emission of the Fulcher transition, an
approach described in detail by [FH9S8] is followed. In addition to the evaluation
of the rotational population discussed above, it requires the determination of the
vibrational population in the electronic ground state. In order to deduce the latter,

at first the vibrational population of the upper Fulcher state is evaluated via the
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first four diagonal vibrational transitions using equation @), while taking into
account the deduced rotational populations. The measured population is then
compared to calculated populations, determined by assuming different vibrational
(Boltzmann) distributions in the ground state, characterized by vibrational tem-
peratures Ty;,. These distributions are projected into the upper Fulcher state,
accounting for the corresponding Franck-Condon factors and vibrationally resolved
rate coefficients [FWO06]. The vibrational population in the ground state and thus,
the vibrational temperature, is then provided by the best match between the

measured and the calculated distributions.

Subsequently, the measured emission of the first four diagonal transitions is
extrapolated to deduce the total Fulcher emission eg,. The scaling required for
this extrapolation depends on T,;, and is derived from the ratio of a calculated
emissivity of the first four vibrational bands to the calculated emissivity of the
entire Fulcher transition. Such a calculation is performed via a corona model,
which balances the population via electron impact excitation from the electronic
ground state against the depopulation via spontaneous emission. The corona
model applied for the calculation is described in detail in [WF16] and relies on
cross section data provided by [MTGT72].

Determination of plasma parameters via collisional radiative modelling

The measured emissivities of the atomic Balmer lines and the molecular Fulcher
transition are used to determine line of sight averaged values of the electron
temperature, the electron density and the density ratio of atomic to molecular
hydrogen via collisional radiative models (CR models). In the present work, the
evaluations were performed by the simultaneous application of the CR models
Yacora H for the hydrogen atom and Yacora H, for the hydrogen molecule. A
detailed description of the models is provided by [WF16]. These models are only
available for hydrogen, and not for deuterium. The applicability to deuterium is

separately discussed in a paragraph following below.

In general, the applied CR models balance all relevant population and depopu-
lation processes for the particular states of interest of H and H, by calculating
so-called population coefficients R;. Via these coefficients, the density n; of an
excited state i is linked to the electron density and the density n, of a partic-
ular species s. A 0-dimensional approximation of the population density n; in
equilibrium is thus determined by [WF16]
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g = Ne ZnSRSi(Te, Ty« -+ ). (5.9)

In case of the hydrogen atom, the applied model comprises the population
densities of the principal electronic states with n =1,...,40. For the hydrogen
molecule, a CR model including all states of the singlet and triplet systems up to
the principal quantum number p = 10 is used, which considers the splitting due
to angular momentum of the electrons for the electronically excited states with
p < 3 [WF16]. Via non-vibrationally resolved cross sections for electron collision
excitation from the ground state to the excited states taken from [MTG72], this
model is in the present case utilized to provide the population density of the
upper Fulcher state d3II,. For the electron excitation process, the CR models
assume a Maxwellian EEDF. In order to facilitate the evaluation, the plasma is
treated as optically thin by these models, which means that processes including
the reabsorption of photons are not considered. This is a valid assumption for the
molecules, but has to be considered as an approximation for the atoms, since the
reabsorption of photons corresponding to the Lyman series can be of relevance.

In order to derive a specific set of population densities, the applied models
require a set of input parameters, namely the densities and temperatures of
the neutrals H and H, and those of the electrons and the charged particles HT,
H3, Hfand H™. Based on the population densities provided by the models and
emission rate coefficients of the considered transitions, corresponding emissivities
are calculated according to equation @) The required transition probabilities
are provided by [FWO06] for the Fulcher-a transition and by [KRR18] for the
atomic Balmer lines. In practice, the models are used to determine the plasma
parameters via a backward calculation: their input parameters are varied until
both the absolute emissivities and the relative line ratios are matched to the values
obtained from the OES measurements.

In the present case, specific assumptions can be made which simplify this
procedure. The OES measurements along the axial LOS (see figure ﬁb of the
experiment are performed in order to cover the central, plasma generating regime
of the discharges previously introduced as an ionizing plasma. In fully ionizing hy-
drogen plasmas, the amount of relevant reaction channels is strongly reduced: only
direct excitation from the electronic ground states of H and H, and dissociative
excitation of Hy have to be taken into account [WF16]. Processes involving the
hydrogen ions do not play a significant role. On the one hand, this implies that the

models are not sensitive to the densities of H*, HY, H and H™. In consequence,
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these parameters cannot be determined based on the OES measurements in this
case. On the other hand, the possibility to neglect these species strongly reduces
the amount of free input parameters of the models, namely to the densities of H
and Hy and the electron density and temperature. Additionally, the total neutral
density ng = ng + nu, is given by the ideal gas law, assuming Ty = T, = Tyas
and taking into account the measured absolute pressure. The remaining free
parameters n., T, and ny/ny, are now determined by an iterative variation, until

the calculated emissivities of the Balmer lines ey, , and the Fulcher emission

8
erul as well as the line ratios ex, /en,, en,/en,, €n, /en; and en, /epy are matched
with the corresponding measured values within a typical error of the emissivity

measured via OES of +£10%.

Application of CR models to D, plasmas

The applied CR models Yacora H and Yacora H, are in general designed for
the hydrogen atom and molecule, whereas no specific models for deuterium are
available. However, the application of the CR models for H and Hy to deuterium
discharges is well possible, if the influence of significant isotopic effects is thoroughly
considered.

First, the small variations of the atomic energy levels, which lead to the slight
wavelength shifts of the Balmer emission lines (see table ‘5.1D, are expected to
have no significant influence on the electron excitation process of the atoms.
Additionally, the corresponding emission rate coefficients are virtually equal as
well [KRR18]. Consequently, all processes coupled to the atomic states are assumed
to be directly transferable to deuterium.

In contrast, isotopic effects are expected for processes depending strongly on
the vibrational and rotational states of the molecules and molecular ions, as they
are influenced by the nuclear mass. This applies foremost to processes leading to
the dissociation of molecules, as discussed in chapter|3.3. Regarding the atomic
CR model, this implies in the present case that only the dissociative excitation of
molecules has to be considered, since all processes coupled to the ions are neglected
due to the ionizing nature of the discharge. Cross sections for the excitation of the
Balmer series via dissociative excitation for hydrogen and deuterium molecules are
given by [MHL77]. They show systematically lower cross sections for deuterium
over the entire electron energy range, typically between 20 and 50%. Consequently,
the rate of dissociative excitation is generally overestimated if Yacora H is applied

to deuterium.
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Figure 5.5: (a) Population coefficients for the states n = 3,4,5 of atomic
hydrogen calculated with the CR model Yacora H/WF16] for ne = 1 x 101" m™3.
(b) Corresponding relative contribution of the excitation channels coupled to the
atomic and the molecular ground state to the emissivities of the atomic Balmer
series.

In the present case however, this overestimation is small: Due to the relatively
high atomic densities of the investigated discharges, the globally dominant popu-
lation channel of the upper states of the Balmer transitions is the electron impact
excitation of atoms. This circumstance is demonstrated via figure|5.5. In part (a),
the population coefficients calculated via the CR model of the upper Balmer states
n = 3,4,5 due to electron impact excitation of atoms and due to the dissociative
excitation of molecules are compared at varying electron temperature and an
exemplary electron density of 10" m~3. The population coefficients coupled to
the atomic ground state are systematically about two orders of magnitude higher.
In order to quantitatively assess the influence of this difference at the present
discharge parameters, the resulting share of both excitation channels in the corre-
sponding emissivities of the Balmer lines is shown in part (b) for an atomic to
molecular density ratio of 0.12. In this specific case, the contribution coupled
to the molecules is found to be within the range of a few percent up to 20%,
increasing for higher T, and lower principle quantum number of the excited state.
However, this case represents the upper limit of the influence of the dissociative

excitation channel within the present work, since ny/ny, = 0.12 is the globally
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lowest measured value of the density ratio. Typically, ny/ny, reaches values
much higher than assumed here, and particularly at higher electron temperature
and in deuterium (due to its higher dissociation cross section). This reduces the
contribution of the excitation channels coupled to the molecular ground state
even further, typically to a relative share of 10% or less in the total emission.
Consequently, the expected isotopic differences of the dissociative electron impact
excitation of Hy and D5 in the range of a few ten percent are influencing a process
which contributes only by a few percent to the total emission. Therefore it can
be concluded that these isotopic differences only have a minor influence at the
present parameters, and the applicability of the atomic CR model for deuterium
discharges is considered to be well provided.

For assessing the application of Yacora Hy to deuterium, similar arguments
as for the atomic model can be stated: the CR model applied to determine the
population density of the upper Fulcher state does only resolve the electronic, but
not the vibrational and rotational states of the molecules. On the one hand, this
simplification imposes the general restriction that influences of the vibrational
distributions within participating molecular states on excitation processes cannot
be displayed by the model. On the other hand, this limitation entails that also the
molecular CR model can be applied to deuterium due to the same electronic states
of Hy and D, in a first approximation. This correspondence is also illustrated
by [FW06] based on the specific example of the Fulcher-a transition. As shown
therein, the effective radiative lifetimes and transition probabilities of electronic
molecular states are independent on the mass of the isotope. However, the effective
excitation cross sections required by the CR model may still exhibit isotopic differ-
ences between deuterium and hydrogen due to an implicit ro-vibrational influence
in principle. These effects could only be truly resolved by a ro-vibrationally
resolved CR model for both isotopes, which is not available yet due to the lack of
resilient data regarding the excitation cross sections of the deuterium molecule.
Therefore, the non-vibrationally resolved model for hydrogen is applied as a first

approximation also for deuterium.

Limitations and measurement errors

The main limitation of optical emission spectroscopy is that only line of sight
averaged plasma parameters are accessible. It is therefore impossible to resolve
spatial variations of the plasma’s distribution along one considered LOS. If it

is required to distinguish between changes of the global values of the plasma
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parameters and their spatial profiles, additional measures capable of measuring
locally and thus, spatially resolved are required - such as the floating double probe
discussed in the following section.

The characteristic error of the emissivity measured via OES of the order of
10% accounts for both the uncertainty of the measurement itself and the intensity
calibration. Since the plasma parameters evaluated via the CR models are varied
to match the measured values of OES, this error also defines a region of uncertainty
for ne, T, and ny/ny, within those can be changed and still allow for a good
agreement between model and measurement. In the present case, the typical

values of the relative errors are 25% for n. and 15% for T, and ny/ny, each.

5.2.3 Floating double probe

The application of traditional Langmuir probes [MSL26] for the determination
of local plasma parameters requires an electrode well connected to the plasma,
which can serve as as the reference point for the potential when a DC bias voltage
is applied to the probe. In RF discharges, this role can be fulfilled by partially
metallic vessel walls or other metallic components in the direct vicinity of the
discharge. In the present case however, discharges are created and investigated
in a dielectric tube where no reference electrode in sufficiently good contact to
the plasma is available. Therefore, the double-probe method, originally proposed
by [JM50], is applied. It provides the possibility to conduct probe measurements
without the requirement of a potential reference. By means of this technique,
the local electron temperature and density of the discharge can be obtained.
The following descriptions are based on a detailed characterization provided by
[CEZ65].

The principle scheme of a double probe is illustrated in figure 5.6. The system
consists of two probes which are insulated from ground and biased with respect
to each other by a voltage U. Consequently, the entire system "floats" with the
plasma, hence being called a floating double probe. In general, the system is always
on a negative potential with respect to the plasma in order to prevent the inflow
of a net current. In the present case, the probes are cylindrical and consist of
tungsten wires, as presented in section 5.2, The probes 1 and 2 are manufactured
to be identical and have a surface area of A = A; = A,. Both probes are located
in the plasma, which is assumed to have constant properties within the spacing of
the probes.

By a variation of the bias voltage and the simultaneous measurement of the
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current [ between the probes, the current-voltage characteristic of the floating
double probe is obtained. Exemplary, a probe characteristic obtained with the
system applied in this work is shown in figure 5.7. If no voltage is applied, the
entire system is on floating potential. Consequently, an equal flow of electrons and
ions from the plasma onto both probes is established and the resulting current I is
zero due to the identical probe surfaces. If U is made slightly positive, the potential
at probe 1 will increase and analogously the potential at probe 2 will decrease.
Consequently the flow of electrons on probe 1 is increased while it is decreased
at probe 2, resulting in a positive current I from 2 to 1. If the bias voltage is
increased further, the potential at probe 2 is reduced accordingly until eventually,
all electrons are repelled. In this case, the ton saturation regime is reached with
probe 2 solely drawing the ion saturation current carried by the plasma ions,
which is compensated by an increasing electron current on probe 1. Regarding
the [-U characteristic, reaching the ion saturation regime is accompanied by a
significant reduction of the slope of the measured current /(U). Changing the sign
of the applied voltage leads to same general behaviour with a reversed measured
current and consequently to the symmetry of the probe characteristic illustrated
in figure

In order to deduce the plasma parameters of interest from the double probe
characteristics, a quantitative description of I(U) considering the individual ion
and electron currents onto both probes at varying bias voltage is required. Such
an analysis is provided in detail by [CEZ65]. Assuming a Maxwellian electron

energy distribution, it yields a proportionality for the slope of I(U) at U = 0:

ﬂ _ € |Isat,llsat,2|
dU U=0 kBTe ’[sat,1’ + ’[sat,2| ‘

(5.10)

By measuring the slope of the characteristic at the origin as indicated in figure

) |
A plasma
\_/

probe 1

probe 2

Figure 5.6: Schematic of the floating double probe system.
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Figure 5.7: Ezemplary 1/U characteristic of the floating double probe obtained
with the applied diagnostic setup.

5.7, the electron temperature can be deduced depending on the values of the ion
saturation currents I and Ig 2. Under the basic assumption that the potential
of the probes is always negative enough to essentially draw the ion saturation
current, g1 and I o can be determined at U = 0 (and generally at any other
voltage) by a smooth extrapolation, as illustrated in figure \ﬂ

Based on the measured ion saturation currents and equation W), the plasma
density can be determined subsequently. Assuming a radial, collision free ion
flux on the probe area A independent of the probe voltage U, the saturation ion

current is approximated by [CEZ65]

1 kT, \
Loy = 2neA< & ) . (5.11)

Mion

The value of I is given by the average of the currents |Iga 1| and |lse2|. In the
specific case of hydrogen and deuterium plasmas, the ion mass m;,, denotes an
effective ion mass due to the presence of different ion species, namely H*, HJ and
Hi. In the present case, the actual ion contribution in the plasma is not directly
measurable. However, investigations via energy resolved mass spectrometry at
a different low pressure RF discharge operating at well comparable parameters
showed, that the effective mass in the pressure and power range of interest is

typically in the region between 2u and 3u [Bril7]. For the present case, a value of
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Mion = 2.5 u for hydrogen and m;,, = 5u for deuterium was chosen, accordingly.
The uncertainty of this assumption is considered within the typical error range of

the density described in the following section.

Limitations and measurement error

The ability to obtain spatially resolved plasma parameters is accompanied
by the drawback that the floating double probe is, analogously to every other
probe system, an invasive diagnostic. It can disturb the plasma, on the one
hand due to its physical presence and on the other hand due to its potential
difference with respect to the plasma. A priori, the extend of its influence on the
plasma parameters is difficult to assess. Therefore it is favourable to compare the
parameters obtained via probe measurements with non-invasive diagnostics, in
this case OES.

Regarding the determination of the electron temperature, some considerations
have to be made. As already described, the potential of the floating probe system
is generally negative in comparison to the plasma, i.e. repelling for the plasma
electrons, and any electron current drawn on one probe must always be balanced
by an equal ion current on the other. As the total current to the system is
furthermore always limited by the ion saturation current, only fast electrons in
the high energy tail of the EEDF can ever be collected. Consequently, only those
electrons contribute to the measured value of T, while the bulk of the EEDF is not
sampled [CEZ65]. Additionally, in RF discharges the probe characteristics can be
distorted by RF fields and occurring oscillations of the plasma potential, which
specifically influence the plasma electrons due to their higher mobility compared to
the plasma ions. Consequently, the evaluation of the electron temperature by the
slope of the double probe can be affected. In order to counteract such distortions,
compensation techniques for the measured probe currents, e.g. via band pass filters,
are required. However, such countermeasures are always designed to be applied
at a specific frequency. Since in the present work different excitation frequencies
are used and no frequency dependent compensation is applied to facilitate the
measurement, RF distortions influencing the determination of 7, cannot be ruled
out. Consequently, the electron temperature obtained by the floating double probe
method is not quantitatively used to characterize the discharges investigated in
this work.

The ion currents on the other hand are considered to be undisturbed by RF

distortions and allow for the evaluation of the plasma density according to equation
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@) The resulting error of the local n, obtained is given by the uncertainties of
each considered parameter, typically leading to a relative error of 25%. The float-
ing double probe is used to obtain spatial profiles of the plasma density parallel
to the discharge cylinder axis, as it was shown in figure 5.3. The spatial accuracy
Az of this measurement is provided by the finite probe length, as the plasma is
sampled in its whole reach. Accordingly, the position z of the measurement is
assumed to be at the center of the probe wires of 10 mm length each, with an

uncertainty of Az = +5mm.

Effects of a low external magnetic field

In the presence of a magnetic field, the probe characteristics can be generally
altered since the diffusion of charged particles is hindered, as discussed in section
@. However, the effects of the magnetic field can be neglected if the ratio r, /7.
between the probe radius r, and the gyration radius 7. is small [PT01]. In the
present case, the ion saturation current carried by the positive hydrogen ions has
to be considered. As specifically shown in chapter 3.5, the gyration radii of the
different hydrogen and deuterium ions range from several mm up to a few cm at
the present magnetic fields. Since this is significantly larger than the probe radius
of 150 pm, the influence of the magnetic field on the measured ion saturation

current is negligible in the whole B-field range of interest.
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6 Experimental approach and

boundary conditions

In the present work, basically four different setups are investigated: inductive
discharges generated via the helical coil at excitation frequencies of 1, 2 and
4 MHz and discharges applying the Nagoya-type antenna at 4 MHz. The general
procedure of igniting and operating the discharges in order to obtain reliable
and reproducible results is presented in the following, including some remarks
regarding the experimental restrictions and boundary conditions to be considered.
Apart from the excitation frequency, also the gas pressure, the delivered RF power
and the static magnetic field can be varied externally during operation. Together,
those are referred to as the operational parameters of the discharges within this

work.

6.1 Impedance matching and discharge ignition

Depending on the applied antenna and the specific excitation frequency, different
matching circuits have been set up to meet the requirement introduced in equation
@) that the load impedance has to equal a value of Zy = 502. For all setups
considered in this work, impedance matching can be achieved by applying a circuit
of the same basic topology (frequently referred to as a y-type matching network).
In order to quantify its specifically required components, a simplified network
analysis has been conducted. Therefore, the equivalent circuit of the applied
network is depicted in figure 6.1

The antenna of the inductivity L., and resistance R,,; and the plasma with its
equivalent plasma resistance [jjasma are regarded as a series circuit with respect
to each other and are connected to the in- and output of the generator. The
actual matching network consist of two capacitors C; and Cy (assumed to be
ideal in this case, i.e. R = 0), connected in series and parallel to the plasma and

the antenna, respectively. In this simplified picture, resistive contributions of the
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I
RF generator: C, Lot
for = 1— 30 MHz
Pgre < 2kW /\> = C,
Ry= 50 Q
R= Rant + Rplasma

Figure 6.1: Simplified equivalent circuit of the matching network utilized at
CHARLIE.

transmission lines and connections as well as reactive contributions of the plasma
are not considered. Therefore, also the antenna resistance R, is not equal to the
integral loss resistance Rj.s introduced in chapter as the measurement of the
latter specifically includes also those resistive contributions which are neglected in
the scheme of figure ‘6.1. In order to fulfill the matching equality of equation Q4.1),
the capacitances C and Cy are adjusted. In practice, a combination of fixed and
variable vacuum capacitors (Comet CVBA-1400AC/4-BEA-L, adjustable in the
range of 0.008 — 1.4nF) is utilized: the fixed capacitors are used to achieve the
required capacitance roughly in a first step. The variable capacitors are utilized
as C7 and C5 have to be adjustable in real time: on the one hand, they have
to cover the range imposed by the generally variable contribution Rpjasma 0f the
plasma depending on the operational parameters of the discharge. On the other
hand, a certain power output even in gas or vacuum operation and without the
contribution of Rplasma is mandatory, in order to achieve a power output sufficient
for a discharge ignition in the first place.

The required values for the capacitors can be calculated considering the principles
of conservation of electric charge and of conservation of energy via an application
of Kirchhoff’s circuit laws. Applying the matching conditions Re(Zjgaq) = 502

and Im(Zj,aq) = 0 as boundary conditions, this yields

1 R
Cl = — <w%{F L2

~1/2
— R?> — RR 6.1
WREF RO ant + 0) ( )

and

L —Cy(wipL? + B2 — RRy)

C.
? w%{FLQ + R?
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The subsequent estimation of the capacitances requires several input parameters,
which are provided in table 6.1 for the four different RF setups investigated in
the present work. The inductances of the different antennas are measured via an
RLC-multimeter while being disassembled from the circuit, whereas the provided
uncertainties account for the unknown contributions of the RF connections and
the transmission lines when the RF circuit is fully assembled at the experiment.
The estimation of the resistances can be roughly done by a direct measurement
regarding Rang, but especially for Rpjasma it largely relies on previous experimental
observations and experience. The provided values in table [6.1 are the typical
values found for the discharges investigated in the present work. The resulting
capacitances show that only in case of the inductive coil and 4 MHz the adjustable
capacitors achieve the matching requirement on their own. For lower frequencies
and the Nagoya antenna, additional fixed capacitors have to be connected in
parallel to shift the ranges of C'; and C5 to higher values. Applying these matching
circuits, impedance matching is achieved for all four setups within the required
range of pressure, RF power and external magnetic field for an operation of

discharges in deuterium and hydrogen.

Plasma ignition

In general, the practical procedure to ignite discharges is similar for all applied
RF setups. Typically, the gas pressure in hydrogen or deuterium is set to the range
between 3 and 5 Pa and the network is adjusted to deliver the RF powers necessary
to reach a capacitive, and subsequently an inductive discharge. For an operation
with the helical ICP coil, the typically required power for an inductive ignition is in
the range between 250 and 500 W, increasing with decreasing excitation frequency.
This frequency dependence is due to the voltage drop across the antenna, which is
approximately proportional to wrrLan. If the voltage drop is higher, a capacitive
discharge providing sufficient ionization to reach the H-mode is ignited easier.

Applying the Nagoya antenna, analogously a higher RF power of the order of

Table 6.1: Parameters of the matching network for different applied antennas
and excitation frequencies.

Antenna  frp [MHz| Lap [MH]  Rant [2]  Rplasma [©2]  C1[nF]  Cs [nF]

ICP 1 24+02 =0.1 0.1-09 04-1.8 80-94
ICP 2 24402 =015 05-2.0 0-14 1.6-3.0
ICP 4 24+£02 =02 1.0-6.0 0-14 0-14
Nagoya 4 0.7£02 =~012 0.02-05 0-14 1.0-24
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1kW is required for the ignition, due to the significantly lower inductance of the
antenna compared to the helical coil. Its low inductance is also the reason why
in this case no discharges at frequencies below 4 MHz are possible, as the RF
power required at lower frequency exceeds the maximum of 2kW provided by the
generator. Even though it is not within the scope of this work, in principle the
applied RF setup allows also for the generation of discharges at higher frequency
than 4 MHz with both antennas. Once a stable inductive discharge is ignited, the
pressure and the delivered RF power are adjusted (via both the matching network
and the generator) to match the individually desired values. In case of discharges
applying the Nagoya antenna, this also implies the adjustment of the external
magnetic field, and the subsequent transition of the discharge to a wave-assisted

heating mode.

6.2 Discharge operation, temporal stability and

reproducibility

The discharges generated in the present work are run in continuous wave operation,
i.e. the plasma reaches steady state, ideally regarding all processes defining and
influencing its parameters. If the steady state at specific operational parameters
like pressure and power is reached, measurements are conducted which provide
results that are reproducible within the typical errors of the applied diagnostics.
In practice, the time to reach steady state is typically of the order of several
minutes up to an hour. Within this time scale, mainly two contributions can
be distinguished - even though being partly coupled - which define the temporal
behaviour of the discharge:

The first determining factor is thermal, i.e. the heating of the experiment vessel,
the RF system and all components of the setup during operation. As already
discussed, on the one hand the temperature influences the ohmic resistance of the
RF components and thus influences the plasma parameters by changing the RF
power transfer efficiency. On the other hand, the temperature of the discharge
vessel can change the dynamics of plasma-surface interactions, e.g. by changing
the wall recombination coefficient v discussed in section 3.3.

This correlation directly leads to the second mechanism which empirically
dominates the long term stability of the discharges: the recombination processes
of atomic hydrogen to molecules at the walls. However, this occurs not only

due to the temperature dependence of the recombination coefficient. As already
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discussed in section 3.3, the recombination processes are strongly dependent on
the coverage of the surfaces with atomic hydrogen, which in turn exhibits a variety
of dependences on the plasma and surface parameters as well. The build up
of a stable coverage requires the balance of all these processes. Particularly for
discharge vessels dominantly consisting of dielectric material like quartz, this
leads to the typical observation that also the atomic density in low pressure low
temperature hydrogen plasmas can vary within the order of several minutes or
more until a stable equilibrium is reached, which is not necessarily coupled to the
thermal dynamics of the experiment.

Consequently, the temporal stability of the presented discharges is monitored by
the continuous measurement of two parameters: the antenna current as a measure
for the thermal stability of the RF system and the emissivity of the atomic Balmer
lines (LOS #1, see figure @D, as it is proportional to the atomic density within
the discharge. If both parameters reach a stable value within the typical errors of
the diagnostic systems simultaneously, the discharge is considered to have reached

steady state which allows to perform systematic measurements.

Operational limits

Basically, the same factors which determine the temporal stability of the
discharges are also responsible for the main practical limitations of experimental
operation. First, the ohmic heating of the RF system has to be sufficiently low to
be compensated by the applied cooling via fans and ambient air in order to protect
the components of the RF system from permanent damage. To assure that the
temperature increase via joule heating is within a tolerable regime, the level of RF
power, i.e. the current running through the antenna, has to be limited. Empirically,
the region where the power losses P, reach values of about 300 - 400 W has been
identified as a critical threshold to avoid excessive heating and damage to critical
parts, e.g. connections and plugs. Below this region, the cooling capabilities of
the RF system are sufficient to allow for continuous discharge operation, which
typically applies for all discharges utilizing the helical coil for inductive plasma
generation in the present work. For an application of the Nagoya antenna however,
generally higher absolute RF powers are required during operation and the power
losses due to ohmic heating can indeed exceed this threshold. The second limiting
factor is the requirement to prevent a permanent modification or damaging of the
discharge vessel caused by a high plasma admission. Inevitably, the plasma always

interacts with the vessel, which generally leads to a temperature increase of its
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walls, but can eventually also result in a the modification of the surface properties
and the emission of substantial amounts of particles from the surface, e.g. due
to physical sputtering and/or chemical erosion. In the present case of a quartz
vessel, the latter are mainly silicon and oxygen which can be identified via their
characteristic emission. On the one hand, the presence of considerable amounts
of these impurities in the bulk plasma can significantly affect its properties. On
the other hand, the correlated modification of the surfaces may strongly influence
the surface catalytic recombination processes of atoms, and thus the atomic
density within the bulk plasma. Both effects render meaningful and reproducible
investigations impossible and have to be avoided, practically by limiting the
provided RF' power.

In summary, the described limitations set the boundary conditions for the
discharges operated and investigated in the present work. Generally, two different

approaches are followed, depending in the applied antenna:

« In case of inductive discharges generated via the helical coil, the dis-
charges are generally operated continuously, but the provided RF power
is restricted to a maximum of 1kW. This assures that neither excessive
ohmic heating of the RF system nor deteriorating effects of the vessel walls
caused by the interaction with the plasma occur. Once the discharges reach

equilibrium, the measurement of the plasma parameters is performed.

o With an application of the Nagoya antenna, an RF power of the order
of 1kW or higher is required to generate a discharge. In order to prevent
the occurrence of excessively high and possibly damaging temperatures
within the RF system, the discharge operation time has to be effectively
reduced in this case. Therefore, the discharges are operated in a quasi-pulsed
mode, applying plasma-on and -off phases between two and five minutes in
continuous succession. This approach allows to reach stable and reproducible
plasma parameters typically after a few pulses (monitored via OES) while
the heating of the RF system is kept at a tolerable level. Once the monitored
emission of the discharges reaches a stable level from pulse to pulse, the
required measurements are conducted in course of several successive pulses.
In order to ensure the comparability between the discharges utilizing different
antennas, all measurements applying the helical ICP coil which are directly
compared to discharges generated via the Nagoya antenna have also been

performed by applying the described pulsed operational mode.
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In general, the described limitations can be avoided by dedicated experimental
measures: in order to counteract the ohmic heating of the RF system, actively
water cooled antennas and transmission lines can be applied. To counteract
the deteriorating effects of the plasma on the dielectric vessel walls close to the
coil /antenna, a Faraday screen can be applied. Both measures are a prerequisite
at higher RF powers and thus commonly applied, e.g. at larger ion source test
beds.
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7 Inductive discharges at 1 MHz

As presented in chapter 2, inductively coupled hydrogen and deuterium plasmas
generated at 1 MHz are the discharges currently applied in the RF driven ion
sources for NNBI. In the present chapter, this scenario is discussed in detail as
it serves as the baseline case for the comparison with ICPs at higher frequency
and the application of wave heated discharges in the subsequent chapters|8 and
9. While hydrogen discharges are investigated as the typical reference case at
first, isotopic differences relevant for the plasma heating mechanism are assessed
specifically afterwards. The investigations within this specific chapter have been
performed at a previous setup of CHARLIE lacking the expansion chamber, as
briefly mentioned in chapter [5.1, This does not pose any limitations to the
comparability with the results presented in the following chapters 8 and |9, which
were obtained with an installed expansion chamber: the presence of the expansion
chamber does not influence the inductive plasma generation regime, which has
been checked experimentally. The results presented in this chapter are to a large

extent the contents of a paper already published by the author [RBF17].

7.1 RF power transfer efficiency

The RF power transfer efficiency obtained in inductive hydrogen discharges
driven at 1 MHz for varying the gas pressure between 0.3 Pa and 10 Pa is shown
in figure 7.1 (a). The presented measurements are obtained at three different
delivered RF powers of 250 W, 520 W and 800 W, respectively. With increasing RF
power, the efficiency increases globally, and a broad maximum of 7 over pressure
is observed between 1 and 3Pa. With increasing power, the position of this
peak slightly shifts from 1Pa at 250 W to 3 Pa at 800 W, where the RF power
transfer efficiency exceeds values of 90 % for RF powers of 800 W. The efficiency
is significantly lower at the low and high pressure limits where it drops to values
below 50 %, particularly for low RF power. At 250 W, sustaining an inductive
discharge at the low and high pressure limits of 0.3 Pa and 10 Pa is no longer

possible due to the decreased power absorption by the plasma.
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Figure 7.1: (a) RF power transfer efficiency n in hydrogen discharges at varying
pressure and different values of the delivered RF power Prp. In (b), the cor-
responding values of the plasma equivalent resistance at varying pressure and
RF power are depicted (top), in addition to the antenna current during plasma
operation and the loss resistance at 520 W (bottom,).

Generally, the observed dependence of n on p and Pgry is connected with the
behaviour of the plasma equivalent resistance Rpjasma presented in m‘ (b). Rplasma
is in the range between 0.1€2 and 12 and displays analogous relative trends as 7
with respect to the varied parameters. The characteristic variation of Rpjasma leads
to a corresponding change of the antenna current I,,., which is illustrated on the
bottom of figure 7.1 (b) exemplarily for an RF power of 520 W. In the pressure
region between 1 and 3 Pa, I, is around 28 A while it significantly rises towards
higher and lower pressure, reaching values of 50 A. As the loss resistance is of
roughly 0.1 €2 virtually independent of the operational parameters, the relative

behaviour of the power loss term 2

i Rloss 18 determined by the changing antenna

current, which leads to the observed behaviour of 1. The pressure dependent
change of the current is therefore mainly a result of the varying power absorption
by the plasma, which is proportional to the plasma equivalent resistance. In
general, this behaviour is well comparable to the results of the power transfer
efficiency of noble gas discharges that have been reported several times, e.g. by
[Hop94, Kra08, KRP*16].
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7.2 Plasma characterization and heating

mechanism

In order to analyse the observed characteristic behaviour of RF power absorption,
the analytical descriptions of the inductive heating provided in section 4.2 can
be applied. This requires the experimental determination of several plasma
parameters, foremost the electron density and temperature and the characteristic

collision frequencies of electrons.

7.2.1 Relative spatial plasma profiles

In the present work, mainly axially averaged plasma parameters are discussed,
which are considered to be representative for the global description of the discharge
behaviour and the heating mechanism. In order to ensure that such an approxi-
mation is valid, the typical spatial profiles of the discharge and their respective
dependence on the varied operational parameters have to be checked. Serving
as the representative quantity for the spatial distributions within the discharge,
mainly the electron density is treated in the following.

The distribution of the electron density in axial direction is measured by the
moveable floating double probe. In figure 7.2 (a), an exemplary profile obtained at
a pressure of 1 Pa and an RF power of 520 W between the end plate and the center
of the discharge vessel is presented. The density is peaked in the heating region
under the coil at a maximum value of 4 x 10" m~3 and gradually decreases towards
the cylinder ends. Due to the symmetry of the coil and the discharge vessel, the
spatial profiles are axially symmetric with respect to the discharge center, which
has been checked by inserting the probe from the other side. Empirically, the
measured profiles are found to be very well described by Lorentzian peak functions,
as indicated for this example as well. In order to compare the probe measurements
with the LOS-averaged plasma parameters obtained via OES and CR modelling,
the mean value of the Lorentzian fit along the whole length of the cylinder is
calculated, yielding in this case (n.) = 1.7 x 107 m™3.

In general, the relative shape of the axial density profile does not show a strong
variation with the operational parameters of the discharge, in contrast to the
absolute values which are discussed in the next chapter. At fixed pressure, virtually
identical profiles are obtained at different RF power. If the pressure is varied, a

weak yet systematic behaviour is observed as presented in figure 7.2 (b): if the
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Figure 7.2: (a) Example of an axial profile of the electron density measured by the
floating double probe. The data is fitted by the displayed Lorentzian peak function
in order to evaluate the azially averaged density (n.). (b) Azial density profiles at
varying pressure. For both graphs, the extent of the coil as well as the end and the
center of the discharge tube are indicated.
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Figure 7.3: Normalized lateral intensity profiles of the atomic Hg emission line
at an axial position z= 100 mm between the coil and the end plate. Presented are
profiles obtained at different pressure and a fired RF power.
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pressure is increased, the normalized profiles become slightly narrower. This is the
typical observation in low pressure low temperature plasmas, caused by a shorter
mean free path of the charged particles, leading to a slower diffusion and more
pronounced density gradients [CB11].

The corresponding investigation of the radial discharge profiles is performed
indirectly via spectroscopic measurements, since a radial variation the probe
position is not possible for the present setup. By means of the moveable lateral
LOS of OES (denoted #2 in section 5.1), intensity profiles of the atomic Balmer
and the molecular Fulcher radiation are obtained. Apart from an absolute variation
of the measured intensity with changing operational parameters, the resulting
profiles do not show a significant radial dependence, neither on the RF power nor
on the pressure. Exemplary, the normalized lateral intensity profiles of the Hg
emission line at different pressures for a fixed RF power of 520 W are presented
in figure m The profiles are obtained at the axial position z = 90 mm (see
figure 7.2) between the coil and the end plate. They are peaked on the cylinder
axis and decrease towards the radial wall virtually identical for all pressures. The
observed insensitivity of the intensity profiles with respect to p and Prg indicates
that the relative radial distribution of the plasma parameters is not strongly
influenced by the operational parameters either.

Even though it is not discussed specifically in this work, the measured lateral
emission profiles can be used to obtain radial emission profiles via Abel inversion.
Subsequently these profiles can be compared to numerical simulations which are
capable of calculating spatially resolved plasma parameters. For the present
parameters, this has already been performed and is published within [BMR*17],
where the measurements discussed within this chapter are compared with results
of the numerical PIC-MCC! code NINJA [Mat17, MNO™17]. As reported therein,
the radial electron density profiles are well described by a zero-order Bessel
function, which corresponds to the typical expectation in cylindrically symmetric
low pressure low temperature plasmas [LL05, CB11, Beh91].

In summary, both the relative axial and radial distributions of the plasma
parameters show the typical characteristics expected in the discharge regime
at hand and are mostly insensitive to the operational parameters p and Pgrp.
Conclusively, changes of the line of sight averaged parameters evaluated via OES
can be solely contributed to a change of the global plasma parameters, and are

not due to significant changes of the plasma’s spatial distribution.

1Particle-in-cell Monte Carlo collision
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7.2.2 Plasma parameters at varying pressure and RF

power

The electron density n., the electron temperature 7, and the gas temperature
Tgas at varying pressure and delivered RF power are presented in figure \7.4} In
(a), the axial average of the electron density for different RF powers is displayed,
which is determined by evaluating the profiles obtained by the floating double
probe according to the approach presented in the previous chapter. The density
is of the order of 10" m~3 and increases with increasing RF power. Up to 3 Pa,
it also increases with increasing pressure. In the region above 3 Pa, a deviant
behaviour depending on the RF power is observed: for 800 W, n, continues to
grow, while for intermediate and lower power it saturates or even decreases in
the high pressure region, which is directly connected to the analogous decrease
of the RF power transfer efficiency at lower powers shown in figure [7.1. The
electron density obtained via OES and CR modelling is exemplarily shown for
Prr = 520 W in addition to the probe data. The correspondence to the axial
average of the electron density obtained by the floating double probe is excellent,
regarding both the absolute value and the relative trend.

In figure 7.4 (b), the electron temperature determined via OES and CR modelling
at varying pressure is shown. For all powers applied, a monotonous decrease from
about 5eV at 0.3 Pa down to values slightly below 2eV at 10 Pa is observed, which
corresponds to the expected behaviour in low pressure discharges described by
the ionization balance in chapter 3.4. The influence of the applied power is not
pronounced: all values of T, are within the error margins for a fixed pressure.
Generally, a small increase of T, with increasing power is present within the error
bars due to a moderate increase of the gas temperature with increasing power,
effectively reducing the neutral particle density.

The gas temperature is explicitly shown in figure ’ﬁ‘ (¢): Tyas increases steadily
with the pressure in a range between 450 K at 0.3 Pa and 800 K at 10 Pa due to
the increased collision rate and energy transfer between electrons and neutrals.
With increasing power, Ty, rises by about 200K between 250 W and 800 W.
Consequently, the typical inequality T, > Ty, is observed, which is characteristic
for non-equilibrium low pressure low temperature plasmas.

The density ratio ny/ny, evaluated via OES and collisional radiative modelling
is found to be within a range of 0.1 and 0.6 for all operational parameters. Typically,
it increases for higher T, (i.e. at low pressure) and higher n, (i.e. at high power)

due to the dissociation of Hy via electron impact described in chapter 3.3. Selected
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Figure 7.4: Plasma parameters of inductive hydrogen discharges driven at 1 MHz
at varying pressure and RF power. Depicted in (a) is the electron density obtained
by probe measurements (full symbols) and via optical emission spectroscopy and
collisional radiative modelling (open symbols). In (b) the electron temperature
is shown, evaluated by OES and CR modelling. (c) shows the gas temperature
obtained via OES.
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values of ny/ny, are specifically shown in section @ as part of the discussions

concerning the isotopic differences between hydrogen and deuterium.

7.2.3 Inductive heating mechanism

In order to discuss the behaviour of the RF power transfer efficiency n presented
in section 7.1 in further detail, the effective plasma conductivity oeg is calculated
according to equation (TBD, as it is proportional to the power absorption of
an inductively heated plasma defined in equation @) This approach provides
a 0-dimensional approximation of the characteristic dependencies of the power
transfer and heating mechanism.

In order to evaluate the plasma conductivity o.g, measured electron density
values and the effective collision frequency veg are taken into account. Regarding
the latter, both the electron-neutral collision frequency v, and the stochastic
collision frequency v are calculated. The electron-neutral collision frequency is
given by the sum of the collision frequencies of electrons with hydrogen atoms
Ve and molecules vep,, respectively. Collisions with ions can be neglected due to
their lower density. At the present conditions, the stochastic collision frequency is
given by equation @), since the electron transit frequency through the RF skin
depth layer is much larger than the angular excitation frequency of 27 x 1 MHz,
yielding o < 1.

In figure 7.5 (a), the calculated frequencies are presented at varying pressure
at the RF power of 520 W. The collision frequency v, is characterized by an
almost linear increase with rising pressure due to its proportionality to the neutral
particle density. Slight deviations from a linear dependence are due to a change of
the neutral density caused by the observed steady increase of the gas temperature.
Furthermore, there is an implicit influence of the electron temperature on v,
via the rate coefficients X.y(7:.) and Xep2(7.). However, as there is only a
weak variation of the electron momentum transfer cross sections of hydrogen
atoms and molecules with T, in the relevant energy region between 2eV and 5eV
([SEG87, YSHT08], see chapter 3.3), the impact of T, on the electron collision
frequency is almost negligible. In addition, the difference between the cross
sections of atoms and molecules is fairly small in this energy range, which leads to
the observation that the density ratio of atoms and molecules has no significant

impact on the electron-neutral collision frequency either.
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Figure 7.5: (a) Electron collision frequencies in hydrogen at varying pressure.
For 520 W, the collision frequency of electrons with neutrals (Ve, ), the frequency
of the electron momentum change due to stochastic non-collisional heating (Vsioen)
and the effective sum of both components (veg) is depicted. For a comparison,
Vet at 250 W is also included. (b) Real part of the complex (effective) plasma
conductivity at varying pressure and delivered RF' power in hydrogen.

The stochastic collision frequency displays only small variations, due to its
dependence on both T, and n., which depict a contradictory relative dependence
on the pressure. Comparing both v, and v, the expected dominance of ohmic
heating at higher pressure is well reflected: v, exceeds vy, by more than one
order of magnitude at 10 Pa. Due to the negligible influence of stochastic heating
in this region, the effective collision frequency is virtually equivalent to ve,. At
low pressures of p < 1Pa though, the influence of stochastic heating becomes
significant. At the low pressure limit of 0.3 Pa, the stochastic collision frequency
even exceeds ve,. In consequence, the effective collision frequency deviates strongly
from ve,, confirming that stochastic heating has to be considered in hydrogen
discharges at low pressure. In contrast to the pressure, the RF power has only
a minor influence on the evaluated collision frequencies. As an example, the
effective collision frequency at a delivered RF power of 250 W is also included
in figure 7.5 (a). The relative behaviour of e at lower power is virtually the

same as for 520 W, while the absolute frequency is slightly but globally higher.
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This is mainly due to a slightly higher neutral density caused by the lower gas
temperature. At higher RF power a slight reduction of v.g is analogously observed
due to a higher gas temperature. In addition, the constant value of the angular
excitation frequency wgr is indicated in (a), which is globally lower than all of
the individually evaluated effective collision frequencies. As discussed in section
4.2, this implies that in the present regime a lower collision frequency results in
an increase of the plasma conductivity.

The real part of the complex plasma conductivity o.g is determined subsequently
based on the plasma parameters discussed above and presented in figure W (b).
With an increase of the RF power, the conductivity increases globally. For all
three RF powers applied, an analogous behaviour with respect to the pressure
is obtained: o.g describes a maximum between 0.5 and 1Pa and decreases for
both higher and lower pressures. In case of 250 W, no stable plasma operation is
possible below 0.5 Pa. The position of the maximum appears to be slightly shifted
to higher pressures with increasing RF power. In summary, the obtained picture
resembles well the relative behaviour of the RF power transfer efficiency presented
in figure E, which allows for a detailed comparison between 1 (or analogously
Rplasma) and oeg in order to evaluate the individual contributions of the considered
plasma parameters to the RF power absorption.

The increase of n as well as o for higher RF power is mostly caused by
the increasing electron density. In addition, the observed slight decrease of the
effective collision frequency with increasing Prr leads to a further enhancement of
the plasma conductivity: in the present case, wrr < Vg is globally valid. Conse-
quently, a lower effective collision frequency increases the fraction veg/(wip + 1)
In general, the characteristically peaked pressure dependence of the plasma con-
ductivity is also well comparable to the RF power transfer efficiency. It is caused
by an interplay of the electron density and the effective collision frequency. At
low pressure, veg is minimal and thus close to the applied frequency wrp, which
increases the plasma conductivity. At the same time, the relatively low value
of n. at low pressure significantly limits the conductivity and therefore also the
ability of the plasma to absorb power. With rising pressure the situation inverts:
while the electron density is increased and proportionally enhances the plasma
conductivity, the steady increase of v.g simultaneously reduces o.¢. Consequently,
both o.¢ as well a n describe a peak at intermediate pressure and decrease at
higher pressure, where the rising electron-neutral collision frequency reduces the

plasma’s capability to absorb the provided RF power.
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However, a direct comparison of the figures 7.1 and 7.5 also reveals that the
position of the pressure dependent peak of o.g is systemically shifted to slightly
lower pressure, compared to the maximum of the RF power transfer efficiency. The
cause of this local deviation cannot be positively identified, but several possibilities

can be considered.

First, it is known that the EEDF in inductive discharges may deviate from
a Maxwellian distribution, particularly at low pressures [GPA92, MDCK™09].
Since a Maxwellian EEDF has been globally considered for the evaluation of the
electron-neutral collision frequency, this could also affect the evaluated plasma
conductivity, particularly in the low pressure region. However, the dependence of
Ven ON the electron temperature, and thus on the mean electron energy is weak
at the present conditions, as already discussed above. This indicates that the
effect of a non-Maxwellian EEDF on the plasma conductivity is also moderate,
and probably not prominent enough to serve as a possible explanation for the

observed deviation.

Second, the observed behaviour may be caused by relative spatial variations
which cannot be conveyed by the conducted 0-dimensional approximation of the
power absorption: the followed approach does not account for the small changes
of the spatial profiles of the involved plasma parameters with pressure and power
and the associated influence of the induced electric field E in the RF sheath.
For a further detailed and spatially resolved treatment of the heating process,
numerical modelling approaches are required. First steps towards such a numerical
simulation of the heating process of low pressure hydrogen discharges are already
carried out [Ziel7]. In addition, the contradictions of o, and 7 at low pressure
may also be a result of a limited validity of the considered description of stochastic
heating. As mentioned already in section 4.2, the ion plasma frequency of the
investigated discharges is higher than the excitation frequency, in contrast to the

assumptions made in [VLDT95].

Nevertheless, it is concluded that the qualitative dependencies of 1 on gas
pressure and RF power are generally well resembled by the presented analytical
considerations accounting for both collisional and collisionless heating mechanisms.
The deduction of this correlation is considered to be a novelty with respect to
Hy /D5 low pressure discharges. The performed analysis provides also a specific
motivation for the investigation of higher excitation frequencies than 1 MHz which
is presented in chapter since the effective electron collision frequencies are

globally higher than wgrp, the efficiency of the inductive power absorption could
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be enhanced by increasing the excitation frequency in order get closer to the
maximum at Wrp = Vef-

In general, the investigations conducted within this work (including the results
to be presented in the subsequent chapters E and @ provide a diverse set of
experimental data, characteristic for RF heated low pressure hydrogen discharges.
Therefore, they have proven to be ideally suited to serve as valuable input for

the benchmark of numerical codes dedicated to the simulation of such discharges
Mat17, ZielT].

7.3 Isotopic effects: comparison of hydrogen

and deuterium

As introduced in chapter 3.2, the nuclear mass has only a negligible impact on
the electronic states of hydrogen and deuterium and thus, many of the governing
processes within low temperature low pressure discharges do not display any
relevant isotopic differences. This leads to partially comparable plasma parameters
in Hy and D, at the same operational parameters. However, significant isotopic
differences between hydrogen and deuterium are expected regarding the process
of molecular dissociation.

The behaviour of the molecular dissociation can be experimentally investigated
by evaluating the ratio ny/ny, of the atomic to the molecular density in hydrogen
- and analogously np/np, in deuterium - via optical emission spectroscopy. Mea-
sured values of this ratio at varying pressure are shown in figure 7.6 (a) for both
isotopes, exemplary at a delivered RF power of 250 W. A comparable relative
dependence on the pressure is observed for both isotopes: both density ratios
describe a maximum at 1 Pa and a decrease towards lower and higher pressure.
np/np,, which reaches values between 0.25 and 0.45, globally exceeds ny/nu,
roughly by a factor of two. An analogous isotopic difference of the same order of
magnitude is globally observed, e.g. also at higher RF power. As expected from
the electron impact dissociation cross sections provided in section 3.3, the atomic
density in Dy plasmas is higher than in Hy at the same operational parameters.
Furthermore, the absolute densities of atoms are in the same order as the density
of the molecules. This implies that atoms may have a non-negligible influence on
the RF power absorption process which is further assessed in the following.

As discussed in the previous chapter the difference between atoms and

molecules with respect to the total electron-neutral collision frequency is negligible



7.3 Isotopic effects: comparison of hydrogen and deuterium 107

0.6 . . . . . . 3.0
e (a) Pre = 250 W (b) o
o =
© L i ©
2 0-5 nD/nD i Xion H/Xion H 125 :
g LAt ’ e o
8 04+ ,,' . a xion,D/Xion,D2 S
3 , ]1 _ 20 €
© i (]
3 O 3 [ l‘ N 1 ©
8 A S &
ks ] % i 115 &
g 0.2+ A ] 5
5 s
o .l /Ny | 410 §
g . ><ion,Dz/Xion,H2 5
® 00 ' : 0.5

0.3 1 3 10 1 2 3 4 5 6
pressure [Pa] T, [eV]

Figure 7.6: (a) Ratio of the atomic to the molecular density at varying pressure
at Prp = 250 W in hydrogen and deuterium. (b) Ratio of the electron impact
ionization rate coefficients of hydrogen and deuterium atoms and molecules in the
electron temperature region of interest between 1 and 6 eV, calculated based on
cross section data by [YSHT 08, YKK* 10, SEG87] and by assuming a Mazwellian
EEDF. The horizontal dotted line indicates unity.

at the present conditions. In contrast, a significant deviation between atoms and
molecules can be found for the electron-impact ionization, which is mainly caused
by the lower ionization energy of hydrogen atoms (13.60 eV) compared to molecules
(15.60eV) - as introduced in chapterm In order to quantify this difference in view
of the ionization rate, the rate coefficients Xjq,(7,) of electron-impact ionization
are evaluated based on the electron-impact ionization cross sections provided in
chapter|3.3| This is conducted for both the molecules Hy and Dy and the atoms H
and D assuming a Maxwellian EEDF. Due to the different threshold energies, also
the rate coefficients for atoms and molecules significantly deviate at low electron
temperatures. This is illustrated in figure 7.6 (b). The rate coefficient ratios
of Xion 1/ Xionty, Xion,d/Xion.D, and Xion D,/ Xion 1, are presented in the electron
temperature range between 1 and 6eV. The rate coefficients of electron-impact
ionization of the atoms are generally higher than those of the molecules at electron
temperatures below 5eV, analogously for both Hy and D,. This difference is
particularly prominent at lower T,. For electron temperatures above 6eV the
difference is small, as the influence of the lower ionization threshold of atoms

decreases. In addition, the depicted ratio Xionp,/Xionm, shows that the ionization
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Figure 7.7: (a) Electron density in deuterium at varying pressure and delivered
RF power. (b) Real part of the complex plasma conductivity oeg in deuterium. The
results obtained in hydrogen at 520 W are included for a comparison, respectively.

rate coefficient of the D, molecule exceeds the one of the Hy molecule globally
by about 5%. This can be attributed to the involvement of ro-vibrational states
in the dissociation processes of molecules, hence being influenced by analogous

isotopic effects as the dissociation process [YKK™10].

In summary, a higher ionization rate is therefore expected in Dy in comparison
to hydrogen, mostly due to the increased atomic fraction (and to a minor extent
because Dy molecules are slightly easier ionized than Hy molecules). This is in
good agreement with the experimental results: the electron density measured by
the floating double probe in deuterium discharges is depicted in figure W (a).
In D5, n. is generally characterized by the same relative dependences on the
operational parameters that are observed in hydrogen. As illustrated by the direct
comparison with the exemplary included density in Hy at 520 W though, the
absolute electron densities in deuterium are globally higher. The values obtained
in deuterium generally exceed the ones in hydrogen by roughly 50 %, and even

more so at low pressure.

The power absorption mechanism in deuterium can be analysed analogous to

hydrogen in section 7.2.3 by evaluating the plasma conductivity o.g¢ according to
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Figure 7.8: RF power transfer efficiency n in deuterium discharges at varying
pressure and at three different values of totally delivered RF power; included for a
comparison are the corresponding results obtained in hydrogen.

equation M) This assessment again requires the consideration of the parameters
T, and veg. In general, their behaviour is well comparable to the one observed in
H,. Within the measurement uncertainty, the electron temperature in deuterium
is similar to the values of T, measured in hydrogen (and shown in figure 7.4) and
is therefore equally dominated by the expected decrease with increasing pressure.
The effective electron collision frequency is also virtually the same as in hydrogen.
The calculated effective plasma conductivity in deuterium is shown in ﬁgure@ (b),
in comparison to the values obtained in Hy at 520 W. As expected, a virtually
equal relative dependence of o.¢ on the operational parameters is observed for
deuterium and hydrogen, since all input parameters depict comparable trends as
well. However, the absolute conductivity is globally enhanced in Dy, which is a
direct result of its proportionality to 7.

In conclusion, the isotopic difference of o results in a globally increased power
absorption capability of the deuterium discharges, which is in excellent agreement
with the measurement of the RF power transfer efficiency shown in figure 7.8.
A globally higher power absorption is measured in deuterium, while the relative
dependencies of 77 on the operational parameters p and Pry are well comparable
for both isotopes. At higher powers and in the region of the pressure peak, the
isotopic difference is only of a few percent. At higher and particularly at lower

pressures though, it is significantly evident. For the example of an intermediate
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power of 520 W at 0.3 Pa, an RF power transfer efficiency in Dy of more than
80 % is obtained, while it drops below 50 % for Hy at the same conditions. Due
to this increased efficiency in deuterium, stable inductive plasma operation down
to 0.25 Pa becomes possible even at such intermediate powers. The particularly
increased efficiency in Dy at lower pressures also correlates well with the the
behaviour of o shown in figure 7.7, as the difference between the conductivities
of hydrogen and deuterium is also more prominent at low pressures of p < 1 Pa.

In summary, the presented results illustrate that the atomic fraction in Hy /Dy
low pressure discharges is a determining factor when the RF heating and power
transfer mechanism is investigated: a higher atomic fraction leads to a significant
increase of the ionization rate in the present electron temperature range, effectively
increasing the electron density and thereby the capability of the plasma to absorb
the provided RF power. This correlation, for the first time deduced in the course
of this work, substantially contributes to the general understanding of the heating
process of low pressure low temperature Hy /Do plasmas. It explains many isotopic
differences empirically observed before, e.g. that deuterium discharges typically
require less RF power to be ignited in the first place and often achieve higher

electron densities at the same operational parameters compared to hydrogen.
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8 Inductive discharges at varying

excitation frequency

The influence of the excitation frequency on inductively driven hydrogen and
deuterium plasmas is investigated by comparing discharges generated at 2 MHz
and 4 MHz with the reference case at 1 MHz. In analogy to the analysis in the
previous chapter, the RF power transfer efficiency and the governing parameters

of the inductive heating mechanism are discussed in a first step.

8.1 RF power transfer efficiency

The most prominent effects of a changed excitation frequency on the RF power
absorption mechanism are present regarding its dependence on the pressure,
due to the changed collisionality. Therefore, the RF power absorption - and in
correspondence the inductive heating mechanisms in the next chapter - are mainly
investigated at varying pressure, while the RF power is fixed at the intermediate
value of 520 W. These examinations are exemplarily conducted for hydrogen
discharges, as the behaviour in deuterium is mostly analogous and the same
isotopic differences as discussed in section 7.3 are valid at higher frequency as well.
Deuterium discharges and the influence of the provided RF power are specifically
treated later as part of section 8.3, where the applicability and promises of a
higher excitation frequency in view of larger ion sources is assessed in detail.

At first, the measured values of the loss resistance at the three applied frequencies
are presented in figure ]871 (a). Riess increases systematically with frequency, from
0.1 at 1 MHz, 0.15€2 at 2 MHz up to approximately 0.2¢2 at 4 MHz. At 1 MHz
and 2 MHz, no variation of the loss resistance with pressure apart from fluctuations
within the characteristic measurement errors is observed. At 4 MHz, the loss
resistance weakly decreases between 1 and 3 Pa compared to the mean value.
In general, the increase of Rj is found to be proportional to /wrp, which

corresponds to the expected behaviour due to the skin effect within an ohmic
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Figure 8.1: (a) Integral loss resistance and (b) antenna current during inductive
plasma operation at varying pressure and excitation frequency in hydrogen.
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resistor with a circular cross section, as introduced in chapter 4.1.

The antenna current measured during plasma operation is presented in fig-
ure 8.1 (b) and is characterized by an inverse dependence on wgy: it decreases
systematically at higher frequency, reaching values down to 10 A at 4 MHz. In
analogy to the pressure dependence of Iyt plasma Observed at 1 MHz and presented
in the previous chapter, also at higher frequencies a minimum of the current at
varying pressure is evident. However, its position appears to be shifted to higher
pressures for higher frequencies, precisely from 1 Pa at 1 MHz to 5 Pa at 4 MHz.

The observed trends of the antenna current can be well described if the corre-
spondingly evaluated plasma equivalent resistance presented in figure \8.2\ (a) is
taken into account. In general, for all frequencies a comparable dependence of
Rplasma 0N the pressure is observed, leading to the characteristic maximum at a
specific pressure. The absolute resistance is increasing with a higher excitation
frequency in the whole pressure range from 0.3 to 10 Pa. Corresponding to the
behaviour of the antenna current, the position of the pressure dependent maximum
is shifted monotonically to higher pressure by increasing the excitation frequency.
Quantitatively, Rplasma is found to increase by almost one order of magnitude from
1MHz to 4 MHz. At the high frequency maximum at 5 Pa, a plasma equivalent

resistance of almost 6 €2 is measured.

Consequently, the reduction of the antenna current with rising frequency is
mostly caused by the increase of the plasma equivalent resistance, even though
the loss resistance is also increasing, yet at a much lower rate. This implies
that also the fraction of the provided power that is actually absorbed by the
plasma itself increases at a higher frequency relatively to the ohmic power losses.
This is accordingly resembled within the observed behaviour of the RF power
transfer efficiency illustrated in figure ’872 (b). The relative dependencies of 7
are completely analogous to the ones found for Rpjasma: the efficiency rises with
frequency and displays the described maximum over pressure. At 5Pa and 4 MHz,
more than 95 % of the provided power is absorbed by the plasma. At the low
pressure limit of 0.3 Pa, the measured increase of the efficiency is quite significant,
as it reaches values above = 0.85 for 4 MHz - compared to the case of 1 MHz,

where half of the provided RF power is actually lost.
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8.2 Plasma parameters and heating mechanism

The following evaluations are conducted by comparing the results obtained at
4 MHz directly with those provided by the reference case at 1 MHz. Since this
is sufficient to highlight the influence of the excitation frequency, the discharges
generated at 2 MHz are not specifically treated further on.

8.2.1 Relative spatial plasma profiles

In general, an influence of the excitation frequency on the spatial distributions
of the plasma parameters cannot be excluded a priori, since the RF skin depth
depends on wrp. Assuming a collisional RF skin depth according to equation m),
its thickness d.o is inversely proportional to wry yielding dconamr, = 1/2 dcon, 1Mz
at otherwise equal parameters. In the present case, the RF skin depth at 1 MHz is
typically of the order of 2 cm (and accordingly at 4 MHz about 1cm). In principle,
this leads to a shift of the plasma ionization and heating regime towards the wall
at higher frequency, and may thus result in a change of the spatial profiles of the
discharge.

First, the axial plasma profiles obtained by the floating double probe are
considered. As an example, the normalized axial profiles of the electron density
measured at the applied frequencies of 1 MHz and 4 MHz at a pressure of 1 Pa and
an RF power of 520 W are depicted in figure 8.3. The profiles are virtually identical
within their respective measurement errors. A comparable agreement between
the profiles is found within the whole pressure and power range, which leads to
the conclusion that the axial density profiles are not displaying any significant
influences of the excitation frequency in the considered range. This corresponds
to the expected behaviour that the determining factor of density gradients within
a low pressure low temperature discharge is the (ambipolar) diffusion of charged
particles to the wall [LL05, CB11]. This implies that the plasma profiles are
determined by the experiment geometry (vessel and coil) and the parameters
determining the mean free path of charged particles, such as the neutral particle
density.

After all, the similarities between the axial profiles are not surprising, since
the main effects due to the frequency dependent attenuation of the RF fields are
expected in radial direction anyway. In order to gain information about possible
relative changes of the radial distribution of the plasma parameters, again the

lateral intensity profiles measured via OES are compared. Provided as an example
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Figure 8.3: Ezemplary azxial profiles of the electron density measured by the
floating double probe at the excitation frequencies 1 MHz and 4 MHz. The data is
fitted by the displayed Lorentzian peak functions.
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profiles obtained at the exciation frequencies of 1 MHz and 4 MHz at the same
pressure and RE power.
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are the normalized intensity profiles of the Hs emission line measured at a pressure
of 1Pa, RF power of 520 W and varying excitation frequency in figure 8.4. The
profiles appear to be very well comparable within their respective measurements
errors. Nevertheless, a slightly but systematically broader profile is found at
higher frequency, indicating that a smaller RF skin depth might lead to a small,
yet measurable broadening of the radial profiles, since the RF heating regime is
moving closer to the cylinder vessel walls. Deviations of comparable extent are
also observed at different pressure and RF power, although not presented in detail
here. However, the observed small variations are not considered to have a major
influence on the discussion of axially averaged plasma parameters in the following

section.

8.2.2 Plasma parameters at varying pressure

The axially averaged electron density obtained in hydrogen discharges via the
floating double probe is presented in ﬁgure’g (a) for applied frequencies of 1 MHz
and 4 MHz. In both cases the density exhibits an increase with increasing pressure
(except for 1 MHz at 10Pa) roughly between 1 x 10" m™ and 4 x 10" m™3,
whereas the values obtained at 4 MHz globally exceed those at lower frequency.
The observed difference corresponds well to the behaviour of the RF power
transfer efficiency: the deviation of n between 1 MHz and 4 MHz is the smallest
in the intermediate pressure range where a comparable power is absorbed by the
discharges, leading to electron densities that deviate only within the measurement
error of the double probe of 25%. At low and high pressures however, both the
RF power transfer efficiencies and the electron densities deviate, mostly because
the efficiency at 1 MHz drops significantly. In those limits, the density at 4 MHz
is almost a factor of two higher.

In figure [8.5] (b), the related electron temperatures evaluated via OES are
depicted. As already discussed in chapter 7.2.2, T, generally decreases with
increasing pressure in the range from 5 to 2 eV. The electron temperatures obtained
at the two different frequencies show a very good agreement as the corresponding
values are systematically within the respective error ranges of the measurement.
Since also the gas temperature is virtually equal, it can be concluded that T, is
independent of the excitation frequency and appears to be mainly determined by
the neutral particle density, in accordance to the behaviour expected due to the
ionization balance in low pressure low temperature plasmas (see chapter \3.4D.

Also the atomic to molecular density ratio does not exhibit a specific dependence
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Figure 8.5: Plasma parameters of inductive hydrogen discharges driven at 1 MHz
and 4 MHz at varying pressure at an RF power of 520 W. Depicted in (a) is
the electron density obtained by double probe measurements. In (b), the electron
temperature is shown, evaluated via OES and collisional radiative modelling.

on the applied frequency. It is measured to be in the range between 0.15 and 0.6,
with an analogous dependency on the pressure and power for both frequencies.
As the behaviour of ny/ny, is dominated by the production process of atoms
via electron impact dissociation of Hy, it is mostly determined by the plasma
parameters n, and T,. In consequence, the atomic fraction is slightly enhanced at
higher frequency due to the globally higher electron density. This correlation is

further assessed in section 8.3, where measured values of ny/ny, are provided.

8.2.3 Inductive heating mechanism

In order to describe the influence of the excitation frequency wgrr on the inductive
heating mechanism, the effective plasma conductivity of the discharges driven at
4 MHz is evaluated according to equation M), in analogy to the case of 1 MHz
presented in chapter|7.2.3|

Required for this analysis are again the characteristic collision frequencies of

electrons. While for the collision frequency of electrons with neutrals the identical
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Figure 8.6: Pressure dependence of the electron collision frequencies at 4 MHz.
Depicted is the collision frequency of electrons with neutrals ve,, the stochastic
collision frequency Vsoen and the sum of both, the effective collision frequency Veg.
In addition, the value of the angular excitation frequency is indicated by the dashed
horizontal line.

approach as in case of 1 MHz is followed, some considerations have to be made for
the determination of the stochastic collision frequency. At the present discharge
conditions and a driving frequency of 4 MHz, the transit frequency of electrons
through the RF skin depth layer approaches the order of the angular excitation
frequency. This yields values of the characteristic parameter a of about 0.06.
Consequently, the stochastic frequency and the RF skin depth are in this case
described by the expressions introduced in equation @)

In figure @, the resulting collision frequencies are presented at varying pressure.
Completely analogous to the case of 1 MHz, the electron-neutral collision frequency
Ven 1S increasing approximately linear with the pressure due to its proportionality
to the neutral particle density. Again, small perturbations of this linearity are
caused by a change of the gas and electron temperatures. The stochastic collision
frequency vy is virtually constant over pressure and well comparable to the value
of the angular excitation frequency of 2 x 4 MHz. The two collision frequencies
cross between 1Pa and 3 Pa. Consequently, the effective collision frequency veg is
dominated by v., at high pressure and inversely determined mainly by . at
low pressure. In the latter case, the effective collision frequency is close to the
value of the angular excitation frequency. In general, the difference between wgrp
and the effective collision frequency is significantly smaller than for 1 MHz, which
is considered to be the main reason for the globally higher RF power absorption

of the inductive discharges at higher frequency.

In the last step, the effective plasma conductivity is calculated. However, a
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Figure 8.7: Normalized real part of the complex (effective) plasma conductivity

at varying pressure in inductively heated hydrogen discharges at the excitation
frequencies of 1 MHz and 4 MHz.

direct and global comparison of the absolute conductivities at 1 MHz and 4 MHz
cannot be conducted in this case. As already discussed in section [8.2.1, the
amplitude and the spatial attenuation of the induced electric field driving the RF
currents in the plasma is strongly depending on the frequency. A variation of
the frequency therefore leads to different spatial profiles of the field amplitude
Erp within the discharge, which is correlated with the shift of the RF skin depth
towards the radial walls at higher frequency. However, the plasma parameters
are measured at the same radial position in a distance of 1cm to the cylinder
axis independent of the applied frequency. Consequently, the approximation
made in chapter 4.2 - namely that the power absorption by the plasma is only
proportional to o.g and variations of ERF can be neglected - is no longer valid.
Nevertheless, a comparison of the relative pressure dependence of the conductivity
can be still performed, since the variation of the RF skin depth with pressure is

not as pronounced as with frequency and the assumption stated above is met.

In figure 8.7, the effective conductivities obtained at 1 MHz and at 4 MHz
are shown in the considered pressure range, respectively normalized to their
maximum value. The conductivity at 1 MHz is the same as already presented in
chapter 7.2.3, characterized by a maximum located roughly at 0.5 Pa. While the
conductivity obtained at 4 MHz exhibits a comparable general trend, the position
of its maximum is found at 1Pa. As also discussed in detail within chapter |7.2.3,
the observed characteristically peaked behaviour of o.g is caused by an interplay of
the pressure dependent electron density and the influence of the changing effective
collision frequency. The provided description is analogously valid in the present

case of 4 MHz, since both n, and v.g exhibit the same relative trends as for 1 MHz.
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In conclusion, the observed shift of the maximum of the effective conductivity to
higher pressures with a higher excitation frequency is in good agreement with the
RF power transfer efficiency, which displays the same relative trend. However,
analogously similar to the case of 1 MHz is the observation that the position of the
pressure dependent peak appears to deviate between o.¢ and 7. Possible reasons
for this lacking correspondence have already been provided in section 7.2.3|and

are equally relevant at higher driving frequency.

Nonetheless, the applied 0-dimensional description provides a conclusive charac-
terization of the qualitative dependencies of the RF power absorption. According
to this assessment, the increasing RF power transfer efficiency from 1 MHz to
4 MHz is considered to be caused by the globally decreased difference between the
excitation frequency and the effective collision frequencies: at 4 MHz, the plasma
conductivity is closer to its maximum at wrp = Vg than at lower frequency. This
result allows for an outlook regarding an application of driving frequencies that
exceed 4 MHz for a generation of inductively heated hydrogen plasmas. Firstly,
since the RF power transfer efficiency is already considerably high in the whole
pressure region of interest, no significant further improvement can be expected
anymore, at least not within the pressure range of interest. In a pressure region
exceeding 10 Pa, higher frequencies might still be beneficial even though this is not
of particular relevance for the present case. In the low pressure limit, where the
plasma heating mechanism is mainly collisionless, a significantly higher excitation
frequency even leads to the violation of the boundary conditions of the described
mechanism: the excitation frequency will eventually exceed both the electron
collision frequency and the transit frequency of electrons through the RF sheath,
which effectively renders this non-local heating scheme impossible. In conclusion,
no further improvement of the RF efficiency of relevant extent is expected in
the considered pressure range by a higher driving frequency. In other words, the
applied frequency of 4 MHz is considered to be at, or at least sufficiently close
to the global efficiency optimum for the inductive generation of low pressure low

temperature discharges in hydrogen and deuterium.

In summary, the presented results clearly illustrate that the RF power transfer
efficiency at an intermediate RF power of 520 W appears to be significantly
improved at the low pressure limit of 0.3 Pa if the excitation frequency is increased
with respect to the baseline case at 1 MHz. Since this pressure region is relevant
for the production of negative ions for NNBI, a dedicated assessment of the
applicability and the promises of a higher excitation frequency at RF driven ion

sources is conducted.
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8.3 Assessment of an application to RF driven

ion sources

In order to evaluate the promises of applying a higher excitation frequency at
large ion sources, the main differences between the discharges investigated in
this work and the inductively heated plasmas of RF driven ion sources for NNBI
have to be considered: the magnitude of RF power, the diameter of the discharge
chamber and the application of a metallic Faraday screen between the plasma and

the dielectric discharge vessel (see section 2).

In the present laboratory experiment, up to 1 kW can be applied to generate
plasmas within the vessel of a diameter of 9 cm, whereas in larger ion sources the
typically provided RF power is in the region up to 100 kW and the driver diameter
is around 25cm. Due to this difference, the RF power density Prr/V in large
ion sources such as the IPP prototype source is about one order of magnitude
higher than at the present laboratory setup. On the one hand, the application
of a Faraday shield can lead to additional RF losses and or a lower RF power
transfer efficiency, as a fraction of the provided RF power is deposited within
the metallic shield due to eddy currents and the capacitive discharge mode is
suppressed [Hop94]. On the other hand, the metallic Faraday screen significantly
changes the surface recombination probability of atoms compared to an entirely
dielectric vessel, as described in section 3.3.

As a result, the typical electron density in ion source drivers is about five
times higher than at the present experiment. In contrast, well comparable atomic
fractions can be achieved, since the surface recombination rate at CHARLIE
without a Faraday screen is much lower. In order to gain relevant information
with the present setup regarding the high power regime, the power dependence of
the RF power transfer efficiency and the plasma parameters being crucial for the
production of negative ions are specifically considered. Accordingly, the parameters
1, Ne(= Nion) and ny/ny, are evaluated in the following in the range up to 1 kW,
comparing discharges driven at 1 MHz and 4 MHz. The pressure is kept constant
at the typical operation point of large ion sources of 0.3 Pa, while hydrogen and
deuterium are considered both. Even though a NNBI system for DEMO will have
to be specifically optimized for Dy operation, hydrogen plasmas are of importance
regarding diagnostic applications and for ion source development.

The RF power transfer efficiency is shown in figure 8.8 at varying RF power.

In general, 7 is systematically increasing with the provided Prg in each case. As
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described in section 7.2.3, this can be attributed to the equally increasing electron
density, which will be confirmed in the following. In part (a), the values obtained
in hydrogen discharges are depicted. In correspondence to the results presented
in the previous chapter, the efficiency at 4 MHz globally exceeds n at 1 MHz.
However, the relative difference between both is reduced at higher power. The RF
power transfer efficiency at 1 MHz increases significantly from 0.45 at 300 W to
0.7 at 1000 W. At 4 MHz on the other hand, the increase of 7 is rather moderate
between 0.79 and 0.92 due to the already higher total efficiency. For deuterium, a
comparable relative trend is observed in figure|8.8 (b). The absolute efficiency is
globally higher than in hydrogen due to the isotopic effects discussed in chapter
7.3. The RF power transfer efficiency in Dy at 1 MHz increases up to 0.9 at 1 kW,
which is sufficient to achieve the level of i that is reached by applying 4 MHz, yet
at lower RF powers. To summarize, for both Hy and Dy the relative differences of
1 due to the varying excitation frequency tend to get less pronounced at higher
RF power, even though a higher frequency still leads to a systematically higher

power absorption by the plasma.
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Figure 8.8: RF power transfer efficiency of inductive discharges generated at
varying RF power and different excitation frequencies at a pressure of 0.3 Pa. In
(a), results obtained in hydrogen are depicted, while in (b) the corresponding ones
in deuterium are shown.
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Figure 8.9: Electron density depending on the power Pplasma that is absorbed by
the plasma for different excitation frequencies. In part (a), results obtained in
hydrogen are depicted, while in part (b) the corresponding ones in deuterium are
shown.

The corresponding power dependence of the electron density is regarded in
figure 8.9. In this case, the density is plotted directly against the power Pplasma
which is absorbed by the plasma and not against Prp, in order to account for the
changing RF power transfer efficiency. In general, for each excitation frequency
and both hydrogen in part (a) and deuterium in part (b), a linear proportionality
of ne to the absorbed power is observed (appearing as a logarithmic increase in
the graphs due to the logarithmic density scale, though). This corresponds to
the typical behaviour of ICPs in the low pressure low temperature range and is
equally predicted by the power balance introduced in chapter 3.4, The density in
deuterium is globally about 2 times higher than in hydrogen, where it varies in
the range between 6 x 10'm=3 and 1.5 x 10" m~3. However, for both H, and
D», no significant difference between the two excitation frequencies is evident,
since only variations within the corresponding error bars of the measurement
occur. Consequently, the same density can be achieved independent of the driving
frequency if the same power is absorbed by the discharge.

Serving as a measure for the atomic fraction within the discharges, the density
ratio of atoms and molecules is analysed. It is shown in figure 8.10 depending on
the power that is absorbed by the plasma. In general, again a global increase of

Ny /N, with rising Pplasma for all considered cases is given. In deuterium (b), the
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Figure 8.10: Density ratio of atoms to molecules depending on the power Pylasma
that is absorbed by the plasma for different excitation frequencies. In part (a),
results obtained in hydrogen are depicted, while in part (b) the corresponding ones
in deuterium are shown.

density ratio is about two times higher than in hydrogen (a) at corresponding
powers, in agreement with the isotopic differences described in chapter 7.3 and
the behaviour of  and n, observed above. Neither for hydrogen nor for deuterium
any influence of the excitation frequency is evident that exceeds the uncertainties
of the measurement. This is in good agreement with the expected behaviour, if
the electron impact dissociation of Hs is considered to be the dominant produc-
tion channel of H. Since neither n, nor T, exhibit an influence on the excitation
frequency at the same Ppasma and increase with power, the dissociation rate
Tdiss X MeXaiss(Te) 18 also independent of wrp and hence, increases with power.
However, the atomic fractions achieved at the present setup are remarkably high:
at a power of 1 kW, the density ratio in deuterium reaches values of 0.9, which
is even higher than typically achieved at large ion sources operated at much
higher RF powers. This is a direct consequence of the dielectric (quartz) vessel
walls. Applying the simple dissociation balance introduced in equation @),
an effective recombination coefficient v of atomic hydrogen at the wall of the
order of 0.03 is estimated, which is at the upper limit of the parameter range of
typically reported for quartz surfaces. In contrast, an analogous estimation for
typical ion source driver parameters (T, ~ 10eV, n, = 10®¥m=3, T, ~ 1200 K,
ny/nu, ~ 0.4 [MWT11, FSWT13]) yields a value of  around 0.5. In accordance
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with the literature values presented in section 3.3, this is typical for metallic

surfaces and a result of the applied Faraday screen.

Discussion and assessment in view of ion sources for NNBI

Considering the presented parameters simultaneously in the final step, several
conclusions can be drawn. Virtually identical electron densities and atomic
fractions can be achieved with both applied frequencies given that the absorbed
power Pplasma is equal (at the same operational parameters and discharge geometry).
Vice versa, neither n, nor ny/ny,(np/np,) exhibit an explicit dependence on the
applied frequency apart from the implicit frequency effects due to Ppylasma and the
entire discussion regarding the frequency dependence can hence be reduced to the
observed behaviour of 7.

The RF power transfer efficiency increases with RF power, which is due to
the increasing electron density. At high RF power, this eventually leads to a
globally high n which exhibits only a negligible dependence on the collisionality
term veg/(V2g + wip) of oer. If the effective collision frequency veg and the
excitation frequency wgrp are roughly of the same order of magnitude, a difference
within the excitation frequency of a few MHz will eventually become irrelevant
as the behaviour is dominated by the high electron density. This explains the
observations made in figure 8.8: with increasing power, the frequency induced
differences of the RF power transfer efficiencies are more and more reduced. Based
on this behaviour, it is anticipated that the frequency dependence of the RF power
absorption is small and almost negligible at higher powers exceeding the presently
available range.

If this result is transferred to the scenario of large ion sources driven at high RF
power, the same conclusions can be drawn: at typical driver plasma parameters
at 0.3 Pa, an effective electron collision frequency of vz ~ 2.5 x 107s™! can
be estimated. This value is about two times higher than the effective collision
frequencies observed within this work at the same pressure. Since the collision
frequencies are in the same order of magnitude, the presently deduced evaluation
can be qualitatively transferred: at the typical (and required) parameters of an
ion source driver plasma, changing the excitation frequency within a few MHz
has only a negligible impact on the RF power transfer efficiency, and hence
on the power absorption by the plasma. In other words, the currently applied
frequency of 1 MHz is assumed to be already sufficiently close to the optimum
value (Ve &~ wrr). Applying frequencies much higher (or even lower) than 1 MHz

is expected to eventually result in a reduction of 7.
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In addition, these conclusions remain basically unchanged even if the specific
conditions at large and powerful ion sources are considered. At the vessel diameter
of about 25 cm presently used at ion sources, no frequency differences are expected:
a possible limitation due to an RF skin depth exceeding the vessel dimensions is
well out of reach, since the estimated skin depth at 1 MHz and typical parameters
is of the order of 2 cm, and further decreasing at higher frequency. The anticipated
reduction of the RF power transfer efficiency due to the applied Faraday screen is
expected to be more pronounced at higher frequency, since the voltage drop across
the coil increases with the applied frequency and capacitive coupling is thus more
prominent. In view of the high RF powers required at ion sources, the increased
voltage drop across the antenna at higher frequency furthermore increases the
risk for electrical breakdowns and arcing between the coil windings, which is
critical in view of the required high reliability of an ion source for DEMO. In

other words, these aspects even favour the application of a low excitation frequency.

In summary, the obtained results lead to the final conclusion that applying a
higher excitation frequency at ICP drivers of ion sources for NNBI does not entail
the potential to decisively reduce the RF power consumption and may even entail
critical disadvantages with respect to the required high reliability. Based on the
results obtained within this work, it is suggested that this approach is ruled out

as a potential alternative in view of DEMO.
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8.4 Effects of an external magnetic field

In preparation of the next chapter discussing wave heated discharges, a short
assessment of the influence of a static axial magnetic field on the discharge
properties of ICPs driven by the helical coil is conducted. Within the main
parameter ranges of interest (0.3P < p < 1Pa, Pgp < 1kW, f = 4MHz), a
characteristic behaviour is observed if a magnetic field By is applied: for very low
fields up to roughly 1mT, no prominent influence on the discharge properties is
observed within the measurement uncertainties. If the magnetic field is increased
further however, the plasma generation is hindered (well observable e.g. via a
reduced RF power transfer efficiency) until eventually, the plasma cannot be
sustained and is shut down. This occurs typically in the range between 2mT and
3mT, depending on the current operational parameters.

This behaviour is caused by the magnetization of charged particles. On the one
hand, the axial magnetic field results in a changed radial diffusion as described
in chapter|3.5. On the other hand, it effectively hinders the inductive plasma
heating mechanism itself: as it is presented in chapter 3.5, the regime of a few mT
corresponds to the region where electrons are fully and ions are partly magnetized.
In this case, the mobility of electrons and ions perpendicular to the magnetic field is
generally reduced [LL05|. As a result, also the perpendicular plasma conductivity
decreases in comparison to the field free case [Bit04]. Since at the present geometry
the applied helical coil mainly induces an azimuthal plasma current (which is also
oriented perpendicular to By), the inductive power absorption is strongly reduced
by an increasing magnetic field, resulting in the observed behaviour. Specific
investigations regarding the performance of a helical ICP in the presence of a
magnetic field have already been conducted prior to this work [BGR*16, Gut14].
Even though these were performed at a higher excitation frequency of 13.56 MHz,

the qualitative results are well comparable.
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9 Discharges generated by a

Nagoya-type helicon antenna

Discharges generated by the Nagoya type-III helicon antenna in hydrogen and
deuterium are investigated at the excitation frequency of 4 MHz. At lower fre-
quency, no plasma generation is possible in the present case due to the limited RF
power, as described in chapter|6. At first, the operation of the Nagoya antenna
without the application of an external magnetic field is discussed. This allows to
deduce analogies to the inductive discharges generated by helical coil in order to
highlight specific changes of the discharge properties once a static magnetic field
is applied.

9.1 Inductive operation without external

magnetic field

As described in chapter the Nagoya antenna can be regarded as a one-turn
coil. If no magnetic field is applied, it can therefore be utilized to generate a
plasma via inductive heating - analogously to the five-turn helical coil discussed in
the previous chapters. The main difference between the two antennas apart from
the twisted geometry is their inductance: since the Nagoya antenna only consists
of one loop, its measured inductance is only about 0.7 uH, which is significantly
smaller than the inductance of the helical coil of 2.4 uH (see also chapter 6.1).
In consequence, a higher RF current is generally required to ignite and sustain
inductive discharges with the Nagoya antenna, which usually implies that also a
higher RF power has to be provided.

To illustrate the differences and similarities between both antennas, discharges
generated at varying pressure at a fixed RF power of 1kW are discussed. At
these parameters, the current through the Nagoya antenna is in the range between
50 A and 60 A during plasma operation. This is considerably higher than the

typical currents measured for the helical coil between 15 A and 20 A at the same
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Figure 9.1: RF power transfer efficiency of inductive discharges generated by
the Nagoya antenna in Hy and Dy at varying pressure and Prr = 1 kW, without
the application of an external magnetic field. Included for a comparison are the
results obtained in hydrogen with the helical coil at Prp = 520 W.
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Figure 9.2: Azial profiles of the electron density measured by the floating double
probe at the excitation frequency of 4 MHz comparing the helical coil and the
Nagoya antenna. The data was obtained in hydrogen at a pressure of 1 Pa at
By = 0. With both antennas, a comparable power of Pylasma = 500 W is deposited
in the plasma. The data is fitted by the displayed Lorentzian peak functions.
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conditions (see chapter 8.1). As a result, the RF power transfer efficiency of
discharges generated via the Nagoya antenna is significantly reduced compared
to the helical coil, which is illustrated in figure 9.1. With the Nagoya antenna, 7
only reaches values of slightly more than 60 % at its maximum around 5Pa. At
lower pressures, the efficiency drops significantly. However, the observed relative
pressure dependence is consistent with the results obtained for the helical coil
that are described in the previous chapter. For a comparison, the ICP results at
4MHz and an RF power of 520 W are exemplarily included in figure 9.1. Also for
the Nagoya antenna, n in deuterium is again globally higher than in hydrogen.
The lower efficiency in case of the Nagoya antenna consequently requires higher
RF powers to couple the same power Ppjasma to the plasma compared to the helical
coil. If the power absorbed by the plasma is approximately the same however,
virtually equal plasma parameters can be obtained with both antennas. At the
chosen example of Prr = 900 W for the Nagoya antenna and Prp = 520 W for
the helical coil this situation is observed for p = 1 Pa. At these parameters, about
500 W are absorbed by the plasma in each case. Serving as a representative
example, the axial profiles of the electron density obtained by the floating double
probe with both antennas are depicted in figure 9.2/ As illustrated, both the
profiles and the absolute values of the densities show an excellent agreement
within the measurement error. Such a correspondence is systematically observed
for all other measured parameters as well. This leads to the conclusion that the
evaluated characteristics of ICPs in the previous chapters 7/and 8 are equally valid
for the inductive discharges generated by the Nagoya antenna. In other words, the
discharges driven by the Nagoya antenna at 0 mT can be considered as a reference
for ICPs, e.g. if an external magnetic field is applied and the discharge changes
from the inductive to a wave-assisted heating mode, which is conducted in the

following sections.

9.2 Discharge operation with external magnetic
field

Discharges in hydrogen and deuterium generated via the Nagoya helicon antenna
in the presence of an external magnetic field By in axial direction between 0 and
12mT are investigated. The presented measurements are obtained at a fixed RF
power of 1 kW and at different pressures of 0.3, 0.5 and 1 Pa. This allows for a
general characterization of the typical discharge properties and a comparison to

the case of purely inductive heating at By = 0.
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9.2.1 RF power transfer efficiency

Figure 9.3 shows the RF power transfer efficiency of hydrogen and deuterium
discharges at varying magnetic field By. In correspondence to the results found
for ICPs, the efficiency in deuterium is globally higher than in hydrogen due to
isotopic differences discussed in chapter 7.3. For all three pressures investigated,
the same relative behaviour depending on By is observed: starting from the value
of n obtained at By = 0 (which increases with pressure, see again figure m, the
power transfer efficiency steeply decreases to a minimum between 2.5mT and
3mT. At this minimum, the efficiency is globally below 50 % for both D, and
Hy, which further decreases especially at low pressure: at 0.3 Pa in hydrogen, no
stable discharge operation is possible in the B-field region of the minimum at an
RF power of 1kW.

Applying magnetic fields higher than 3 mT is accompanied by a gradual increase
of n until a maximum between 8 mT and 10mT is reached. This increase is
particularly strong at low pressures. Whereas at 1Pa the efficiency reaches up to
values comparable to the initial values at By = 0, the maxima of n at 0.5 Pa and
especially at 0.3 Pa well exceed the power transfer efficiency of the field-free case.
For deuterium, this leads to RF power transfer efficiencies in the range between

60 % and 65 %, displaying only a weak increase with increasing pressure.
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Figure 9.3: RF power transfer efficiency of discharges in Hy and D, generated
by the Nagoya antenna at varying magnetic fields. Presented are measurements
obtained at an RF power of 1 kW and pressures of 0.3, 0.5 and 1 Pa, respectively.
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In analogy to the measurements applying the helical coil, the observed variation
of the RF power transfer efficiency is almost exclusively caused by a changing
plasma resistance, as the loss resistance remains virtually constant at a value
of 0.12) for all pressures and magnetic fields applied. Accordingly, the plasma
resistance Rplasma displays an identical relative behaviour as the RF power transfer
efficiency presented in figure 9.3, while its absolute value varies between 0.05
and 0.23 €.

At low magnetic fields of By < 3mT, the behaviour of 7 resembles the observa-
tions made with the helical coil in chapter 8.4: Starting from a purely inductive
mode at 0mT, the application of a magnetic field leads to the magnetization of
charged particles, which reduces their perpendicular mobility and hinders inductive
heating. Consequently, the RF power transfer efficiency decreases.

However, the subsequent increase of the power absorption at higher magnetic
fields and the occurrence of the local maximum around 8 mT do not correspond
to the characteristics of ICPs. This indicates that the discharge performs a mode
transition to a wave-heated regime. In order to assess this observation in further
detail, both the plasma parameters of the generated discharges and the particular

influence of the magnetic field on the plasma transport have to be discussed first.

9.2.2 Relative spatial plasma profiles

The relatively low RF power transfer efficiency in hydrogen - particularly at low
pressure and low magnetic fields - leads to some practical limitations due to the
higher ohmic losses and the correspondingly higher heat loads (generally discussed
in chapterm. To overcome these limitations, most of the investigations presented
in the following have been conducted in deuterium, where the situation is less
critical. Selected results obtained in hydrogen are exemplarily included for a

comparison, when required.

Axial profiles of the electron density

An example for the typical influence of the magnetic field on the axial electron
distribution is provided in figure It shows the axial profiles of the electron
density in Dy at magnetic fields of 0mT, 3mT and 8 mT and at a fixed pressure
of 1Pa. The profiles are normalized with respect to their maximum value, which
is located at the vessel center. The profiles remain axially symmetric also in the

presence of a magnetic field, which has been checked by inserting the probe from
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the opposite direction. If By is increased, a monotonic broadening of the profiles
is observed, significantly exceeding the measurement uncertainty. At 8 mT and
a position of z = 100 mm for example, n, only weakly decreases to about 80 %
of its peak value, while it drops down to 40 % at the same position if no field is
applied. In general, an analogous behaviour is observed also in hydrogen and for
lower pressures.

One reason for the observed broadening of the profiles is the reduced radial
diffusion of charged particles with increasing magnetic field. Since the plasma
transport parallel to the magnetic field lines remains unchanged, an increasing
fraction of charged particles diffuse towards the axial ends of the vessel, effectively
broadening the axial plasma distribution. This behaviour is accompanied by
a significant increase of the absolute densities, which is further assessed in the
following section [9.2.3.

Lateral intensity profiles

Exemplarily, the lateral intensity profiles of the atomic Dg emission line of
deuterium with and without the application of an external magnetic field of 8 mT
are presented in figure 9.5. Depicted are measurements obtained at a pressure
of 0.5Pa. The profiles in the upper graph are measured at the discharge (and
antenna) center (z = 200mm), while the ones in the lower graph are taken at
an axial position of 2 = 90mm. At the central position, the intensity profile
is observed to be slightly broader at 0 mT than at 8mT. At z = 90 mm, this
difference is strongly reduced and the obtained profiles are almost identical. The
small local deviation of the profiles at the center is caused by the geometry of
the Nagoya antenna. At 0mT, the purely inductive heating of the plasma occurs
localized close to the upper horizontal leg and the lower end legs of the antenna
(see illustration at the top of figure M Consequently, the spatial heating regime
is not ideally cylindrically symmetric and a higher intensity is emitted close to
the antenna legs during inductive operation.

In summary, the influence of the magnetic field on the relative lateral intensity
profiles appears to be generally weak in the considered range of the magnetic
field. An analogously weak effect of By is observed at 0.3 and 1 Pa as well as for
hydrogen discharges. In fact, the intensity profiles obtained at z = 90 mm with

the Nagoya antenna are virtually identical to those obtained with the helical coil

at the same z-position, which were presented in the sections 7.2.1 and 8.2.1. This

indicates that the relative radial distribution of the plasma parameters n, and T,
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Figure 9.4: Normalized axial profiles of the electron density in deuterium at a
fixed pressure of 1 Pa for different magnetic fields.
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power of 1kW. Depicted are profiles obtained at two different azial positions for
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- which dominate the measured emission via electron impact excitation - does not
change significantly in the presence of the applied magnetic fields even though the
radial ambipolar diffusion is expected to be altered. This observation is considered
as an indication for a changed plasma heating mechanism, an issue which is taken
up again and discussed later in section 9.2.4, However, the comparison of axially
averaged plasma parameters obtained at different magnetic fields remains the

appropriate measure to characterize the discharges globally due to this behaviour.

9.2.3 Plasma parameters at varying pressure and

magnetic field

The variation of the RF power absorption depending on the applied magnetic
field is most pronounced between 0 and 10 mT. Accordingly, the behaviour of the
plasma parameters n, and T, is investigated in detail in this range.

Figure W (a) shows the axially averaged electron density measured by the
floating double probe at varying By and different pressures in deuterium. At
0mT, n. increases with pressure, from 2 x 10'"m=3 at 0.3 Pa to approximately
4% 10 m~3 at 1 Pa. Again, this reflects the characteristic behaviour of inductively
coupled plasmas at the present parameters. Increasing the magnetic field from 0
to 8mT leads to a steep and monotonous increase of n, for all considered pressures.
From 8 to 10mT, this increase is weakened and the density saturates at a value of
about 8 x 10! m~3, virtually independent of the pressure. Compared to the case of
0mT, the applied magnetic field consequently induces a significant enhancement
of the electron density, which is stronger pronounced at lower pressure. At 0.3 Pa,
ne is increased approximately by a factor of 4, while it is roughly doubled at 1 Pa.
In hydrogen, a similar enhancement is observed. However, the absolute densities
in Hy are systematically between 1.5 and 2 times lower than in deuterium, in
consistency with the measured power transfer efficiency.

If the behaviour of n, is compared to the dependence of the RF power transfer
efficiency presented in figure 9.3, significant differences are observed. In general, n,
is apparently no longer proportional to the absorbed power Pasma if the magnetic
field is varied simultaneously: for once, the monotonically increasing electron
density does not exhibit a minimum around 3mT, in contrast to n. A further
deviation is found if the discharges at 0 mT are compared to those generated
at fields of 8mT and higher. At 1Pa for example, about 6560 W are deposited

in the plasma both at 0 and 8 mT, whereas the density increases by a factor
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Figure 9.6: Electron density (a) and electron temperature (b) in deuterium at
varying magnetic field and different pressures for a fived RF power of 1kW.

of two. To discuss this seemingly contradictory behaviour, the influence of the
magnetic field on the ion diffusion has to be considered. For such an assessment,
the corresponding electron temperatures of the discharges have to be taken into
account first.

In figure 9.6 (b), the measured electron temperatures at varying magnetic field
are depicted. Generally, the typical increase of T, with decreasing pressure is
observed: At 1Pa, it is in the range of 4 eV, increasing to about 5.5¢eV at 0.5 Pa
and to roughly 6eV at 0.3 Pa. Depending on the magnetic field, the same relative
trend is observed at all pressures: in the range from 0 to 6 mT, the electron
temperature decreases slightly by about 0.8 eV until a minimum is reached. If the
magnetic field is increased further, 7, is again enhanced, roughly by same amount
of the prior decrease. As a result, T, is virtually equal at 0mT and 10mT. The

same behaviour is observed in hydrogen discharges.

Influence of the magnetic field on the ionization and power balance

The measured electron densities and temperatures can be discussed if the impact
of the magnetic field on the ionization and power balance is assessed. As described
in chapter 3.5, the application of a magnetic field reduces the ambipolar diffusion
perpendicular to the magnetic field. Based on the equations @) and @),

the ion confinement time 7, in the presence of a magnetic field is calculated. As
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already described in section 3.4, the evaluation of ion confinement times assuming
solely ambipolar diffusion is an approximation at pressures below 1Pa, since
the ion transport in the free fall regime is neglected. The following simplified
evaluation is therefore capable to illustrate the observed dependencies of n, and

T, qualitatively, but insufficient for a quantitative assessment.

Figure W (a) shows the values of T, obtained by this approach at varying
magnetic field. For all three pressures, the same relative trend is observed: between
0 and 6 mT, the confinement time steeply increases. Above 6 mT, 73, only weakly
increases further at 1 Pa and is almost constant at lower pressures. This saturation
is caused by the anisotropy of the ambipolar diffusion: due to the magnetic field,
the perpendicular diffusion is strongly reduced until around 6 mT. At higher fields,
the total confinement time is increasingly dominated by the axial diffusion, which
is not influenced by By. With rising pressure, the confinement times generally
increase due to a higher collision frequency of charged particles resulting in a

shorter mean free path.

In view of the ionization balance introduced in equation Q3.33), the particular
impact of 73, on the electron temperature is assessed in a first step. Generally, T,
is anticipated to be inversely dependent on the ion confinement time. Regarding
the behaviour at varying pressure, a good agreement with this expectation is
observed: while 7, increases at higher pressure, T, is found to decrease. In addi-
tion, the strong increase of the confinement time between 0 and 6 mT corresponds
well to the observed decrease of T, in this region of the magnetic field. However,
the magnitudes of the pressure and magnetically induced enhancements of the
confinement times do not correspond to the observed differences of T, quantita-
tively: according to Ti,n, @ much stronger reduction of 7T, due to the magnetic
would be expected. This is contributed to the limited quantitative applicability of
ambipolar diffusion in this regime. In addition, the subsequent increase of T, at
higher fields is not reflected within the confinement times. Phenomenologically, it

indicates the onset of wave heating, which will be discussed in the next chapter.

In order to evaluate the qualitative influence of the magnetic field on the
electron density, the power balance of the generated discharges is discussed in
the next step. Since the electron temperature exhibits a relatively weak variation
in the considered range of the magnetic field, the approximation introduced in
equation Q3.39) is applied. Assuming a fixed plasma volume Vjjusma given by
the geometry of the discharge vessel, a proportionality of the electron density

to the product of the absorbed power PFpasma and the ion confinement time is
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Figure 9.7: (a) lon confinement time T;,, in deuterium depending on the applied
magnetic field at different pressures. (a) Product of Tion and the absorbed RF
power Pyiasma at varying magnetic field and different pressure, normalized to the
value of PpiasmaTion 0t Bo = 0mT .

expected. Accordingly, the product PpjasmaTion i calculated based on the measured
data at varying magnetic field. At each pressure, PpjasmaTion is normalized to its
corresponding value obtained at By = 0mT, in order to highlight the influence
of By. Figure 9.7 (b) shows the result of this evaluation. For all pressures, a
significant increase of PpjasmaTion 15 Observed with increasing magnetic field, mainly
due to the rising confinement times. At lower pressures, the displayed increase is
more pronounced.

Qualitatively, this behaviour is in good agreement with the observed depen-
dencies of the electron density: both PpjasmaTion and n. exhibit a significant
enhancement with increasing magnetic field, which is more pronounced at lower
pressure. Consequently, the behaviour of n, can be explained by reassessing the

characteristics of ion diffusion in a magnetic field introduced in chapter

o If a magnetic field is applied, the perpendicular diffusion of charged particles
is reduced. On the one hand, this causes the broadening of the axial n,
profiles presented in chapter 9.2.2. On the other hand, the confinement
time of ions increases globally and thus, the loss rate of ions to the wall
is reduced. If the power input Ppjasma simultaneously remains sufficiently
high for the sustainment of the ionization process, the electron density in

equilibrium rises.
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o In a magnetized discharge, the diffusion of charged particles perpendicular
to the magnetic field lines is only possible via collisions. If the pressure is
decreased, the neutral particle density decreases. Consequently, collisions
of charged particles with neutrals are less probable and the perpendicular
diffusion is effectively hindered. This leads to a higher confinement time
and thus, to a slower ion loss rate. Consequently, the enhancement of n,

due to a magnetic confinement is more pronounced at lower pressures.

In summary, the influence of the magnetic field on the ion diffusion qualitatively
explains the initially described, seemingly contradictory behaviour of n.. At
By > 8mT a higher electron density than at 0 mT is observed due to the slower
ion loss rate, even though the absorbed RF power is virtually equal. Due to the
decreasing collision rates, this correlation appears to be stronger at lower pressure.

However, the quantitative comparison of the magnetically induced enhancement
of PplasmaTion With the measured increase of the electron density exhibits a signifi-
cant deviation. The calculated values of PpjasmaTion display an increase which is
roughly ten times higher as the increase of n.. Hence, the relative enhancement
of PplasmaTion due to the magnetic field appears to be overestimated. This is
attributed to the strong simplification that solely ambipolar diffusion is assumed
for the calculation of 7i,,. As already discussed in section 3.4, at the present
parameters a simultaneous evaluation of the influence of the magnetic field on the
free fall ion transport would be required, which is not feasible in a 0-dimensional
picture. Such an analysis requires the application of numerical methods which are
capable of resolving this problem spatially.

If an analogous evaluation is conducted for hydrogen discharges, the same
characteristic dependencies are obtained. However, there is a weak isotopic
difference, as the relative enhancement of n. with increasing magnetic field is
found to be slightly but systematically higher in hydrogen. Compared to the
results in Dy, the increase of the electron density from 0 mT to 10 mT is roughly

25 % steeper in hydrogen.

9.2.4 RF heating by propagating waves

The considered effects of a static magnetic field on the movement of charged
particles provide a conclusive description of many characteristics of the discharges
generated by the Nagoya antenna, at least qualitatively. However, the measured

increase of the RF power transfer efficiency at magnetic fields exceeding 3 mT and
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the occurrence of a local maximum between 8 mT and 10 mT indicate a transition
of the discharges from an inductively driven to a wave heated discharge. For a
dedicated assessment of the heating scheme in this regime, the characteristics of
helicon and TG wave modes at the present parameters are evaluated. In contrast
to the inductive heating mechanism, not all mechanisms of the excitation, propa-
gation and damping of these waves in the low field regime are fully understood
up to now. As explained in section|4.3, no simplified analytical description of the
heating scheme has yet been developed and the following discussions are therefore

limited to a mostly phenomenological treatment.

Boundary conditions for the propagation of helicon and TG waves

At first, the requirements for the propagation of helicon and Trievelpiece-Gould
waves are assessed based on the boundary conditions presented in chapter 4.3.1]
Therefore, the minimum and maximum densities relevant for the investigated
discharges are estimated according to the equations 64—20D and M) The axial
length L. is assumed to correspond to the discharge cylinder length of 0.4 m. Since
the actual damping of waves is neglected in the deduction of 1y, (1) and nmax (1),
these expressions have to be considered as approximations.

In figure 9.8 (a), the maximum densities 1.y (1) for the first four longitudinal
wave modes [ = 1...4 at varying magnetic field are indicated by the grey parabolas.
Additionally, the measured electron densities of the deuterium discharges discussed
in the previous chapter are included as a reference. As deduced in chapter 4.3.1,
Ne < Nmax (1) is a necessary condition for both helicon and TG wave propagation.
Comparing the measured electron densities and the maximum densities yields that
the number of longitudinal modes which are able to propagate quickly increases
with increasing magnetic field. At low fields, there is still a restriction, since the
condition for a propagation of the [ = 1 waves is not yet fulfilled. At magnetic fields
of at least 6 mT, the imposed boundary condition is fulfilled for all longitudinal
wave numbers and all applied pressures. Consequently, the propagation of TG
waves is possible without restrictions in this regime, since n, < nmax(l) is the only
boundary condition to be regarded.

For a propagation of helicon waves however, n, > 1y, (1) has to be fulfilled in
addition. This boundary condition is analogously illustrated in figure m (b) by
the grey straight lines. Again, the first four longitudinal wave modes are included.
In this case, the requirement to be fulfilled appears to be much stricter. Globally,

the achieved densities fulfil only the condition for a propagation of the first two
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Figure 9.8: [llustration of the boundary conditions for the propagation of helicon
and TG wave modes in deuterium discharges. Depicted are the maximum (a)
and minimum (b) densities of the first four longitudinal modes depending on the
applied magnetic field. Respectively, the measured electron densities at different
pressures are included for a reference.

modes 1 > nyin(1,2). Only in an intermediate region between 2 and 6 mT, the
requirement for the [ = 3 mode is partly reached. Particularly at higher fields of
By > 8mT however, the observed increase of the density appears to be insufficient
to maintain the conditions for a propagation of higher helicon modes.

To summarize, the parameters of the presently investigated discharges allow
for a propagation of both helicon and TG waves in general. The number of
longitudinal wave modes that fulfil the requirements for propagations increases
with increasing magnetic field. If the magnetic field is sufficiently large, TG modes
can propagate without limitation. However, the number of propagating helicon
modes is restricted to the first few longitudinal modes and is further reduced
at higher fields. If the same analysis is conducted for hydrogen discharges, a

corresponding behaviour is again observed.

Influence of helicon and TG waves on the RF power absorption

In view of these results, several characteristics of the investigated discharges
which have already been attributed to the excitation of wave modes can now be

reassessed.
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o At first, the dependence of the RF power transfer efficiency on the mag-
netic field is discussed, which is presented in section|9.2.1. In the magnetic
field regime between 3mT and 8 mT, where the number of propagating TG
and helicon wave modes increases, 7 is steeply rising as well. This correlation
strongly indicates that the observed increase of the efficiency is contributed
to the gradual onset of wave heating. Furthermore, the occurrence of the
local maximum around 8 to 10 mT can also be qualitatively described. First,
the number of TG wave modes does not increase anymore at higher fields,
which already indicates that a saturation of the RF power absorption may be
expected. In addition, the electron density is not increasing steeply enough
at higher fields in order to maintain the requirements for the propagation of
higher helicon modes. Eventually, this reduces the number of wave modes
to be excited and results in the observed slow decrease of the RF power
transfer efficiency at higher fields. As already introduced in section 4.3, the
occurrence of such a local maximum of the power absorption depending
on the magnetic field is a characteristic feature of many low field helicon

discharges and, as introduced in section 4.3.2, commonly referred to as a
low field peak.

e Since helicons are only weakly damped at the present parameters, most of
the actual RF heating is considered to be carried by the highly damped TG
waves. As deduced in section 4.3, those modes deposit RF power mainly
at the radial plasma boundaries due to their fast decay. The assumption
of a dominant role of the TG waves regarding the RF power deposition
therefore correlates with the observed lateral intensity profiles of the
generated discharges. As presented in chapter 9.2.2, there is no indication
of a strong change of the radial distribution of the plasma parameters when
the discharge transfers from an inductive to wave-assisted mode. This
implies that region where plasma heating and ionization dominantly take
place remains comparable: in both cases the heating occurs at the plasma
boundaries close to the vessel walls. In case of ICPs due to the induced
electric fields in the RF skin depth, in case of the wave heated discharges
due to the damping of TG waves.

o The observed slight increase of the electron temperature at magnetic
fields above 6 mT presented in figure @ (b) appears to be correlated with

the onset of wave heating as well. However, the magnitude of this increase is
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relatively weak and only slightly exceeds the measurement error. In addition,
T, is simultaneously affected by the magnetic field due to the changed
diffusion, as already discussed in section 9.2.3. Since the available data does
not allow for a clear distinction between the latter and the possible influence
of wave heating, this work refrains from a further dedicated assessment.
However, comparable relative dependences of T, have also been seen in other

helicon discharges operated in hydrogen in the low field regime [SMO™15].

In conclusion, many of the observed properties of the investigated discharges
are convincingly described if the characteristic features of helicon and TG waves
are taken into account. This demonstrates that the discharges generated by the
applied Nagoya antenna perform a transition to a wave heated mode if a static
magnetic field is applied. In course of this mode transition, a relatively moderate
increase of the RF power transfer efficiency can be achieved compared to the
inductive mode at 0 mT. However, the simultaneous enhancement of the electron
density due to increased radial confinement of the plasma is quite substantial. In
the overall picture, the possibility to reach high plasma densities via wave heated
discharges is apparently not caused by a significantly high RF power transfer
efficiency. It is rather originating in their unique capability to provide enough
RF power for maintaining a sufficiently high ionization rate within an axially
magnetized low pressure plasma, an ability which helical ICPs lack, as described
in chapter 8.4.

9.2.5 Atomic density and dissociation balance

As discussed in chapter 2.1, a crucial quantity for the surface production of
negative hydrogen ions in an ion source is the density of hydrogen atoms. In
analogy to the investigations conducted with the helical coil, the density ratio
of atoms and molecules is assessed for the discharges generated by the Nagoya
antenna. Both hydrogen and deuterium are investigated, since the dissociation
process exhibits significant isotopic differences, as introduced in section 3.3 and
already observed for ICPs.

Figure 9.9 shows the measured density ratios ny/ng, in hydrogen (a) and
np/np, in deuterium (b) at varying magnetic field for a fixed RF power of 1 kW
and different pressures. In hydrogen, the available data is limited due to the
lower RF efficiency, preventing stable discharge operation at low pressure and low

magnetic fields. The case of 0.3 Pa can therefore only be assessed in detail for
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Figure 9.9: Density ratio of atoms and molecules at varying magnetic field and
different pressure in hydrogen (a) and deuterium (b).

deuterium. In general, the characteristic deviation of hydrogen and deuterium is
well observed: the density ratio in Dy (between 0.4 and 0.65) exceeds the values
obtained in Hy at the same operational parameters roughly by a factor of two.
Applying a magnetic field leads to a similar behaviour for both isotopes. At
0.5 and 1Pa, increasing By is accompanied by a decrease of the density ratio.
Between 3 and 10 mT, the density ratios display no significant changes and remain
approximately constant. At 0.3Pa in D,, the ratio is around 0.6 at all field
strengths and only a small decrease within the error bars at 10mT occurs. In
summary, a decrease of the density ratio with increasing magnetic field is generally
observed, which is pronounced stronger at higher pressure. In the presence of
a magnetic field, ny/ny, and np/np, systematically increase with decreasing
pressure.

In order to assess these results further, the production and loss processes of
hydrogen atoms introduced in chapter 3.3 have to be considered. Due to the
lack of reliable data regarding the surface recombination of deuterium atoms,
mainly hydrogen is treated exemplarily in the following. In a first step, only the
production of atoms via electron impact dissociation in the plasma volume is
considered. The effective dissociation rate rgiss = noneXaiss(7e) is estimated in
figure @ (a) based on the measured plasma parameters. Both at 0.5 Pa and

1 Pa, the dissociation rate increases with increasing magnetic field, due to its
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Figure 9.10: (a) Rate of the electron impact dissociation of hydrogen molecules at
varying magnetic field in hydrogen. (b) Effective recombination coefficient required
to match the measured values of ny/ny, at varying magnetic field according to
the dissociation balance.

proportionality to the electron density. Accordingly, a corresponding increase of
the ratio ny/ny, could be expected. This is obviously not the case, which implies
that the loss rate of atoms has to change as well, according to the dissociation
balance introduced in chapter 3.4.

The loss rate rqig g of atoms due to wall recombination depends inversely on
the confinement time 7 of atoms within the plasma. However, the evaluation
of 7y according to equation yields that none of the known or measurable
parameters (e.g. Tu.s, A) exhibits a dependence on the applied magnetic field
- as expected, since magnetic fields do not affect the motion of neutrals. As a
consequence, the only remaining parameter capable of changing the confinement
time of atoms in the discharge is the recombination coefficient . Since the actual
recombination coefficient at the walls of the experiment is unknown, v can be
treated as a free parameter. By its variation, the dissociation balance provided in
equation M) can be resolved in order to fit the measured values of ny/ny,, ne
and T, simultaneously. The values of v obtained by this approach are shown in
figure 9.10 (b) at varying magnetic field. For both 0.5 and 1 Pa, the evaluated
recombination coefficient at 0 mT is about 0.045. Applying a magnetic field leads

to a significant increase of v to about 0.15, while a slightly higher value is required
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at 0.5 Pa than at 1Pa. In conclusion, the recombination rate of hydrogen atoms
at the walls is expected to rise significantly if a magnetic field is applied.

The obtained result can be evaluated in view of the literature values summarized
in table 3.1, With respect to the applied discharge vessel, quartz surfaces are
regarded first: the value of 0.045 obtained at 0 mT is well comparable to the
value estimated for the ICPs in chapter 8.3/ and located at the upper limit of
the typically reported range for this material. This appears to be reasonable,
especially if the axial ends of the vessel are included in the consideration. On one
side of the cylindrical chamber, a partially metallic transition piece is mounted,
on the other side the stainless steel expansion chamber is located. In consequence,
hydrogen atoms which arrive at the ends of the quartz cylinder are likely to
either hit a metallic surface (7 > 0.1) or to be entirely lost within the vacuum
system (v = 1). Hence, the recombination coefficient evaluated by the present 0-
dimensional approach has to be regarded as an effective value in general, expected
to be found somewhere in between the typical values for quartz and metal. Apart
from the magnetic field, no significant variation of the recombination coefficient
with any other operational parameter (e.g. p, Prr, wrr) is observed for both
antennas.

However, the reason for the predicted increase of the effective recombination
coefficient in the presence of a magnetic field cannot be explained based on
the available data yet. A temperature induced increase of v according to equa-
tion dﬁ) can be ruled out, though: if the surface temperature of the discharge
vessel is assumed to be in thermal equilibrium with the heavy particles of the
plasma (— T4,s) in the present case, only a slight and almost negligible increase
from 500 K to about 550 K is expected with increasing By, leading to a correspond-
ingly small increase of v which is insufficient to explain the behaviour illustrated
in figure|9.10. In contrast, a changed ion flux on the vessel walls due to the applied
magnetic field, potentially changing the surface properties, may be considered as
a probable cause. For a further assessment of the observed behaviour, additional
investigations exceeding the contents of this work are required. Such could for
example include the application of other materials within the discharge chamber,
allowing to identify whether the observed behaviour is a specific feature of a quartz

surface.



148 Chapter 9 Discharges generated by a Nagoya-type helicon antenna

9.3 Assessment of an application to RF driven

ion sources

In analogy to the case of inductive plasma heating at varying excitation frequency
discussed in chapter 8.3, the potential of low field wave heated discharges in
view of an application at ion sources for NNBI in view of DEMO is assessed.
Again, the dependencies of the crucial parameters 7, ne(= nio,) and ny/ny, on
the supplied RF power at the relevant pressure of 0.3 Pa are specifically treated
for both hydrogen and deuterium. In the present case, the magnetic field is kept
constant at 8 mT. This value is chosen as it represents the local maximum of the
RF power transfer efficiency at low pressure and Prr = 1kW. The RF power is
varied in a range between 0.8 and 1.5kW. All results obtained with the Nagoya
antenna are directly compared to the reference case of inductive heating at 1 MHz,
which has already been discussed in chapter 8.3.

The RF power transfer efficiency at varying RF power is shown in figure9.11
for both hydrogen (a) and deuterium (b). In wave heated hydrogen discharges,
it increases weakly with increasing RF power, from n = 0.4 at 0.8 kW to almost
0.5 at 1.5kW. In the same power range in deuterium, 7 is virtually constant
at a value of 0.6, exhibiting even a slight decrease within the error bars with
increasing power. In direct comparison to the inductive discharges generated by
the helical coil at 1 MHz, the efficiency of the discharges applying the Nagoya
antenna are globally and quite significantly lower. As indicated especially by
the results obtained in Dy, n apparently saturates at a relatively low level. The
power transfer efficiency of the wave heated discharges does therefore not exhibit
the same increase with increasing power as observed for ICPs, which also slowly
saturates yet at a considerably higher level. Since the plasma resistance does not
further increase with power, a maximum of 60 % (in deuterium) and 50 % (in
hydrogen) of the delivered power can be coupled to the plasma. The remaining
fraction is lost due to ohmic heating in the RF system and the antenna, which
implies that the Nagoya antenna requires more cooling to be reliably operated
than the helical ICP coil at the same RF power.

Secondly, the behaviour of the electron density at varying power is assessed in
figure 9.12. In order to highlight the influence of the RF power transfer efficiency,
the density is plotted both versus the RF power delivered by the generator (full
symbols) and versus the power Ppjasma Which is actually absorbed by the plasma
(open symbols). Again, results obtained both in hydrogen (a) as well as in

deuterium (b) are presented. In general, the electron density within the discharges
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Figure 9.11: RF power transfer efficiency of (a) hydrogen and (b) deuterium dis-
charges generated by the Nagoya antenna at varying RF power. For a comparison,
the reference case of inductive heating at 1 MHz is included, respectively.
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Figure 9.12: FElectron density in (a) hydrogen and (b) deuterium discharges
applying the Nagoya antenna at varying RF power Prp (full symbols) and varying
absorbed power Ppjasma (0pen symbols). The reference case of inductive heating at
1 MHz is included for a comparison, respectively.
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driven by the Nagoya antenna increases monotonically with increasing Prr and
Plasma- Since the magnetic field (which dominates the ion losses) is kept constant,
the expected proportionality of ne on Ppasma according to the electron power
balance can now be well observed. In hydrogen, the measured densities cover

a range from 4 x 10" m~ to approximately 6 x 107 m~3.

In comparison, the
electron density in deuterium discharges is globally about 50 % higher.

If these results are directly compared with the included reference case of inductive
heating at 1 MHz, the characteristics deduced in chapter are again observed.
At the same absorbed power Pjjasma, the electron density in the magnetized, wave
heated discharges is significantly enhanced: By a factor of 4 to 4.9 in H, and
by a factor of 2.5 to 3.3 in Dy. The difference between both discharge types is
growing with Ppjasma, due to a steeper increase of n, observed with the Nagoya
antenna compared to the ICP. This is caused by the higher ion confinement time
in the presence of the magnetic field, as predicted by the electron power balance.
Moreover, the increase of n, is large enough to effectively overcompensate for the
lower RF power transfer efficiency of Nagoya driven discharges: even for the same
Pgrr supplied by the generator, the density within the wave heated discharges
remains considerably higher than for the ICP. At Prr = 1 kW for example, the
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Figure 9.13: Atomic fractions ny/np, (a) and np/np, (b) applying the Nagoya
antenna at varying RE power Prp (full symbols) and varying absorbed power
Plasma (0pen symbols). The reference case of inductive heating at 1 MHz is
included for a comparison, respectively.
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relative enhancement of n, is of a factor of 3 in Hy and of a factor of 2 in Ds.
The last parameter to be addressed specifically is the atomic fraction within
the generated discharges. Figure 9.13 shows the obtained values of ng/ny, (a) and
np/np,(b) at varying RF power Prp (full symbols) and at varying absorbed power
Prlasma (0pen symbols). In the wave heated hydrogen discharges, the density ratio
is approximately constant at a value of 0.5. Within the measurement error, this is
equal to what is measured for the ICP at the same Pjjasma. The density ratio in
deuterium is slightly increasing with the absorbed power from 0.6 to 0.8, which is
again corresponding to the results obtained for the ICP at the same Pplagma. With
respect to the actually supplied RF power Prp, ny/ny, is hence observed to be
virtually the same for both ICP and wave heated discharges. In deuterium, the
density ratio np/np, appears to be slightly lower for the discharges generated by
the Nagoya antenna in comparison to the case of ICPs at the same Prp. Therefore,
the same characteristics of the atomic fraction as discussed in chapter 9.2.5 are
observed also if the RF power is varied. Even though the electron density is
significantly higher within the wave heated discharges (at the same T), the atomic
density remains on the same level as for the ICP or even decreases. Based on the
presently available data, this behaviour can only be explained if the loss rate of
atoms due to the wall recombination to molecules increases as well, as discussed
in detail in the previous chapter. As a consequence, this result cannot be directly
transferred to the scenario of larger ion sources up to now: due to the presence of
the Faraday screen, the atom recombination processes at the driver walls of an ion
source are severely changed compared to the present case, which has already been
addressed in detail in section 8.3| The concluding discussion therefore focuses on

the parameters n, and 7.

Discussion and estimation of a potential power reduction

As indicated by these results, the most prominent improvement of wave heated
discharges is the enhancement of the electron density compared to ICPs. In a final
step, the obtained results are used to estimate the RF power which is required to
sustain the same electron density with both discharge types. In addition, also the
power losses corresponding to this scenario are approximated.

For the example of deuterium discharges, this is performed within ﬁgurem (a).
Again, the obtained results of the electron densities with both the Nagoya antenna
and the helical coil are plotted versus the provided RF power. The densities

obtained with the ICP are linearly extrapolated, in order to estimate how much
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Figure 9.14: (a) Linear extrapolation of the electron density of ICPs at varying
RF power in order to estimate the required Pry to achieve the same n. as measured
with the Nagoya antenna. (b) Corresponding power losses of ICPs and wave heated
discharges at varying RF power. The values of the inductively heated discharges
are extrapolated to the power range obtained by the comparison in (a).

RF power might be required in this case to reach the same n, as observed with
the Nagoya antenna. A linear extrapolation of n.(Pgrr) is a valid assumption
according to the electron power balance and due the fact that n does not change
significantly at higher powers. Obviously though, this approach remains a sig-
nificant approximation that is afflicted by a high uncertainty, as indicated by
the coloured area. Nevertheless, a rough power range can be estimated where
the ICP is expected to achieve the same density level obtained with the Nagoya
antenna. As illustrated by the vertical dotted lines, this range is roughly between
2.5kW and 4.3kW. Compared to the wave heated discharges, this corresponds to
a significant relative increase of the required RF power of a factor between 2.5
and 2.7. If the same analysis is performed in hydrogen, an even higher factor of
about 4 is obtained. In view of ion sources for NNBI, the investigated wave heated
discharges therefore promise a significantly reduced RF power consumption.

On the other hand, the estimated power range can be used to analogously
extrapolate the power losses P to be expected for the ICP if such high electron
densities are achieved. This estimation is visualized in figure|9.14 (b). For both
discharge types, the measured power losses are displayed at varying RF power.

The power losses of the ICP are extrapolated assuming a weak hyperbolic increase
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of the RF power transfer efficiency, which yields an almost linear increase of Py
with increasing RF power. In the power range between 2.5kW and 4.3kW (where
the ICP is estimated to reach the same density as the wave heated discharge)
the expected power losses are between 170 W and 250 W. Compared to that, the
operation of the Nagoya antenna leads to losses which are between 2.1 and 2.5
times higher at the same achieved electron density. In hydrogen, a virtually equal
dependence is observed, as the losses are increased for both discharge types due to
the globally lower RF power transfer efficiency. Hence, the reduced overall power
consumption of wave heated discharges comes at the price of higher losses due to
ohmic heating within the RF circuit. Certainly, this requires for increased cooling

measures and may thus negatively affect the reliability of the RF system.

In conclusion, the results presented in this work demonstrate that wave heated
discharges are indeed a promising alternative to the presently applied inductive
heating of an ion source plasma. Since considerably less RF power is required to
reach high electron densities of almost 10*® m™ in Hy/D, discharges at 0.3 Pa,
they entail the potential for a significantly reduced RF power consumption. Based
on the performed fundamental studies - which allowed for the first time a direct
and quantitative comparison with ICPs operated at 1 MHz in Hy /D5 - it is assessed
that wave heated discharges qualify to be considered for further investigations.
In course of these studies, the presently deduced potential drawback of increased

power losses within the RF system needs to be re-evaluated in view of the required

high reliability of ion sources for DEMO NNBI.
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Outlook

The fundamental studies within this work were specifically dedicated to the
actual plasma heating regime, whereas a simplified and thus flexible laboratory
setup was utilized. As already described before, the main differences of this
experiment compared to an actual ion source are the different RF power density /the
vessel diameter and the application of a Faraday screen. In consequence, future
investigations will have to cover both aspects. While the effects of a Faraday
screen on the wave heating mechanism and the wall recombination of atoms can
still be studied at a (modified) laboratory setup in principle, the high power/high
density operation has to be tested directly at a large and powerful ion source test
bed.

In a further step towards assessing the potential of wave heated discharges,
the plasma parameters and spatial distributions within the expansion region of
an ion source will have to be investigated as well. The transient magnetic field
of a potential wave-heated driver will influence the plasma transport towards
the extraction region and will require an adaption of the magnetic filter field
within the extraction region. First and fundamental investigations in this direction
can also be performed at the CHARLIE experiment, due to the presence of an
expansion chamber. Based on such investigations, valuable input for the next
step, the envisaged application of wave heated discharges at an ion source test

bed, can be gained.
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For the NNBI systems at ITER, powerful RF driven ion sources operating low
pressure Hy /Dy ICPs are required to fulfil the high demands posed on this
important auxiliary heating method. In order to reach the required parameters at
a filling pressure of 0.3 Pa and at an excitation frequency of 1 MHz, RF powers
up to 100 kW per plasma driver have to be applied. This poses strong demands
on the RF generators and circuits, requires for dedicated countermeasures and
potentially limits the long term reliability of the ion source. In view of DEMO,
the requirements towards the NNBI system are expected to be even higher, in
order to ensure both a high wall-plug efficiency and a high general reliability.
Particularly regarding the latter, a reduction of the RF power consumption of RF

driven sources for NNBI is therefore highly desirable.

In order to reduce the required RF power while maintaining plasma conditions
favourable for the production of negative ions, increasing the efficiency of the
RF plasma generation is a promising approach. The main figures of merit of an
efficient driver plasma can be summarized as follows: On the one hand, it has to
provide a high positive ion density and a high density of atoms in view of the
surface production mechanism of H=/D~. On the other hand, a high RF power
transfer efficiency is desirable to ensure a high power absorption by the discharge
in the first place and vice versa, a reduction of power losses within the RF system
which might limit the source reliability. In this context, the potential of two
alternatives to the currently applied ICPs driven at 1 MHz has been fundamentally
assessed within this work for Hy and D, discharges: ICPs driven at a higher
excitation frequency than 1 MHz and wave-heated helicon discharges operated at
low magnetic fields.

The investigations were conducted at a versatile laboratory experiment, where
a cylindrical quartz tube with a diameter of 10 cm and a length of 40 cm serves as
the discharge vessel. The experiment can be equipped with different antennas both
for inductive and wave-heated helicon operation without changing the general

discharge geometry. In the course of this work, a flexible RF circuit has been set
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up, capable to achieve the required impedance matching with different antennas. It
allows for Hy /Dy plasma operation at RF powers up to 2kW at varying excitation
frequency between 1 MHz and 4 MHz in the pressure range from 0.3 Pa to 10 Pa.
Via a Helmholtz coil, static magnetic fields up to 12mT oriented parallel to the
cylinder axis can be applied. The setup has been equipped with a comprehensive
set of diagnostic systems: based on current and voltage measurements within the
RF circuit, the ohmic power losses during plasma operation can be determined.
Vice versa, this allows to determine the RF power transfer efficiency of the
generated discharges. The bulk plasma parameters are measured parallel and
in a radial distance of one cm to the cylinder axis of the plasma vessel. The
electron density, which is equal to the positive ion density due to quasineutrality,
is measured both locally via a axially movable floating double probe and line of
sight averaged via optical emission spectroscopy (OES). The latter also provides
access to the electron temperature, the neutral gas temperature and to the ratio
between the atomic and the molecular density, hence to the atomic fraction of the
discharges.

At lower RF powers and smaller scale than typical for NNBI ion sources, this
setup therefore allows to directly and quantitatively compare the introduced
alternative plasma generation techniques with the baseline case of ICPs driven
at 1 MHz, focusing on the main figures of merit of a driver plasma. This par-
ticular capability distinguishes the conducted investigations from other reported
approaches aiming to increase the RF plasma generation efficiency of ion sources.
The main aim of this work was to perform a first and fundamental assessment
whether any of the proposed plasma generation methods may entail the potential
to reduce the RF power consumption of Hy/Dy discharges in view of ion sources.
In course of this evaluation, the fundamental characteristics of the different heating
mechanisms at the present parameters had to be specifically analysed for both

hydrogen and deuterium operation.

As they represent the reference case for the assessment of the alternative plasma
generation methods, inductively heated discharges at 1 MHz utilizing a helical, five-
turn coil were investigated in detail. At this driving frequency, the characteristics
of the inductive heating mechanism of Hy discharges in the pressure range from
0.3 Pa to 10 Pa were deduced.

In general, RF power deposition in an ICP occurs due to the induction of an
RF plasma current leading to the collisional and collisionless heating of electrons

within the RF skin depth. As it has been known from investigations conducted
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in noble gases, the absorbed power within the discharge can be analytically
approximated to be proportional to the effective plasma conductivity. The latter
is in turn proportional to the electron density and depends furthermore on the
collisionality, i.e. on the ratio of the effective electron collision frequency and
the angular excitation frequency. If both frequencies are equal, the conductivity

describes a maximum and hence, the power absorption by the plasma is enhanced.

Within this work, it has been shown for the first time that this analytic
approximation also provides a good description of the heating mech-
anisms within the investigated low pressure low temperature H,/D,
ICPs. This allowed to correlate the measured behaviour of the RF power transfer
efficiency at varying pressure and RF power with the simultaneously measured
plasma parameters: the RF power transfer efficiency generally increases with the
applied RF power (varied in the range between 250 W and 800 W), since both the
electron density (of the order of 10! m=3) and the gas temperature (around 500 K)
increase. The latter leads to a to a lower electron collision frequency due to a lower
density of neutral particles. At the present parameters, a lower electron collision
frequency results in a higher RF power absorption since the angular excitation fre-
quency at 1 MHz is globally lower than the effective collision frequency of electrons.
Vice versa, this implies that also a higher excitation frequency leads to a higher RF
power transfer, assuming otherwise constant conditions. At varying pressure, the
changing electron and neutral particle densities simultaneously influence the RF
power transfer. As a result, a pronounced maximum of the measured RF power
transfer efficiency at intermediate pressures between 1 Pa and 3 Pa is observed. In
this region, typically more than 90 % of the provided power are absorbed by the
plasma. At higher and lower pressure, the RF power transfer efficiency decreases
significantly. At the ion source relevant pressure of 0.3 Pa and an intermediate
RF power of 520 W, it is observed to be below 50 %.

Directly comparing hydrogen and deuterium ICPs driven at 1 MHz, the par-
ticular role of atoms within the heating mechanisms of molecular low
pressure discharges has been systematically deduced within this work
for the first time. The atoms H and D are more likely to be ionized in the present
electron temperature region between 2 and 6¢eV than the respective molecules,
which results in higher electron densities if the atomic fraction is higher at other-
wise comparable parameters. Since the molecular dissociation rate in deuterium
is higher compared to hydrogen, also the atomic fraction and hence the electron

density in deuterium discharges is globally higher: in D5, a density ratio between
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atoms and molecules around 0.5 is typically measured, which is about two times
higher than in Hy. This induces a relative increase of the electron density in D,
between 50 % and 100 % compared to Hy at the same experimental conditions.
As a consequence, also the RF power transfer efficiency in deuterium is
globally higher than in hydrogen. The deduced correlation substantially
contributes to the general understanding of the heating process within low pres-
sure low temperature Hy /Dy discharges. It explains many isotopic differences
empirically observed before, e.g. that deuterium discharges typically require less
RF power to be ignited in the first place. Apart from this difference, the same
relative behaviour of the RF power transfer efficiency and all considered plasma

parameters is observed for both isotopes at varying operational parameters.

Applying 2 MHz and 4 MHz, the effect of a higher excitation frequency on
inductively heated Hy /Dy discharges was investigated. In the considered range,
an increasing excitation frequency globally enhances the RF power
absorption of the plasma, as the difference between the electron collision
frequency and the angular excitation frequency is globally reduced. In consequence,
the measured RF power transfer efficiency increases monotonically with the
excitation frequency at all considered pressures (between 0.3 Pa and 10 Pa) and
RF powers (up to 1kW). In addition, the position of the pressure dependent peak
of the RF power transfer efficiency is shifted to about 5Pa, where more than 95 %
of the provided RF power are absorbed by the plasma for both isotopes - while
it remains globally higher in deuterium compared to hydrogen. The improved
power deposition at 4 MHz typically leads to a relative increase of the electron
densities of about 50 % compared to 1 MHz at the same operational parameters.
Consequently, also a slightly higher atomic fraction due to an increased rate of
electron impact dissociation of molecules is achieved. Apart from its influence
on the RF power transfer efficiency, the excitation frequency does not explicitly

influence any other discharge parameters.

At low RF power, the RF power transfer efficiency at 4 MHz is sig-
nificantly enhanced at the ion source relevant pressure of 0.3 Pa, since
the difference between the effective electron collision frequency and the angular
excitation frequency is small: the achieved efficiency of 85 % in Hy at 520 W is a
remarkable enhancement compared to the value around 50 % obtained at 1 MHz.

In deuterium, a comparable yet slightly less pronounced effect is observed.

At higher RF power, the frequency induced differences are gradually

reduced: due to the rising electron densities, the plasma is generally more capable
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of absorbing the provided RF power and a variation of the excitation frequency by
a few MHz eventually becomes irrelevant for both Hy and D,. In other words, all
considered excitation frequencies in the range from 1 MHz to 4 MHz are located
sufficiently close to the collisionality maximum and hence, allow for a high RF
power absorption at a high electron density. Applying frequencies much higher or
even lower than those explicitly considered is not expected to entail any benefits
regarding the RF power transfer efficiency either: a frequency well above or be-

low the electron collision frequency will only result in reduced RF power absorption.

In conclusion, applying a higher excitation frequency than 1 MHz in
the high power regime of ion sources for NINBI does not entail the
potential to decisively reduce the RF power consumption of ICPs. In
addition, a higher excitation frequency also implies that the RF voltage drop across
the coil is higher. At high RF powers, this has to be considered as a disadvantage
as well, as it increases the risk of electrical breakdowns and arcing between the
coil windings, which needs to be avoided in view of a high source reliability. Based
on the results obtained within this work, it is therefore suggested that a higher
excitation frequnecy for ICPs can be ruled out as a promising alternative in view
of ion sources for DEMO.

Beyond this, the systematic measurements conducted within this work generally
provide a diverse experimental data set, characteristic for inductively heated low
pressure hydrogen and deuterium discharges. Therefore, they have already proven
to be ideally suited as valuable input for the benchmark of numerical codes which

are dedicated to the simulation of such discharges.

Wave heated Hy /Do discharges in the pressure range between 0.3 Pa and 1 Pa
were investigated by operating a Nagoya type-III helicon antenna at low magnetic
fields up to 12mT at an excitation frequency of 4 MHz. At lower frequencies, no

plasma ignition was possible due to the limited RF power.

In wave heated discharges, the plasma heating mechanism is fundamentally
different compared to ICPs. Due to the applied static magnetic field, helicon
and Trievelpiece-Gould (TG) waves can be excited to propagate. The subsequent
damping of these waves leads to the deposition of power. However, many fea-
tures of the plasma heating mechanism within low-field helicon discharges are
not yet entirely understood. An analytical assessment of the power absorption

mechanism analogous to the case of ICPs can therefore not be conducted and the
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description of the heating processes is constrained to a mostly phenomenological
approach. In addition, the discharge properties of wave heated discharges are
severely influenced by the magnetic field, as it not only allows for the propaga-

tion of waves, but also changes the diffusion of charged particles within the plasma.

If no magnetic field is applied, the Nagoya antenna is operated in a
purely inductive mode, which results in discharge parameters well comparable
to the investigated ICPs. However, due to the low inductance of the Nagoya
antenna of 0.7 uH, the achieved RF power transfer efficiency is much lower (around
50 %) in comparison with the helical coil (inductance: 2.4 uH): in order to induce
RF fields of the same magnitude with both antennas, a higher RF current is
required with the Nagoya antenna leading to higher ohmic losses. If a very low
axial magnetic field up to 3mT is applied, the power deposition within the plasma
is reduced and reaches a minimum around 20 — 30 %, since the magnetic field

effectively hinders inductive heating.

Applying magnetic fields above 3 mT, the desired transition to the
wave heated mode has been achieved for both Hs and D,. This induces
a rising RF power transfer efficiency in the region between 3mT and 8 mT. This
increase can be attributed to an increasing number of helicon and Trievelpiece-
Gould (TG) wave modes which are excited and are able to propagate. The
increased RF power deposition is considered to be primarily caused by a damp-
ing of excited TG waves, since the propagating axial helicon modes are only
weakly damped at the present discharge conditions. At higher fields between 8
and 10 mT, a local maximum of the RF power transfer efficiency up to
60 % is achieved, virtually independent of pressure. This is a character-

istic feature of low-field helicon discharges commonly referred to as a low-field peak.

Apart from its influence on the heating mechanism, the applied magnetic
field also leads to a radial plasma confinement: due to the gyration of
charged particles, the ambipolar diffusion of positive ions and electrons perpen-
dicular to the magnetic field is strongly hindered. At applied magnetic fields
above 3mT, both the electrons and the positive ions are magnetized, i.e. their
gyration radius is smaller than the vessel radius. This reduces the loss rate of
charged particles towards the radial vessel walls, which induces two changes
with respect to the measured electron densities: a gradual broadening
of the axial electron density profiles within the discharges and a global
enhancement of the electron density. The latter is particularly pronounced

at lower pressure: for the example of deuterium at 0.3 Pa, the electron density
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is increased roughly by factor of 4 from 0 to 8 mT, where it reaches a value
of 8 x 10" m~3. In contrast to this, the electron temperature exhibits only a weak
variation at varying magnetic field and remains virtually constant between 0 and
10mT at a value around 6¢eV at 0.3 Pa. The evaluation of lateral intensity profiles
indicates that the radial distribution of the electron density and temperature
within the wave heated discharges remains well comparable to the case of inductive

heating.

Also for the wave heated discharges, a virtually identical relative behaviour
of all considered parameters is evident for both isotopes. Analogous to ICPs, a
higher atomic fraction in deuterium than in hydrogen is observed. Again, this
results in a higher electron density and a higher RF power transfer efficiency
for Dy. Depending on the magnetic field, a comparable behaviour of the atomic
fraction is observed for both isotopes: with respect to the case of 0 mT, it remains
virtually constant or even decreases if a magnetic field is applied. This behaviour
indicates that the probability for the surface recombination of atoms at the plasma
chamber walls has to increase by about a factor of 3 in the presence of a magnetic
field. Based on the available experimental data, the reason behind this observation

cannot be positively explained yet.

In order to allow for a direct comparison to the ICPs driven at 1 MHz, the power
dependence of the plasma parameters obtained with the wave heated discharges
is evaluated in the range between 0.8 kW and 1.5kW for both hydrogen and
deuterium. This is conducted at the relevant pressure of 0.3 Pa and at a magnetic
field of 8 mT, where the local maximum of the RF power transfer efficiency is

observed.

With increasing delivered power, the RF power transfer efficiency of the
wave heated discharges saturates around 60 % in deuterium and around
50 % in hydrogen. This is a considerably lower efficiency than observed
for the ICPs, where more than 90 % in Dy and more than 70 % in H, are achieved
at the same RF power. In parallel, the measured electron densities are increasing
monotonously. Maximum densities of 6.5 x 10" m~2 in H, and of almost 10'® m~3
in Dy are achieved with the Nagoya antenna. Compared to the ICPs, the
electron density is enhanced by a factor of 2 in deuterium and by factor
of 3 in hydrogen. With the Nagoya antenna, the density ratio of atoms and
molecules is virtually constant in hydrogen around 0.5 and increases slightly from
0.6 to 0.8 in deuterium. For the ICPs, virtually the same (Hs) or slightly higher

(D2) atomic fractions are achieved at the same conditions.



162 Chapter 10 Summary

Consequently, the presently performed first direct comparison of both discharge
types in Hy /Dy revealed that the most prominent potential benefit of wave heated
discharges appears to be the enhanced electron density. For the present exper-
imental setup, it is roughly estimated that an inductively heated plasma
would require at least 2.5 times more RF power in deuterium in order
to reach the density level which is achieved with the wave heated dis-
charges. In hydrogen, an even higher factor around 4 is approximated. This
appears as a very promising feature in view of an envisaged lower power con-
sumption of ion sources for NNBI at DEMO. However, a possibly reduced overall
power consumption of wave heated discharges comes at the price of higher ohmic
losses within the RF circuit. If the same electron density is reached with
both discharge types, the RF power losses with the Nagoya antenna
are up to 2.5 times higher than estimated for the ICP. This requires for in-

creased cooling measures and may negatively affect the reliability of the RF system.

Based on these results, it is suggested that wave heated discharges
are considered for further investigations. In course of these studies, the main
differences between the presently applied laboratory setup and large ion sources
need to be addressed: the effects of a Faraday shield - which is a prerequisite at
large ion sources to protect the dielectric vessel - and the discharge operation at
larger plasma volume and higher RF power. While a Faraday shield can still be
tested at a laboratory setup in principle, the higher power operation has to be

studied directly at a large ion source test bed.
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