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Abstract

Lower hybrid (LH) waves in the frequency range 1 to 10 GHz are used to heat and to
drive current in a tokamak. A crucial issue for the future devices is the coupling of the
wave power from the launching structure, the grill, to the plasma. A related problem is
the formation of hot spots on the grill limiters and other components that are
magnetically connected to the grill region. A probable explanation for these
asymmetric heat loads is the parasitic absorption of the LH power. In parasitic
absorption, the short-wavelength modes are absorbed by electrons within a very short
distance in front of the grill. The cold edge electrons (T, ~ 25 eV) may reach energies
up to 2 keV through stochastic acceleration in the electric field in front of the lower
hybrid grill.

The particle-in-cell (PIC) technique is one of the most popular methods of kinetic
simulations of plasmas. In PIC codes, a spatial grid is used to describe the field
quantities, while the particles move in the continuous space. The field and particle
motion are solved self-consistently. The advantage of the PIC codes is that they
take into account the kinetic effects and the non-linearities of the problem. They
also give the deposition profiles unlike pure test particle simulations.

In this thesis, the use of PIC codes has been extended to a whole new branch of
applications, the near-field of the LH grill. During the work, the grill model used
in the electrostatic PIC code has been developed. The parasitic absorption and the
generation of fast electrons in front of the waveguide mouth have been explored.
The absorption and the heat load on the grill limiter increases with the edge
density, the edge temperature and the launched power density. A weak indication
of a power threshold was observed. The simulation results can explain
experimental observations in Tore Supra. According to the simulations, the heat
loads are not a problem in the next generation launchers used in ITER.
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Chapter 1

Introduction

World Energy Council predicts that the world population doubles in the next 50
years [1]. The two major challenges for the future of the mankind are the availability
of clean water and the adequacy of energy. During this century the primary energy
use is doubling even according to the most conservative scenario [1]. With the
pessimistic scenario, the energy consumption in 2100 will be at a level of almost 5
times that of 1990.

So far, the energy production has been based on natural resources that have accu-
mulated to the ground during millions of years. Most of these are fossil fuels, the
main resource being coal. However, these are running towards an end. Moreover,
they are considered to enhance the greenhouse effect and causing global warming.

In order to get a sustainable solution to the energy problem, all the possible knowl-
edge is needed as well as a variety of benign energy production methods. No single
power production method can meet the energy need by itself. Renewable energy
should be used where it is feasible. However, it is not suitable for supplying the
base load where nuclear energy could be used instead. The disadvantage of fission
energy is its public acceptability. A long term problem is the adequacy of fuel. To-
gether with fission power and the renewable energy sources, thermonuclear fusion
can provide a sustainable solution for the power production. The main advantage
of fusion is that it has unlimited fuel sources — fifty coffee cups or a bucket full
of seawater correspond to 2 tons of coal. An equally important benefit is that it
is inherently safe. There is practically no possibility for run-away accidents. The
loss of coolant does not lead to a melt-down accident. Drawbacks of fusion are its
technical complexity and high costs.

In fusion, two light nuclei fuse together forming a heavier nucleus and releasing
energy. This is the energy source of the sun and other stars. To harness this
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energy on earth is a demanding task. In terms of energy production in fusion
devices, the most important reactions are

D +3T — “He 4+ 'n + 17.6 MeV (1.1a)
D+ 2D — 3T + 'p + 4.03 MeV (50%) (1.1b)
D +2D — 3He + 'n + 3.27 MeV (50%) (1.1c)
D + He — *He + 'p + 18.3 MeV, (1.1d)

where 2D and 3T are the heavier hydrogen isotopes deuterium and tritium, respec-
tively, n is a neutron, p is a proton, and 3He and *He are helium isotopes. The
energy is released as kinetic energy and it is distributed inverse-proportionally to
the masses of the reaction products. The neutrons are beneficial for the energy ex-
traction as they carry most of the energy out of the plasma. On the other hand, the
neutron causes activation of the inner structures, which can, however, be reduced
with properly choosing the reactor materials.

To get the nuclei close enough, a high temperature is needed so that the Coulomb
barrier can be overcome. For the easiest reaction, the D —T reaction, a temperature
of about 10 keV, i.e. 100 million degrees is needed in a fusion device. This is about
ten times the temperature inside the sun. In addition to the temperature, sufficient
density is also needed as well as long enough confinement of the particles and energy
to overcome the radiation and diffusion losses from the plasma. The requirement for
these three quantities can be written in the form of the so-called triple product [2]

nTtg >3 x 102! m™3keVs. (1.2)

This is the lower limit for ignition, where the fusion burn becomes self-sustaining.
Here, n is the density, T is the temperature and 75 is the energy confinement time.

At the high temperatures required for fusion, the fuel is in plasma state, a fully
ionised quasineutral gas. The high temperature also gives rise to various difficulties
and causes the complexity of controlled fusion. The problem is how to confine and
insulate the hot plasma. One solution is to use a so-called ‘magnetic bottle’, where
the plasma is confined by magnetic fields. At the moment, the most promising
device for a fusion reactor is the tokamak, which was developed in the former
Soviet Union in the fifties (2, 3].

The tokamak is based on magnetic confinement, where the particles are bound to
the magnetic field lines. Figure 1.1 shows a schematic picture of a tokamak. The
device is essentially a solenoid, which has been bent to a torus, thus eliminating
the end losses of linear devices. The main component of the magnetic field is the
toroidal one. The bending of the field lines introduces drifts like the VB and
E x B drifts that tend to destroy the confinement due to particle flow out of the
plasma. In order to balance these outward drifts, the field lines have to be twisted
to form a helical field. In tokamaks, this is done by inducing a toroidal current
that creates the poloidal field component.

12
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Figure 1.1: The tokamak concept.

As the plasma has a high conductivity, it can be considered as the secondary circuit
of a transformer, where the primary winding is an external one, see Figure 1.1.
In order to have continuous operation, or at least sufficiently long pulses, non-
inductive current drive is needed because otherwise a tokamak can only operate
as a pulsed device. The basic idea of current drive is to introduce some kind of
asymmetry with respect to the toroidal direction. There are two main methods
for doing this. One is the neutral beam injection (NBI) using high-energy neutral
particles that penetrate the magnetic field and transfer their momentum to the
plasma. The other method, which is investigated in this work, uses electromagnetic
waves. The waves are launched from the edge of the plasma and their energy is
transferred to the plasma particles through a resonant interaction.

One of the most promising concepts to drive current is the use of lower hybrid (LH)
waves at a frequency of a few GHz. The frequency is low enough for high power
generators to exist. These generators are called klystrons. On the other hand, it is
high enough for the waves to travel through waveguides to the plasma edge, where
they are launched. At Tore Supra [4], an LH pulse of 3 min 35 s was recently
realised [5]. A total of 600 MJ of energy was injected. The LH power in this pulse
was around 3 MW for 215 s.

The LH waves deposit their energy through a resonant interaction to electrons
having a somewhat lower velocity along the magnetic field than the corresponding
phase velocity of the wave. A change in the parallel velocity of Av| leads to an
increment in the current density, Aj = negeAv, and a change in energy density of
AFE = nemev|Av), where me, ge and ne are the electron mass, charge and density,
respectively [6,7]. Here, parallel refers to the direction of the magnetic field. The
current lasts for a time 1/v., where v, is the collision frequency. The power density
required to refresh the current is therefore

AFE
At

Prr = = nemeUHAUHVc (1.3)
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and the steady-state current drive efficiency

J A.7-14p01 Ge
-7 _ — 1.4
=P PrrV 2w Rmevjve’ (1.4)

where V' = 2rRAq is the plasma volume, Ao is the poloidal surface and R is
the major radius of the tokamak.

From this equation it can clearly be seen that the current drive efficiency is max-
imised by minimising the quantity v)v.. There are two limits to this [6]. The first
one is the low velocity limit, where v — 0. In this regime v; =~ v, where vy
is the velocity perpendicular to the magnetic field and vy, is the thermal velocity.
Consequently, the collision frequency is almost constant and the efficiency, which
only depends on v, is high since n ~ 1/’UH. This is the principle used in the
current drive based on Alfvén waves, which have a low phase velocity. The other
alternative is the high velocity case with v > v and ve ~ 1 / vﬁ’, which results in
a high efficiency since n ’UQ‘ at large velocities. This alternative is the so-called
fast electron scheme that is applied in lower hybrid current drive, where the phase
velocity of the wave is high. The latter scheme is more favourable because the fast
electrons are not trapped in the magnetic wells like the slower ones.

The most important question in lower hybrid current drive (LHCD) is the coupling
of the waves from the launcher to the plasma. This is due to the evanescent
behaviour of the waves at a density lower than the cut-off density, where w? = wge.
Especially, the coupling becomes difficult in ELMy H-mode plasmas, where the
ELMs reduce the edge density strongly. The Edge Localised Modes (ELMs) peel
off some of the density from the plasma, and the density in front of the antenna
reduces below the cut-off density. Good coupling is very important for future

devices.

In current tokamaks, a big research effort is put on so-called advanced scenarios,
where the current profile is modified to get better confinement by creating transport
barriers [8]. The bootstrap current, driven by a pressure gradient, has strong effect
on the current profile. Of the auxiliary current drive methods, LHCD is the best
candidate to modify the current profile via off-axis current drive. Neutral beams
have shown off-axis power deposition, but no change in the current profile was
seen [9]. Electron cyclotron current drive has also been used, but the efficiency in
the main plasma phase is much worse than in LH current drive.

A problem related to the coupling of LH waves into the plasma is the generation
of hot spots and impurities in the grill region. Asymmetric heat loads have been
observed in LH current drive experiments on Tore Supra [10-12] and TdeV [13].
Similar observations have also been made on ASDEX [14] and JET [15]. The
hot spots are strongly localised high heat loads and appear on components that
are magnetically connected to the grill region, like the grill limiters or the divertor
target plates. On Tore Supra, heat loads up to 10 MW /m? have been measured [12,
16,17] with an area of less than 10 cm?. These heat loads are especially inconvenient
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Figure 1.2: Interactions in front of the lower hybrid grill, that are the probable
cause of the hot spots: the overlapping of the wave modes resulting in stochastic
acceleration, as is explained in Chapter 2, and the sheath acceleration of ions.
Parametric instabilities are also known to occur in front of the grill [18].

in long-pulse discharges since they limit the power level of the grill that can be used.
The main topics of this thesis are the heat loads and the physics behind them.

The asymmetric power deposition on the wall structures is due to energetic particles
generated in front of the LH grill. So far, there is no experimental evidence for
the heat fluxes being caused by ions. Experiments on TdeV suggest that the heat
fluxes are caused by energetic electrons [13] with an energy between 200 eV and
5 keV. A significant fraction of the coupled power is lost in this way. On Tore
Supra, the losses are below 2%, while on TdeV they may exceed 10%. According
to experiments, the loss fraction depends on the edge density and the RF power.

In Figure 1.2, some of the physical processes in front of the LH grill, possibly
responsible for the hot spots, have been sketched. The figure also gives an idea of
the grill structure.

A strong candidate for the hot spots and the fast electrons is the parasitic ab-
sorption of LH power [19,20]. In parasitic absorption, the short-wavelength modes
emitted by the grill are absorbed by electrons within a short distance just in front
of the waveguide mouth. The modes with very high parallel refractive index, n,
have low enough phase velocity so that the edge electrons are accelerated by the
modes with n) 2 30. Consequently a population of fast electrons is created. The
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cold edge electrons (T, ~ 25 eV) can reach energies up to 2 keV through stochastic
acceleration in the electric field in front of the LH grill.

Other explanations for the formation of the heat load have also been given. When
the electrons hit the wall, a charge separation occurs and, consequently, a sheath
potential is formed. This sheath accelerates ions towards the wall structure and
may therefore play a role. This mechanism has been recently studied by Tskhakaya
et al., see References [21-23]. Another explanation that has been studied is the so-
called random fields which might enhance electron acceleration and heat fluxes [24—
27]). These random-fields are spontaneously generated in front of the launcher.
Thus, they make it difficult to reduce the high-n| content in the spectrum by e.g.
rounding off the waveguides septa as has been suggested [28]. Further analysis and
a more detailed comparison between simulations and experiments are needed to
confirm the mechanism behind the hot spot formation.

The development of computers has made numerical simulations a widely used tool
in studying different phenomena in plasma physics and fusion research. Simulations
are important tools in plasma theory development and in designing of new fusion
devices. A short review of the past, present and future in computer modelling of
plasmas is given in Reference [29]. One of the most popular methods of kinetic
simulations of plasmas is the so-called particle-in-cell (PIC) technique [30]. In PIC
codes, a spatial grid is used to describe the field quantities, while the particles
may move freely in the continuous phase space. The field and particle motion are
solved self-consistently, which makes the PIC simulations more realistic than pure
test particle calculations where prescribed fields are used. Furthermore, the PIC
codes take into account the kinetic effects of the plasma and the non-linearities of
the problem. The kinetic effects are in some cases important, for instance, because
the absorption of the LH power in the edge plasma generates hot electrons as was
discussed earlier. Non-linear processes, such as parametric instabilities, are also
known to occur in front of the LH launcher [18].

In this thesis, the use of PIC codes has been extended to a completely new branch
of applications, the near-field of the LH grill. The parasitic absorption and the
generation of fast electrons in front of the waveguide mouth have been explored as
well as the coupling of waves from the launcher to the plasma. Usually the elec-
tron acceleration is studied with test particle simulations [17,19] and the coupling
problem with linear coupling codes [31, 32].

During the course of this work, the grill model used in the electrostatic PIC code
has been developed. In the early start of our work a very simple model was used
for the grill [33]. Publication I is devoted to introducing the PIC method as a
tool for the fast particle generation studies. Compared to the first grill model in
Reference [33] a slightly improved one is used in Publication I, though the model
still is quite far from a realistic one. Some useful energy and power diagnostics are
also developed in Publication I. The numerical diagnostics for both the coupled and
the absorbed power is derived. The kinetic energies are obtained and the change

16



in the velocity distributions of the edge electrons is seen in a case with more peaks
in the high-n| part of the spectrum. The grill model and some of the diagnostics
were also used in the study of ion Bernstein wave excitation [34, 35].

In order to get a more realistic power spectrum in the PIC simulations, the grill
model was improved. The surface charge used to launch the wave in the electro-
static code is now calculated from the output of the SWAN coupling code [32]. The
coupling of the PIC code XPDP2 [36] with the SWAN code is presented in Refer-
ence [37] and in Publication III. The first studies with this new grill model are
presented in Reference [37], where a density study of the parasitic absorption at
a fairly high temperature was carried out. The absorption seems to increase with
density, though the dependence is not very strong in the density range of the sim-
ulations. A lower edge temperature is used in Publication II, where the parasitic
absorption is studied for both Tore Supra and JET.

Experiments at TdeV and Tore Supra [13] indicated that the heat loads on the
magnetically connected components strongly depend on the launched LH power.
Therefore, in Publication IIT a systematic study with different power densities is
performed with the PIC simulations. There are indications that the power de-
pendence could be non-linear and, subsequently, both a linear and a non-linear
scaling were derived. A comparison of the results in Reference [37] and Publica-
tion II indicate that the absorption also depends on the temperature of the edge
electrons. Consequently, a study was performed to resolve this dependence. This
is the main object of the second part of Publication III. The parasitic absorption
clearly increases with the edge temperature, and a scaling is deduced from the
proportionality to the thermal velocity. The last part of Publication III is devoted
to obtaining an estimate for the heat load on the grill limiter corresponding to the
parasitic absorption. Even though this estimate is just a rough one, the results
agree fairly well with the experimental ones.

The studies presented in Publications IT and IIT are for the Tore Supra LH launcher
named C2, which is the older one of the two grills used at Tore Supra. Since
then an improved launcher with passive waveguides between each module has been
installed [38]. This antenna is called the C3. The parasitic absorption and the
resulting heat loads are studied for the C3 launcher in Publication I'V.

Publications I — IV show that PIC simulations are indeed a feasible method for
studying the hot spot formation. The work presented in these publications clearly
confirms that the cold edge electrons can be accelerated up to energies of a few keV
by parasitic absorption of LH power. The simulations also show that the resulting
electron flux to the walls is high enough to cause the heat loads observed on the
limiters of the LH grills. The work, however, does not rule out the effect of ions
because they are not considered in this work.

Publication V tackles the problem of coupling. The electromagnetic PIC codes
are well enough developed so that they can be used to study the coupling from
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a full-scale 32-waveguide grill to plasma. For the first time, electromagnetic PIC
simulations are used to investigate the edge plasma in front of the waveguides. The
advantage of the electromagnetic code is that the waveguides can be modelled more
realistically. In this case, the waveguides are constructed of perfectly conducting
walls, and the wave can be followed both inside the waveguides and in the plasma.
Therefore, the reflection coefficients in the plasma facing waveguides can be ob-
tained. With this new tool it is also possible to study the coupling at very low
densities, close to or even below the cut-off density, where the usual approxima-
tions fail. The PIC method also enables coupling calculations with steep gradients.
Such regimes have been studied in a further work, see Reference [39].

This thesis is an introduction and a review of Publications I-V. Chapter 2 describes
the basic properties of the LH waves. The dielectric tensor and the dispersion
relation in the cold plasma approximation are presented. Some important aspects
of wave penetration and propagation are discussed as well as theories related to
absorption. The chapter ends with a description of the lower hybrid grill. The basic
properties of the PIC method are briefly described in Chapter 3. The grill models
used in Publications I-IV are carefully explained together with some important
numerical diagnostics that were developed in course of this work. The heat load
estimation is also described. Chapter 4 reviews the simulation results of the studies
on parasitic absorption while Chapter 5 gives an overview of the results on coupling
studies made with the electromagnetic code.
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Chapter 2

Lower Hybrid Waves

Lower hybrid waves at a frequency of 1-10 GHz are the most effective method to
drive off-axis current in a tokamak. Unlike the ion and electron cyclotron waves,
which are absorbed at the corresponding resonances, the LH waves actually have
almost nothing to do with the LH resonance. In fact the launched frequency is
chosen so that it is above the LH resonance frequency in the whole plasma. These
waves are actually just slow plasma waves. They are not absorbed at the LH
resonance, but through Landau damping. The name convention is due to historical
reasons. In the early times of LH heating, a frequency below the lower hybrid
resonance frequency was used. It was assumed that the power would be deposited
at the LH resonance to the ions. However, the ion heating turned out to be hard to
reproduce [40,41]. Electron heating and especially current drive was found much
more efficient and became more popular.

In this chapter, all aspects of waves in a cold plasma that are relevant for this work
have been collected. Naturally, the emphasis is on lower hybrid waves. The first
section is a review of different issues related to wave coupling and wave propagation
in the plasma. The next section is devoted to wave absorption and physics related
to that. Finally, the launching structure, the ‘grill’, is discussed at the end of the
chapter.

2.1 Waves in Cold Plasmas

The wave propagation in any medium is described by the wave equation

1 0°E a3

VXVXE:_?W_MOE’
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which is obtained by combining the Faraday and the Ampere laws, see Equa-
tions (3.3c) and (3.3d). Here, E is the electric field, ¢ is the speed of light in
vacuum, ¢ is the time, pg is the vacuum permeability, and j is the electric current
density.

If the temporal and spatial dependence of the field and current density is assumed
to vary as the real part of Ey exp {ik - r — iwt} then, in the Fourier space the wave

equation reads
2

kxkxB+e E =0 (2.2)
C

Here, k is the wave vector, w = 27 f is the angular frequency of the field and € is
the dielectric tensor. The hat denotes the Fourier space.

In writing Equation (2.2), the relation between the current density and the conduc-
tivity tensor has been used: 7 = o - E; [42,43]. In the cold plasma approximation,
the dielectric tensor can be written as [2]

o S iD 0
e=1+i—=|—-iD S 0]. (2.3)
weo 0O 0 P

In the case of only one ion species, the elements S (for sum), D (for difference) and
P (for plasma) are defined as [43]

S=1 e “i 2.4
IR =N R ey (2.42)
Do el Wil (2.4b)
S wW?-02)  w(Ww?-07) '
(U2 UJQ-
P=1- wp; — w‘;‘. (2.4c)

Here, w = 27 f is the angular frequency of the wave, and wps and Qs are the plasma
frequency and the cyclotron frequency of particle species s, respectively:

g\ 1/2
Wps = (”qu ) (2.5)

€0Ms

B
Qug = L0, (2.6)
Mg
The density is denoted by ns, ms is the mass and g5 is the charge of the particle
species s, €q is the permittivity of vacuum and By is the external magnetic field.

The wave equation (2.2) has a non-trivial solution if the determinant of the matrix
vanishes. This condition gives the general dispersion relation. In a homogeneous
or weakly inhomogeneous plasma the dispersion relation can be written in the
form [43,44]

Ant — Bn? +C=0. (2.7)
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Here n) = k) ¢/w is the perpendicular refractive index, and the perpendicular and
parallel components are with respect to the external magnetic field. The coefficients
are

A=S (2.8a)
B= (anﬁ) (S + P) — D? (2.8b)
C=pP [(nf - 5)2 - DQ} , (2.8¢)

where n| = kjc/w is the parallel refractive index.

Equation (2.7) has two solutions, which correspond to the slow (+) and the fast
(—) waves:

B+ (B*—44C)"?
24 '

Slow and fast refer to the perpendicular phase velocities of the two modes relative
to each other.! If the condition B? = 4AC is satisfied, the two solutions coalesce
and a mode transformation from the slow to fast mode can occur. As long as
B? > 4AC, the two solutions are, however, distinct and n, is real, which is a
requirement for the wave to propagate. In the limit, B2 > 4AC the two roots can
be approximated as [45]

n? = (2.9)

B P D?
slow wave: ni’s NIR g (S - nﬁ) -5 (2.10a)
2
C D2 - (nﬁ - S)
fast wave: ni’f ~g = (2.10b)

(nﬁ - S) +D2/P'

Equation (2.10a) gives an estimate for the radial length of the simulation box in
the electromagnetic case as the box is a few perpendicular wavelengths long.

The two solutions are shown in Figure 2.1, where the roots of Equation (2.9) are
presented as a function of density for the Tore Supra parameters. On the left-hand
side, the whole lobes are shown for both the slow and the fast wave. The two waves
are clearly distinct from each other. The right-hand side figure is just a zoom-in
to lower densities. As long as n? is negative, the wave is evanescent, and when
nﬁ_ > 0 is reached, propagating solutions are found. From the point of view of this
work, the slow wave is the more important wave. Therefore, we concentrate on the
slow wave in the following discussion.

IThe choice of sign for these two modes depends on the sign in front of the second term of
Equation (2.7). In this case, the sign of the coefficient B was chosen so that it is positive for
typical parameters in this work. Especially the sign of B has to be kept in mind when approximate
solutions are developed as in Equations (2.10).
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Figure 2.1: Solutions of the dispersion Equation (2.9), n? versus density (ne = n;).
The parameters have been chosen for Tore Supra, i.e. n =192, B =2.78 T and
f = 3.7 GHz. The dashed line is the fast wave and the solid line the slow wave
branch. The dotted line on the right-hand side denotes the slow wave cut-off density.

The slow wave has a resonance where n| — oo when S = 0. This is the cold

plasma lower hybrid resonance having the frequency [2]
-1
2

w
1+ =2
02,

Wiy = wi (2.11)

The density at which the resonance occurs for a given magnetic field and frequency
can easily be solved from this equation by taking w = wyg. A fairly simple equation
is given in Reference [2, p. 263].

Another special point occurs when n; = 0. This layer is called the cut-off. At this
point the propagating wave with n, > 0 is changed into an evanescent one with
ny < 0, or vice versa. At the cut-off, the phase velocity of the wave vpn = w/k
approaches infinity, and the wave is reflected. From Equation (2.7) it is seen that
the cut-off with n; = 0 occurs at C =0, i.e. at P =0 or ”H2 =S+ D, as is seen
from Equation (2.8c). In the right-hand side frame of Figure 2.1, which shows the
dispersion curve around the slow wave cut-off, the cut-off at ne = 1.66 x 1017 m~3
is denoted by the dotted line.

For the lower hybrid range of frequencies, the more important cut-off is the one
coming from P = 0. This is the plasma wave cut-off at which the cut-off frequency
is w = wpe. This equation determines the cut-off density. Below this density the
wave can not propagate. However, if the evanescent layer is narrow enough, part
of the wave power can reach the region of higher density where it can propagate.
Naturally, the densities in the simulations have been chosen above the slow wave
cut-off density.

Another criterion for the propagation of the wave is obtained from the inequality
B? — 4AC > 0 for the discriminant in Equation (2.9). This is the condition that
the wave does not face a mode transformation region. If the frequency of the wave
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is above the lower hybrid resonance frequency, w > wry, this criterion, called the
Stix-Golant accessibility condition, is [43,45]

iy > <¢_+Eq>2 (2.12)

If the lower hybrid resonance is present in the plasma then this criterion reads

2

w
nf > 1+ (2.13)

QQ

W=WLH

Far from the resonance, the electrostatic approximation of the cold plasma dis-
persion relation can be used. This approximation is widely used in wave and
instability calculations since it allows the use of scalar equations instead of vector
equations. The approximation is simply E = —V ¢, resulting in k - - k = 0 from
Equation (2.2). Consequently, the cold plasma dispersion relation reads [43]

€=k S+kfP=0. (2.14)

In the electrostatic approximation the electric field and the wave vector point in
the same direction. This holds very well for the modes with large refraction index
nﬁ > 1, which in fact is the range of interest in most of this work. The electrostatic
cold plasma dispersion relation can also be obtained from Equations (2.7) and (2.8)
in the limit S ~ 1, D? < 1 and |P| > 1. The electrostatic dispersion relation is
used to determine the length of the simulation box in the electrostatic case. The
radial length of the simulation box is a few perpendicular wavelengths, where the
wavelength is calculated at the low-density edge.

When the wave is excited from the source, the power is not radiated into all spatial
directions. More likely, the field is concentrated in conical structures called reso-
nance or propagation cones. This was first shown theoretically by Kuehl [46] for
a point source and then experimentally by Fisher and Gould [47,48], who called
this structure of singular lines a resonance cone. Briggs and Parker [49] showed
experimentally that the lower hybrid waves propagate in resonance cones. Bellan
and Porkolab showed both theoretically and experimentally [50] that a source of
finite dimensions and periodic structure excites waves that propagate in such cones.
These cones are also seen in the PIC simulations of this work.

The trajectories of the resonance cones can be derived from the cold plasma dis-
persion relation. Strictly speaking the derivation should go through the Fourier
transformation of the relation, but a much easier way leading to the correct re-
sult is obtained from the dispersion relation in the form V -e- V¢ = 0 [50]. In
the following consideration, a 2D slab geometry is assumed. The magnetic field is
along the z-direction and the density grows in the z-direction. In a homogenous
or weakly inhomogeneous cold plasma this dispersion relation becomes

2 PO

92~ 5092 (2.15)
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which has the solutions propagating along the characteristics z+x (—P/.S) /2 The
cones can thus be calculated from the equation

2(x) =20 £ <T>1/z , (2.16)

where zp = z(x = 0) is the z co-ordinate at the starting point of the wave.

The wave packet propagates in the cones with the group velocity vg, which can be
obtained from the dispersion relation [51]

0w ow

YT 0k~ Ok,

. ow

e + 8—]€H é“' (2.17)

ki

Ky

Here, the notation |ku means that k| is assumes fixed, and respectively for k. For
the perpendicular and parallel group velocities, the equations read [7,51]

Ow e/ Ok, k.S
_ _ __kLo 2.1
Vg, L 8kJ_ kH ae/aw kH kﬁ o ( 83)
Ow Oe/ Ok 1P
_ _ __1F 2.1
ol T Ak |, T Beowl,, T ka (2.18b)
(w2 +w2-) P w? w2
_ pe pi/ - pe pi
oa=w { a 5 | 926)2 + e Qgi)Q , (2.18¢)

where € (w, ki, k’H) is the dielectric response function given in Equation (2.14). The
perpendicular wave number k is obtained from the cold plasma dispersion relation
and the sign has to be chosen so that the perpendicular group velocity is positive,
i.e. k) < 0since S and « are positive. Note also that the sign of the parallel group
velocity depends only on k| since P is negative, i.e. vy | = |P|/(kja). In the limit
02 < w? < Q% and using wf)i < wge the coeflicient « is reduced to

wze P wze wzi
azw{ PE = Qieri . (2.19)

wt S
The group velocity is used to determine the simulation length in the electrostatic
case. The simulation is stopped when the wave is expected to reach the high-density
boundary. Together with the energy density of the wave the group velocity is also
used to calculate the power densities. The phase velocity in the two directions is
obtained from

Vph L = — (2.20a)
k1
w

UPh7H = k’_ (220b)

Comparing Equations (2.18) and (2.20), we notice that the cold plasma wave is a
‘backward’ wave in the perpendicular direction. In this context, backward means
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that the phase velocity and the group velocity are in opposite directions. In the
perpendicular direction, k; < 0 has to be chosen in order for the wave to propagate
from the edge into the plasma, i.e. to have vy | > 0. Subsequently, the perpendic-
ular phase velocity is negative. In the parallel direction, both the group and the
phase velocity have the same sign as k| since P < 0. Consequently, the wave is a
‘forward’ propagating wave in this direction.

2.2 Quasilinear Absorption

The absorption of the wave by the plasma is through a resonant interaction between
the wave and the particles. This interaction is called Landau damping [43,52]. In
Landau damping, the particles that have a velocity close to the phase velocity
of the wave interact with the wave [42,43,52]. In the velocity distribution the
particles that are slightly faster than the phase velocity of the wave loose energy
and those that are somewhat slower gain energy. Since usually the population of
faster particles is clearly smaller than that of the slower ones, the particles tend
to gain energy rather than loose. Consequently, the wave looses energy and is
damped. The first experimental evidence of Landau damping was presented by
Malmberg and Wharton [53].

In a magnetised plasma, the Landau damping involves electrons having the par-
allel velocity close to the parallel phase velocity of the waves vy, | = w/kj. The
damping rate is proportional to the gradient of the velocity distribution, i.e. v, ~
df(v))/0v. When the slightly slower particles (v < w/k|) are accelerated and
the slightly faster ones (v 2 w/k)) decelerated, a plateau is formed in the initially
Maxwellian distribution. As long as there are more slower particles than faster
ones, Y. < 0 and the wave is damped.

The Landau damping rate can be approximated by [54]

wiw? v,
Yo = —/T—2 exp | — 2L (2.21)

2 3
k k’.” Uthe Uthe

where k? = k2 + kﬁ and Vihe = (2kBTe/me)1/2. The damping length is then

obtained as
Vg, L

Ve
The previous equations are valid as long as the electron Larmor radius is much
smaller than the smallest wavelength of interest, i.e. 11, e = Vthe/e < Amin, the
temperature is isotropic, and ’w/ (k”vthe)’ is large. The damping rate obtained
from these equations can be compared to the ones from the simulations.

L, = (2.22)

The damping is strong if the phase velocity of the wave is of the order of the electron
thermal velocity, i.e. vy || = w/kj ~ O(vene) [55]. This was also described to hold
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for perpendicular ion motion [56,57], though the ions need to have a very large
energy in order to fulfil the requirement of vpn 1 ~ O(vehi). The smallest parallel
refractive index participating in the absorption to electrons at a given temperature
is given by [40, 58, 59]

T (keV)
2 L, (2.23b)
T. (keV)

where the first equation is for the case of linear Landau damping and the second one
is for the quasi-linear case once the plateau at the phase velocity is formed. These
equations, together with the Stix-Golant condition Equation (2.12), indicate that
it is almost impossible for the LH wave to penetrate into the centre of the plasma
but it will be absorbed further outside. For a 1 keV plasma, as in Publication V,
the modes n| 2 5.8 are absorbed. This is also seen in the simulations. In a plasma
with a higher temperature of T, = 10 keV, the absorption starts already for the
mode n=1.8.

The particles moving with a velocity close to the phase velocity feel also another
force. They feel the potential structure of the wave. Particles moving close enough
to the phase velocity of the wave do not have enough energy to overcome the
potential well of the wave. They are therefore called trapped particles [18,51].
Other particles that have more energy may move untrapped, though they feel the
potential slightly if they are not too energetic. The trapping width, or the trapping
velocity, separating the two regions, the trapped and untrapped, is obtained in the
velocity space for the Fourier mode as

~ 1/2
QeEk”

Vir = 2
¢ mekH

(2.24)

The electrostatic trapping is illustrated in Figure 2.2.

The overlapping of the trapping widths of the different modes in the Chirikov
sense [60] can enhance the acceleration of the electrons remarkably. When the
modes overlap, the particles in the potential well of one mode can stochastically
move to the well of the next mode [19]. This is illustrated in Figure 2.3. The
motion is stochastic in the sense that it is impossible to predict the trajectory of
the electrons in the velocity space. The electrons first interact resonantly with the
high-n| modes having a low phase velocity. At high power levels, the particles
can then move stochastically in the region of overlapping trapping widths towards
higher energies. They reach phase velocities of lower and lower n| modes and
gain energy as long as the modes overlap. Through this stochastic acceleration the
cold (T, ~ 25 eV) electrons may reach energies up to 2 keV. This upper limit is
due to the large energy gap between the first two forward-propagating modes [19].
Consequently, the overlapping also broadens the plateau in the velocity space.
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where 0 < Q,,, < 187 and k,, is the wave
number of mode m.

The absorption of the wave power and the stochastic acceleration modify the orig-
inally Maxwellian velocity distribution. The time scale at which the hot tail in
the velocity distribution is generated is determined by the so-called quasilinear
diffusion time [18, 61]

2 7’k ~|2
the el
ToL = ,  where Dgqp = ‘ ‘ 2.25
Q DQL Q ngA’Uph H ( )

Here, Dqy, is the quasilinear diffusion coefficient in velocity space and the spacing
between the resonant velocities is Avyp | = |v — vy, (k)| Aky /Ky, where vy is
the group velocity and Ak = 2r/L. The width of the grill is L. A well-developed
tail in the distribution function is obtained in a few quasilinear diffusion times.
Therefore, the simulations should extend over at least a few diffusion times.

2.3 Lower Hybrid Grill

The use of a phased waveguide array for launching lower hybrid waves into the
plasma was first suggested by Lallia [62]. Due to the similarity to the cooking
utensil, the device is called a grill. The grill consists of an array of properly phased
waveguides. Klystrons are used to feed the waveguides with a transverse electric
(TE10) mode. For current drive, the phasing between adjacent waveguides in a row
should be 7/2 or w/3 in order to get an asymmetric wave spectrum. First, it was
thought that the rows, i.e. the vertically adjacent waveguides, should be in phase,
but later it has been shown that this is not compulsory. The poloidal wave number
seems to have no effect on absorption.
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Figure 2.4: The two LH antennae of Tore Supra.

The advantage of a grill as a launching structure is that the wave source can be far
behind the mouth. The waves are then transmitted to the plasma facing structure
through waveguides. The vacuum area inside the plasma chamber is separated
by a dielectric window from the pressurised area outside it. This window can be
placed far away from the plasma thus reducing the heat and neutron fluxes on it.
Moreover, the grill can, in principle, be made of the same material as the wall or
the poloidal limiters, in front of which it usually is not moved. However, the inner
part of the grill has to be made of copper to ensure good RF conductivity.

In a large tokamak, a conventional LH grill made of independently fed waveguides
would need a few hundred or even thousands of waveguides. This would make
the grill structure very complex and demanding to design. Therefore, the use
of multijunction grills was suggested [63,64]. In a multijunction grill, the main
waveguide is divided into smaller, secondary waveguides with metal walls parallel
to the wall of the main waveguide. The height of the secondary waveguides is
chosen so that the correct output phasing is obtained for the grill [65].

The main waveguide, in a multijunction grill, is again fed with the TE;q mode.
Further inside the waveguides, this mode is converted into a TE3y; mode in poloidal
mode converters. H (magnetic field) and E (electric field) plane junctions are
used to divide the power in the incident waveguides into poloidal and toroidal
multijunctions. Due to the division into three in the poloidal direction, it is actually
a TE1p mode that reaches the grill mouth [66].

Figure 2.4 shows the plasma facing parts of the two grill generations used at Tore
Supra. The older grill, called C2, is on the right-hand side and the newer one,
called C3, is on the left-hand side. The waveguide rows and mouths can be seen
as well as the limiters.

The C2 antenna is constructed of 4 rows each having 32 waveguides [66,67]. The
waveguides are divided into modules consisting of two rows of four waveguides. In
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the multijunction structure, the toroidal phase difference is 7/2 between adjacent
waveguides in a module. In addition, there is a phase shift between the modules.
This phase shift can be varied from 0 up to 2mw. A zero phase difference between
the modules results in 7/2 phase difference between each waveguide. This is the
more favourable case for current drive because it optimises the directivity and the
self-matching properties of the multijunction [68].

The C3 grill is made of 48 x 6 waveguides [68,69]. In addition, passive waveguides
are used between each module and at both ends of the launcher. Unlike active
waveguides the passive ones are not fed by klystrons. For the same input power,
the larger radiating surface in the C3 launcher results in a lower coupled power
density of I;;, = 25 MW/m? at 3.7 GHz. The decreased power density allows
driving current in long pulses since it helps to avoid for example RF-breakdowns.

In the next generation launcher, even more passive waveguides are used. The design
of the LH grill of ITER is based on Passive Active Multijunctions (PAM), which
allow good coupling of the wave and efficient cooling of the plasma facing part of
the grill [70,71]. The whole grill is constructed of four PAM modules. Each module
consists of 12 rows of 24 active and 25 passive waveguides in a row [71]. The phase
difference between adjacent active waveguides in the row is 37 /2. Preliminary tests
on such a grill have been made and tests on plasma are foreseen in the beginning
of 2003 [72].

The spectrum of the wave launched by the grill is determined by the dimensions
and the frequency of the launcher together with the phase difference between the
radiating waveguides. The main peak carrying most of the power can be found
from the equation [58]

Ao Ap
0= Az or
Here, Ao = ¢/f is the vacuum wavelength of the driven wave, Az is the width of
the geometric period of the grill and Ay is the phase difference between two radi-
ating elements. The geometric period means the width of the waveguide including
the wall between the two adjacent waveguides. For a PAM module the passive
waveguide with its wall has also to be included.

n) (2.26)

In a simple multijunction with a phase difference of Ap = 7/2, the positions of the
peaks can be obtained from the formula

¢ (2.27)

Ny = ——M. .
m = FLy

Here, m is the mode number and L, is the shortest period of the grill, i.e. the width
of 4 waveguides. For the 7/2 phasing, the spectrum is asymmetric with only the
odd harmonics present [19]. The even ones are suppressed. Consequently, the mode
number is m = 1 + 40, with ¢ = 1,2, 3, ... Moreover, the wave modes m = 1,5,9,
etc. propagate toroidally in one direction while the modes m = —3,-7,—11,...
propagate in the opposite direction. The modes m = 1,5, ... are sometimes referred
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as forward-propagating modes and the ones with m = —3, —7, ... as backward ones.
This naming only refers to the propagation in the toroidal direction with respect
to the principal mode and has nothing to do with the backward wave discussed in
the previous section.

The half width of the peak is also determined by the geometry of the grill. The
width is inversely proportional to the toroidal width of the launcher [73]

c 2w o
wL(;ifLG'

Here, An)| denotes the full width at half maximum and L is the full width of the
grill. For a passive active multijunction, Lg = Ndact is the width of the actively
radiating part of the grill, where N is the number and d,. is the width of the active
waveguides. The width of the peak is an important parameter in the current drive
efficiency, which increases for a smaller width of the main peak. This is the reason
for using wider grills in current tokamaks. The peak in a 32-wageuide grill is much
narrower than in a 4-waveguide one. Consequently, the current drive efficiency is
also much better in the present day devices than in the early ones.
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Chapter 3

Particle-in-Cell Model of a
Lower Hybrid Grill

Particle simulations have become a widely used tool in both magnetically and
inertially confined fusion plasmas. The simulations are also used for space plasmas,
microwave devices, etc. [30]. However, particle-in-cell (PIC) simulations are not so
widely used in fusion plasma studies. In this work, the PIC method is for the first
time applied to simulations of the near field of the lower hybrid grill and parasitic
absorption of the LH power.

In this chapter, the various models used in Publications [-IV are discussed. First,
the particle-in-cell method is described in general. Then the grill models used
in the electrostatic part of the work are discussed. We start with the simplest
model used in Publication I and continue with the more sophisticated one used in
Publications II-IV. At the end of the chapter, an estimate for the heat load on the
grill limiter is derived.

3.1 Basic Properties of PIC Method

In the particle-in-cell method [30], particles are treated as elements of charge. The
particles are loaded in the continuous x,v phase space in the beginning of the
simulation while the fields are represented on a discrete grid. The basic equations
are the equations of motion, which are solved for each particle:

dv

m—y = q(E+vx B) (3.1a)
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Figure 3.1: The time step of a particle-in-cell simulation. The white letters and
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— =, 3.1b

7 (3.1Db)
where m is the mass of the particles, v is the velocity, q is the charge, E and B are
the electric and magnetic fields, respectively, and x is the position of the particle.

In the electrostatic (ES) case, the electric field E = —V¢ is obtained from the
Poisson equation
V=L (3.2)
€0

where ¢ is the electrostatic potential and p is the charge density. The static mag-
netic field in the Lorentz force is an externally applied one and is not calculated
in the ES approximation. The electrostatic approximation is valid for lower hy-
brid waves with large values of the parallel refractive index n, which is the most
important parameter region in this work.

In electromagnetic (EM) particle-in-cell codes, the complete set of Maxwell’s equa-
tions is solved to obtain both the electric and the magnetic field

v-E=L (3.3a)
€0
V-B=0 (3.3b)
OB
E=-2 .
V x 5 (3.3¢)
1 OE

V X B = pupj + (33d)

2ot

The source terms in both cases are obtained from the particle data. The charge
density p on the grid is calculated by splitting the charge of the particles to the
nearest grid points e.g. by linear interpolation. In the EM case, the current density
7 is obtained from the positions and velocities of the particles.
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Figure 8.2: The simulation geometry in the electrostatic case (Publication I).

Figure 3.1 shows a time step of a particle-in-cell simulation. The positions and
velocities of the particles are used to calculate the source terms, p and j, which
are interpolated to the grid. They are then used in either the Poisson equation
in the ES case or the Maxwell equations in the EM case, to obtain the updated
values of the self-consistent fields. From the fields, the Lorentz force is calculated
and interpolated back to the positions of the particles. Thereafter, the equations
of motion are solved to obtain the new values of the velocities and positions. For
more details on the algorithms, see References [30, 36, 74]

The electrostatic PIC code xpDP2 [30, 36] used in this work is two-dimensional
in configuration space and three-dimensional in velocity space. The boundary
conditions are periodic in the toroidal z direction and bounded in the radial =
direction. The two-dimensional slab geometry of the simulation is illustrated in
Figure 3.2. The electrostatic field and the wave vector lie in the x, z plane and the
static magnetic field is along the periodic z axis. The grill mouth is also along the
toroidal z axis and the wave is launched from the grill in the radial z direction. In
the poloidal y direction, the waveguides are assumed to be infinite. The geometry
of the electromagnetic simulations and the code xoopic [74] will be discussed in
Section 5.1.

3.2 Phenomenological Grill Model

In the electrostatic PIC codes, the grill is modelled with an external oscillating
charge density [75,76]. The first study on fast particle generation by LH waves
near the grill was presented in Reference [33]. In this work, the grill was modelled
with a sinusoidally oscillating charge density pext = pod (€ — Zext) sin (wt — nAp).
Here, pg is the amplitude of the antenna, n = 0,1,2,..., N — 1, where IV is the
number of waveguides, Ay is the phase difference between adjacent waveguides
and w = 27 f is the angular frequency of the grill. A phase difference of Ap = 7/2
and a frequency of f = 3.7 GHz were used.
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In this first study, the plasma edge density was ne; = 3 x 10'® m~3 and the edge
temperature was T, ; = 100 eV. A mass ration of m;i/me = 100 was used in order
to speed up the ions.

A clear distortion in the velocity distribution of the bulk electrons was seen at
the phase velocity of the mode close to n|| ~ 18. A rapid increase in the parallel
velocity of test electrons was also clearly observed. With test particles we mean
particles that do not contribute to the field calculation but are there only for the
purpose of diagnostics. Their kinetic energy increased by 30% in a short time of
just slightly over 5 ns. Similar results were also reported in Reference [77], where
the average parallel kinetic energy in front of the grill rose by 100 % in just 2 ns.

The first model described above contains only a small amount of power in the
higher harmonics. In order to study the effect of the short-wavelength modes on
the electron acceleration, a slightly modified grill model was needed. In the early
study of Publication I, the following approximation was used

zZ— Z

bn

- ) sin (wt — nAQP) 6(x — Toxt)- (3.4)

Pext = PO (1+€

Here pg is the amplitude, € and p are constants determining the peakedness of the
charge near the wall of a waveguide, z, is the toroidal z coordinate in the middle
on the n'* waveguide, 2b,, is the width of the n'" waveguide and A¢ = —7/2 is
the phase difference between the waveguides. The surface charge is located at the
plane © = zcy in the radial direction. The parameters used for the simulations
with the phenomenological grill are given in Table I of Publication I.

The charge density resulting from Equation (3.4) is shown in Figure 3.3. Fig-
ure 3.3(a) shows the charge density with the parameters ¢ = 3 and y = 4. This
charge density is very peaked to the waveguide walls. Consequently, there is much
more power in the high-n| part of the spectrum. Figure 3.3(b) shows the charge
density with e = 4 = 0, which is flat inside the waveguides. This one corresponds
to the very first charge density model used in References [33,77], with a low power
content in the short-wavelength modes.

The power coupled to the plasma can be calculated from the change in the kinetic
and electrostatic energy during the simulation. Assuming that no energy is lost,
all the coupled energy is either in the kinetic energy of the electrons or ions, or in
the electrostatic field energy. Consequently, the coupled power per unit length in
the radial direction averaged over the time A7 is calculated from the energies as

AFExin,e + AFExin,i + AWgs
Pin(2) = ATAZ '

(3.5)

The change in the kinetic energy of the electrons and ions in the interval z— Az /2 <
x < x4+ Az/2 in time A7 is denoted by AFEyiy.e and AFEyi, i, respectively. The
change in the electrostatic energy is approximately equal to the electrostatic energy
of the wave, AWgg ~ Wgg because there is no wave in the beginning of the
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Figure 3.3: The amplitude of the charge density used in the phenomenological model
for (a) the high-n) simulation and (b) the reference simulation (Publication I).

simulation. The coupled power density per unit length is obtained by dividing the
coupled power by the area of the grill, Ij,(z) = Pin(z)/A.
The amount of power absorbed by the electrons per unit length is calculated as

AEjkin,e - AI/Vkin,e
Pabs,e(x) - ATAT )

(3.6)

where AWiin e > Wiin,e is the change in the kinetic energy density of the electrons
in the time interval A7 due to their oscillation with the wave. The energy due to
the oscillation is obtained from the linear theory, where the oscillation velocities
are calculated with the aid of the cold plasma conductivity tensor:

2 (2 2 2
€0 || Wpe (w? + w) 2 “pe | 12
Wiin,e(z) = ) l( (@2 — 2 )2 B+ 2 E;

The ion energies could be obtained in a similar manner but they are negligible
compared to the electron energies.

. (3.7)

The absorbed power density profiles are shown in Figure 3.4 for the two cases: the
one with slightly more power in the high-n| part of the spectrum and the reference
case with € = p = 0 in Equation (3.4). The high-n|| case is shown in the upper
frame and the one with less power in the short-wavelength modes is shown in the
lower frame. As is expected, the absorption is very peaked to the edge as most of
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Figure 3.4: Absorbed power density versus radial co-ordinate in the simulations
with the phenomenological grill model for (a) the high-n) simulation and (b) the
reference simulation (Publication I).

the absorption takes place within the first millimetre in front of the grill. About
5% of the coupled power is absorbed within 1.7 mm. In the reference case, hardly
any absorption can be seen. In this case, only 1% is absorbed within the 1.7 mm.

The absorption is also seen in the velocity distributions. In the velocity distribution
of the high-n| case, a clear broadening is seen around 3 or 4 thermal velocities
just in front of the grill. The phase velocity of the mode n =15 corresponds to
Uph =~ 3.4v.. Further inside the plasma, the hot tail disappears. In the reference
case, hardly any change is observed compared to the initial Maxwellian distribution.
The distributions are shown in Figures 10 and 11 of Publication I.

The spectrum of the launched power is obtained in the electrostatic approximation
from the group velocity and the energy density of the wave mode as

S(nH) = Ug,L Wn” (3.8&)
& 1/2 1
n = ——(=PS5)"" ~ 3.8b
Vg, L,n | ( ) o ( )
1 |~ 2
Way = 360 ‘Ez (x,nu)‘ a (3.8¢)
Wi +wioop w2 w2,
o= _EWZ 2 peg 5t - o2 | (3.8d)
v (w? — W) (w? —wg)



Here, EZ (Jc, ”H) is the Fourier transform of the toroidal electric field. The spectra
obtained from the simulations with the phenomenological grill are shown in Fig-
ures 3 and 4 of Publication I. The difference in the high-n part of the spectra is
clear.

3.3 Refined Model by Coupling to SWAN

In order to model experiments with a more realistic wave spectra, XPDP2 was cou-
pled with the SWAN code [32]. The Slow Wave ANtenna code SWAN, is a linear
coupling code based on a multipole theory of waveguide arrays and an experimen-
tally validated linear coupling theory. The coupling between the two codes was
done through the charge density used to model the grill. This model was then used
in Publications II-1V.

The surface charge density corresponding to the discontinuity of the radial electric
field at the grill mouth is

o(xg,2) = € [Egl(xo, z) — EY8(xo, z)} . (3.9)

Here, the superscripts denote the plasma and waveguide side with respect to the
grill mouth located at zo. The radial field component in the waveguide, EY, is
obtained directly from the SWAN output. From SWAN, we also obtain the toroidal
field inside the waveguides, EY8(z0, z). Since the toroidal component is continuous
over the surface, this gives directly the toroidal field on the plasma side. However,
to obtain the radial field component on the plasma side in terms of the toroidal field
component, the Maxwell equations are used. In the electrostatic approximation,

the Fourier-transformed radial field component on the plasma side reads
n
Egl (IL’(),TLH) = ?Hys(nH)Egl(‘r(Ja n\l)a (310)
where the plasma surface admittance y, and EP' are obtained from SWAN.

After the inverse Fourier transform, the surface charge density is obtained. The
absolute value of the surface charge, o, is used as the amplitude and the phase of
oo as the phase, p(z), in the oscillating charge density used to model the grill

p(xo, z) = |oo(xo, 2)| cos (wt + ©(2)) §(x — x0). (3.11)

More details on the grill model are given in Publication IIT and Reference [37]. The
technical realisation and details are presented in Reference [78].

Figure 3.5 shows the charge density obtained from the coupling to the SWAN code.
Compared to the previous model the charge density looks rather different. In this
new model the charge is very peaked to the walls between the waveguides as it was
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Figure 3.5: The charge density used in the refined model for the reference case.
(a) the amplitude oo and (b) the total surface charge density used as the grill.

in the high-n|| case of the phenomenological grill. However, within the waveguides
the amplitude is an obscure function which tends to oscillate close to p = 0.

Due to the electrostatic approximation the low-n modes are not preserved correctly
in the coupling between SWAN and the PIC code. Therefore, the coupled power
obtained from the PIC simulations is rescaled by using the SWAN results. If it is
assumed that the power content in the high-n|| part of the spectrum is preserved in
the coupling with SWAN, a proportionality equation can be used to give the rescaled
coupled power

Ptot

Patleic = P> lere p, 55

(3.12)

SWAN

Here, P(n > 9)‘PIC
ny > 9, which are assumed to be presented accurately in the PIC code and S(n)) is
obtained from Equation (3.8a). The corresponding quantity obtained from swAN
data is denoted by P(nj > 9)‘SWAN and the total coupled power Piot|y,y 1S Ob-
tained by summing over all the n| modes in the Poynting flux of swaN.

= Zn”>9 S(ny) is the power content of the modes with

3.4 Estimation of Heat Loads on Wall Structures

In this section, an estimate for the heat flux hitting the grill limiter is developed.
The power absorbed parasitically by the electrons is deposited on the grill limiters
or other wall components that are magnetically connected to the region in front of
the launcher. This causes hot spots and possible damage on these components and
may lead to impurity influxes.
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In the simulations described in this work and in Publications II-1V, four ‘typi-
cal’ waveguides were considered while the launcher of Tore Supra has 32 wave-
guides. However, the simulations are so short that the electrons do not see the 32
waveguides. The duration also affects the radial deposition profile. Therefore, an
estimate for the radial depth of the deposition is needed .

3.4.1 Depth of the Deposition Profile

Initially the velocity distribution is Maxwellian. The parasitic absorption of the LH
power modifies the distribution via a process that can be approximated by quasi-
linear diffusion. The time needed for the modification of the velocity distribution
is a few quasilinear diffusion times Tqr, = thh / Dqi,, where Dqyq, is the quasilinear
diffusion coefficient given in Equation (2.25). Therefore, in order to give correct
absorbed power fraction, the simulation should be several diffusion times long i.e.
tsim > TQL-

Landau damping is proportional to the gradient of the velocity distribution. When
a plateau is formed in the distribution in front of the launcher, the absorption
becomes very weak. If the radial dimension is not taken into account, this results
in saturation of energy absorbed by the electrons. After a certain distance along
the grill mouth i.e. after a certain number of waveguides, no more energy can
be absorbed [17,25,26]. However, the wave penetrates radially deeper inside the
plasma where it is absorbed by unperturbed plasma. In this way, the deformation
in the velocity distribution extends deeper and deeper inside the plasma. The
process stops when the power in the overlapping modes of the spectrum has been
absorbed. This determines the radial depth of the power deposition profile in the
parasitic absorption.

The process described above is illustrated in Figure 3.6. Consider an ensemble
of Maxwellian electrons arriving in front of the launcher from the left, and con-
sider only the particles moving to the right. After a few diffusion times, a plateau
is formed in the velocity distribution at the grill mouth. When the plateau at
this location is fully formed, the wave is no longer damped in this region but
goes through. It is then absorbed further inside the plasma where it encounters
Maxwellian plasma. Consequently, the radial depth of the deformed velocity dis-
tribution increases when the ensemble of electrons travels to the right. The radial
depth of the region of the modified distribution function is denoted by dp.s and
the distribution is assumed to move to the right with the velocity vpo. The radial
depth of the plateau, dyot, is proportional to the distance, z = wvpett, travelled in
the toroidal direction (see Figure 3.6):

z

dhot(z) = dabsL_ (313)
G

After the time thot = LG /Unot, the ensemble of the electrons has passed the grill
mouth and the radial depth of the plateau stops increasing. Hence, according to
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Figure 3.6: Generation of the plateau in the velocity distribution in front of the
launcher (Publication III).

the above model the radial depth of the hot electron population leaving the grill
region is dabs = dhot(Lg).

We can now use Equation (3.13) to estimate the radial depth of the power deposi-
tion profile for the full launcher having 32 waveguides. We find

L
dabs = dsim—G; (314)

sim
where zgm, is the toroidal distance travelled by the hot electrons in the simulation
time tsim-

3.4.2 Heat Loads on the Grill Limiters

The geometry used in the following analysis is presented in Figure 3.7. The mag-
netic field is perpendicular to the waveguides. The area of the hot spot on the wall
is roughly Agpot = dabshspot/ €080, where hgpor is the poloidal extent of the spot.
The angle between the magnetic field and the normal of the limiter surface is 6,
see Figure 3.7.

The power absorbed in front of the launcher is Paps = labsA, where A = Lghgpot-
The electrons can be accelerated preferentially in one direction. Assume that a
fraction n of the absorbed power ends up on the right-hand side limiter. The
rest (1 —n) ends up on the left-hand limiter. Consequently, the heat flux on the
right-hand limiter is

"o Pabs
Ghot = UA
spot

Lg
= n[absd . cosf = Ulabsd - cos 6. (3.15)
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Figure 3.7: The geometry of the heat load calculations (Publication III).

The last equality is obtained with the aid of Equation (3.14). This means that
in the simulation with four waveguides the correct heat flux on the grill limiter is
obtained. The radial depth of the hot spot is, however, smaller than for the full
launcher according to the scaling law in Equation (3.14).

The fraction of power carried to the right-hand limiter, 7, is obtained from the
velocity distributions. The fraction 7 is the normalised change in the kinetic energy.
The angle 8 = 75° used in the calculations has been deduced from the geometry of
the Tore Supra lateral protection limiter.
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Chapter 4

Simulation Results on
Parasitic Absorption

In this chapter, the simulation results obtained from the PIC calculations on the
parasitic absorption are discussed. In parasitic absorption, the short-wavelength
modes emitted by the grill are absorbed within a very short distance in front of
the LH grill. Typically, about 1% of the LH power was found to be absorbed
by electrons within this narrow region giving rise to a population of fast electrons.
These energetic electrons are the probable reason for the formation of the hot spots
on the limiters [11,19].

In all the calculations presented in this chapter, the grill model obtained by cou-
pling to SWAN is used. First, the density dependence is discussed followed by a
study of the power dependence. Finally, the temperature study is presented. The
density dependence was studied in Publication II, and the power and temperature
dependencies in Publications ITI-IV.

4.1 Density Dependence

The density dependence of the power fraction lost on the inclined divertor plates
due to parasitic absorption of LH power at the edge was studied experimentally
at TdeV [13]. At lower densities, no clear dependence could be seen. However, at
higher densities, the loss fraction increased strongly.

Figure 4.1 shows how the power content in the high-n; modes depends on the
density. The lines indicate the fraction of power that is carried by the modes with
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Figure 4.1: The density dependence of the power content in the high-n| modes with
|n”| larger than the value indicated on the right hand side of the figure. The power
fraction is calculated from SWAN.

|n” | larger than the value indicated on the right-hand side. These results have been
obtained from the SWAN calculations. The figure reveals the power fraction that is
available for parasitic absorption if we assume that the modes above a threshold
n|-value are completely absorbed. As can be seen, the density dependence in this
regime is not very strong.

In order to study the density dependence of the parasitic absorption in front of
the grill, four different edge densities were used in the PIC calculations. In these
simulations, the grill geometry of Tore Supra was used. The plasma and grill
parameters are given in Table 4.1.

The density scan was done for an edge temperature of T, = 25 eV in Publication IT
and in Reference [79]. The four PIC simulations were performed for typical spec-
tra of Tore Supra with increasing edge densities of n.g = 0.6 x 10'® m™3, 1 x
10" m™3,1.5 x 10" m™3 and 2 x 10'® m™3. The density scale lengths were
L, = ne/n., = 0.6 cm, 1.0 cm, 1.5 cm and 2.0 cm, respectively. The intention
was to find out whether the parasitic absorption depends on the edge density in
front of the LH grill. The simulation parameters are summarised in Table 4.1.

In the PIC simulations, the coupled power was calculated with the help of SWAN.
The coupled power densities are between 35 MW /m? and 48 MW /m?, see Table 4.1.
The absorbed power near the grill mouth was measured with the method described
in Section 3.2 and in Publication I. The absorbed power varied from 250 kW /m?
to 350 kW /m? resulting in an absorption of 0.7% to 0.8%, see Table 4.1.

43



Table 4.1: Simulation parameters for the study of the dependence of parasitic ab-
sorption on the edge density for Tore Supra (T, = 25 eV).

Edge density, neo [10™® m ™3] 06 1.0 15 20
Maximum density, ne, [10¥ m=32] 3.0 50 7.5 10
Density scale length, neo/n, [cm] 0.6 1.0 1.5 2.0
Magnetic field, B [T 2.78

Grill frequency, f [GHz| 3.7

Width of a waveguide, Ly, [mm] 10.5

Scaled power, I;;, [MW /m?] 48 35 35 36
Absorbed power, Inps [kW/m?] 350 250 280 270
Absorption, Lins/Iin [%) 0.73 0.72 0.80 0.76
Electron energies, Fe max [keV] 1.6 1.2 06 05

0.06

0.04 |

0.02 : Ny

P bs MW/mm]

Absorbed power

[MW/mm]

abs,e

Absorbed power

P

0 05 15 2 25 3 35 4 45 5
Radial co—ordinate x, [mm]

Figure 4.2: Absorbed power density versus radial co-ordinate for the simulation
with (a) the lowest density neo = 0.6 x 10*® m=3 and (b) the highest density neo =
2 x 10'® m=3. Note, that the coupled powers are different in the two cases, see
Table 4.1.

Figure 4.2 shows the absorbed power density profiles for the simulation with the
lowest and highest edge densities. The absorption is peaked very close to the plasma
in front of the grill in both cases. In the low-density case, 350 kW /m? is absorbed
within 2.4 mm in front of the grill mouth and in the high-density case the absorbed
power density is 270 kW /m?. Note, however, that the coupled powers are different
in the two cases.

The absorption can also be seen in the parallel velocity distributions of the elec-
trons. Figure 4.3 shows examples of the distributions at two distances from the
grill for the two extreme densities. The frames on the left show the distributions
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lowest density neo = 0.6x 108 m=3 and (b) the highest density ney = 2x 1018 m=3.
Both the initial Mazwellian distributions (dashed line) and the distributions at the
end of the simulations (solid lines) are shown [79].

closest to the grill while the ones on the right-hand side show the distributions at a
distance of 3 to 4 mm inside the plasma. The distributions closest to the grill show
remarkable broadening. They are, however, broadened in both directions indicat-
ing that there are wave modes propagating with both positive and negative phase
velocities. Already a few millimetres away from the launcher, the fast electron tail
disappears.

In the simulation with the lowest density, a remarkable increase in the hot electron
population occurs. Note, however, that in this case the coupled power, as well
as the absorbed power, was higher than in the other ones. The parallel velocities
extend up to v = 8ve. This corresponds to a maximum kinetic energy of 1.6 keV.
Further inside the plasma, the electrons remain thermal. In the simulation with
the highest edge density, the electrons are accelerated up to velocities v >~ 5v,,
corresponding to energies of about 0.5 keV. The maximum energies of the electrons
are summarised in Table 4.1.
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Figure 4.4: Power fraction absorbed in the edge (0 < x < 2.4 mm) in front of the
LH grill versus the edge density. The bullets denote the simulations results and the
lines the power fraction in the high-n) part of the spectrum of SWAN as denoted
in the figure. The open bullet denotes the simulation point where the power of the
simulation with the lowest edge density has been scaled down to the same level as
in the other cases [81].

Figure 4.4 shows the absorption in the PIC simulations compared with the power
content of the high-n| modes obtained from SWAN. A fairly good agreement is
obtained with the parasitic absorption and the power content of the modes with
n) 2 36. This means that the parasitic absorption and the generation of the fast
electrons can be well explained if all the power in these modes is assumed to be
absorbed near the edge. At the temperature used in the simulations, T, = 25 €V,
the mode n| = 36 corresponds to the parallel electron velocity of v >~ 2.8v.. The
same range of wave modes was also obtained for JET calculations in Publication IT
and in Reference [80].

In the simulations with a higher temperature of T, = 100 eV presented in Refer-
ence [37], the corresponding comparison of the parasitic absorption with the power
content in the SWAN spectra resulted in an agreement with modes n| 2 20. At this
higher temperature, n =20 corresponds to parallel electron velocity v =~ 2.5v,,
which is about the same as in the lower temperature case at T, = 25 eV. However,
in the high-temperature case the input power was quite high and varied a lot, which
was not taken into account in the comparison. Reducing the power would slightly
increase the n-value.

4.2 Power Dependence

The work done by Mailloux et al. [13] showed that the heat fluxes on the limiters
increase strongly with the launched LH power. Moreover, the shape of the curves
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Table 4.2: Parameters of the plasma and the launcher (Publication III).

Edge density, neo [m=?] 1 x 1018
Maximum density, ne, [m~?] 5 x 1018
Density scale length, nep/nl, [cm] 1.0
Magnetic field, B [T] 2.78
Initial electron temperature, T, [eV] 25
Grill frequency, f [GHz] 3.7
Width of a waveguide, Ly, [mm] 8.5
Wall between waveguides, Ly [mm] 2.0
Toroidal width of simulation, L, [mm)] 42
Radial length of simulation, L, [mm)] 97
Number of simulation particles 27664597

indicates that this behaviour is strongly non-linear. The strong non-linear depen-
dency on the injected RF power was experimentally confirmed by Goniche et al. [17].

Theoretically, it was suggested that the power dependence is due to overlapping
of the trapping regions of the wave modes in energy space [19]. With increasing
power, and consequently increasing electric field, the overlapping of the modes
also increases. Therefore, modes with lower and lower n-values can participate in
stochastic acceleration.

In order to resolve the power dependence of the parasitic absorption, a series of
PIC simulations was performed with different coupled power densities. The power
dependence of the parasitic absorption is discussed in Publication III.

The grill parameters were chosen to correspond to those of the Tore Supra LH grill.
Four ’typical’ waveguides, i.e. one module, were used in the simulations. The radial
length of the simulation box was chosen to be five perpendicular wavelengths of the
principal mode np=1.92, where the wavelength was calculated at the low-density
edge. The initial temperature was assumed to be T, = 25 eV. The simulation
parameters are summarised in Table 4.2.

A set of six simulations was carried out, in which the coupled power density was
varied between 26 and 67 MW /m2. The coupled and absorbed powers were again
calculated as described earlier. Figure 4.5 shows the absorption profiles for three
different power levels. In each case, the absorption is very peaked at the edge but
increases strongly with the coupled power. The peak level in the profiles clearly
scales with the power. The absorbed power within 2.4 mm varies from 150 to
710 kW/m? and is given in Table 4.3. The parasitically absorbed power fraction,
Labs/Iin, increases from 0.5 to 1.1% with increasing coupled power.

The absorption can also be seen in the velocity distributions shown in Figure 4.6
for the same three power levels as in Figure 4.5. On the left-hand side are the
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Figure 4.5: Absorbed power density versus radial co-ordinate for (a) low (I, =
26 MW/m?), (b) intermediate (I, = 41 MW/m®) and (c) high (L, =
67 MW /m?) coupled powers (T, = 25 eV). Note the different scale in frame (c)
(Publication III).

distributions just in front of the grill, while the right-hand side shows them further
inside the plasma. Closest to the grill, there is a clear broadening in the velocity
distributions, which increases strongly with the coupled power. Further inside
the plasma, the distribution remains essentially thermal even though a start of
modification is seen in the distribution with the highest power density.

From the velocity distributions, the maximum kinetic energies can be determined.
In the low-power case, shown in Figure 4.6(a) the fastest particles reach a velocity
of about v >~ Svg,. This corresponds to a maximum kinetic energy of Fe max ~
0.6 keV. In the intermediate case of Figure 4.6(b), the maximum velocity is v =~
Tvgn resulting in an energy of Ee max ~ 1.2 keV. Figure 4.6(c) shows the high-power
case in which the fast electrons reach a velocity of V)| = Yuy, or a maximum kinetic
energy of Ee max = 1.8 keV. The kinetic energies are summarised in Table 4.3.

Table 4.3: Dependence of the parasitic absorption on the coupled LH power (Te =
25 eV) (Publication III).

Coupled intensity, I;, [MW /m?] 26 35 37 41 50 67
Absorbed intensity, Lps [kW/m?] 150 250 270 320 420 710
Absorbed power fraction, Inns/Iin [%] 0.57 0.72 0.74 0.78 0.85 1.1
Maximum electron energy, Fe max keV] 0.6 1.2 1.2 1.2 1.6 1.8
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Figure 4.6: Parallel velocity distributions in front of the LH grill in the regions
0<z<1mm (left) and 3 < x < 4 mm (right). The distributions are shown for
(a) low (I, = 26 MW/m?), (b) intermediate (I, = 41 MW/m®) and (c) high
(I, = 67 MW/m?) coupled powers. Both the initial Mazwellian distributions at
T. = 25 eV (dashed lines) and the distribution at the end of the simulation (solid
lines) are shown (Publication III).

Figure 4.7 recapitulates the parasitic absorption obtained with the PIC simulations.
Due to the decreasing signal-to-noise ratio with the wave power, coupled powers
lower than I, ~ 25 MW /m? were not studied. Consequently, it was not possible
to determine the existence of a possible power threshold from the simulations.
However, if one assumes that a threshold exists, one could deduce that its value is
below 25 MW /m?.

The simplest assumption is that the absorbed power increases linearly with the
coupled power, i.e. I,,s = ali, + b. In the least-squares fit to the results, the
coefficients are ¢ = 0.0136 and b = —0.229 MW/mQ. The result is shown in
Figure 4.7(a). The absorbed power fractions are shown in the lower frame of
Figure 4.7(a) and are obtained as I.ps/lin = a + b/Ii,. The linear extrapolation
gives a threshold power of Iy, =~ 17 MW/ m?2.
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Figure 4.7: Power absorbed in the edge (0 < x < 2.4 mm) in front of the LH grill
versus the coupled power. The bullets denote the simulations results and the lines
in (a) a linear fit and in (b) a non-linear fit (Publication III).

In order to obtain the threshold power density, more analysis is needed. The
dependence is not necessarily linear and in fact, experiments suggest a non-linear
dependency [13,17]. Also, there are no theories for how the absorbed power or the
power fraction should depend on the coupled power. This makes the estimation
of the threshold intensity difficult. Therefore, in the following a non-linear fit is
made.

While considering the different modes in the LH spectrum, one may notice that
the larger is )| the closer to each other are the modes in velocity space. The lowest
n|-value participating in the absorption is determined by the trapping velocity.
The trapping velocity for the Fourier mode Ej, is given in Equation (2.24). Con-

sequently, we have vy, oc F1/2 Iiln/ * We next assume that the edge electrons in
front of the grill absorb the power fraction in the modes overlapping each other.
Therefore, the parasitically absorbed power fraction is proportional to the trapping

width:

Iabs

T = a1V + a2 = Cblliln/4 + as. (41)

Here, the coefficients a1 and ay are determined from the simulation results. With
the non-linear least-square method we obtain a; = 2.48 x 10~* (W/m?)~'/4 and
az = —0.012. The curves obtained this way are shown in Figure 4.7(b). This
non-linear scaling law gives a threshold power of Ity ~ 5.5 MW/ m?.

The discussion above shows that it is not possible to estimate accurately the power
threshold from the present PIC simulations. The results show, however, that if a
threshold exists it is below 25 MW /m?2. According to the extrapolations discussed
above, the most likely value for the threshold is between 5.5 and 17 MW /m?2.
Experiments done for the Tore Supra new launcher show a power threshold of
12 MW/m? [69], which is within the power density range given by the PIC simu-
lations.
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In Publication III, the heat load due to the parasitic absorption is estimated ac-
cording to the theory presented in Section 3.4. In the following, we consider the
simulation with [;;, = 41 MW/ m? in more detail. The velocity distributions found
in this simulation are shown in Figure 4.6(b). The simulation time was tg, = 2.9 ns
and the velocity of the hot electrons was vpet & bvgn. Consequently, the distance
travelled by the hot electrons during the simulation is zgjm = Vnhottsim, Which yields
Zsim ~ 43 mm. Figure 4.5 shows that the depth of the radial deposition profile
in the reference simulation was dgjn =~ 0.5 mm. For Tore Supra, the width of the
grill is Lg = 376 mm and, therefore, the radial depth of the deposition profile is
approximately dans = 4.4 mm according to Equation (3.14). The depths of the
deposition profiles for the full launcher as a function of the coupled power density
are presented in Table 4 of Publication III. The depths are found to vary between
3 and 6 mm. The heat loads as a function of the coupled power are also presented
in Table 4 of Publication III. The heat load increases from 1.5 to 12 MW /m? when
the coupled power grows from 26 to 67 MW /m?.

The parasitic absorption and the heat loads for the newer launcher of Tore Supra [82]
are discussed in Publication IV. The absorbed power densities are between 110
and 400 kW /m? resulting in an absorption fraction of 0.8 to 1.3%, when the power
density increases from 13 to 30 MW/m?. The estimated power threshold is now
8 MW/ m?. The heat loads range from 1 to 7 MW/ m? and depend on the coupled
power density.

4.3 Temperature Dependence

In order to resolve the temperature dependence of the parasitic absorption, a set
of four simulations at different temperatures was performed. The plasma pa-
rameters were those given in Table 4.2. The simulations with T, = 25 eV and
I, = 41 MW/m? was chosen as a reference case. The power density is slightly
higher than is usual in experiments, but will serve for the purposes of this work.
This power level allows a good enough signal-to-noise ratio and is not too far from
the realistic values.

In addition to the reference temperature, one lower T, = 12.5 eV and two higher
temperatures T, = 50 eV and 100 eV were chosen. This time the coupled power
was kept approximately constant. The parameters can be seen in Table 4.4.

Figure 4.8 shows the absorption profiles for the two extreme temperatures. In the
low-temperature case, shown in Figure 4.8(a), the peak value of the absorption
profile is clearly lower than in the reference case, in Figure 4.5(b). On the other
hand, in the high-temperature case with T, = 100 eV, shown in Figure 4.8(b),
the peak power is much larger than in the reference case. The two cases with the
extreme temperatures are to some extent comparable to the two extreme power
density cases shown in Figures 4.5(a) and (b).
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Table 4.4: Dependence of the parasitic absorption on the edge temperature (Publi-
cation III).

Initial electron temperature, T, [eV] 125 25 50 100
Coupled intensity, fi, [MW /m?] 41 41 40 40
Absorbed intensity, Ips [kW/m?] 170 320 470 670
Absorbed power fraction, s/l [%)] 0.41 0.78 1.2 1.7

Maximum electron energies, Fe max [keV] 1.0 1.2 13 1.6

In the low-temperature case the absorbed intensity within 2.4 mm is 170 kW /m?
resulting in an absorption of 0.41% of the coupled power. The absorbed power
density in the high-temperature case is 670 kW /m? and the absorbed power fraction
is 1.6%. The absorbed power densities and power fractions are summarised in
Table 4.4.

Figure 4.9(a) shows the parallel velocity distribution in the low-temperature simu-
lation while the high-temperature simulation is shown in Figure 4.9(b). The broad-
ening close to the grill is also seen in these two cases though it is not as strong for
the high-temperature case as for the low-temperature case. Note, however, that
the parallel velocity is normalised to the thermal velocity of the corresponding tem-
perature. Therefore, the widths of the initial distributions look the same in the low
and the high-temperature simulations even though in unnormalised velocity space
the distribution of the high-temperature case is much wider.
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Figure 4.8: Absorbed power density versus radial co-ordinate for (a) low (To =

12.5 eV) and (b) high (T, = 100 eV) initial edge temperature (I, ~ 41 MW /m?).
Note the different scaling (Publication III).
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Figure 4.9: Parallel velocity distributions in front of the LH grill in the regions
0 <z <1mm (left) and 3 < x < 4 mm (right) for (a) low (T, = 12.5 €V)
and (b) high (T, = 100 eV) initial temperature (I, ~ 41 MW/m?). Both the
initial Mazwellian distributions (dashed lines) and the distribution at the end of the
stmulation (solid lines) are shown. Note, that even though the initial distributions
look the same in both cases (a) and (b), the distribution in the high-temperature
case is much wider. This is due to the normalisation to the thermal velocity of the
corresponding temperature.

The velocity of the fastest electron population in the low-temperature case is
v)| = vy, corresponding to a maximum energy of Ee max ~ 1.0 keV. In the high-
temperature case, the fastest electrons have the velocity v >~ 4vg,. This corre-
sponds to a maximum energy of Eg max ~ 1.6 keV. The maximum energy of the
low-temperature case corresponds to the phase velocity of the mode n|| ~ 16 while
in the high-temperature case the corresponding mode is n| ~ 13. Note that, con-
sequently, the fastest electrons in Figures 4.9(a) and (b) are interacting roughly
with the same part of the LH spectrum. The results of the temperature scan are
summarised in Table 4.4.

In the following, the wave spectrum is assumed not to change with the temperature.
However, when the temperature increases, the velocity distribution gets broader
and, therefore, the thermal velocity approaches higher phase velocities. Conse-
quently, modes with lower n|| are involved in the absorption, and more electrons
reach the region where the overlapping of the modes and the absorption starts.
In fact this can be seen in the power spectra of the simulations with different
temperatures.

In the low-temperature case (T, = 12.5 eV), we find a good agreement if we assume
that all the power in the modes with n) > 41 is absorbed. The phase velocity of this
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Figure 4.10: Power absorbed in the edge (0 < x < 2.4 mm) in front of the LH grill
versus the edge temperature. The bullets denote the simulations results (Publica-
tion III).

mode is vpn & 3.5v¢n. In the high-temperature case (T, = 100 eV), the absorption is
in agreement with the power content in the modes with n > 22, which corresponds
to a phase velocity of vpn ~ 2.3v¢h.

The width of the velocity distribution is proportional to the thermal velocity and,
consequently, to the square root of the temperature: Inps/lin = biTY2 + b,.
According to the least-squares fit to the simulation results, the coeflicients are
by =1.94x 1073 eV~/2 and by = —2.32 x 1073, This simple model seems to agree
quite well with the simulation data shown in Figure 4.10. Temperatures lower than
12.5 eV have not been investigated because the absorption is so low in that range.
Moreover, it is not meaningful to study the very low temperature range since the
edge temperature of 5-10 eV seems to be an operational limit causing disruptions
in Tore Supra [83].

In Publication III, the heat load and the deposition depth were also calculated
as a function of temperature for the old launcher. The values of both the ab-
sorption depths and the heat loads were in the same range as for the power scan:
the deposition depth was roughly from 3 to 6 mm and the heat loads from 2 to
12 MW /m?.

For the new launcher the heat loads were studied in Publication IV. The load again
increased with the temperature, being 1 MW /m? for the lowest temperature and
about 5 MW /m? for the highest. However, the increase was not as strong as for
the former launcher.
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Figure 4.11: Power content in the higher n| modes for the LH launchers of ITER
and Tore Supra.

4.4 Absorption in front of the ITER Grill

The parasitic absorption of the LH power in the edge plasma in front of the ITER
lower hybrid launcher was also investigated [71,84,85]. Altogether six simulations
were performed. The density in front of the antenna was ne = 6.2 x 10'®* m=3. A
linear density profile was used with a density scale length of 1 cm. The magnetic
field along the z axis was B = 4 T and the frequency of the grill was f = 5 GHz.
The initial electron temperature ranged from 25 to 100 eV and the coupled power
density varied from 14 to 55 MW/m2. The width of an active waveguide was
9.25 mm and that of a passive waveguide was 7.25 mm. The width of the wall
between the waveguides was 3 mm. The phase difference between the active wave-
guides was 37/2 and the feeding phase between the eight waveguides’ multijunction
was zero.

Because of the geometry and the PAM structure of the grill, eight waveguides, i.e.
one module, from the middle part of the grill were chosen for the charge density
modelling the LH grill. As in the previous cases, the surface charge was obtained
from the SWAN calculations.

The design of the ITER LH grill has significantly reduced the power content in the
high-n| modes. This can be seen in Figure 4.11 which shows the power content
in the modes with |nH| larger than the value shown on the abscissa. We have
compared the spectra for ITER and for the Tore Supra new launcher C3 used
in Publication IV. There is a clear difference between the power contents in the
higher modes in these two launchers, the difference being in favour of ITER. One
should note that the densities in front of the launchers are different. For ITER the
density is ne = 6.2 x 10'® m~3 but for Tore Supra only n, = 10'® m~3. Apparently,
these densities are chosen due to coupling properties, which seem to be affected
by the density. The coupling has a clear optimum density [39,86]. Moreover, the
density dependence of the power fraction in the high-n modes should not be that
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pronounced and the power fraction in the highest modes should increase with the
density. At least this was the case for the Tore Supra C2 launcher, see Figure 4.1.

The power content in the high-n| modes is apparently so low that no absorption
was observed. For all the cases with various coupled power densities between 14 and
55 MW /m?, and the different temperatures between 25 and 100 eV, the absorbed
power density was negligible. In the velocity distributions no changes were seen.

One should, however, notice that the simulations were very short even though they
were computationally demanding. The simulation time of slightly over 3 ns was
just a few quasilinear diffusion times.
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Chapter 5

Wave Coupling to the
Plasma

In the work discussed in the previous sections, the charge density was modelling
the grill. In the electrostatic cases no walls were modelled and the waveguides
structure as well as the wave propagation inside the waveguides was omitted. The
only way the walls and the waveguides were taken into account was in the SWAN
calculations. With the electromagnetic particle-in-cell code X0oPIC [74], it is for
the first time possible to model the whole grill structure facing the plasma. The EM
model also allows taking into account the wave propagation and reflection inside
the waveguides.

The electromagnetic PIC simulations on LH coupling are discussed in Publica-
tion V. Preliminary results have been published in References [86-88]. In this
chapter, the electromagnetic grill model used in Publication V is first described.
Then, some diagnostics are presented. The method for obtaining the power spec-
trum from the PIC calculations is explained together with the reflection coefficient.

5.1 Electromagnetic Model for the Grill

A real rectangular waveguide is fed by the TE;y mode, which is the lowest order
mode the structure supports. However, XOOPIC is a 2d3v PIC code having two
spatial dimensions and three velocity components. Therefore, a 2d-projection is
needed. When the poloidal y direction is neglected and the poloidal height of the
waveguide is extended to infinity, the TE;y mode reduces to the TEM mode. The
TEM mode is the principal mode in a parallel plate waveguide, which does not
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Figure 5.1: The simulation geometry in the electromagnetic case with all the 32
waveguides. The different line types denote different boundaries: the dashed line is
an Ezitport, which is transparent for the wave, the solid lines are Conductors that
model the wavequides and the thick lines at x =~ —16 cm are boundaries emitting
TEM waves.

support the TE modes. The waveguides are, therefore, modelled as 32 parallel
plate waveguides having perfectly conducting walls. The waves are launched one
vacuum wavelength away from the grill mouth.

The grill structure is illustrated in Figure 5.1, which shows the geometry used in the
electromagnetic simulations. The waveguides can be seen in the lower part of the
figure. In the toroidal direction, the boundaries were chosen to be periodic for the
particles. For the wave, all the boundaries are non-periodic. At the toroidal ends
as well as on the high-density side in the radial direction, so-called ExitPorts are
used. The boundary conditions for the waves are such that there is a perfect-match
impedance for which in this case the vacuum conditions are used. This means that
the boundary is transparent to the wave mode having the impedance of the wall.
For other modes, the boundary is semi-transparent. The ExitPort boundaries are
denoted with the dashed line in Figure 5.1. The thick line at the lowest part of the
figure denotes the boundaries that launch the TEM wave and the solid lines are
the conductors that model the waveguide walls.

5.2 Wave Diagnostics

In swAN, the spectra are calculated from a complex field and, therefore the asym-
metric spectrum is easily achieved because the complex field inherently contains the
information of the direction of the wave mode. However, in the PIC calculations
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we are dealing with real fields. The information of the directions of the wave modes
is there, but if we take a field at a given time and at a given radial location, and
make the Fourier transform, by the definition of the FFT (Fast Fourier Transform)
the signal is symmetric. This can be understood if one thinks of a snapshot of a
one-dimensional sinusoidal wave at a given time. Since the wave is stationary and
does not have a second dimension, there is no way of telling whether it is travelling
to the left or to the right. However, if the wave position or form is known at a later
time, the direction of propagation can be determined. The direction can also be
defined if the position is known in a second dimension. Consequently, the spectra
will always be symmetric if they are calculated from a snapshot of a field at one
radial location.

The power spectrum of the wave is, therefore, calculated from the toroidal electric
field as a Fourier transform in space and time

2

Nt
1 ~
P (a:,nHw) = Ny, N E exp (iwt;) E, (Jc,nH,tj) , (5.1)
=1

where N is a normalisation coefficient, y, is the surface impedance and w = 27 f
is the angular frequency of the wave. The number of time steps used in the time
integration of the spectrum is IV; and t; is the corresponding time. The spatial
Fourier transform of the toroidal electric field, F., in the z direction is defined as

N.—1

E, (x,n”,tj) = Z E.(z,zk,tj) exp (fizanw/c), (5.2)
k=0

where z;, is the discretised toroidal co-ordinate.

The spectra are normalised to the maximum value of the spectrum at z = —1 cm.
The vacuum admittance is constant, while the plasma surface admittance is pro-
portional to |1 /1 | This has to be taken into account when normalising the spectra
on the plasma side. If the normalisation coefficient in the vacuum is denoted by
Nyac, then on the plasma side it is Nvacnuo, where nq is the refractive index of the
principal mode.

At the grill mouth, part of the LH power is reflected back into the waveguides.
The reflection coefficients of the waveguides are determined from the time-averaged
Poynting fluxes, where a decrement is caused by the reflected wave. The coefficient
at a given time ¢ is determined from

I, —P(t)

R(t) = I

: (5.3)

where P(t) is the time-averaged Poynting flux at the time ¢ and I, is the launched
power density. The time averaging is done over a few wave periods.
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Figure 5.2: Reflection coefficients at the time t = 3 ns of a launcher with 32
waveguides. The case with linear density profile is shown in frame (a) and the one
with a homogeneous density is shown in (b). The average values are Ry, = 1.5%
and Ryom = 1.3%, respectively.

5.3 Simulation Results

In order to study the coupling of the wave from the waveguides to the plasma,
two simulations were carried out in Publication V. For both simulations the Tore
Supra grill parameters were adopted. The edge density was negp = 10'® m=3 for
both cases but the density profile was changed. In the first case, a homogeneous
density was used while in the other case the density profile was linear with a density
scale length of L,, =1 cm.

In this first study using an electromagnetic code, we wanted to use as few grid cells
as possible. The limiting factor for the cell size is the heating of the electrons due to
a so-called non-physical cold beam instability [30]. This instability is purely numer-
ical and occurs due to alias wave modes. The instability tends to heat the plasma
until a higher temperature equilibrium is achieved, where the heating due to the
instability is equal to the energy losses from transport and field mechanisms. The
growth rate of the instability is negligible roughly when Ap/Az 2 0.3 [30], where
ADe = Uthe/wWpe 18 the Debye length and Az the toroidal grid spacing. There-
fore, a temperature of T, ; = 1 keV was chosen for both electrons and ions. The
simulations parameters are summarised in Table 1 in Publication V.

The reflection coefficient of each waveguide is shown in Figure 5.2 for the two
simulations. Qualitatively the results look quite similar. There are larger reflection
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Figure 5.3: Average reflection coefficients versus density.

coefficients at both ends of the grill and very small ones in the centre. However,
the reflection varies quite a lot from waveguide to waveguide in each case. At time
t = 3 ns, the average reflection coefficients are approximately Ry, = 1.5% for the
case with linear density profile and Ryen = 1.3% for the homogeneous one.

The linear density profile results in a slightly larger reflection than the homogeneous
one. However, the results show that for scale lengths larger than or equal to
L, = 1 cm the density gradient does not play an important role in the coupling
problem. This is in qualitative agreement with SWAN results for JET [89].

Another study with the grill parameters chosen for JET [90] showed that the im-
portant parameter is actually the edge density. In this work four simulations with
densities of ney = 0.4, 1, 2 and 4 x 10'® m~3 with homogeneous profiles were
performed. The reflection coefficients were calculated in each waveguide. The den-
sity dependence of the average reflection coefficients is shown in Figure 5.3. The
reflection varied between slightly over 1% and 18%. The dashed line denotes the
cut-off density. There is a clear optimum with best coupling close to a density
of neo = 10 m~3. At this density, the reflection is smallest and, consequently,
the coupling is best, while the reflection coefficients grows for both increasing and
decreasing densities.

Figure 5.4 shows the power spectrum of the wave versus parallel refractive index for
the case with a linear density profile. The grill launches a spectrum containing the
principal mode n ~ —1.9 and its odd harmonics n| ~ 5.8,—9.6 and 13.4. These
modes are those of the TEM wave and can be found by an analytic calculation.
The agreement with the analytic calculation is fairly good. Figure 5.4(d) shows
the spectrum inside the waveguides and (c) just at the mouth.

As can be seen in Figures 5.4(a) and (b), the highest harmonics have been ab-
sorbed already within a distance of 1 cm on the plasma side. The first backward
propagating harmonic at n;=5.8 is also partly absorbed within the few first cen-
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Figure 5.4: Power spectra for the linear density profile versus the parallel refractive
index integrated over three wave periods at different distances from the grill mouth:
(a) At x =2 em, (b) at x =1 c¢m, and (c) at the grill mouth (x =0). Frame (d)
shows the spectrum inside the waveguide at © = —1 c¢cm (Publication V).

timetres. A clear reduction in this peak can be seen while moving inwards to the
plasma centre. The linear Landau damping rate obtained from Equation (2.22) is
L(n| = 5.8) = 4.5 cm calculated at the density n, = 10*® m~2 and the tempera-
ture T, = 1 keV. At the density ne = 3 x 10'® m~3 the damping rate is reduced to
L., = 2.8 cm. The phase velocity of the mode ny = 5.8 is vph = 3.9Vtpe- However,
the phase velocity of the principal mode at n| = —1.9, vpn = —11.9vtye, is so high
that the mode cannot interact with such plasma. Consequently, no absorption of
the principal mode is seen in the wave spectrum. This mode would interact deeper
inside the plasma where the temperature is higher.

The lengths of the simulations presented in Publication V were too short in order
to see the effect in the tail of the velocity distribution where only few particles are
present. The absorption of the mode close to n=5.8 is barely seen in the velocity
distributions close to the grill mouth where the acceleration of electrons has just
started. A small deformation of the velocity is also seen at a velocity somewhat
above —2vie, where the mode at n = —9.6 is absorbed. However, in simulations
with a higher power level presented in Reference [86], a clear plateau was found to
form around the phase velocity of the mode n;=5.8. In that case, the quasilinear
diffusion times were much shorter and the effect in the velocity distribution was
much more pronounced. Moreover, the trapping widths were much larger enabling
stochastic acceleration over a wider range in the velocity space.
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Chapter 6

Summary and Discussion

This thesis reports on the development of the grill model used in particle-in-cell
(PIC) codes and their use for simulations of the near-field of the lower hybrid grill.
The objective of the thesis is two-fold.

First, the thesis introduces a new tool for the study of the near-field of the LH grill —
the PIC method. Usually the wave—plasma coupling is studied with linear coupling
codes based on the linear wave equations [31,32]. The acceleration of the particles
in front of the launcher is generally studied with test particle simulations. In this
thesis, the coupling problem is investigated with electromagnetic PIC simulations
and the acceleration of electrons through parasitic absorption of the LH power with
an electrostatic code.

The second aspect of the thesis is to explore the physics behind the hot spots
observed on components that are magnetically connected to the grill region. Several
experiments have shown hot spot formation and impurity influxes related to the
heat loads [10-14]. Experiments on TdeV [13] showed some evidence of the hot
spots on the grill limiter being due to fast electrons generated in the scrape-off
layer just in front of the grill. So far, no experimental evidence has been found for
ions causing the heat loads, although this possibility has not been ruled out either.

The electrostatic PIC code needed a model for the grill, used for launching the wave
into the plasma. A large part of the work was spent on this issue. The work started
with the simple model used in Publication I. This model was used to present the
PIC method as a tool for studying the electron acceleration via parasitic absorption
of the high-n| part of the wave spectrum. In addition, some numerical diagnostics
had to be developed for extracting the launched energy and the absorption by the
electrons from the simulations. The first simulations proved the feasibility of the
code. Even with the simple model a clear difference was seen between the two
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cases — one with only a small amount and another one with a fairly large amount
of power in the high-n| modes. A rapid generation of fast electrons was observed
in the case with a lot of power in the short wavelength modes while clearly less
power was absorbed in the other case. However, it was clear that the grill model
needed further refinements in order to better resolve the connection between hot
spot formation and the LH-produced fast electrons.

In order to model experiments with a realistic LH spectrum, the PIC code was
coupled with the SWAN code. The oscillating charge density used as the grill model
in the PIC code was obtained from the output of SWAN. This calculation has
been described in Publications II and III as well as in References [37,78-80]. Since
the low-n| part of the spectrum is not very well represented in the electrostatic
approximation, the SWAN data was used to take care of this part in the calculation
of the coupled power. The electromagnetic SWAN code and the electrostatic PIC
code nicely complement each other because the low-n| part of the spectrum does
not interact with the cold edge plasma and is well described by the linear SWAN
code. On the other hand, the high-n| part is well characterised by the electrostatic
PIC code, which also takes into account the kinetic and non-linear effects.

The refined grill model with the SWAN spectrum was used to investigate the par-
asitic absorption in more detail. Experimental observations made at TdeV [13]
and Tore Supra [12,17] have suggested that the power lost through the parasitic
absorption increases with the edge density in front of the grill. The density de-
pendence was studied with edge densities ranging from n, = 0.6 x 10'® m=3 to
ne = 2 x 10 m™3. The parasitic absorption seemed to increase with the edge
density, though the dependence was not very strong in this range. The absorption
followed quite well the power contents in the high-n|| part of the spectrum, when
the PIC results were compared with the SWAN spectra for both Tore Supra and
JET. At an edge temperature of T, = 100 eV, the absorption follows approximately
the power content in modes |n”| 2 20 [37], whereas at the lower edge temperature
of T, = 25 eV the modes ‘nH‘ 2> 35 (Publication IT) are in charge of the parasitic
acceleration. At the higher temperature the absorption was about 2% and at the
lower one less than 1%.

The experiments also indicate that the parasitic absorption depends on the coupled
power [13,17]. Another study implies that the heat fluxes observed on the grill
limiters are actually proportional to the power density [91]. Therefore, a PIC study
on the power density dependence was made. The power density was varied from
26 to 67 MW /m? with other initial parameters kept constant. The parasitically
absorbed power density increased clearly with the coupled power density. The
absorption, defined as the ratio of the parasitically absorbed power density to the
coupled one, was around 1%. Whether a power threshold exists could not be
resolved in this work. However, if it is believed that such a threshold exists, the
results indicate that it should be below Ii,, = 25 MVV/m2 for the C2 grill of Tore
Supra. In order to extrapolate the power dependence to lower power densities,
a linear and a non-linear scaling was deduced for the absorption. The non-linear
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dependence was derived from a linear dependence on the trapping velocity. It was
assumed that the power fraction in the overlapping modes was absorbed by the
electrons in front of the grill. The parasitically absorbed power fraction would
then be proportional to the trapping width. The extrapolation suggested that the
threshold would most likely be between Ili2 =17 MW /m? and I}, = 5.5 MW /m?.

hr

The temperature dependence of the parasitic absorption was evident in Refer-
ences [37,79,80] and Publication II. However, a systematic study was only done
in Publication III. The wave spectrum was assumed not to change with the tem-
perature. The increasing temperature affected clearly the absorption because the
velocity distribution became wider. Consequently, more electrons could reach the
region in velocity space where the overlapping of the modes started. Subsequently,
also the absorption increased. A temperature scaling was also derived based on the
proportionality of the absorbed power fraction to the thermal velocity.

The heat loads on the grill limiter due to the parasitic absorption of the LH power
was estimated. It was assumed that only the electrons contribute to the effect;
the ions were neglected in the whole calculation. It was also assumed that all the
power absorbed parasitically by the edge electrons ends up on the walls on either
side of the grill. The fraction of power deposited on one side was deduced from the
normalised change in the kinetic energy calculated from the velocity distributions.
An estimate for the radial deposition depth was needed. A scaling equation was
derived for this purpose, because the electrostatic simulations only had four wave-
guides while the real ones at Tore Supra and JET have 32. The results presented
in Publication III were in quite good agreement with the experimental observa-
tions [16,17,91], both for the heat loads and the deposition depths.

The electromagnetic PIC code XOOPIC was used to study the wave coupling from
the waveguides to the plasma. In this study, the main interest was in the low-n|
part of the spectrum because these modes are the ones that carry most of the
power. Good coupling is crucial for the use of LH current drive in future devices.
The main objective of Publication V was to show that the electromagnetic PIC
codes are well enough developed for modelling such a complicated system as the
LH grill. In this work, two cases with different density profiles were studied. Only a
small difference was observed in coupling to a homogeneous plasma with a density
well above the cut-off density compared to one with the same edge density but a
linear profile with a density scale length of 1 cm. The spectra clearly showed that
the higher modes were absorbed in the edge plasma. The absorption was also seen
in the velocity distributions in a simulation with a high power density [86]. The
advantage of the PIC method in the coupling calculations is that it can also be
used to study the coupling at very low densities or at steep gradients. The usual
approximations tend to fail at densities close to or below the cut-off density.

The simulations described in this work have several limitations and one should,
therefore, be careful when interpreting the results. In the electrostatic simulations,
only four waveguides were used even though the Tore Supra grill has 32 waveguides.
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Choosing the particular waveguides given by SWAN results has, of course, some
effect on the results. The simulations are rather short so that in the simulation
time the particles travel a shorter distance than the width of a real grill. At lower
power levels, the length of the simulations is a few quasilinear diffusion times, which
is just long enough for the hot tail to form in the velocity distribution.

In the work presented in this thesis only the electron contribution to the heat
load and parasitic absorption has been taken into account. The sheath formation,
the heat loads due to ions and the emission of secondary electrons or ions have
been neglected. However, the power available for heating the walls was obtained
from the simulations, as conservation of energy implies that it is this power that
causes the hot spots even if part of the energy is converted to ions. The sheath
formation and the phenomena occurring within the sheath have been studied in
References [21,23]. The sheath potential reduces slightly the kinetic energy of
the electrons before they hit the wall. This is compensated for by the increase of
the kinetic energy of the ions. The secondary electron emission may enhance the
electron heat flux to the wall [92-94] as it tends to reduce the sheath potential.

Lower hybrid waves provide by far the most promising method for efficient off-
axis current drive, needed to sustain internal transport barriers. In the ‘advanced
tokamak scenarios’, LH current drive is used to modify the current profile. Good
coupling of LH power is, therefore, very important for these scenarios in ITER. The
hot spots are detrimental for lower hybrid current drive since they lead to a large
impurity influx. Consequently, it is not possible to operate the launchers at full
power. The impurity accumulation is especially problematic in ‘advanced tokamak
scenarios’ in discharges with internal transport barriers [95]. Consequently, a good
understanding of the plasma phenomena in front of the grill is needed.

The tests of the ITER-type PAM grill in Italy in the beginning of the year 2003
will provide a lot of new information on the topics of this thesis.
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Appendix A

Plasma Parameters

Table A.1: Typical tokamak parameters [2, 4, 96].

Tore Supra JET ITER

Major radius R [m] 24 296 6.2
Minor radius a [m] 0.75 1.25 2.0
Plasma volume V [m?) 25 85 837
Toroidal magnetic field at centre By [T 4 3.5 5.3
Plasma current I, [MA] 2 7 15
Additional heating power Poaa [MW] 25 47 73

Table A.2: Plasma parameter ranges used in the simulations of this work.

Tore Supra JET ITER

Plasma density ne [10' m—3] 0.6 - 2.0 0.3-3.0 6.2
Plasma temperature Te [eV] 12.5 - 100 25 25
Magnetic field B [T] 2.78 2.2 4
Grill frequency f [GHZ] 3.7 3.7 5
Angular frequency w [10%0 1/5] 2.32 2.32 3.14
Plasma frequency wpe 1010 1/s]  4.37-7.98 3.09-9.77 1.40
Cyclotron frequency Qee [1011 1/5) 4.89 3.87 7.03
LH resonance frequency wry [10° 1/s]  0.72-1.30 0.51-1.56 2.27
w/wLh 17.9-32.4 14.9-457 13.8
Thermal velocity Vghe [10° m/s]  2.10 - 5.93 2.97 2.97
Debye length Ape [107° m]  3.72-10.5 3.03-9.60 2.11
Larmor radius TLe (1076 m]  4.29 - 12.1 7.66 4.22

Collision frequency I/i/i (105 1/s] 0.11-22 0.26-2.4 4.8
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