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Kurzfassung

Mikrowellendiagnostiken sind in der fusionsorientierten Plasmaphysik weit verbreitet. Insbesondere die
Messung der Elektron-Zyklotron-Emission (ECE) wird routineméfig zur zuverlassigen Bestimmung der
radialen Temperaturverteilung im Plasma verwendet. Sie wird aber auch zur Bestimmung der Elektro-
nendichte und Detektion {iberthermischer Elektronen eingesetzt und ist aufgrund ihres nicht-invasiven
Messverfahrens hervorragend zur Diagnostik der extremen Bedingungen, die in Fusionsplasmen vor-
herrschen, geeignet. So wird das Plasma weder beeinflusst, noch die Diagnostik beschidigt. Obwohl
ECE-Diagnostiken schon seit vielen Jahrzehnten eingesetzt werden, sind sie weiterhin Gegenstand
aktueller Forschungs- und Entwicklungsarbeiten. Vor allem die korrekte Auswertung und Interpretati-
on der Messungen an Plasmen niedriger Dichte und Temperatur, die im Gegensatz zu Fusionsplasmen
optisch diinn sind, stellt eine Herausforderung dar. Der in Stuttgart befindliche Stellarator TJ-K wird
mit solch diinnen Plasmen betrieben, was aber auch den Einsatz von Langmuir-Sonden zur Tempera-
turbestimmung und somit zum Test und zur Kalibrierung einer neuen ECE-Diagnostik gestattet.
Diese Arbeit widmet sich dem Aufbau einer Messanordnung fiir ECE an TJ-K, sowie deren Optimie-
rung und Anwendung. Dazu werden Modellierung, Simulation und Experiment kombiniert, um die
Prozesse am spezifischen Aufbau zu verstehen und die Diagnostik an diese anzupassen.

Der erste Teil dieser Arbeit beschreibt die Entwicklung und den Einsatz der Diagnostik. Dazu werden
der Transport und die Ausbreitung der ECE im dreidimensional modellierten Plasma simuliert. Daraus
wird ein Optimierungsansatz abgeleitet: Durch geeignete Positionierung eines angepassten Spiegels zur
definierten Reflexion der ECE wird ein abstimmbares Resonatorsystem gebaut, das die Ortsauflésung
der Diagnostik verbessert. Nach Identifizierung der Messsignale als ECE in Abgrenzung zur thermischen
Bremsstrahlung wird das Messsystem mit einer Heifi-Kalt-Methode kalibriert. Obwohl das Plasma in-
folge der geringen optischen Dichte nur 0,2 % der Schwarzkorperintensitéat emittiert, wurden mittels
ECE gemessene Elektronentemperaturen mit denen aus Langmuir-Sonden-Messungen bestétigt.

Im zweiten Teil werden numerisch Elektronentrajektorien im 3D-Magnetfeld von TJ-K in Abhéngig-
keit der kinetischen Teilchenenergien studiert. Die Trajektorien liegen auf Drift-Fldchen, die von der
Geschwindigkeit und Orientierung des Elektrons zum Magnetfeld abhdngen. Inwieweit Elektronen auf
groferen Drift-Flachen von der Gefafkwand direkt aufgefangen werden und so zu einem toroidalen Netto-
strom fiihren, wird mit Simulationen verschiedener Maxwell-Boltzmann-Geschwindigkeitsverteilungen
sowie monoenergetischer Verteilungen mit je mehreren Millionen Elektronen untersucht. Es zeigt sich,
dass besonders Elektronenpopulationen zusétzlich zur thermischen Geschwindigkeitsverteilung bei Teil-
chenenergien von beispielsweise 1 keV, sogenannte iiberthermische Elektronen, besonders hohe Stréme
erzeugen. Auch bereits thermische Elektronen mit typischen Energien von 10 eV liefern toroidale Netto-
strome, die vergleichbar mit experimentell beobachteten Stromen sind. Die aufgebaute ECE-Diagnostik

erlaubt zeitaufgeloste Messungen lokaler Temperaturen zur Korrelation mit toroidalen Stromen.






Abstract

Microwave diagnostics are widely used in fusion-oriented plasma research. Especially, electron cyclotron
emission (ECE) measurements are routinely employed for reliable investigations of radial temperature
profiles. Furthermore, an ECE diagnostic can be used to measure electron densities or detect superther-
mal electrons. Due to its non-invasive character, it is well suited for application to extreme conditions
like in fusion plasmas since neither the plasma is perturbed nor the diagnostic harmed. Despite decades
of development, ECE diagnostics are still subject of current research and development. Especially the
correct interpretation of measurements at plasmas with low densities and temperatures, which are in
contrast to fusion plasmas optically thin, is challenging. The stellarator experiment TJ-K in Stuttgart
is operated with such thin plasmas allowing for the use of Langmuir probes for temperature measure-
ments and thus as a benchmark for a new ECE diagnostic system.

This work is about the development, optimization, construction and application of an ECE diagnostic
for TJ-K. Modeling, simulation and experiment are combined to understand the processes at the spe-
cific experiment and to adapt the setup to these conditions.

The first part of this thesis describes the development and test of the diagnostic. To this end, the trans-
port and propagation of electron cyclotron radiation is simulated in the three-dimensionally modeled
plasma of T'J-K. From the results, an optimization approach is derived: with a suitably positioned and
optimally curved mirror for defined reflections, a tunable resonator system is built that improves the
localization of the measurements significantly. After identification of the measurement signals as ECE
opposed to thermal bremsstrahlung, the measurement system is calibrated with the hot-cold method.
Although only about 0.2 % of the black body intensity is emitted from the optically thin plasma the
temperatures obtained from the ECE diagnostic could be verified by Langmuir probe measurements.
In the second part, numerical investigations of electron trajectories in the 3D magnetic field of TJ-K
are employed to study their dependence on the kinetic particle energy. The trajectories form drift
orbits which depend on the speed and orientation of the electron compared to the magnetic field. To
what extent electrons on larger drift orbits collide with the vessel wall and thus contribute to toroidal
net currents is investigated using simulations with different velocity distributions. It becomes appar-
ent that especially electron populations additional to the thermal distribution at higher energies like
for instance 1 keV, superthermal electrons, can result in large toroidal net currents. Already thermal
electrons with typical energies of 10 eV provide numerically toroidal net currents that are comparable
to the experimentally observed currents. The installed ECE diagnostic allows for temporally resolved

measurements of local radiation temperatures for correlation with toroidal net currents.






List of symbols

The number sign # as prefix indicates the number of a measurement at TJ-K, which is counted
according to the lab book with absolute numbers regardless of the current measurement campaign.
These numbers are also called shot numbers which originates from the short measurement durations
of tokamak experiments.

The alphabetic symbols used in this thesis are listed in the following two tables for Latin and Greek

symbols, respectively.

Latin symbols

Symbol Description
a grid constant of the FDTD simulations
Qe distance from coax coupler pin to the coupler flange
an exponent parameter in the 1D density profile regression
ay, as semiaxes of the polarization ellipse
A area
Ay, Ay transition probabilities for spectral line a and b
Aprobe surface of the plasma-exposed probe tip of a Langmuir probe
b measurement bandwidth of the ECE diagnostic
be distance between coupler flange and origin of the movable wall at d. =0
B, B static background magnetic field, magnetic field of a microwave
Ba. magnetic field strength at the magnetic axis at port O5
c speed of light in vacuum

relative position between last closed flux surface and vessel wall

de position of the tunable short of the diagnostic resonator
e elementary charge
E, electric field of an electromagnetic wave
E time-variant electric field of a signal
E electric field amplitude of a signal
E,., By excitation energy corresponding to the spectral lines a and b
fy fas o frequency, frequencies of spectral lines a and b
fees fpe electron cyclotron frequency, electron plasma frequency
fum, fr upper hybrid frequency, right-hand cutoff frequency
far(0) Maxwellian probability density function
F force
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Lorentz force and its components in x and y direction
centrifugal force

gain factor (of an amplifier) (chapter 4)

statistical weight of spectral line a and b

Gaussian random number (chapter 5)

Planck’s constant

first grid point index in the FDTD simulations
microwave intensity (chapter 4), toroidal net current (chapter 5)
current at a Langmuir probe (section 3.4.3)

electron current, ion saturation current, electron saturation current
toroidal net current from a monoenergetic population
intensities of spectral lines a and b

second grid point index in the full-wave simulations
emissivity of harmonic 1

current density

third grid point index in the full-wave simulations
Boltzmann constant

harmonic number

mean free path

path length of the interferometer signal

gradient length of the magnetic field

rest mass, electron rest mass, ion rest mass

electron density, ion density, neutral particle density
refractive index

number of modes in a resonator cavity

neutral gas pressure (before a plasma discharge)
probability

microwave heating power

power emitted by thermal bremsstrahlung

ECE microwave power emitted at harmonic [

time-integrated measured power, received fluctuating power at the analyzer

Rayleigh-Jeans power

resonator quality factor, of the diagnostic resonator and the TJ-K vessel

contributions to the measurement signal, in front of the antenna,
@ in the entire torus and at grid point (i,j,k)

coordinate along the minor radius of the torus

position vector like in ¥ = (z,v, 2)

minor radius of the toroidal vacuum vessel, 7o = 0.175m for TJ-K

effective reflection coefficient in the diagnostic resonator for one round trip

ratio of the current through the vertical and helical coil of TJ-K
coordinate along the major radius of the torus

curvature radius vector of the magnetic field
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major radius of the toroidal vacuum vessel, Ry = 0.6 m for TJ-K
(approximately) vertical and horizontal ECE mirror curvature radii
position of vessel and last closed flux surface along the major radius
microwave propagation path

time, points in time

energy decay time of the diagnostic resonator and TJ-K as resonator
electron temperature, ion temperature (in Kelvin)

black body temperature, radiation temperature

transform of a velocity distribution

Stokes vector describing the polarization of a wave (see section 4.5)
uniformly distributed random numbers, in section 5.1.3

number of argon or helium discharges used in the evaluation

voltage

velocity

drift velocity, curvature drift velocity, gradient drift velocity

speed parallel and perpendicular to the background magnetic field
thermal speed (the most probable speed in a 3D Maxwellian distribution)
phase speed of an electromagnetic wave

volume

volume of a torus with TJ-K size

beam radius, beam waist

kinetic energy, perpendicular and parallel to the background magnetic field
horizontal coordinates in a Cartesian coordinate system (see section 3.1)
vertical coordinate in Cartesian and toroidal coordinate systems
coordinate along the axis of the antenna in section 4.3.1

beam waist position relative to the antenna aperture

Greek symbols

Symbol Description
« absorption coefficient
% Lorentz factor
0 skin depth (length an electromagnetic wave penetrates a medium)
€0 electric field constant
n pitch angle of an electron 1 = arctan (’UJ_/U”)
0 poloidal angle
(C] observation angle of the diagnostic compared to the magnetic field vector
K shape function of the 1D electron density profile
A A wavelength, wavelength inside a waveguide
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Coulomb logarithm

magnetic permeability, vacuum permeability and relative permeability
charge density

Larmor radius

electric conductivity, as tensor and scalar

electron-neutral collision cross-section

effective electron-neutral collision cross-section in argon and helium
collision time

optical depth

electron-electron collision time, parallel and perpendicular
electron-ion collision time, parallel and perpendicular

electron-neutral and total collision time

particle confinement time, energy confinement time

phase of an electromagnetic wave

toroidal angle

floating potential, plasma potential

shape function of ECE emissivity and absorption for harmonic number [
elliptization angle of the polarization

polarization angle

angular frequency, angular electron plasma frequency
angular electron cyclotron frequency, of harmonic [

solid angle
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1 Introduction and objective

The diverse applications of plasmas include a variety of technological purposes [1] like etching, surface
activation, coating, chemical reactions and medical purposes [2| like sterilization or plasma coagulation.
Research in fusion plasma physics concentrates on the use of plasmas in the generation of electricity
by the fusion of two light atomic nuclei. The fusion reaction with the highest reactivity is the fusion

of deuterium and tritium into helium |[3]:
H + H— 3He(3.5MeV) + n(14.1MeV).

The deuterium-tritium-fusion as illustrated in figure 1.1 generates huge amounts of kinetic energy in
the form of a fast helium ion and a fast neutron without directly generating radioactive waste with

enormous decay times like in fission.

deuterium helium (3.5 MeV)

Q

fusion

-

neutron (14.1 MeV)
tritium

Figure 1.1.: Illustration of a deuterium-tritium fusion reaction.

The rate of fusion reactions depends on the ion density n;, which determines the number of possible
fusion partners, and the ion temperature T;, which is of special interest since fusion reactions need a
large temperature to provide for the activation energy of the reaction. Because a fusion reaction is the
combination of two nuclei into one and nuclei are always positively charged, the Coulomb repulsion
of nuclei is an opposing force. Assisted by the tunneling effect, not the entire barrier potential has
to be delivered as kinetic energy but still large temperatures are needed to reach sufficient tunneling
probabilities. Matter with sufficiently high temperatures is in the plasma state with high degrees of
ionization. In order to realize a fusion power plant, high rates of fusion reactions are necessary to
ensure that more energy is released than needed to sustain the plasma at high temperatures. The
helium ion that is produced in a fusion reaction can be captured in a magnetic cage and its energy
can be used to support the heating of the plasma through collisions. To deploy this heating efficiently,
the energy confinement time 7g in the plasma should be large. The neutron, however, has no electric

charge. For this reason, it does not react to magnetic forces and can leave a magnetically confined
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1. Introduction and objective

plasma. Its energy can be converted outside the plasma to generate electrical power.
The conditions for a fusion power plant require sufficient heating through the helium ions that leads
to a self-sustained operation, called a burning plasma. This is possible when the three parameters ion

density, ion temperature and energy confinement time fulfill the Lawson criterion [3]
n;TekgT; > 5 - 10 eV s m_s,

with the Boltzmann constant kg. Fusion of deuterium and tritium can be reached in toroidal vacuum
vessels with magnetic fields that provide the confinement. The necessary confinement times are possible
when the magnetic field forms closed surfaces with a constant magnetic flux on them, therefore called
flux surfaces. On these flux surfaces, the charges are confined inside the vessel. A toroidal magnetic
field but also a twist in the field lines by a poloidal component is needed for stable conditions since a
purely toroidal field geometry gives rise to electric fields that generate outward charge transport [4].
The experimental concepts of stellarators and tokamaks realize such magnetic cages. A tokamak as
shown in figure 1.2 generates the toroidal field using vertically aligned field coils that are distributed

toroidally and are labeled “toroidal field coil” in the illustration.

transformer coil

plasma current

o _ plasma toroidal field coil
magnetic field line

Figure 1.2.: Illustration of a tokamak setup, adapted from [5].

Another coil acts as the primary coil of a transformer using the plasma as the secondary coil giving
rise to a toroidal current in the plasma that generates the poloidal field. These two field components
add up to a helical field and a magnetic cage is generated that confines the plasma. Further vertical
field coils are used to set the position of the plasma in the vessel.

A stellarator achieves the magnetic confinement with closed flux surfaces without a toroidal plasma
current. Instead of a transformer coil, helical field coils generate the twist in the field lines from the
outside. Therefore, no ramped current in a transformer coil is needed to induce a current in the plasma
which makes the continuous operation of stellarators possible. In fusion reactor conditions a strong
energetic coupling between electrons and ions leads to comparable electron and ion temperatures [4].

Therefore, the commonly used electron cyclotron resonance heating that in the first place heats up
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the electrons, indirectly also heats the ions. Consequently, one of the main parameters of a plasma is
its electron temperature as a factor to reach high ion temperatures and as the quantity that receives
the heating power. Today most fusion-related plasma experiments are equipped with sophisticated di-
agnostic systems measuring electron temperatures from electron cyclotron emission (ECE) [6]. These
diagnostics analyze the radiation that is emitted from the gyration of electrons around the magnetic
field lines in a magnetically confined plasma like those of stellarators and tokamaks. The evaluation of
the emission spectrum delivers time-resolved temperature profiles along the line of sight of the diagnos-
tic and it can also be used to detect superthermal electrons [6,7]. In operation close to fusion parameters
such non-invasive diagnostics can be employed in conditions that would harm temperature probes and
hereby pollute the plasma. ECE diagnostics have proven a reliable source of temperature data as the
results showed repeatedly good agreement with Thomson scattering measurements [8,9] and ECE is

even used as a reference diagnostic for temperature measurements using Thomson scattering [10].

Without an ECE diagnostic at TJ-K, electron temperatures were routinely measured using Langmuir
probes (see section 3.4.3). This allows for localized time-resolved measurements at the tip of the probe.
Temperature profiles can be retrieved by simultaneously using spatially separated probes in the plasma
or by moving a single probe. The measurement of a time-resolved temperature profile by means of the
analysis of an ECE frequency spectrum has the advantages of having no components in the plasma
and no moving parts. An optical diode (section 3.4.2) can also be used to gain information about
the electron temperature. The setup at TJ-K images the optical emission of the plasma to one diode.
Thus there is no spatial information contained and only volume integrated data is available. The same
argument applies to the occasional UV-VIS spectroscopy measurements that can also indicate electron
temperatures as described in section 3.4.2. An ECE diagnostic system combines the advantages of
Langmuir probe measurements and of the optical temperature diagnostics available at TJ-K, namely
localized measurements of non-invasive nature.

In addition to temperature measurements, ECE diagnostics show distinct changes in the emission
spectrum when the velocity distribution of the electrons in the plasma is not purely Maxwellian but
contains a superthermal contribution [6,7,11]. The trajectories of such superthermal electrons lie on
drift orbits. The examination of their contribution to previously observed toroidal net currents [12,13|
constitutes a further motivation of the usage of an ECE diagnostic for TJ-K. The objectives of this

work are therefore:

e to design, build and use an ECE diagnostic for the optically thin plasmas of TJ-K for temperature

measurements, and,

e to investigate numerically the toroidal net currents that are possible from superthermal electrons
in TJ-K.

The structure of this thesis is as follows (compare figure 1.3): at first, the current state of science and
technology is sketched in chapter 2 and the properties of the stellarator TJ-K that are important for
ECE measurements and toroidal net currents are presented in chapter 3. The electron temperature
measurements and the detection of superthermal electrons are connected as the capabilities of ECE
diagnostics. They thus form the two main parts, chapter 4 and 5, of this thesis. Finally, chapter 6

summarizes the outcome of ECE investigations at TJ-K and adds some ideas for further research.
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Figure 1.3.: Diagram of the thesis structure.




2 State of science and technology

Diagnostics measuring the ECE are widespread in magnetic confinement fusion research because of
their benefits and the few requirements: only optical access to a magnetically confined plasma, pref-
erentially with a monotonous magnetic field gradient, is needed. Due to the wide range use, ECE
diagnostics are adapted to many different conditions but are mainly used in toroidal devices for tem-
perature profile measurements and to perceive superthermal electrons. In addition, they can be used
for density profile measurements [14], temperature fluctuation measurements, drift wave studies [15]
or to measure the direction of the magnetic field [6,16]. Extensions to measure temperatures in two
dimensions, called ECE imaging, are under current development and require further theoretical ex-
planation [6]. Typically, the ECE diagnostic is composed of a highly-directive antenna at the outer
side of the device (the low-field side, LFS, where the magnetic field strength is small) that collects
the microwaves, a set of bandpass filters that split the signal into separate channels, amplifiers and
semiconductor detectors [9,17-19]. There are also setups using interferometers [8| or scanning hetero-
dyne semiconductor receivers [20| for the spectral analysis. The frequency in the spectrum corresponds
to a spatial region in the plasma, determined by the local magnetic field strength, and the detected
power can be related to the radiation temperature. Together, this information is then used to obtain
the temperature profile along the line of sight. Observation of the emission is regularly performed at
harmonics of the X-mode [16,21] where the polarization of the ECE is perpendicular to the background
magnetic field as this is the dominant emission polarization [22]. Equipment for power detection and
spectral analysis was already well developed in the 1980s [16] while especially for small experiments
the design of an antenna with a suitable directivity is a challenge. Because knowing the ECE’s path
is essential for the interpretation of the radiation transport [16], ray tracing simulations with program
packages like TRAVIS [23], ECRad! [24], TRECE [25], RAYS [26] or many more are used to translate
the radiation intensities to electron temperatures and, finally, to a temperature profile. When the
power received by the antenna is not only due to ECE propagating directly from the plasma to the
antenna, a plain mirror approach is used to model the ECE path including reflections at the vessel
wall. Such models can be either described by a geometrical series [21,24,27-29| or are simply solved
in the ray tracing simulations with only a few passes of the line of sight through the plasma [23]. In
small vessels like in TJ-K, the walls are strongly curved compared to the beam size of the antenna and
wavelength of the ECE such that the plane mirror approximation is not valid. In such cases, a beam
dump opposite the antenna is considered essential to use optically thin harmonics [21] but microwave
absorbers then need to cope with the microwave heating power or have to be shielded against it. Fur-
thermore, beam dumps have been ascertained as not completely effective [6]. Another option for small

devices with optically thin plasmas is the use of a curvature-optimizing mirror at the inner wall. In

! working title, name unpublished.
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2. State of science and technology

the literature, no realization of such a mirror was found and this work describes the first investigations
of such a mirror, installed in the small-scale stellarator TJ-K.

The system is commonly calibrated using a black body radiation source at two different temperatures
(hot-cold method) [6, 16, 18, 28, 30| but also calibrated emitters or calibrated power meters can be
used [6]. In many cases, the waveguide can be switched to the calibration source by use of a mirror
[8,28,31] for in-situ calibration. Accessibility and moderate dimensions of the diagnostic at TJ-K allow
for a calibration detached from the vessel. For ITER it is planned [32] and in other experiments it is
routine [16,21,30] to use a rotating mirror (chopper) that periodically switches between a hot and a
liquid nitrogen (LN2) cooled reference but also continuous measurements of the reference sources are
common in radiometer calibration [33].

Often the plasmas are optically thick which has the advantage that the intensity of the ECE is then
independent of parameters other than the electron temperature, like the electron density [34]. But
even in optically thin plasmas, the electron temperatures are normally obtained from a linear depen-
dence on the radiation intensity of the second or higher ECE harmonics [21,28|. For this analysis, the
optical depth 7 needs to be in the vicinity of 1. Typical values for the optical depth in thin cases are
of the order of 0.2 [21] or 0.5 [28]. ECE measurements at the stellarator WEGA [18] operated with
an extremely low measured optical depth of about 8 - 1072 and the expected optical depth for the
diagnostic at TJ-K is extraordinarily low at 2 - 1073,

High-temperature plasmas show strong ECE from several harmonics. When these harmonics have a
frequency overlap an evaluation of the temperature is very problematic and therefore the profile mea-
surements are restricted to the regions without harmonic overlap which for example costs half of the
radial profiles in JET [16], the largest tokamak in the world. Also for future experiments and fusion
power plants the overlap is a subject of current investigations as higher temperatures increase the
overlap due to strong relativistic broadening [6]. In optically thin measurements this problem is not
present as then the higher harmonics emit only insignificant power. Instead, optically thin plasmas
come with the difficulty that multiple complicated reflections of the microwaves in the vessel occur
because the plasma is thin enough that the diagnostic sees through it. Furthermore, the contribution
from a population of superthermal electrons to the measurement signals is in thin plasmas too strong
to allow for density measurements [16]. When the optical depth is only moderately low, the electron
temperature is obtained from the knowledge of the optical depth. Transmission measurements with
a highly-directive emitter at the high-field side and an equally directive ECE antenna can be used to
measure 7 and make temperature and density measurements possible [16,18]. Because of the extraor-
dinarily low optical depth in TJ-K, the nature of radiation transport is investigated prior to using
models for typical ECE diagnostics. By comparison of the emission in X-mode and O-mode, where
the polarization is parallel to the background magnetic field, the direction of the magnetic field can be
probed only in devices without polarization scrambling that occurs from multiple reflections [22,22,35]
in optically thin plasmas or from the plasma itself. Only in high-temperature plasmas, these problems
can be avoided by using higher harmonics as they react less to the plasma and are simultaneously
strong enough for measurements [16].

Additional to temperature measurements, ECE diagnostics are often used to gain evidence of superther-
mal electrons. A quantitative understanding of their impact on ECE signals is only possible when they

appear with a low percentage [16]. Superthermal electrons lead to an intense broadband emission
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that has a more intense impact in the case of an optically thin plasma such that smaller deviations
in the velocity distribution are visible [6,7]. As soon as the velocity distribution is not Maxwellian,
neither a temperature is defined nor the emission theory based on Kirchoff’s laws may be applied [36]
and therefore the strong reaction to superthermal electrons in optically thin plasmas is beneficial for
recognizing the operating regimes: non-Maxwellian velocity distributions are easy to identify.

In addition to the development of ECE diagnostics, current research also further investigates aspects
of the cyclotron emission itself, like its contribution to the power loss of fusion plasmas [6].

Toroidal net currents were found using Rogowski coil [37,38] measurements both in TJ-K [12,13] and
the WEGA stellarator where their existence was explained from drift orbit effects of superthermal elec-
trons [39]. This connection is picked up and investigated in simulations of electron trajectories with the
parameters and geometry of TJ-K. The equation of motion for the guiding center of even relativistic
electrons is theoretically discussed for drift orbits in nested flux surfaces [40,41]. The generation of
superthermal electrons in WEGA was explained by electrons being accelerated by the wave field in

front of the antenna of the microwave heating 39, 42].
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3 Setup of the stellarator TJ-K

Plasmas for fusion-related research are often generated in toroidal experiments with magnetic field
coils. The magnetic fields generated from electric currents in the coils are capable of the deflection of
electric charges, like the electrons and ions in a plasma, without contact. Sophisticated setups allow
for magnetic field structures that keep the plasma confined in a vessel without the plasma colliding
with the vessel wall. This is achieved by the formation of magnetic flux surfaces, 3D surfaces with
cross-sections through which the magnetic flux is constant. The electrons and ions in a plasma are
confined on these flux surfaces but the charges can move along the field lines on them. Therefore, it is
convenient to bend the flux surfaces toroidally together such that closed nested surfaces are formed.
Mainly two basic concepts of toroidal magnetic confinement setups are used: the tokamak and the
stellarator (see also section 1). The main experimental setup that is used during this work is a stellara-
tor called TJ-K that is located at the Institut fiir Grenzflichenverfahrenstechnik und Plasmatechnologie
(IGVP) in Stuttgart after it was first put into operation in Madrid and later transferred to Kiel.

A helically twisted field coil around the torus generates the toroidal (along ¢ in figure 3.1) and the

poloidal (perpendicular to ¢) magnetic field components simultaneously.

2D probe unit
Port O6

Port O1

Optical diode
Port T5

ECE diagnostic
Port O5

- " [ 5 Vertical field coils

Interferometer Gas valve
Port O4 Pressure gauge
Mass spectrometer
2.45 GHz Port T3
Magnetron

Port B4

Figure 3.1.: Schematic top view of TJ-K with the diagnostics used for ECE measurements, indication
of the port numbering and definition of the x- and y-axis and the toroidal angle ¢. The
z-axis points out of the plane.
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3. Setup of the stellarator TJ-K

In order to compensate for the vertical contribution in the magnetic field that is also generated by the
helical field coil, another set of vertical field coils is employed. In total, this setup generates magnetic
field lines that form nested magnetic flux surfaces that are capable of confining a plasma.

In the case of TJ-K, which is shown in a top view in figure 3.1, the helical coil winds six times evenly
around the toroidal vessel. This leads to a six-fold symmetry of the magnetic field structure. The
toroidal vacuum vessel of TJ-K has four port types and six toroidally evenly distributed ports of each
type. At each port of the same type, the geometry of the magnetic field and the plasma is the same.
The different port types, top, bottom, inner and outer port, are at completely different geometries. The
numerous ports are used for heating, the vacuum pump and offer easy access for various diagnostics.
In the following sections, the coordinate systems that are employed are described and then used to

provide details about the vessel, the plasma and the magnetic geometry of TJ-K.

3.1 Coordinate systems

Points in a toroidal system can be referenced in a variety of coordinate systems. A Cartesian coordinate
system with orthogonal axes x, y and z is used with the axes chosen in a right-handed system with the
vertical z-axis pointing upwards and the z-axis pointing from the torus center through the first inner
port I1 (see figure 3.1).

Often it is helpful to reference a point in a poloidal plane. Two systems are useful that are both

illustrated in figure 3.2.

e

-

Figure 3.2.: Vertical cut through a schematic torus showing two poloidal cross-sections with the poloidal
angle 0, the poloidal radius r, the large radius R, the major torus radius Ry, the vertical
coordinate z and the toroidal angle ¢ being indicated.

Since a poloidal plane is defined by the toroidal angle ¢, counted from port I1 counter-clockwise from
a top view, two spatial coordinates remain to be defined. One way is to specify the vertical coordinate
z in this plane and the coordinate R along the major radius.

Another option is to use a polar system in the poloidal plane that has its origin in the center of the
circular poloidal cross-section. The polar angle 6 is counted from the outboard side clockwise and the

distance from the poloidal center is called 7.

3.2 Shape of the vacuum vessel

TJ-K is a medium-sized stellarator with a toroidal vacuum vessel made out of stainless steel 316L. The

major torus radius Ry is 60 cm and the minor radius rg is 17.5 cm. There are four types of cylindrical
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3.3. Magnetic field

ports to access the vessel: bottom (B), top (T) and outer (O) ports have a diameter of 250 mm while
the inner ports (I) are smaller due to the lack of space between the windings of the helical field coil
towards the torus center. Inner ports have a diameter of only 63 mm. As visible in figure 3.1 the
coordinate systems are chosen such, that the x-axis and ¢ = 0° go through the inner port 1 (I1) and
the y-axis through port O5. Every 60° the next port of the same type can be found, up to port number
6. For historical reasons, the port numbering is clock-wise, therefore the outer port O1 is located at
330°, the top port T1 at 310° and the bottom port Bl at 350°. The ports are used for diagnostics,
heating systems and the vacuum pump while unused ports are either closed with metal blank flanges or
windows. With the different use of ports and the flexibility of the setup of TJ-K the exact vessel shape
as it is experienced by microwaves propagating in the vessel is complex and changing from experiment
to experiment. The shape of the flux surfaces is in contrast not sensitive on a change from a blank
flange to a window or the addition of a port extension. Therefore, the shape of the confined plasma
is not influenced by such changes. Due to the toroidal shape, from the inside, the vessel wall has a
convex-concave curvature at the central column and a concave-concave curvature towards large R as

illustrated in figure 3.3.

X

&
SN
AN

%o

Figure 3.3.: Perspective illustration of the vessel curvatures. The red vessel section (left) shows the
curvature at the inner column and the green (right) section shows the curvature at the
outer wall. Rays indicate the curvature vectors in the vertical (black) and horizontal (blue)
plane: the poloidal center (black) and the toroidal center (blue).

In the concave-concave case (green and right in figure 3.3) as it occurs at the outboard side in the
vacuum vessel (low-field side), both the horizontal and vertical curvature centers are located at the
same side of the surface: towards the torus center. For the surface at the high-field side (red, left)
the horizontal curvature center at the torus center is behind the vessel wall but the vertical curvature
center, the center of the poloidal plane, is in front of it in the vacuum chamber. The effects of different

curvatures of the vessel wall for the ECE diagnostic are discussed in section 4.3.2.

3.3 Magnetic field

The coil system of TJ-K is fed from a high current supply with the currents that are needed to generate
the magnetic field for the confinement of the plasma. A total magnetic field strength of By, =~ 0.27T
on the magnetic axis, the center of the nested flux surfaces, is used in this work. This magnetic field

is reached with about 1140 A nominal current from the power supply at approximately 400 V. The
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3. Setup of the stellarator TJ-K

current is then distributed to the helical and the vertical field coils with a tunable current ratio r,;. For
standard operation, a current ratio of 57 % is used at TJ-K, which is the only ratio for all measurements
and simulations in this work. The choice of the current ratio determines the radial position and shape
of the flux surfaces formed by the magnetic field. Those are the tube-like 3D surfaces, shown in red in
figure 3.4, with cross-sections of constant magnetic flux. Their shape is essential for the plasma since

they define the behavior of charge motion in it.

outer port inner port
20 prrrrrTTEETTTEr T A R 20 prrererrr T T

zincm
o
T
&2
I

TRRETURTE TRRTRRTRU NIRRTURIRU RUTRUUIE:
2% 50 60 70 80
Rincm

Figure 3.4.: Scheme of TJ-K with a cut-out. The vessel and coils are shown in gray and flux surfaces
are indicated, also with a cut-out, in red. At the blue discs, poloidal cross-sections of the
flux surfaces are plotted. The positions of the discs correspond to the different port types.

The flux surfaces do not have an exact toroidal shape but show extrusions away from the coils towards
the ports. Therefore, the magnetic axis moves downwards when the position is followed from a top
port past an outer port towards a bottom port. The magnetic field line at the center of the plasma
and the center of the major diagnostic port type discussed here, the outer port, is tilted by about
14.3° with respect to the horizon. Simultaneously, a twist of the magnetic field lines is needed like in
the tokamak configuration shown in figure 1.2. Therefore, the orientation of the magnetic field vectors
varies systematically but in various directions. In a cylindrical volume from the outer port towards
the inner wall, the direction of the magnetic field has a root mean squared variation of about 8.2°.

Due to the Lorentz force
FL = —elU X é,

that acts perpendicular to the magnetic field B and the velocity ¢ when an electron with charge —e
moves in a magnetic field, the movement perpendicular to the field lines is limited to the resulting
circular motion, the gyration. Gyroradius and Larmor radius are both used in the literature as terms
for the radius of the circular motion in the plane perpendicular to the magnetic field. Parallel to the

field line, the Lorentz force has no influence, leading to free motion with high mobility in this direction
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3.3. Magnetic field

while the motion from one to another flux surface is limited by the gyration. The high mobility
of charges parallel to the field lines results in efficient equilibration of density and temperature on
flux surfaces. Thus, density and temperature can be considered constant on flux surfaces as a first
approximation [4]. Still, fluctuations and perturbations on the flux surfaces are possible. The flux
surfaces in a stellarator have a complex shape with changing cross-section shapes and centers along
the toroidal angle. With a constant density on the flux surfaces, the vertical cuts in figure 3.4 that
are called poloidal cross-sections also show the 2D structure of the density and temperature profile
in the confinement region for the four port types. How the density and temperature vary from flux
surface to flux surface can be determined with 1D measurements as it is done in section 4.2.3. Bottom
and top ports, therefore, have an asymmetric density structure for a diagnostic’s perspective viewing
from below or above, respectively. At inner and outer ports the density is much closer to symmetric.
Refractive effects of the plasma on microwave diagnostics at these ports are therefore less complicated.
The absolute value of the magnetic field in a poloidal cross-section at an outer port is shown in figure
3.5. In this plane, the field strength is close to up-down symmetric with respect to the R-axis and
the lines of equal strength are only slightly curved. The toroidal component of the magnetic field

dominates and is orientated in the same direction as ¢.
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Figure 3.5.: Absolute value of the magnetic field for a current of 1140 A and a current ratio of 57 % in
the poloidal plane of an outer port. The vessel is indicated as a black circle.

The radial change of the absolute field at z = 0 m can be approximated in the confinement region by a
1/R dependence as shown in figure 3.6. If also the region outside the plasma is needed, a combination
of two exponential decay functions is appropriate but adds complexity to the description and is not
needed in this thesis. The derivative of the absolute magnetic field with respect to the major radius is
also described accurately by this regression as can be seen on the right side in the figure. The resulting

gradient length Lp in the confinement region is

ool

Lp:= Jﬂ = —(0.27 +0.02) m, (3.1)
d

i

=y
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3. Setup of the stellarator TJ-K

which is independent of the coil current as long as the current ratio is kept at 57 % because the magnetic

field strengths and its gradient both are proportional to the coil current.
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Figure 3.6.: Absolute value of the magnetic field and its gradient along the major radius at z=0 for
the outer port O5. The dotted lines show regression curves with a =~ 0.350 T/m and
b~ —0.311T . Within the limits of the confinement region (thick gray vertical lines) there
is a good agreement between the regression and the numerically calculated values.

Together with the large port diameter and the symmetry with respect to the R-axis, the outer ports
are the best choice for an ECE diagnostic at TJ-K.

When a poloidal cross-section is analyzed, the changing shape and center along ¢ determine the required
accuracy in the toroidal angle. To convey an impression of the sensitivity, figure 3.7 shows to what
extent the toroidal angle changes the vertical position of the upper turning point and the horizontal
position of the outer turning point of a cross-section of the same flux surface around the outer port

05 at ¢ = 90°.
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Figure 3.7.: Vertical shift of the upper turning point and horizontal shift the outer turning point of a
flux surface compared to the flux surface at ¢ = 90° (port O5).
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3.4. Employed TJ-K diagnostic systems

The vertical shift is stronger than the horizontal shift in the direction of the major radius. The required
accuracy of simulations and of the adjustment of experimental setups can be derived from these plots:
for angular uncertainties of 6- 1072 degrees that appear in the electron trajectory simulations with step
sizes of 5-107%m in chapter 5, the shifts are both below 0.17mm. A difference of one degree already
leads to vertical shifts of about 3 mm.

All the previous descriptions apply to perfectly aligned magnetic field coils at TJ-K but a slight
misalignment of the order of few millimeters of the field coils was found comparing experiments and
simulations [43]. For more realistic results, simulations use the magnetic field configuration with the
slightly modified field geometry unless the ideal symmetry is needed. The use of the idealized coil
geometry is then indicated. Without idealization, the geometry is not exactly six-fold symmetric but

the simulations are closer to experimental conditions.

3.4 Employed TJ-K diagnostic systems

3.4.1 Interferometer

A standard microwave diagnostic is an interferometer which delivers information about the integrated
electron density along its line of sight. This diagnostic is a first example of the propagation of electro-
magnetic waves in a plasma. A microwave is split into a probing wave that is led through the plasma
and a reference wave without plasma contact. From the phase difference of the probing wave and the
reference wave, the line-averaged electron density of the plasma can be calculated. In this section, the
case without an influence of the background magnetic field is described which can be applied to the
interferometer at TJ-K [44] as it works with a wave predominantly in O-mode where this influence is
negligible. The refractive index N and therefore also the phase speed vy, of the electromagnetic wave
are like in the case without background field. The phase speed of a wave with angular frequency w in

a plasma with electron density n. is given by [4]

C C
Uph = N = 72, (32)

nee?
gome’

with the vacuum speed of light ¢, the electron plasma frequency wpe = the electron rest mass
me, elementary charge e and the electric field constant €y. The phase speed is larger than ¢, hence a
phase difference Ay occurs even if the paths of the reference wave and the probing wave are equally
long. The time that a phase front needs to pass the plasma t; = L/vpy, is therefore shorter than for
propagation of the same length L in vacuum ¢ty = L/c. Since the frequency stays constant, the probing

wave and the reference wave would reach the point behind the plasma with the phase difference
A(,O =W - (to — tl) . (33)
The combination of equations (3.2) and (3.3) results in

_wL(y e
C w

Ay (3.4)
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As the interferometer frequency needs to be far above the plasma frequency in order to penetrate the
2

plasma, the square root can be written as a second order Taylor series around L:f’; =0:
2 2
|- e g e
w? 2 w?
The resulting phase difference is
L nee?
Aprr — =, (3.5)
2cw  ggme

The electron density of the plasma was assumed to be constant. In reality, the plasma has a density
gradient, which is accounted for by integration, leading to the diagnosis of the line-averaged density

ne. From the phase difference of the two waves the line-averaged density can then be calculated as

L
Tle ::/O ne% = %Agp. (3.6)
Since in practice the paths are not equally long, the change of the phase difference from the state
without plasma to the state with plasma is evaluated.

At TJ-K the interferometer operates at 64 GHz. The probing wave is reflected at a mirror which is
mounted at the inner vessel wall. In this setup, it has to be accounted for the probing wave passing the
plasma twice on its way, to the mirror and again on its way back. The absolute phase shift caused by the
plasma can then be obtained by comparison of the interferometer signal during the plasma discharge
to the signal without plasma. The high frequency of the wave and the fast electronic components allow
for measurements of the line-integrated density with a time resolution of about 10 us. Therefore, also
line-averaged density fluctuations or the evolution of the density during the extinction of a plasma can
be measured. With this setup, a line-averaged density of up to 1.4 - 10'* m™3 can be detected within
the phase difference range from 0 to 27. Larger densities can be detected by counting the fringe jumps
when a phase shift of 27 is reached [45].

3.4.2 Optical diode and spectroscopy

Atomic and ionic transitions in the plasma are excited by collisions with electrons, neutrals and ions.
The resulting emission from the relaxation of the atoms is in the visible and near UV wavelength
regime. Both, the overall intensity in the visible range and the intensity of specific lines can be used
to obtain information about the electron temperature.

The optical diode that is installed at top port T5 of TJ-K is a Siemens BPX 61 Si PIN diode. It
detects wavelengths in the range from 400 nm to 1100 nm with a broad FWHM angular sensitivity of
110°. Like in a photovoltaic cell, incoming photons generate charges which form a current that is over
a wide range proportional to the incoming intensity.

Emission from TJ-K plasmas in the optical range is mainly generated by relaxation of ions and neutrals
that are excited through collisions with electrons [46]. Figure 3.8 shows for the typical thermal energies
of TJ-K that the intensity in the optical range depends strongly on the thermal energy of the plasma.
The emitted intensity monotonously increases with higher plasma temperatures. This relation can be
used inversely when the density is constant and no stray signals are present. Therefore, the signal from

the optical diode indicates the electron temperature of a plasma in thermodynamic equilibrium.
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Figure 3.8.: Relative emitted intensity of the main spectral lines of a helium and an argon plasma for
different thermal energies based on data from the NIST ASD [47].

The diode is shielded from ambient light and a metal mesh is fixed on the vacuum window that pre-
vents microwaves from sources like the heating system or the plasma itself from passing. Plasmas
with kpT. < 4eV emit only very low intensities with a comparatively flat temperature dependence.
Therefore, temperature investigations in this range would require a highly sensitive diagnostic.

The field of view and wavelength integration of the optical diode result in a signal that indicates the
average, density-weighted electron temperature. No spatial resolution is available and absolute tem-
peratures are not provided directly but the time resolution is excellent. Dominated by the amplifier
reaction time, time resolutions down to 12 us are available with the current amplifier setup.
Measurements with a spectrometer additionally contain information about the wavelength of the emis-
sion. By evaluation of the relative intensities of two spectral lines, a and b, of the same ion the electron

temperature of a plasma in local thermodynamic equilibrium can be derived [48,49]:

Ea_Eb

ks o (22547

T, =

(3.7)

where kp is the Boltzmann constant, E, ; are the excitation energies of line a and b, A, the transition
probabilities, g, 5 the statistical weight of the lines, f, ; the frequencies and I, j the measured intensities.
All but the measured line intensities is available from databases like the NIST Atomic Spectra Database
(ASD) [47]. Spectroscopic measurements can be used to obtain temperature profiles when sufficient
spatial information is acquired and Abel inversion, see e.g. [50], or a similar technique for more complex
geometries, is used. The time resolution of temperature profiles is limited by the scanning speed, both
in wavelength and space. At TJ-K, spectrometric measurements are only used in dedicated experiments

and without spatial resolution or high temporal resolution with no permanent setup [46,51-53].

3.4.3 Langmuir probes

Langmuir probes are currently the standard diagnostic for temperature measurements at TJ-K. The
probes consist of an electrically insulating tube with a wire within. At the tip of the probe, the wire

protrudes into the plasma. This works as an electrode with electrical contact to the plasma while
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3. Setup of the stellarator TJ-K

the rest of the wire is electrically insulated from the plasma. Outside the vacuum vessel the wire is
connected to a voltage generator and data acquisition such that either current-voltage characteristics,
the floating potential ® ¢ with no external voltage U or the electron or ion saturation currents, I. sq¢
and I; ¢qt, with sufficiently high fixed external voltage can be recorded. A typical current-voltage

characteristic is shown in figure 3.9.
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Figure 3.9.: Current-voltage characteristic of a Langmuir probe, adapted from [54].

In the plasmas of TJ-K, the ion temperature is lower than the electron temperature (7; < T¢) and
the ion and electron densities are approximately equal (n; ~ n.) because the plasmas are largely
singly ionized. Then the number of electrons that reach an unbiased electrode in the plasma over
time is larger than the number of ions, caused by the higher thermal velocity of the electrons. Thus,
the Langmuir probe charges up negatively leading to a negative floating potential ® . The arising
electric field between probe and plasma governs the charge flux to the probe surface Ao and a
Debye sheath forms that shields the probe from the bulk plasma. When an external potential below
the plasma potential ®, is applied to the probe, electrons from the sheath are repelled and ions are
attracted. This leads to an ion current to the probe. Saturation of this current appears for more
negative voltages since the ion flux from the plasma to the sheath is limited. In the case of cold ions, a
pre-sheath forms and the ion sound speed limits the ion supply. Finally, the ion saturation current [55]

kpT.
[i,sat ~ 06671@ %Aprobea (38)

i
can be drawn from the plasma. In the case of a cylindrical probe, the ion current does not strictly
saturate since the bias voltage increases the sheath size [56]. As there is also no ideal saturation of the
ion current in TJ-K measurements, the current at the fixed voltage of U = —99V is used in this work
to obtain relative densities that can be used to measure the profile shape. Absolute density profiles
are obtained by acquisition at several positions and normalization with the line-averaged density that
is obtained from the interferometer. Due to the approximate equality of ion and electron density, the
ion saturation current provides the electron density via equation (3.8) when the electron temperature
is known. The inverse ion plasma frequency determines the time resolution of ion saturation current
measurements [57] which is of the order of 10785 at TJ-K.

In order to retrieve the electron temperature T, from Langmuir probes, the characteristic is needed.

Voltages higher than the floating potential attract electrons and repel ions leading to a negative current,
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that evolves exponentially,

1(U) = Lot - exp (“’;B;U)) , (3.9)

until this current also saturates at the electron saturation current I 44, following the analogous effect

of the ion current,
kpT.
I sat = 0.6ene | —— Aprobe- (3.10)
Me

There is also an analogous exponential contribution for the ion current, but the electron current

dominates the characteristics. The total current I7, in the exponential region is then

koTs e(®, — U)

From a regression in the exponential region, the electron temperature 7, is obtained. This temperature
then can be used to get the density from the ion saturation current. The electron saturation current is
not used as density diagnostic because of its strong dependence on the probe shape, as shown in figure
3.9, that originates in the differing charge trajectories for the probe shapes (see e.g. [56]). In fusion
plasmas, Langmuir probes can only be used in edge regions. The very high temperatures and densities
in the plasma core would be lethal to Langmuir probes. TJ-K temperatures and densities are rather
low for a fusion-relevant experiment. Therefore, Langmuir probes can be used in the entire plasma and
are extensively used in turbulence studies by means of sophisticated Langmuir probe arrays [58,59|.
A 2D-movable probe is available at the outer port O6 that is used to acquire one-dimensional density
profiles for the simulations of electron trajectories (see section 5) and ECE propagation (section 4.2).
This probe is also used to measure temperatures that are compared to temperatures obtained by ECE
measurements. The wire consists of tungsten with a diameter of 0.2mm. The cylindrical tip of the
probe is approximately 2 mm long. The rest of the wire is electrically shielded from the plasma by

means of an Al,Og ceramic tube.

3.5 Microwave heating

A plasma in TJ-K can be generated by accelerating electrons in the electric field of a microwave. When
an electron gains enough energy to ionize an atom before it collides, a cascade of ionizations can be
reached that provides for the charge densities needed for a plasma. Further energy transfer from the
microwave to the electrons also provides for the electron temperatures that are needed for plasma
properties. A very efficient way to transfer energy from the wave field to the electrons is to use a
microwave frequency that equals the gyration frequency of the electrons in the magnetic field of the
confining magnetic cage. This method is called electron cyclotron resonance heating (ECRH) [60]. At
TJ-K microwave sources in three different frequency ranges are currently available:

A magnetron at port B4 operates at the fixed frequency of 2.45 GHz with adjustable output power up
to 3 kW. Due to the low amount of current that is needed to generate the relatively low field strength
for 2.45 GHz resonance, a long operation time in the range of 30-45 minutes is possible before the coil
system reaches its temperature limit. In the 14 GHz range, there is a system of three klystrons that
can be used to heat the plasma [53,61]. The microwaves from two of these klystrons are coupled and

enter the vessel at port T4. The third klystron can be connected via an array antenna at port O2.
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3. Setup of the stellarator TJ-K

For ECRH, very large coil currents are needed to generate the magnetic field for 14 GHz microwaves.
Therefore, this heating scenario comes with short operation times of no more than 45 seconds.

A klystron that operates around 8 GHz is connected via a flexible waveguide and a phased array
antenna to port Ol. The klystron supports 8 different working frequencies in the range of 7.9 GHz
to 8.4 GHz. For the measurements in this work, this system was used and the heating frequency was
chosen to be 8.256 GHz, exclusively. Over the magnetron, the klystron has the advantage of a very
clean emission spectrum. Compared to the 14 GHz system, the 8 GHz system is beneficial because of
the longer operation times due to lower magnetic field currents.

The array antenna that is sketched in figure 3.1 splits the power from the klystron into several wave-
guides with different lengths. Between each pair of neighboring lines, the length differs by 290 mm. At
the antenna aperture, these single delay lines come together with different phases. By superposition,
a horizontally tilted microwave beam is created. When a different microwave frequency is used, the
tilt angle of the heating microwave changes due to the altered phase difference between the lines. In
table 3.1 the emission angles of the antenna are shown for different frequencies where positive angles
are towards port O2 and negative angles towards port O6. Negative angles, therefore, mean that the
propagation of the microwave has a component parallel to the toroidal magnetic field, positive angles

mean that the emission is tilted in the antiparallel direction.

frequency in GHz emission angle in °

7.9 -44.8
8.0 -28.4
8.1 -8.1
8.2 9.2
8.3 24.7
8.4 42.7

Table 3.1.: Emission angles of the 8 GHz array antenna for different frequencies [62].

As the dependence on the frequency is almost linear in this region, for the klystron frequency of
8.256 GHz used in this work the emission angle is about +18°. For 8 GHz ECRH heating a coil
current of about 1100 A is needed which allows for measurements up to 2 minutes. The klystron
used as microwave amplifier in this work is a CPI K3X65C klystron [63] with a maximum of 2.6 kW
continuous wave power at the output flange fed by an Anritsu 68147C frequency generator. The -1 dB
bandwidth is 40 MHz and the harmonic output is lower than -80 dBc. For a carrier signal of 2 kW at
8.256 GHz, this means that the second harmonic at 16.512 GHz is weaker than 20 yW. In an electron
cyclotron resonance heated plasma, this second harmonic emission from the klystron is natively in the
second harmonic ECE frequency range that a diagnostic detects. Its effect on the measurements is
discussed in section 4.4.2.

Power modulation of this klystron is possible in different ways. Either the input signal from the signal
generator is modulated or the klystron’s "RF Inhibit“ switch is used that disconnects the power from
the solid-state intermediate power amplifier that pre-amplifies the signals in the CPI K3X65C before
they reach the klystron tube.
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3.6 Comparison to other experiments concerning electron cyclotron
emission (ECE)

There is a wide variety of fusion experiments with electron cyclotron emission diagnostics. Some of the
important parameters for ECE measurements are summarized in table 3.2 for TJ-K and four different
magnetically confined plasma experiments: the ASDEX Upgrade (AUG) tokamak and the stellarators
Wendelstein 7-X (W7-X), the Compact Helical System (CHS) and the Wendelstein Experiment in
Greifswald fiir die Ausbildung (WEGA)!.

experiment TJ-K WEGA CHS AUG W7-X
vessel radii in m 0.6 ; 0.175 0.72; 0.19 1; 0.4 1.6; 0.6-1.2 5.5; 0.5-1.25
poloidal vessel shape circular circular circular D-shaped  bean-shaped
magnetic field in T 0.27 0.5 1 3 3

ECE frequency in GHz 15 28 56 140 140
ECE wavelength in mm 20 11 5 2 2
electron density in m™3 61017 5-10'%8 10t 2-10% 3-10%
kgT. in eV 10 50 500 1.3-10 10
optical depth 2.1073 8.1073 0.5 > 1 >1
data source [18,65] [28,66,67] |68, 69] [70]

Table 3.2.: Comparison of different parameters concerning microwaves and ECE in TJ-K, WEGA,
ASDEX Upgrade (AUG), Wendelstein 7-X (W7-X) and the Compact Helical System(CHS).

CHS and WEGA were chosen since their plasmas are optically thin for their respective ECE diagnos-
tics [18,28]. TJ-K with its major vessel radius of 0.6 m and its minor vessel radius of 0.175m is the
smallest of these experiments. The vessel of WEGA has dimensions comparable to TJ-K but is still
larger than it. As a result, TJ-K has the strongest wall curvatures, especially at the inboard side. The
main requirement for ECE diagnostics is the existence of a magnetic field which leads to the gyration
of the electrons and the emission of microwaves. Since the strength of the magnetic field determines
the gyration frequency, it also directly determines the ECE frequency and wavelength. In TJ-K a
comparatively weak field strength of about 270 mT on axis places the second harmonic ECE frequency
around 15 GHz with 2 cm of wavelength. This leads to broad microwave beams, or a wide field of view
of a diagnostic compared to AUG, W7-X, CHS and WEGA where much smaller ECE wavelengths are
used. Two effects on the localization of measurements result from that: the field of view includes a
large lateral part of the resonant emitting surface, covering multiple flux surfaces, and its spot on the
strongly three-dimensionally curved inner vessel wall is large. Extraordinary is the small optical depth
of about 21073 resulting from the low densities and temperatures. While AUG and W7-X operate in
optically thick plasmas, even the low optical depths in the Compact Helical System are at least in the
vicinity of unity. The already very low optical depths that were measured at the stellarator WEGA
were about 8- 1073 which is still a factor of 4 above the expected value for TJ-K. For the design of an
ECE diagnostic at TJ-K, the combination of low optical depth, a broad field of view and a strongly

curved vessel impose a challenge on localized measurements. This challenge is addressed in chapter 4.

! after its retirement in 2013, WECA was moved to the U.S.A. and renamed to HIDRA [64].
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4 Design and test of an electron temperature
diagnostic using ECE for TJ-K

An electron cyclotron emission (ECE) diagnostic for the second harmonic X-mode is designed, built
and used for temperature measurements as described in this chapter. Important theoretical aspects
are discussed in section 4.1 followed by their application to TJ-K. In the subsequent section 4.2, 3D
simulations are presented to find the distribution of the contributing emissive regions for the diagnostic.
Section 4.3 specifies the components used for the diagnostic and gives details about the design process
for TJ-K individualized parts. The following sections 4.4 and 4.5 show a comparison of theoretically
expected microwave properties to experimental results at TJ-K, assisted by simulations. Electron
temperatures measured with the new ECE diagnostic at TJ-K are benchmarked against Langmuir
probe measurement results in section 4.6. Finally, the applicability of an ECE diagnostic to the

extraordinarily optically thin plasmas of TJ-K is summarized and discussed in section 4.7.

4.1 Electron cyclotron emission in TJ-K

4.1.1 Electron cyclotron emission theory

The circular gyration of electrons is an accelerated motion of a charge and therefore leads to the
emission of electromagnetic waves. With Maxwell’s equations for an electric field El, magnetic field

B'l, charge density p, current density j’, electric field constant g9 and the magnetic field constant pyg,

6‘ _’lzﬁa
€0
6' _‘1:07
T 0B, (4.1)
VX B ==

V x By = ftoJ + HOEO%E;,
as a starting point, the emissive character of a gyrating charge is easy to understand. The circular
motion is decomposed into two linear oscillations with 7/2 phase difference that are perpendicular
to each other and simultaneously perpendicular to the background magnetic field. Each linear charge
motion forms an alternating electric current. According to the last line of equations (4.1) (the Maxwell-
Ampére law) this leads to an oscillating curl of a magnetic field. This oscillating magnetic field itself
leads to an oscillating electric field as the third line (the Maxwell-Faraday equation) shows. With the

coupling of this electric field back to a magnetic field in the Maxwell-Ampére law, an electromagnetic

41
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wave that propagates away from the gyrating charge is formed. The emission perpendicular to the
local background magnetic field vector B is not simply generated by a linearly oscillating charge but
due to the non-zero size of the gyroradius the second linear motion comes into play: the electron moves
periodically parallel to the direction of propagation of the emitted wave. This leads to an emission

spectrum that is composed of harmonics [ of the angular cyclotron or gyration frequency we, [18,34]:

Weel =1 wWee =1+ @. (4.2)
Me

ECE perpendicular to the magnetic field (X-mode) is described in the following as this is the main
contribution [22] and therefore a perpendicular line of sight § (0 := <((B,3) = 90°) is chosen for the
ECE diagnostic. This choice simplifies and clarifies the description. In some cases in the following, first
the general formulas are shown and then simplified in the end by inserting © as well as the harmonic
number which is [ = 2 for the second harmonic that is used.
The intensity of the radiation is dependent on the electron temperature whereas its frequency is
determined by the strength of the background magnetic field |§ |. Since the magnetic field is not
homogeneous, a range of frequencies for electron cyclotron emission is possible. In order to have one
defined location where the radiation with a certain frequency comes from, it is important to measure
along a line of sight where the absolute magnetic field has a monotonous and non-zero gradient. This
is the case for the line of sight from an outer port of TJ-K inwards along the major radius up to the
inner vessel wall as can be seen in figure 3.5. For TJ-K plasmas with a nominal coil current of 1140 A
the frequency ranges for the four first harmonics inside the confinement region at the poloidal plane of

an O-port are listed in table 4.1 showing an overlap of the frequency bands.

harmonic frequency in GHz relative power
1st 4.7t09.5 45-10* =+47dB
2nd 9.4 to 19 1.0 = (0dB
3rd 14 to 28 2.8-107° = —46dB
4th 18.8 to 38 8.8-10719= _91dB

Table 4.1.: ECE harmonic frequencies in TJ-K and X-mode ECE strength for perpendicular observation
normalized to the second harmonic.

From measurements of the intensity spectrum, a temperature profile along the line of sight of the
diagnostic can be generated. Except for broadening effects that are described at the end of this section
the spatial resolution is determined by the frequency resolution A f and the field gradient, which yields

for the second harmonic at a non-relativistic plasma:

1 1 e =

Af =—A =—-2-—A|B|. 4.3
/ 27 Wee2 2 Me 5] (43)
When the diagnostic measures with a bandwidth of b = 3 MHz then this corresponds to the range
A|B| in the magnetic field strength

A|B|=3MHz 7 € ~54-107°T. (4.4)
e

Since the magnetic field in the 8 GHz heating scenario changes along a horizontal axis through an
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4.1. Electron cyclotron emission in TJ-K

O-port of TJ-K at rates between 0.65% and 1.2% in the confinement region (see figure 3.6), the
spatial resolution is between 46 ym and 85 pum. This resolution is only of the size of some electron
Larmor radii which is of the order of 30 ym in the same scenario with kT, =~ 10eV. A desired spatial
resolution of a millimeter would require a measurement bandwidth of about 50 MHz.

Along its propagation path, the electron cyclotron radiation experiences different refractive indices N
caused by the electron density and the background magnetic field. Also, it is absorbed and emitted in
resonant regions. At a location with a certain magnetic field strength not only the discrete harmonic
frequencies can be emitted and absorbed, as equation (4.2) could suggest, but the slight variations in
the electrons’ masses due to the relativistic mass shift and their velocity distribution lead to a shape

function ®; for the emission and absorption spectrum [34] with

I+1.5 140.5 ) )
VTw [ 2mec? Al w —MeC w
By (w) = S 1- 2. 4.
W) =\ T 20+ 1)! w2 P\ okpT, 2 (45)

ce,l ce,l ce,l

The shape function of the second harmonic for different temperatures in the typical range for TJ-K is
shown for (R &~ 0.605m, z = 0m, ¢ = 90°), on the central line at port O5, in figure 4.1 for observation

perpendicular to the magnetic field.
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Figure 4.1.: Frequency distribution of the second harmonic shape function for perpendicular observa-
tion of electron cyclotron emission in TJ-K at (R ~ 0.605m, z = Om, ¢ = 0.57) with
|§| = 247.7mT and the spatial distribution for 15 GHz covering a field span of 0.68 mT,
both for different thermal energies, 1140 A and r,, = 57 %.

The shape function for the weak parallel emission is determined by Doppler broadening and thus has a
Gaussian distribution. Since the ECE diagnostic at TJ-K measures along the major radius, the case of
perpendicular observation can be used as a first approximation. With increasing thermal energies the
shape functions ®; becomes broader. Consequently, the shape function’s height decreases with higher

thermal energies in order to fulfill the normalization | ®;(w)dw = 1. The full width at half maximum
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(FWHM) is of the order of a few MHz which is in the range of the bandwidth of ECE measurements
at TJ-K.

The emission is described by the emissivity j; which is the emitted power P, per plasma volume V,
frequency and solid angle Q. For a Maxwellian-distributed f/(%) electron population with the speed
parallel to the background magnetic field v and perpendicular to it v, and the vacuum speed of light

¢ the emissivity is [34]

. 0*P, .
Ji= QW/‘/gwaleM(U)ULdULdU
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where the last line is true for the second harmonic with observation perpendicular to the magnetic
field (I =2, © = 90°). The absorption coefficient a has a similar structure [34]:
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Both the emissivity and the absorption determine the evolution of the radiation intensity of the ECE
along the line of sight § of the diagnostic as described by the radiation transport equation:

How the intensity evolves for the second harmonic in TJ-K is investigated in section 4.1.2. The
contribution from different harmonics can already be estimated from the ratio of the ECE power Py
of the (I 4 1)-th X-mode ECE harmonic normalized to the I-th harmonic [3]:

21

Pgl - (%)2 <l+l1> . (4.9)
The relative ECE powers in table 4.1 were obtained from this equation for kg7, = 10eV and with
equal parallel and perpendicular velocities. The values show that there is no significant contribution
from harmonics with [ > 2 and therefore their frequency overlap can be neglected. Emission much
stronger than the second harmonic is expected from the first harmonic. Therefore, its power would be
easier to detect but the first harmonic comes with complications like larger wavelengths that require
large waveguide and antenna components and reduce the spatial resolution as well as the need for a
narrow high-power filter that protects the diagnostic from the kilowatt heating power. Furthermore,
the first harmonic can not propagate freely in the plasma due to cutoffs (see section 4.2). Therefore,
the first harmonic is not chosen for the ECE diagnostic. As seen in table 4.1, there is almost no
frequency overlap between first and second harmonic at outer ports of TJ-K where the ECE diagnostic
will be placed such that the frequency range from 9.5 GHz to 19 GHz is free from significant ECE other
than the second harmonic. Therefore, the second harmonic is used for the ECE diagnostic at TJ-K.

Perpendicular observation eliminates the angular dependencies in the absorption and emissivity since
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sin(0)201(cos(©)? + 1) = 1 for © = 7/2. In the case of the second harmonic (I = 2) deviations
of more than 3° still show 99.9 % of emissivity j and absorption coefficient «, deviations of 10° more
than 90 %. Therefore, the discussion of the theory is limited to the perpendicular case for the second
harmonic ECE. As a rule of thumb, the O-mode ECE is by (v /2)® weaker than the X-mode |[3].
For example, for the pitch angle of 7 = arctan(v, /v|) = 7/4 and kpT. = 10eV this means that the
X-mode is by +47 dB stronger and the O-mode can thus be neglected.

As the frequency of the electron cyclotron radiation is used to obtain the position where it originates
from, frequency broadening effects play an important role in the spatial resolution of an ECE diagnostic.
Doppler broadening and the line width due to relativistic broadening including the Maxwellian velocity
distribution were already mentioned. The importance of these and more broadening effects for ECE
measurements at TJ-K is discussed in the following. All given line widths are for 15 GHz second
harmonic ECE with a thermal energy of 10eV and the electron density n, = 5 - 1017 m3.

The line width due to the relativistic mass increase was already discussed (see equation 4.5) including
the velocity distribution in the plasma. For realistic TJ-K data, the line width depending on the
thermal energy is plotted in figure 4.1. The width from the shape function is about 1.3 MHz for this

location. According to the simplified approximation formula [34]

kBTe
mec?’

Af~f- (4.10)
the relativistic broadening produces a width of only 0.3 MHz. However, both values are of the order
of the measurement bandwidth b = 3 MHz that will be used in the experiments.

Doppler broadening strictly only occurs if the observation angle differs from 90°. But because of the 3D
twisted and curved field lines, there is always a portion of the radiation that is not seen perpendicularly
to the magnetic field. Especially when reflections in the vessel are considered, a mixture of observation
angles is present and the Doppler shift, as well as a combination of X-mode and O-mode, is seen by

the diagnostic. The line width due to Doppler broadening is about [34]

kBTe
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with the observation angle © = <I(§ , §) and the line of sight . For purely perpendicular observation
(© = 7/2) the line width from Doppler broadening vanishes. Purely parallel observation has a width
of 66 MHz in this case. For 10° deviation from this case the line width at 10 eV and 15 GHz is about
12 MHz. In comparison, the root mean squared variation of the direction of the magnetic field in a
cylindrically modeled field of view at the center of the outer port is with 8.2° lower (see section 3.3).
Because the width of a field of view will be lower than the size of the port, the Doppler broadening
can also be expected to be in the range of the 3 MHz bandwidth of the diagnostic.

When an emitter is deflected or decelerated by a collision the radiative process ends abruptly leading
to the emission of broad bandwidth bremsstrahlung. The line width created from this collisional
broadening is in the same range as the collision frequency [71]. In the case of ECE, these collisions
can happen with other electrons, ions or neutral atoms. The line width A f.,; due to collisions can be

approximated by [16]
_ Wpe In(A)

Afcoll ~ g A )

(4.12)
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(127)%e3k3, T3
eSne

where In(A) ~ In <

of small-angle scattering processes in the Coulomb potential of the scattering partner [4]. For TJ-K,

— 1> is the Coulomb logarithm that describes the relative contribution

the Coulomb logarithm is approximately 13 and the collision damping leads to 0.8 MHz width which
is lower than the widths generated by the previously discussed effects. Therefore, the width due to
collisional broadening is covered by the other widths.

Radiation broadening comes from the fact that the emitting electron loses energy to the electromagnetic

wave leading to the reduction of its velocity [71|. The line width due to this effect is given by [16]

1 w?4e?

21 3mecd’

Af =~

(4.13)

which is only of the order of 107!3 Hz for the magnetic field of TJ-K and can be neglected. Further
broadening effects like quantum effects are also negligible [16].

The comparison of the different effects shows that the broadening is dominated by relativistic broad-
ening for perpendicular observation and Doppler broadening as soon as the observation is not per-
pendicular to the magnetic field. When the observation is close to perpendicular, the measurement
bandwidth b = 3 MHz is still larger than the line widths and therefore determines the spatial resolution

according to the magnetic field structure described in section 3.3.

4.1.2 Numerical calculation of electron cyclotron emission radiation transport

In section 4.1.1 the importance of radiation emission and absorption for the intensity measured by
an ECE diagnostic is described from the point of view of a fixed position. From the perspective of a
fixed frequency, which is the view that a spectrometric diagnostic has, the shape function ®5 comes
into play by consideration of the spatial gradient in the magnetic field strength. This means that ECE
with a certain frequency is not only emitted and absorbed at the exact location where equation (4.2)
is fulfilled but the combination of shape function and magnetic gradient creates a width of the region
of emission and absorption for a discrete frequency.

The spatial shape function for 15 GHz is shown in figure 4.1 on the right. Naturally, also the spatial
shape function becomes wider with higher thermal energies. The evolution of the intensity I of ECE
along its propagation path § is described by the radiation transport equation (4.8): ECE from the
resonant surface is absorbed according to the local absorption coefficient o and (re-)emitted with the
local emissivity j along its path to the antenna, finally yielding the intensity that is measured. The
resulting intensity can be obtained by integration of the radiation transport equa<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>