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Kurzfassung

Mikrowellendiagnostiken sind in der fusionsorientierten Plasmaphysik weit verbreitet. Insbesondere die
Messung der Elektron-Zyklotron-Emission (ECE) wird routinemäßig zur zuverlässigen Bestimmung der
radialen Temperaturverteilung im Plasma verwendet. Sie wird aber auch zur Bestimmung der Elektro-
nendichte und Detektion überthermischer 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 beschädigt. 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 dünn sind, stellt eine Herausforderung dar. Der in Stuttgart befindliche Stellarator TJ-K wird
mit solch dünnen 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 für 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 Ortsauflösung
der Diagnostik verbessert. Nach Identifizierung der Messsignale als ECE in Abgrenzung zur thermischen
Bremsstrahlung wird das Messsystem mit einer Heiß-Kalt-Methode kalibriert. Obwohl das Plasma in-
folge der geringen optischen Dichte nur 0, 2% der Schwarzkörperintensität emittiert, wurden mittels
ECE gemessene Elektronentemperaturen mit denen aus Langmuir-Sonden-Messungen bestätigt.
Im zweiten Teil werden numerisch Elektronentrajektorien im 3D-Magnetfeld von TJ-K in Abhängig-
keit der kinetischen Teilchenenergien studiert. Die Trajektorien liegen auf Drift-Flächen, die von der
Geschwindigkeit und Orientierung des Elektrons zum Magnetfeld abhängen. Inwieweit Elektronen auf
größeren Drift-Flächen von der Gefäßwand direkt aufgefangen werden und so zu einem toroidalen Netto-
strom führen, wird mit Simulationen verschiedener Maxwell-Boltzmann-Geschwindigkeitsverteilungen
sowie monoenergetischer Verteilungen mit je mehreren Millionen Elektronen untersucht. Es zeigt sich,
dass besonders Elektronenpopulationen zusätzlich zur thermischen Geschwindigkeitsverteilung bei Teil-
chenenergien von beispielsweise 1 keV, sogenannte überthermische Elektronen, besonders hohe Ströme
erzeugen. Auch bereits thermische Elektronen mit typischen Energien von 10 eV liefern toroidale Netto-
ströme, die vergleichbar mit experimentell beobachteten Strömen sind. Die aufgebaute ECE-Diagnostik
erlaubt zeitaufgelöste Messungen lokaler Temperaturen zur Korrelation mit toroidalen Strömen.
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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 TJ-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.
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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
ac distance from coax coupler pin to the coupler flange
an exponent parameter in the 1D density profile regression

a1, a2 semiaxes of the polarization ellipse
A area

Aa, Ab 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
bc distance between coupler flange and origin of the movable wall at dc = 0

B⃗, B⃗1 static background magnetic field, magnetic field of a microwave
Bax magnetic field strength at the magnetic axis at port O5
c speed of light in vacuum
d relative position between last closed flux surface and vessel wall
dc position of the tunable short of the diagnostic resonator
e elementary charge
E⃗1 electric field of an electromagnetic wave
Ẽ time-variant electric field of a signal
Ê electric field amplitude of a signal

Ea, Eb excitation energy corresponding to the spectral lines a and b
f , fa, fb frequency, frequencies of spectral lines a and b
fce, fpe electron cyclotron frequency, electron plasma frequency
fUH , fR upper hybrid frequency, right-hand cutoff frequency
fM (v⃗) Maxwellian probability density function
F⃗ force
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F⃗L, FL,x, FL,y Lorentz force and its components in x and y direction
F⃗cf centrifugal force
g gain factor (of an amplifier) (chapter 4)

ga, gb statistical weight of spectral line a and b
G Gaussian random number (chapter 5)
h Planck’s constant
i first grid point index in the FDTD simulations
I microwave intensity (chapter 4), toroidal net current (chapter 5)
IL current at a Langmuir probe (section 3.4.3)

Ie, Ii,sat, Ie,sat electron current, ion saturation current, electron saturation current
Imono toroidal net current from a monoenergetic population
Ia, Ib intensities of spectral lines a and b
j second grid point index in the full-wave simulations
jl emissivity of harmonic l
j⃗ current density
k third grid point index in the full-wave simulations
kB Boltzmann constant
l harmonic number
lcoll mean free path
L path length of the interferometer signal
LB gradient length of the magnetic field

m,me,mi rest mass, electron rest mass, ion rest mass
ne, ni, n0 electron density, ion density, neutral particle density

N refractive index
Nm number of modes in a resonator cavity
p0 neutral gas pressure (before a plasma discharge)
p probability
P microwave heating power
Pb power emitted by thermal bremsstrahlung
Pl ECE microwave power emitted at harmonic l

Pmeas, Prec time-integrated measured power, received fluctuating power at the analyzer
PRJ Rayleigh-Jeans power

q, qdr, qTJK resonator quality factor, of the diagnostic resonator and the TJ-K vessel
Q, Qant, contributions to the measurement signal, in front of the antenna,

Qtor, Q
(i,j,k) Q in the entire torus and at grid point (i,j,k)

r coordinate along the minor radius of the torus
r⃗ position vector like in r⃗ = (x, y, z)

r0 minor radius of the toroidal vacuum vessel, r0 = 0.175m for TJ-K
rdr effective reflection coefficient in the diagnostic resonator for one round trip
rvh ratio of the current through the vertical and helical coil of TJ-K
R coordinate along the major radius of the torus
R⃗c curvature radius vector of the magnetic field
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R0 major radius of the toroidal vacuum vessel, R0 = 0.6m for TJ-K
Rvert, Rhor (approximately) vertical and horizontal ECE mirror curvature radii

Rvessel, RLCFS position of vessel and last closed flux surface along the major radius
s⃗ microwave propagation path

t, t0, t1 time, points in time
tdr, tTJK energy decay time of the diagnostic resonator and TJ-K as resonator
Te, Ti electron temperature, ion temperature (in Kelvin)

TBB, Trad black body temperature, radiation temperature
T (G) transform of a velocity distribution
u⃗ Stokes vector describing the polarization of a wave (see section 4.5)

u1, u2 uniformly distributed random numbers, in section 5.1.3
uAr, uHe number of argon or helium discharges used in the evaluation

U voltage
v⃗ velocity

v⃗D, v⃗cD, v⃗∇D drift velocity, curvature drift velocity, gradient drift velocity
v∥, v⊥ speed parallel and perpendicular to the background magnetic field
vth thermal speed (the most probable speed in a 3D Maxwellian distribution)
vph phase speed of an electromagnetic wave
V volume
Vt volume of a torus with TJ-K size

w, w0 beam radius, beam waist
W , W⊥, W∥ kinetic energy, perpendicular and parallel to the background magnetic field

x, y horizontal coordinates in a Cartesian coordinate system (see section 3.1)
z vertical coordinate in Cartesian and toroidal coordinate systems
za coordinate along the axis of the antenna in section 4.3.1
z0 beam waist position relative to the antenna aperture

Greek symbols

Symbol Description
α absorption coefficient
γ Lorentz factor
δ skin depth (length an electromagnetic wave penetrates a medium)
ε0 electric field constant
η pitch angle of an electron η = arctan

(︁
v⊥/v∥

)︁
θ poloidal angle
Θ observation angle of the diagnostic compared to the magnetic field vector
κ shape function of the 1D electron density profile

λ, λwg wavelength, wavelength inside a waveguide
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ln(Λ) Coulomb logarithm
µ, µ0, µr magnetic permeability, vacuum permeability and relative permeability

ρ charge density
ρL Larmor radius
σ,σ electric conductivity, as tensor and scalar
σe0 electron-neutral collision cross-section

σAr,eff., σHe,eff. effective electron-neutral collision cross-section in argon and helium
τcoll collision time
τ optical depth

τee, τ
∥
ee, τ⊥ee electron-electron collision time, parallel and perpendicular

τei, τ
∥
ei, τ

⊥
ei electron-ion collision time, parallel and perpendicular

τe0, τtot electron-neutral and total collision time
τn, τE particle confinement time, energy confinement time
φ phase of an electromagnetic wave
ϕ toroidal angle

Φfl, Φp floating potential, plasma potential
Φl shape function of ECE emissivity and absorption for harmonic number l
χ elliptization angle of the polarization
Ψ polarization angle

ω, ωpe angular frequency, angular electron plasma frequency
ωce, ωce,l angular electron cyclotron frequency, of harmonic l

Ω 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]:

2
1H + 3

1H → 4
2He(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.

fusion

tritium

deuterium helium (3.5 MeV)

neutron (14.1 MeV)

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

The rate of fusion reactions depends on the ion density ni, which determines the number of possible
fusion partners, and the ion temperature Ti, 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 τE 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]

niτEkBTi ≥ 5 · 1024 eV s m−3,

with the Boltzmann constant kB. 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
plasma current

magnetic field line
toroidal field coil

vertical field coil

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:

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

• 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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4 ECE temperature measurements

• Electron Cyclotron Emission (ECE) and 

absorption

• Microwave simulations

• Component design and optimization
• Identification of the emitting 

mechanism
• ECE electron temperature evaluation

5 Electron drift orbits and toroidal 
net currents

● Electron trajectory simulations for 
TJ-K

● Toroidal net currents from electron 
velocity distributions

3 The stellarator TJ-K

• Experimental setup and geometry

• Diagnostics

• Comparison to other experiments 

6 Summary and outlook

2 State of science and technology

1 Introduction

Figure 1.3.: Diagram of the thesis structure.
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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], ECRad1 [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

1 working title, name unpublished.
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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 τ 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 · 10−3 and the expected optical depth for the
diagnostic at TJ-K is extraordinarily low at 2 · 10−3.
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 τ 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 für Grenzflächenverfahrenstechnik 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 ϕ in figure 3.1) and the
poloidal (perpendicular to ϕ) magnetic field components simultaneously.

2D probe unit
Port O6

Interferometer
Port O4

Gas valve
Pressure gauge
Mass spectrometer
Port T3

Vertical field coils

Helical field coil

2.45 GHz
Magnetron
Port B4

φ=0°

ECE diagnostic
Port O5

8 GHz array antenna
Port O1

Optical diode
Port T5

T1

T2

T4

T6

y

x

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 ϕ. 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 x-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.

θr
R

R

z

0

ɸ

Figure 3.2.: Vertical cut through a schematic torus showing two poloidal cross-sections with the poloidal
angle θ, the poloidal radius r, the large radius R, the major torus radius R0, the vertical
coordinate z and the toroidal angle ϕ being indicated.

Since a poloidal plane is defined by the toroidal angle ϕ, 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 θ is counted from the outboard side clockwise and the
distance from the poloidal center is called r.

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 R0 is 60 cm and the minor radius r0 is 17.5 cm. There are four types of cylindrical
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ports to access the vessel: bottom (B), top (T) and outer (O) ports have a diameter of 250mm 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 ϕ = 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 B1 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.

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 Bax ≈ 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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current is then distributed to the helical and the vertical field coils with a tunable current ratio rvh. 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.

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

F⃗L = −ev⃗ × B⃗,

that acts perpendicular to the magnetic field B⃗ and the velocity v⃗ 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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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 ϕ.
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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 = 0m 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 LB in the confinement region is

LB :=
|B⃗|
d|B⃗|
dR

= −(0.27± 0.02)m, (3.1)
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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.

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 ≈ 0.350T/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 ϕ 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
O5 at ϕ = 90°.

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 ϕ = 90° (port O5).
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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 ·10−2 degrees that appear in the electron trajectory simulations with step
sizes of 5 · 10−4m 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 vph of the electromagnetic wave
are like in the case without background field. The phase speed of a wave with angular frequency ω in
a plasma with electron density ne is given by [4]

vph =
c

N
=

c√︂
1− ω2

pe

ω2

, (3.2)

with the vacuum speed of light c, the electron plasma frequency ωpe =
√︂

nee2

ε0me
, the electron rest mass

me, elementary charge e and the electric field constant ε0. The phase speed is larger than c, hence a
phase difference ∆φ 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 t1 = L/vph is therefore shorter than for
propagation of the same length L in vacuum t0 = 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

∆φ = ω · (t0 − t1) . (3.3)

The combination of equations (3.2) and (3.3) results in

∆φ =
ωL

c

⎛⎝1−

√︄
1−

ω2
pe

ω2

⎞⎠ . (3.4)
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As the interferometer frequency needs to be far above the plasma frequency in order to penetrate the
plasma, the square root can be written as a second order Taylor series around ω2

pe

ω2 = 0:√︄
1−

ω2
pe

ω2
≈ 1− 1

2

ω2
pe

ω2
.

The resulting phase difference is

∆φ ≈ L

2cω
· nee

2

ε0me
. (3.5)

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

n̄e :=

∫︂ L

0
ne

ds

L
=

2cωε0me

e2L
∆φ. (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 64GHz. 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 10µs. 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 · 1018m−3 can be detected within
the phase difference range from 0 to 2π. Larger densities can be detected by counting the fringe jumps
when a phase shift of 2π 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 kBTe < 4 eV 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 12µs 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]:

Te =
Ea − Eb

kB · ln
(︂

AbgbfbIa
AagafaIb

)︂ , (3.7)

where kB is the Boltzmann constant, Ea,b are the excitation energies of line a and b, Aa,b the transition
probabilities, ga,b the statistical weight of the lines, fa,b the frequencies and Ia,b 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 Φfl with no external voltage U or the electron or ion saturation currents, Ie,sat
and Ii,sat, with sufficiently high fixed external voltage can be recorded. A typical current-voltage
characteristic is shown in figure 3.9.

Φ Φ

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 (Ti < Te) and
the ion and electron densities are approximately equal (ni ≈ ne) 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 Φfl. The arising
electric field between probe and plasma governs the charge flux to the probe surface Aprobe and a
Debye sheath forms that shields the probe from the bulk plasma. When an external potential below
the plasma potential Φp 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]

Ii,sat ≈ 0.6eni

√︃
kBTe
mi

Aprobe, (3.8)

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 10−8 s at TJ-K.
In order to retrieve the electron temperature Te 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,

Ie(U) = Ie,sat · exp
(︃
e(Φp − U)

kBTe

)︃
, (3.9)

until this current also saturates at the electron saturation current Ie,sat, following the analogous effect
of the ion current,

Ie,sat ≈ 0.6ene

√︃
kBTe
me

Aprobe. (3.10)

There is also an analogous exponential contribution for the ion current, but the electron current
dominates the characteristics. The total current IL in the exponential region is then

IL(U) ≈ 0.6ene

√︃
kBTe
me

Aprobe

(︃
1− exp

(︃
e(Φp − U)

kBTe

)︃)︃
. (3.11)

From a regression in the exponential region, the electron temperature Te 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 2mm long. The rest of the wire is electrically shielded from the plasma by
means of an Al2O3 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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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 O1. The klystron supports 8 different working frequencies in the range of 7.9GHz

to 8.4GHz. 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
8.256GHz 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 16.512GHz is weaker than 20µW. 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 für die Ausbildung (WEGA)1.

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 6 · 1017 5 · 1018 1019 2 · 1020 3 · 1020

kBTe in eV 10 50 500 1.3 · 104 104

optical depth 2 · 10−3 8 · 10−3 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 0.6m 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 270mT 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 2 · 10−3 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 · 10−3 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.

1 after its retirement in 2013, WEGA was moved to the U.S.A. and renamed to HIDRA [64].
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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 E⃗1, magnetic field
B⃗1, charge density ρ, current density j⃗, electric field constant ε0 and the magnetic field constant µ0,

∇⃗ · E⃗1 =
ρ

ε0
,

∇⃗ · B⃗1 = 0,

∇⃗ × E⃗1 = −∂B⃗1

∂t
,

∇⃗ × B⃗1 = µ0j⃗ + µ0ε0
∂E⃗1

∂t
,

(4.1)

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 π/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-
Ampère 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-Ampère law, an electromagnetic
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wave that propagates away from the gyrating charge is formed. The emission perpendicular to the
local background magnetic field vector B⃗ 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 l of the angular cyclotron or gyration frequency ωce [18,34]:

ωce,l := l · ωce = l · e|B⃗(r⃗)|
me

. (4.2)

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 s⃗ (Θ := ∢(B⃗, s⃗) = 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 Θ as well as the harmonic
number which is l = 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 |B⃗|. 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 1140A
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 4.7 to 9.5 4.5 · 104 =̂ + 47 dB

2nd 9.4 to 19 1.0 =̂ 0 dB

3rd 14 to 28 2.8 · 10−5 =̂− 46 dB

4th 18.8 to 38 8.8 · 10−10=̂− 91 dB

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 ∆f and the field gradient, which yields
for the second harmonic at a non-relativistic plasma:

∆f =
1

2π
∆ωce,2 =

1

2π
· 2 · e

me
∆|B⃗|. (4.3)

When the diagnostic measures with a bandwidth of b = 3MHz then this corresponds to the range
∆|B⃗| in the magnetic field strength

∆|B⃗| = 3MHz · π · me

e
≈ 5.4 · 10−5T. (4.4)

Since the magnetic field in the 8 GHz heating scenario changes along a horizontal axis through an
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O-port of TJ-K at rates between 0.65 T
m and 1.2 T

m in the confinement region (see figure 3.6), the
spatial resolution is between 46µm and 85µm. This resolution is only of the size of some electron
Larmor radii which is of the order of 30µm in the same scenario with kBTe ≈ 10 eV. A desired spatial
resolution of a millimeter would require a measurement bandwidth of about 50MHz.
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 Φl for the emission and absorption spectrum [34] with

Φl(ω) =

√
πω
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ω2
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)︄)︄
. (4.5)

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, ϕ = 90°), on the central line at port O5, in figure 4.1 for observation
perpendicular to the magnetic field.

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 = 0m, ϕ = 0.5π) with
|B⃗| = 247.7mT and the spatial distribution for 15 GHz covering a field span of 0.68mT,
both for different thermal energies, 1140 A and rvh = 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 Φl becomes broader. Consequently, the shape function’s height decreases with higher
thermal energies in order to fulfill the normalization

∫︁
Φl(ω)dω = 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 jl which is the emitted power Pl per plasma volume V ,
frequency and solid angle Ω. For a Maxwellian-distributed fM (v⃗) electron population with the speed
parallel to the background magnetic field v∥ and perpendicular to it v⊥ and the vacuum speed of light
c the emissivity is [34]

jl = 2π
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(4.6)

where the last line is true for the second harmonic with observation perpendicular to the magnetic
field (l = 2, Θ = 90°). The absorption coefficient α has a similar structure [34]:
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(4.7)

Both the emissivity and the absorption determine the evolution of the radiation intensity of the ECE
along the line of sight s⃗ of the diagnostic as described by the radiation transport equation:

dI

ds
= j − αI. (4.8)

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 Pl+1

of the (l + 1)-th X-mode ECE harmonic normalized to the l-th harmonic [3]:

Pl+1

Pl
=
(︂v⊥
2c

)︂2(︃ l + 1

l

)︃2l

. (4.9)

The relative ECE powers in table 4.1 were obtained from this equation for kBTe = 10 eV and with
equal parallel and perpendicular velocities. The values show that there is no significant contribution
from harmonics with l > 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 9.5GHz to 19GHz 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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4.1. Electron cyclotron emission in TJ-K

sin(Θ)2(l−1)(cos(Θ)2 + 1) = 1 for Θ = π/2. In the case of the second harmonic (l = 2) deviations
of more than 3° still show 99.9% of emissivity j and absorption coefficient α, 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)

2 weaker than the X-mode [3].
For example, for the pitch angle of η = arctan(v⊥/v∥) = π/4 and kBTe = 10 eV this means that the
X-mode is by +47dB 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 10 eV and the electron density ne = 5 · 1017m−3.
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]

∆f ≈ f · kBTe
mec2

, (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 = 3MHz 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]

∆f ≈ f ·
√︃
kBTe
mec2

cosΘ, (4.11)

with the observation angle Θ = ∢
(︂
B⃗, s⃗

)︂
and the line of sight s⃗. For purely perpendicular observation

(Θ = π/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 ∆fcoll due to collisions can be
approximated by [16]

∆fcoll ≈
ωpe

2π

ln(Λ)

Λ
, (4.12)
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where ln(Λ) ≈ ln
(︂
(12π)2ε30k

3
BT 3

e

e6ne
− 1
)︂

is the Coulomb logarithm that describes the relative contribution
of small-angle scattering processes in the Coulomb potential of the scattering partner [4]. For TJ-K,
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]

∆f ≈ 1

2π

ω2
ce4e

2

3mec3
, (4.13)

which is only of the order of 10−13Hz 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 = 3MHz 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 Φ2 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 s⃗ is described by the radiation transport equation (4.8): ECE from the
resonant surface is absorbed according to the local absorption coefficient α 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 equation along its path
including the local variations in j and α. Plasma parameters contribute to the emissivity and the
absorption mainly through the electron density and the electron temperature. High densities and
temperatures result in strong absorption and emission leading to the saturation of the intensity at the
black body power PRJ for the temperature of the black body TBB as given by the Rayleigh-Jeans law,
in the low-frequency approximation [34]:

PRJ =
f2

c2
kBTBB. (4.14)

The Rayleigh-Jeans law, therefore, can be used to obtain the black body temperature TBB from the
measured power. In many plasmas, emission and absorption do not reach the black body level. The

46



4.1. Electron cyclotron emission in TJ-K

apparent temperature from ECE measurements in this case, the radiation temperature Trad, is [3]

Trad = TBB · (1− exp(−τ)) , (4.15)

with the optical depth τ =
∫︁
αds which is a commonly used number to classify plasma conditions

with respect to ECE measurements. In the complex geometries of fusion related experiments the
radiation transport equation is often solved numerically to obtain information about τ . Then the
electron temperatures can be derived from power measurements. For TJ-K, one-dimensional numerical
integration of the absorption coefficient for the second harmonic α2 (see eq. (4.7)) from the emission
region outwards to the position of the antenna is performed to obtain the optical depth. For the
modeled density profile of section 4.2.3, the actual absolute magnetic field strength and kBTe = 10 eV

the calculation results in τ ≈ 2 ·10−3 when the path is approximated as perpendicular to the magnetic
field. Variation of the thermal energy shows an approximate proportionality in the range relevant
for TJ-K. When the integration is continued inwards and out again, an effective optical depth for
multiple passes through the plasma can be calculated that would be valid for an ideal (no losses at
reflections) multipass emission. The effective optical depth then increases linearly with the number of
passes reaching the optically thick case (τ ≥ 1) after 230 passes for the second harmonic X-mode.
The radiation transport equation (4.8) was integrated one-dimensionally for TJ-K parameters at an
outer port for the region around R = 0.63m and z = 0, where the second harmonic ECE radiates at
14 GHz and the third harmonic at 21 GHz. As soon as multiple reflections in the vessel or various
orientations of the magnetic field vector in a stellarator are considered, the electron cyclotron emission
is a mixture of mass shift broadened and Doppler-broadened radiation and a mixture of X- and O-
polarization, although the emission is mainly in X-polarization. Nevertheless, the propagation along
the major torus radius R was approximated to be perpendicular to B⃗, such that the angular dependence
in the emissivity and absorption were neglected. The integration is performed with ideal reflections at
the vessel walls. The intensity is evaluated each time when the position at the low-field side where the
antenna is positioned in the experiments is reached, defined as the pass number. The second harmonic
ECE intensity over the thermal energy is shown for different numbers of passes in figure 4.2.

Figure 4.2.: Intensity from one-dimensional integration of the radiation transport equation in TJ-K for
different thermal electron energies and numbers of passes through the plasma. The right
graph shows a zoom into the TJ-K relevant range with quadratic regression curves.
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For thermal energies in the keV range, the linear behavior that is predicted by the Rayleigh-Jeans law
with the correction for the radiation temperature via the optical depth, eq. (4.15), can be seen. At
even higher energies, the curves converge showing no different intensities for the pass numbers. For low
numbers of passes or low thermal energies, the curve is not linear. The graph on the right-hand side
in the figure shows a zoom into the temperature range that is typical for TJ-K plasmas. In this range,
the intensity is quadratic in the thermal energy for pass numbers up to several dozens as the solid
regression lines demonstrate. This behavior is expected when the emission of the second harmonic
ECE is not accompanied by significant absorption, as then the intensity is dominated by the emissivity
j2 as given in equation (4.6). Therefore, the temperature dependence of the ECE power from TJ-K
plasmas is expected to be quadratic as long as the number of reflections is limited although no report
of another experiment with this type of ECE evaluation was found in the literature. However, this
dependency is not expected for the usual optical depths which are even in optically thin plasmas
orders of magnitude higher than in TJ-K. When the second harmonic ECE intensity is dominated by
the emissivity, the measured signal power is not only proportional to the squared electron temperature
but it is also proportional to the electron density as equation (4.6) shows. In the evaluation of electron
temperatures from ECE measurements in section 4.6.4 this dependence will be used. In contrast, the
black body power does not depend on the density but only on the temperature.
The harmonic power ratio has also been calculated. It starts at P3/P2 ≈ 1.1 · 10−4 for a single pass,
which is 4 times larger than the estimate listed in table 4.1. The difference is due to the more detailed
description of the optically thin TJ-K plasmas in the calculation here. Both values prove that the
frequency overlap of second and third harmonic cannot significantly disturb the measurements. When
the radiation passes many times through the plasma, both the second and third harmonic intensity
increase towards the black body level with a stronger increase of the third harmonic. Large numbers
of passes of the order of several hundreds to thousands show a linear increase of the harmonic ratio.
Still, even for twenty thousand passes, the third harmonic intensity is still only about 5 · 10−3 of the
second harmonic. As the results do not vary much for the frequencies relevant for TJ-K, the emission
of the third or higher harmonic cyclotron radiation can be neglected completely.

4.2 Simulation of microwave propagation in the vacuum vessel

For diagnostic purposes, the microwaves that are emitted by gyrating electrons in the plasma have to
reach the ECE antenna. In general, electromagnetic waves in plasmas can experience various resonances
and cutoffs, that are described in detail for example by Stix [72], resulting from the magnetic field
strength and the electron density profiles. At a resonance, the electromagnetic wave is absorbed while
at a cutoff it is reflected. To propagate through a magnetized cold plasma, a wave with a linear
polarization parallel to the background magnetic field needs a frequency above the electron plasma
frequency fpe. For the typical density profile in TJ-K, the plasma frequency is lower than 7 GHz,
significantly below the second harmonic ECE as can be seen in figure 4.3 that shows the resonance and
cutoff frequencies near the ECE frequencies at an outer port of TJ-K along the major radius R.
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Figure 4.3.: Resonance and cutoff frequencies in the ECE frequency range at the central line of an
outer port of TJ-K. The edge of the confinement region is indicated by gray lines and the
employed ECE frequency of 15 GHz as black dashed line.

For a wave with a linear polarization perpendicular to the background magnetic field, a resonance at
the upper hybrid frequency fUH = 1

2π

√︂
ω2
pe + ω2

ce appears. Circularly polarized waves that propagate
parallel to the background magnetic field experience different effects depending on the sense of rotation.
Waves with right circular polarization have a cutoff at fR = 1

4π (
√︂
ω2
ce + 4ω2

pe+ωce) which is above the
plasma frequency while the cutoff for left circular polarization is below the plasma frequency. Because
the plasma frequency decreases outside the last closed flux surface, fR and fUH converge with the
cyclotron frequency towards low R. 15GHz is reached approximately at the same major radius of about
46 cm where the plasma density is low. The cutoff frequency for waves with left circular polarization,
the lower hybrid resonance frequency and the ion plasma frequency are all below the electron cyclotron
frequency and thus not of interest for the second harmonic ECE frequencies. Precursor simulations
have shown that the upper hybrid resonance shows significant influences on the microwave propagation
for frequencies below 14GHz. For higher frequencies, no influence is visible because of the very low
plasma density allowing for the wave to transit the resonance layer undisturbed as it would also occur
without a plasma. Therefore, 15GHz is chosen as the frequency for ECE investigations at TJ-K.
For localized temperature measurements, it is important to know the place of origin for the power
that is measured at each frequency. Ideally, the antenna only receives ECE from a small volume with
constant temperature but when the microwaves reach the ECE antenna the measured power contains
no information about the path of the microwaves. As soon as the signal comes from several flux
surfaces with different temperatures, the evaluation will result in a weighted average temperature.
This happens already for realistically broad viewing angles and widths of the field of view of the
antenna but is extremely complex when the microwaves undergo multiple complicated reflections in
the vessel. Microwaves with a frequency in the second harmonic ECE range of TJ-K can be efficiently
reflected at the walls of a steel vessel [73]. Therefore, it is important to investigate the ECE propagation
in TJ-K in order to understand the signals and optimize the ECE diagnostic. Investigations of the
ECE origin are commonly done in fusion-related plasma experiments, usually by means of ray tracing
simulations, for instance with TRAVIS [23], TRECE [25] or ECRad [24]. In these cases, the plasmas

49



4. Design and test of an electron temperature diagnostic using ECE for TJ-K

are optically thick or at least close to optically thick. Then the ray tracing simulations can be used to
reconstruct temperature profiles from frequency spectra along lines of sight with only very few passes
or even a single pass through the plasma. In the optically thin case of TJ-K, few passes do not suffice
to explain the radiation temperatures that are measured but investigations in the entire plasma are
needed. This cannot be handled in emission calculations since then the paths from all possible electron
positions to the antenna need to be considered. Backward calculations with the reconstruction of the
temperature profiles along a set of rays dividing the visual field of the antenna will end up in extremely
long paths and need to be highly resolved to account for the low width of the emitting layers and
the curved geometry of reflective surfaces. Using the Finite Difference Time Domain (FDTD) method
for Maxwell’s equations the microwave propagation can be simulated. This method is employed to
investigate the field of view and the sensitivity region of the ECE diagnostic. Afterwards, cyclotron
emitting regions are identified and used to evaluate the FDTD results concerning geometry effects on
the field of view.

4.2.1 Finite difference time domain method for Maxwell’s equations

At the IGVP a three-dimensional full-wave Finite Difference Time Domain (FDTD) code named IPF-
FD3D [74] has been developed. This program is employed for the ECE investigation at TJ-K. Maxwell’s
equations (4.1) are solved on a 3D Cartesian grid including the influence of a 3D modeled plasma density
and the 3D magnetic field in TJ-K. The application of IPF-FD3D for TJ-K was started in the master
thesis of L. Bock [75] with the basic vessel geometry and a first plasma model and has been continued
and extended for the final ECE simulations presented here. Electromagnetic waves are described by
Maxwell’s equations (4.1) that relate the derivatives of the wave electric field E⃗1 and the wave magnetic
field B⃗1 and the current density j⃗. The temporal change of the electric and magnetic field are calculated
using the Faraday equation and Ampère’s law, which read in their general form [76]:

∂B⃗1

∂t
= −∇× E⃗1,

∂E⃗1

∂t
=

1

µ0ε0
∇× B⃗1 −

1

ε0
j⃗,

(4.16)

where ε0 is the vacuum electric permittivity and µ0 is the vacuum magnetic permeability. The current
density j⃗ in the plasma is included neglecting the ion response because the ions are too inert to respond
to the frequencies investigated. From the fluid equation for electrons the time evolution of the current
density in the form

∂j⃗

∂t
= ε0ω

2
peE⃗1 − ωcej⃗ ×

B⃗

|B⃗|
, (4.17)

where B⃗ is the background magnetic field, can be derived [74] and used in equation (4.16). Elec-
tromagnetic waves in matter or vacuum can be simulated when the medium specific parameters are
inserted. Solving these equations on a three-dimensional grid with the structure shown in figure 4.4
was introduced by K. Yee [77].
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Figure 4.4.: Illustration of the grid setup in the Yee algorithm [78]. The values needed for the calcula-
tion of B1x at grid point (i, j, k) are enlarged.

Compared to the solution of the wave equation for either the electric or the magnetic field this is a
more robust algorithm that can also account for singularities in either the magnetic or electric field
only [76]. The arrangement in the Yee grid accounts for the fact that the calculation of the change in
a field needs the curl of the other field. By having the needed information at neighboring locations,
the differentiations deliver the result at the desired grid point accurately. For example, the temporal
change of the x-component of the magnetic field is, according to equation (4.16),

∂B1x

∂t
= −

(︃
∂E1y

∂z
− ∂E1z

∂y

)︃
. (4.18)

Since the fields that enter the calculations are not available analytically, the differentiations are per-
formed numerically with spatial difference quotients. Furthermore, the time is discretized to time steps
∆t in order to be able to store the information in a computer. Together, this leads to the computation
at the grid point with indices (i,j,k)

∆B
(i,j,k)
1x

∆t
= −

(︄
E

(i,j,k+1)
1y − E

(i,j,k)
1y

∆z
− E

(i,j+1,k)
1z − E

(i,j,k)
1z

∆y

)︄
. (4.19)

As shown in figure 4.4, the information to calculate B(i,j,k)
1x is placed directly at the adjacent grid points.

Therefore, the result of the difference quotients is valid exactly at the location where it is needed. All
other steps to calculate the time evolution of equations (4.16) are computed analogously. The finite
difference time domain (FDTD) iteration step to update the x-component of the magnetic field is then

B
(i,j,k)
1x (t+∆t) = B

(i,j,k)
1x (t) +

∆B
(i,j,k)
1x

∆t
·∆t. (4.20)

For physically correct results the grid resolution has to be fine enough to represent the geometry and
the wavelength accurately and the time step needs to be small enough to resolve the frequency. The
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refraction and reflections are automatically handled by the FDTD method since basically Maxwell’s
equations are solved. Losses can be easily implemented as a damping term in the appropriate equation.
For example, an effective collisional damping in the plasma can be modeled by a damping factor in
the current density j⃗. Also, the geometry of the vacuum vessel can be included quite easily: the metal
wall is modeled as a high-density plasma that automatically includes the reflections at the metallic
walls and a reflection coefficient can be also modeled by damping the current density of the wall.
Complex geometries and complicated reflections at arbitrary surfaces can, therefore, be simulated
without decomposition of a beam in sub-beams and calculation of normal vectors as this would have
to be done in geometrical optic approaches [79].

4.2.2 Antenna reciprocity theorem

A useful tool in the investigation of antennas is the antenna reciprocity theorem that relates the emis-
sion of an antenna to its reception of electromagnetic waves. It is based on the reciprocity theorem
for electromagnetic waves and can be seen as the generalization of Kirchhoff’s laws for electric cir-
cuits [80]. A derivation and formulation very suitable to the simulation of microwave propagation in
TJ-K was provided by W. Dällenbach [81] and is summarized and applied here: for a fixed frequency,
Maxwell’s equations directly lead to the reciprocity of the electric field for anisotropic (and therefore
also isotropic) media as long as the material constant tensors are time-invariant and symmetric at each
point in the medium. This means that the conductivity tensor σ needs symmetric entries, σik = σki,
as well as the magnetic permeability and electric permittivity have to be symmetric. Furthermore, the
entries may not depend on the external field strengths. Then the amplitude and phase of an emitter
and a receiver can be interchanged. For antenna systems this means that:

• exchange of sending and receiving antenna in a setup swaps the emitted and received signals and

• sending and receiving patterns of an antenna are equal.

Linearity and symmetry of the conductivity tensor are, however, not strictly fulfilled because of the
magnetic field term in equation (4.17). Therefore, the reciprocity is in general violated when magnetic
fields are present in gas discharges [81] or any ionized media [82]. An extension of the reciprocity
theorem to ionized media with magnetic fields is possible if also the background magnetic field is
reversed when the receiver and sender are swapped [83]. The electron density, the electron temperature
and the background magnetic field are constant on the time scale of the ECE periodic times, which is
about 67 ps for 15 GHz, and on the time scale of the entire simulation, which is below 190 ns for all
cases considered in this work. Therefore, the material constants can be regarded as time-constant for
the simulations and the conditions of the extended antenna reciprocity theorem are fulfilled.
The equality of sending and receiving pattern is employed in section 4.3.1 and 4.3.2 where the ECE
antenna and a mirror are designed with full-wave simulations of emitted microwaves although both
components are used as a receiving diagnostic in the experiment. Swapping a sender and a receiver if
they have different antenna characteristics [82, 84] is the basis for the 3D full-wave simulations of the
microwave propagation in TJ-K in section 4.2 where the ECE diagnostic’s antenna is used as an emitter
instead of simulating the emission of single electrons. This way, the computational effort is reduced
substantially as a single simulation delivers the information for all electrons. The emitted waves are
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reflected in the vacuum vessel, travel around the torus and a standing wave pattern forms. When the
wave field in the torus has reached its equilibrated state, the signal at a specific position is interpreted
as the sensitivity of the diagnostic at this point because the reception there can be swapped for an
ECE radiating electron. The distribution of the electric field in an equilibrated simulation with the
ECE antenna as emitter can be understood as the amplitude sensitivity of the ECE antenna and tells
about the cyclotron radiation emitting electrons that contribute to the measurement signals. Because
of the oscillating nature of the electric field in a standing wave pattern, the squared electric field is
time-averaged which also accounts for the fact that the diagnostic measures powers and not amplitudes.
Furthermore, the electrons radiate independently such that there are random phase relations between
all of them, their positions vary over time and also the frequencies differ locally due to the magnetic
field gradients. Therefore, signals with a variety of amplitudes, frequencies and phases meet at the
antenna aperture. In the antenna, the different waves are superposed and forwarded to the spectrum
analyzer where they are squared and the signal power is displayed which is the sum of the power of all
input signals in the measurement bandwidth (for a derivation see appendix A.2). For the interpretation
of the simulations, this means that the measurement signal of the ECE diagnostic is the superposition
of the contributions of emitting electrons weighted by the local squared electric field as obtained from
full-wave the simulations.

4.2.3 Mapping of densities and temperatures

The electron density of a plasma fundamentally determines plasma physics in various ways: together
with the temperature it forms the plasma pressure, the microwave propagation is influenced by its
role for the refractive index, the emission of cyclotron radiation depends directly on the density of
electrons and also the electric currents in the plasma are formed mostly by electrons. In many cases, the
equilibrium density distribution in TJ-K is already sufficient but still not directly accessible in the entire
vacuum vessel. The full three-dimensional geometry of TJ-K and of its plasmas are therefore modeled
for numerical simulations. Because charged particles move fast on flux surfaces and perturbations
of the velocity distribution relax on them, it can be assumed that equilibrium electron temperatures
and densities are constant on flux surfaces [54]. Therefore it is possible to calculate typical densities
and temperatures for the entire confinement region without performing measurements in the complete
volume by mapping one-dimensional Langmuir probe measurements to entire flux surfaces.
The density profile shape was measured in the plasma of shot #12151 with 2.4 kW heating power
at the standard fundamental frequency of 8.256GHz and a neutral argon pressure of approximately
6.5mPa. Langmuir probe data was acquired with the 2D-movable probe for z = 0 along the major
radius starting close to the magnetic axis at R0 ≈ 0.639m. The probe was moved in steps of 1 cm

outwards into the outer port O6, acquiring current-voltage characteristics at each step which were
used to obtain the electron density profile. Afterwards, the shape of this one-dimensional profile was
approximated by two half super-Gaussian functions. For the mapping algorithm, the density function
at port O6 is composed of the peak amplitude n̂e and the shape function κ(R):

ne(R) = n̂e · κ(R) ≈

⎧⎨⎩ n̂e · exp
(︂(︂

|R−R0|
w1

)︂an)︂
, R ∈ [63.9 cm, 72.3 cm]

n̂e · exp
(︂(︂

|R−R0|
w2

)︂an)︂
, R ∈ [54.2 cm, 63.9 cm[

, (4.21)
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with R0 ≈ 0.639m, an ≈ 5.75, w1 ≈ 0.094m and w2 ≈ 0.111m. The peak amplitude n̂e can be
set afterwards in order to adjust the profile to the required conditions. For simulations in this work,
n̂e = 6.09 · 1017m−3 is used which is the average peak density obtained from the first 100 different
plasma discharges of the ECE measurements for this work. The resulting one-dimensional density
profile is shown in figure 4.5.
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Figure 4.5.: 1D density profile from Langmuir probe measurements with fitted super-Gaussian approx-
imation shown as solid line. The crosses above R0 ≈ 0.639m are the measurement results
and the crosses below were mapped. The vertical bars indicate the position of the last
closed flux surface.

To generate a three-dimensional density model from the measured profile, the nested flux surfaces in
TJ-K are calculated and mapped by field line tracing using the Magnetic Confinement Code (MCC1)
by Mirko Ramisch to port O6 where the density was measured. At z = 0 the density is obtained from
the super-Gaussian regression, equation (4.21), and assigned to the entire flux surface. This is repeated
for all calculated flux surfaces. For arbitrary points in the 3D confinement region, the density can be
obtained by the following algorithm: The two flux surfaces that are closest to the point of interest are
searched in its poloidal plane. The density at the point of interest is then set by linear interpolation of
the densities that were assigned to these two flux surfaces. This method is used to generate 3D density
grids of the confinement region for full-wave simulations of microwave propagation in TJ-K.
The model for the density distribution outside the last closed flux surface cannot be obtained from
mapping techniques. Even if flux surfaces exist, the intersections of them with the vessel disturb the
density and temperature on them because the metallic vessel can collect the electrons. Therefore,
the density outside the confinement region is modeled as a function of the distance to the vessel with
a vanishing density at the wall. This distance d is calculated in the poloidal plane along rays from
the magnetic axis and is normalized to the distance between LCFS and vessel along each ray. As an
example, the resulting distribution for port O6 is shown in figure 4.6.

1 working title, unpublished. The code was benchmarked against the Gourdon code [85].
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4.2. Simulation of microwave propagation in the vacuum vessel

Figure 4.6.: Relative distance to the vessel wall measured from the LCFS and evaluated along rays
from the magnetic axis. The value in the confinement region was fixed at d = 1.

In the confinement region, the density is calculated as described above. Outside the confinement region,
the electron density is calculated by evaluation of equation (4.21) at R = Rvessel−d ·(Rvessel−RLCFS),
where Rvessel = 0.775m is the edge of the circular poloidal cross-section at z = 0 and RLCFS ≈ 0.723m

is the outer LCFS point in that plane. This means that the radial coordinate outside the last closed
flux surface is scaled according to the distance between the confined plasma and the vessel wall. The
resulting density shape in this poloidal plane is shown in figure 4.7.

Figure 4.7.: Density distribution in the poloidal plane at port O6 modeled from Langmuir probe mea-
surements as used for simulations shown as surface plot (left) and contour plot (right).

For flux surface calculations starting from the inner port 1 at z = 0 and R ∈ [63.625; 63.702] cm

magnetic islands [43] were found for the standard current ratio of 57%. This small region of radii is
omitted in the density modeling and the densities in between are determined by linear interpolation.
The final 3D density model is continuous, models the confinement region based on the magnetic sur-
faces, provides a decaying density outside the confinement region and is zero at the vessel wall.
Simulations and theoretical considerations for the ECE diagnostic do not require detailed 3D tem-
perature models. However, the same algorithm as for the density can also be used to obtain a 3D
temperature model. Measured one-dimensional thermal energy profiles like in figure 4.8 show that the
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plasma center has a flat region with increasing temperatures towards the last closed flux surface.
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Figure 4.8.: Typical 1D profile of the thermal electron energy measured with a Langmuir probe in
plasma #12151 using argon as working gas. Points below R = R0 ≈ 63.9 cm were mapped.

Typical values for TJ-K plasmas range from kBTe = 1 eV to kBTe = 25 eV depending on the plasma
conditions like heating power, neutral gas pressure and gas type.

4.2.4 3D full-wave simulations for the ECE diagnostic at TJ-K

3D full-wave simulations for ECE in TJ-K were performed using IPF-FD3D [74, 86]. For these simu-
lations, the vacuum vessel is modeled as an ideal torus. Except for a single cylindrical outer port
with the radius of 125 mm further extrusions like the pump port or windows are neglected. Through
this port, a Gaussian wave with beam parameters from the antenna optimization (see section 4.3.1)
is injected. The wave propagation is calculated on two staggered three-dimensional rectangular grids
with a resolution of a = 700m−1 grid points in each direction. This corresponds to 14 electric field
values and 14 magnetic field values per component and wavelength at 15GHz. After 80000 time steps
(2859 wave periods at 15 GHz) the calculations are stopped in a state that is well equilibrated. Waves
that re-enter the antenna port are absorbed which models an ideal antenna. Full-wave simulations are
performed for 15 GHz which is also the frequency mainly used in the measurements, as well as 14 and
14.9 GHz. For the investigation of its influence, simulations with the electron density from the model
that was introduced in section 4.2.3 and with vacuum were performed. The beam parameters for the
respective frequencies from the antenna optimization simulations are used as listed in table 4.3. For
the aperture plane, the beam width and curvature of the wavefront are calculated from the beam waist
values because this recreates the fields that are obtained in the antenna optimization. Furthermore, the
influence of a concave-concave reflecting mirror opposite the antenna was investigated by simulating
the propagation with and without the mirror. The shape of the mirror was modeled based on the
curvature radii as will be described in section 4.3.2. Extending earlier simulations [75], the full 3D
geometry of TJ-K including the actual beam parameters of the antenna and actual positions of the
antenna and the mirror are used. Furthermore, the density model is extended to the region between
the last closed flux surface and the vessel wall. Together with an increased resolution from 500 to 700
grid points per meter the simulation evaluation uses the resonant surfaces of the electron cyclotron
emission and includes the bandwidth of the diagnostic. The small rotation of mirror and antenna with
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4.2. Simulation of microwave propagation in the vacuum vessel

respect to the horizon are neglected in the calculations.
These 3D full-wave simulations for TJ-K use the highest grid resolution that can be calculated both
at the IGVP or the bwUniCluster [87]. For more details see appendix A.4.

4.2.5 Results of the full-wave simulations

The resulting patterns from microwave propagation simulations in TJ-K are plotted using VisIt [88]
which can handle the large three-dimensional data. In figure 4.9 two-dimensional toroidal midplane
cuts show the sensitivity pattern of the ECE diagnostic from the FD3D simulations with a 15GHz

wave with and without a mirror. A poloidal plot of the same data is shown in figure 4.10.

Figure 4.9.: Distribution of the time-averaged squared electric field in the toroidal mid-plane for a
15GHz microwave that is injected from an outer port, determined in a 3D full-wave simu-
lation for TJ-K without (left) and with mirror (right).

It can be clearly seen that the mirror restricts the volume that is visible to the antenna as much less
electric field energy is distributed in the torus. Especially in the poloidal cross-sections that are shown
in figure 4.10, a vertical and toroidal restriction of the microwave propagation can be seen in the case
shown on the bottom of the figure where the mirror is used. For a quantitative evaluation, the time-
averaged squared electric fields in the antenna region, defined as a cylindrical prolongation of the port
up to the inner wall, are summed and normalized by the sum over the entire torus. Since ECE with a
fixed frequency is only emitted around the resonant surface for this frequency, the results are limited
to this surface using the shape function Φ2 from eq. (4.5). Furthermore, only regions with electrons
contribute to the signals, such that the resonance layer is additionally weighted with the local electron
density. The resulting local contributions Q(i,j,k) at grid point (i, j, k) to the total Q, defined by

Q :=
∑︂
i,j,k

⟨E2⟩T ne
∫︂ f+b/2

f−b/2
Φ2(f

′)df ′⏞ ⏟⏟ ⏞
=:Q(i,j,k)

, (4.22)

are shown in figure 4.11 for a receiver bandwidth of 1 GHz.
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Figure 4.10.: Distribution of the time-averaged squared electric field in the poloidal plane at ϕ = 90°
and ϕ = 270° for a 15 GHz microwave that is injected from an outer port, determined in
a 3D full-wave simulation for TJ-K without (top) and with mirror (bottom).
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Figure 4.11.: Perspective 3D view on the contributions Q(i,j,k) to the ECE signals in arbitrary units
as calculated in 3D full-wave simulations for 15 GHz. The axes’ tick labels are in grid
point units, where 700 grid points correspond to 1m. In the foreground, the contribution
directly in front of the antenna located in the center of the xz-plane is shown. On the
left, only the toroidal vessel with realistic density and magnetic field was used while on
the right the concave-concave mirror opposite the antenna was added.
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4.2. Simulation of microwave propagation in the vacuum vessel

The resonant surfaces appear, due to the six windings of the helical field coil, as six surfaces with
a twisted chip-like shape. There is no connection between the surfaces and they are extremely thin:
depending on the temperature and the measurement bandwidth, the shape function (equation (4.5))
and the magnetic field gradient determine their width. As there is an upper limit to the simulation
resolution at 700 grid points per meter, a bandwidth of at least 100MHz has to be used for the
TJ-K magnetic field in the evaluations to get surfaces of Q that are resolved in the simulations. The
measurement bandwidth of only 3 MHz is too small to be examined in the simulations. Therefore,
evaluations are done for the cases of the minimum required bandwidth for the simulations, b = 100MHz,
and as reference the approximate bandwidth for measurements with a microwave diode, b = 1GHz.
With these two bandwidths, it is possible to see whether b influences the results strongly. Without a
mirror all six resonant surfaces contribute significantly to the measurements as can be seen in the left
plot of figure 4.11 where all surfaces are mainly red (values above 8 · 1014 a.u.) with blue rims (below
3 · 1014 a.u.). When a reflecting mirror opposite the antenna is used that changes the wall curvature
from convex-concave to concave-concave, strongly enhanced localization can be seen. The red regions
in the right plot are not only restricted to the surface between mirror and antenna but predominantly
to its center. Table 4.2 lists the numerical results of the evaluation for the different simulation setups
and diagnostic bandwidths with the sum for the entire torus Qtor and the portion in the cylindrical
continuation of the port Qant.

f in GHz mirror Qant

Qtor
(b = 100MHz) Qant

Qtor
(b = 1GHz)

14.0 ✓2 25.5% 21.0%

14.0 2 7.2% 6.8%

14.9 ✓2 23.7% 19.6%

14.9 2 7.4% 7.2%

15.0 ✓2 21.1% 17.4%

15.0 2 7.6% 7.1%

15.0 (vac) ✓2 34.0% 29.7%

15.0 (vac) 2 11.2% 10.8%

Table 4.2.: Ratio of the signal contributions Q from the volume between antenna and inner wall com-
pared to the entire torus for different frequencies and geometries with (✓2) and without (2)
mirror.

The fraction Qant

Qtor
quantifies the localization of the measurement signal in front of the antenna. As

expected, all variants show an increased localization when a mirror is used. For 15 GHz the improve-
ment factor is about 2.8, for the other simulations about 3. An influence of the evaluation bandwidth
can be seen for the cases with the mirror but without a mirror the bandwidth plays a less important
role. When the results with b = 100MHz are considered in comparison to 1 GHz, in each case a
decrease of the localization with increasing bandwidth can be seen. Although 15GHz and 14.9GHz

are close together, the simulation results are as different as between 14 and 14.9GHz. This shows that
the actual ratio depends strongly on the position of maxima and minima in the standing wave pattern
compared to the resonance layer of the ECE frequency and therefore also on the position of the mirror
and antenna. The bottom rows (“vac”) of the table show the results for propagation without a plasma.
The formal evaluation for vacuum propagation is from a cyclotron emission point of view pointless as
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no emitting electrons are present but it can be used to estimate the effect of the beam broadening
and curvature distortion (compare section 4.3.2) due to the plasma. The 15GHz case shows that the
plasma significantly accounts for the distribution of the beam into the torus by broadening the beam.
This leads to a drop from 34% to only 21% in the case with a mirror.
Overall, with plasma only about 7% of the measurement signal is expected to come from the plasma
in front of the antenna which can be increased to about a fifth to a quarter when a mirror is installed.
Therefore, despite the simplification of the vessel shape of the TJ-K model the simulations are of great
value since the beneficial effect of a mirror has clearly been demonstrated. The design of a microwave
mirror for TJ-K’s ECE diagnostic is described in section 4.3.2. In an iterative process, the data of the
mirror optimization and of the antenna optimization from section 4.3.1 was used in the simulations
presented here. Still, this evaluation neither includes absorption, emissivity and radiation transport nor
the influence of density fluctuations due to turbulence. A further possibility to increase the localization
is addressed in section 4.3.3 where the mirror is used for the setup of a diagnostic resonator.

4.3 Design of microwave components

4.3.1 Optimization and characterization of an ECE antenna

In applications with frequencies higher than 1 GHz [80] horn antennas are often used to couple freely
propagating waves to waveguides or the other way around. Very common is the use of rectangular
waveguides operated only with the fundamental mode meaning that half a wavelength fits into the
longer direction of the rectangular waveguide while not even half a wavelength fits into the shorter
direction. A horn antenna can be described as a waveguide that is gradually opening such that the
wave in emitting operation is gradually guided to free space until the end of the horn. Simple horn
antennas use a constant opening angle along the propagation axis. Such a horn antenna is easy to
manufacture as all parts can be made out of metal planes. In TJ-K, microwaves from the plasma are
collected using a radially symmetric horn antenna that ends in a circular waveguide. Compared to
rectangular horns, such an antenna can be easily manufactured with a variable opening angle which is
used to create a very pure mode. The ECE horn shape has been optimized using the simulation package
PROFUSION [89] for maximum purity of the Gaussian mode in broadband operation, where the purity
is defined as the ratio of the power in this mode compared to the total power. This means that the
emission of the antenna is simulated and its field distribution in the aperture is compared to a Gaussian
distribution. In an optimization scheme [90], the difference between the present field and the desired
one for all simulation frequencies is used in the cost function. This cost function is minimized in the
optimization by variation of the parameters of Chebysheff polynomials that model the antenna radius
along the propagation axis. The antenna is connected to a monomode rectangular WR62 waveguide
with dimensions 1.58 cm × 0.79 cm that is attached to the antenna after a transition. Because of the
waveguide mode and the small circular diameter after the rectangular-to-circular transition, at this
end a TE11 waveguide mode is the only possible mode at the antenna flange. The shape of the electric
field lines of this mode is illustrated in figure 4.12. The TE11 mode has a vertical polarization and an
elliptical shape of the absolute electrical field like shown in figure 4.13.
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Figure 4.12.: Electric field line structure of the TE11, TM11 and TE12 (from left to right) circular
waveguide modes, reproduced after [91, 92].

Figure 4.13.: Electric field lines and absolute electric field in arbitrary units of the TE11 circular
waveguide mode, from [92].

By variation of the antenna radius a part of the wave is converted to other modes. The optimization
scheme ensures that the mainly generated modes are an appropriate fraction of the TM11 mode, a
small part of the TE12 mode and sufficiently low fractions of other modes. Already a comparison of
the field line patterns of the TE11 and TM11 mode in figure 4.12 shows that the combination of them
works towards a Gaussian field because the upper and lower end of the ellipsoidal field are reduced.
In the case of the ECE antenna, the frequency range from 10 GHz to 20 GHz, a full octave, is used for
the optimization to cover the frequency range of the second harmonic ECE at an outer port of TJ-K as
listed in table 4.1. The resulting emission beam pattern implicates a Gaussian weighting in the antenna
aperture of incoming microwaves as sending and receiving antenna characteristics are equal [81](see
chapter 4.2.2). For comparison, an optimization for a narrow bandwidth antenna is performed. As
a constraint, the length of the horn antenna is limited to the length of an outer port of TJ-K plus a
port extension tube, in total 28.0 cm. The resulting reference antenna that is optimized only in the
12 − 13GHz range, has a higher mode purity up to 12.5 GHz but for frequencies above it performs
much worse than the broadband ECE antenna as can be seen in figure 4.14.
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Figure 4.14.: Optimized shape of the ECE antenna (solid line) and a reference antenna optimized in
the 12-13 GHz range (dashed line) on the left and simulated mode purity on the right.

The ECE antenna shows in the simulations a broadband mode purity above 90% from 10.6 up to
17.4GHz, peaking at 14.7GHz with 94.3% purity. The resulting antenna with the shape shown in
figure 4.14 was finally manufactured at the IGVP workshop. Further drawings and antenna data
are available in figures A.1 to A.2 in the appendix. The front which is facing the plasma is made
from non-magnetic stainless steel (1.4429) that can stand heat loads from TJ-K plasmas and does
not perturb the magnetic field significantly. For weight reduction and easier manufacturing the rear
part with its minimum radius of 9.68 mm that is connected to a commercial circular-to-rectangular
waveguide transition (FLANN 17643) is made out of aluminum. From the rectangular WR75 port
of the transition, the waveguide size is reduced to a rectangular WR62 waveguide with dimensions
1.58 cm× 0.79 cm using a taper to fit the subsequent waveguide setup.
PROFUSION also delivers the parameters of the Gaussian beam that the antenna emits. This includes
the size and position of the beam waist for each simulated frequency both in the vertical and horizontal
plane of the emitted wave as listed in table 4.3.

f in GHz w0,hor. in cm w0,vert. in cm z0,hor. in cm z0,vert. in cm

14.0 3.67 3.89 -11.97 -19.89
14.9 3.61 4.00 -13.22 -20.51
15.0 3.60 4.03 -13.36 -20.61

Table 4.3.: Beam parameters as obtained from the antenna optimization and used in the full-wave
simulations. The beam waist in horizontal direction (perpendicular to the emitted E⃗)
w0,hor. and vertical direction (parallel to the emitted E⃗) w0,vert. and the distances of the
waist from the aperture z0,hor. and z0,hor. along the propagation axis are shown. All beam
waists are within the antenna.

This information was used to investigate the ECE propagation and the antenna sensitivity regions in
section 4.2.1. After manufacturing, the antenna field was measured in transmitting operation in order
to test its performance. A Wiltron 68337B signal generator was used to feed the antenna via a short
rectangular coax-coupler, a waveguide taper and the rectangular-to-circular transition. The emitted
microwaves were then detected with a small rectangular microwave horn at a sweeping arm with a
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distance of 137 cm between the ECE antenna aperture and the center of the receiver antenna. Angular
sweeps with parallel polarization directions of the receiving antenna and the emitting ECE antenna
were performed with 1° angular resolution in the horizontal plane for 10-18 GHz in 2 GHz steps. The
signal power at the receiver horn was measured with an HP70001A spectrum analyzer that consists of
an HP70600A preselector, HP70905B radio frequency section, HP70900A local oscillator, HP70902A
intermediate frequency section and an HP70206A displaying unit. For all frequencies, the antenna
patterns shown in figure 4.15 have a clearly dominant lobe centered at 0° which is directly along the
antenna axis.

p
o

w
er

 i
n

 d
B

m

−70

−60

−50

−40

−30

−20

angle in degrees
−50 0 50

10 GHz
12 GHz
14 GHz
16 GHz
18 GHz

Figure 4.15.: Measured ECE antenna patterns in the horizontal plane.

Until far more than 10 dB below the main lobe no significant deviations from Gaussian behavior are
seen. The behavior for 10 and 12 GHz is similar as well as the results for 14 and 16GHz while the pair
at higher frequencies shows a narrower angular distribution with a higher peak. The peak powers and
lobe widths are listed in table 4.4.

f in GHz peak power in dBm FWHM

10 -26.5 16.8°
12 -26.3 14.7°
14 -23.9 12.6°
16 -23.4 10.9°
18 -48.0 10.4°

Table 4.4.: Main lobe power and width of the ECE antenna at different frequencies.

The beam width measured as FWHM decreases with increasing frequency at about 1° per GHz for 10
to 16 GHz. For 18 GHz the antenna performs much worse showing low power signals and less angular
symmetry. The power at 0° was measured in a wider frequency range from 8 to 19.5 GHz in smaller
steps. As can be seen in figure 4.16, from 10 to 16 GHz the antenna performs well but above 16.5GHz

a strong decrease of the signal power in the center is present, with its minimum at 18 GHz.

63



4. Design and test of an electron temperature diagnostic using ECE for TJ-K

 

po
w

er
 a

t 0
° i

n 
dB

m

−90

−80

−70

−60

−50

−40

−30

−20

f in GHz
10 12 14 16 18

90 degree power in dBm O2
%(2)

90 degree power in dBm O2

Figure 4.16.: Maximium power of the main lobe for different frequencies measured with parallel polar-
ization of the ECE and receiving antenna.

Also frequencies below 10 GHz show much less power down to the detection limit of -80 dBm for
frequencies around 8 GHz. In this range not only the circularly symmetric antenna has to be considered
but the waveguide components connected to the antenna contribute substantially to the frequency
trends. The rectangular waveguides are designed for usage in the frequency band from 12.4 to 18 GHz
at the coaxial coupler (WR62) and 10GHz to 15GHz at the circular-to-rectangular coupler (WR75).
Therefore, the suppression of signals below 10GHz and above 16GHz is expected.
In total, the measurements suggest the usage of the ECE antenna system between 10 and 16GHz since
in this range the angular symmetry is maintained and the main lobe power does not vary with the
frequency. Furthermore, the suppression of 8.256 GHz signals compared to the operation range is more
than 55 dB which makes it possible to use this system with its dynamic range for the operation at
TJ-K with heating power at 8 GHz in the kilowatt range and second harmonic ECE in the femtowatt to
picowatt power range. Note that the suppression of low frequencies is likely to be even much stronger
since the low-frequency results are all at the sensitivity limit of the measurement equipment.
In another setup, the polarization selectivity of the ECE antenna with the attached waveguide was
tested. A linearly polarized wave was emitted by a horn antenna and the signals received by the
ECE antenna were measured in polarization parallel to the emitting antenna and perpendicular to
it. The received signal power differed by more than 30 dB between the two orientations. Thus
the polarization selectivity of the combination of antenna and monomode waveguide is suitable for
polarization measurements. The remaining signal in the perpendicular case can easily be caused
by alignment inaccuracies, ambient reflections and polarization mixing in the sending and receiving
antenna.

4.3.2 Optimization of an in-vessel mirror

The results of the full-wave simulations (section 4.2.5) show that a mirror at the inner vessel wall can
change the convex-concave curvature (compare figure 3.3) of the reflecting surface at the high-field side
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to a concave-concave curvature in a way that the localization of the ECE measurements is improved by
a factor larger than 2.8. In order to adapt the mirror curvature to the operation in TJ-K with plasma
which influences the propagation of electromagnetic waves resulting in a change of the phase fronts of
a microwave beam, 2D full-wave simulations are performed. The Gaussian mode that is emitted by the
optimized antenna (section 4.3.1) is simulated for five frequencies in the second harmonic ECE range in
the plane of the electric field of the wave and the plane of the magnetic field with their individual beam
waists and waist positions. Despite the small 14° tilt of the magnetic field compared to the horizon in
the experiment (see also section 3.3), the E-plane is approximated by the vertical poloidal plane and
the H-plane by the horizontal toroidal plane in this simplified model. Simulations are performed once
in a vacuum and then with a simplified plasma model: in the poloidal plane, the plasma is modeled
with circular symmetry while in the horizontal plane the plasma is implemented as slabs disregarding
the slight toroidal curvature in the experiment. Both profiles have a Gaussian density distribution
that drops to exp(−1) of its peak value of n̂e = 7 · 1017m−3 at a radius of 11 cm. For reference, the
curvature radii of the Gaussian beam are also calculated analytically at the mirror position for the
case of a vacuum propagation. Contour plots of the electric wave field of the results like those shown
in figure 4.17 were used to estimate the curvature radii from the full-wave simulations.

Figure 4.17.: Electric wave field contour plot showing the wavefront curvature at the mirror position in
the vertical plane with adjusted circles (dashed) for the evaluation. Simulation in vacuum
(left) and with plasma (right).

As indicated with dashed lines the wavefront curvature was approximated circularly. For vacuum
propagation the wavefront curvature is circular but with plasma, the shape is noticeably changed.
Therefore, only an intermediate estimate of the radius can be given as the curvature radius is then a
very local variable. Because the strongest fields are in the beam center, this region needs to be weighted
more strongly in the approximation. The dashed lines in figure 4.17 show that with plasma agreement
is only possibly very close to the center. For the simulated frequencies and planes, the results are
summarized in the graphs of figure 4.18. Analytical and numerical results are in good agreement and
in the horizontal plane also the curvature radii with plasma show no strong influence of the plasma
because the slab geometry in this plane produces no lens effect. In the poloidal plane much stronger
curvatures occur in the beam center, i.e. the curvature radii between 0.27m and 0.45m are smaller
than in the horizontal plane.

65



4. Design and test of an electron temperature diagnostic using ECE for TJ-K

 
w

av
ef

ro
nt

 c
ur

va
tu

re
 ra

di
us

 in
 m

0

0.2

0.4

0.6

0.8

1

f in GHz
8 10 12 14 16 18 20

with plasma
vacuum
analytical

 

w
av

ef
ro

nt
 c

ur
va

tu
re

 ra
di

us
 in

 m

0

0.2

0.4

0.6

f in GHz
8 10 12 14 16 18 20

with plasma
vacuum
analytical

Figure 4.18.: Phase front curvature radii resulting from full-wave simulations in the vertical (left) and
horizontal (right) plane with analytical calculation as a reference for the vacuum case.

As the mirror is supposed to work well with various electron densities and ECE frequencies, the
intermediate vertical curvature Rvert = 45 cm and horizontal curvature Rhor = 50 cm are chosen for
the construction of the mirror. For the capture of a large amount of radiation from the plasma, the
mirror diameter should be chosen as large as possible. The space between the plasma and the vessel
wall limits the diameter as the mirror should not disturb the plasma. Because of the flexible current
ratios that can be used at TJ-K a range of plasma positions is available that should all be compatible
with the diagnostic system. As mirror diameter, 20 cm was chosen to account for all plasma positions
including a safety margin. The mirror with the two optimized curvatures has been constructed, built
from non-magnetic stainless steel and installed in the TJ-K vessel. A schematic of the mirror and
antenna installed in the vessel is shown in figure 4.19. Engineering drawings are attached as figure A.4
to A.5 of the appendix.

ECE antenna

ECE mirror

port extension
TJ-K vessel

plasma

Figure 4.19.: Schematic view of the in-vessel components of the ECE diagnostic system at TJ-K shown
in a torus section. On the right, a photograph of the diagnostic is shown.

The mirror is installed with a tilt angle of −14 ° which accounts for the tilt of the magnetic field on the
magnetic axis at the center of an outer port in TJ-K. No modification to the vacuum vessel was needed
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due to a flexible clasp mount fixing the mirror in the port and the toroidal vessel. A repositioning of
the ECE diagnostic to another outer port is therefore easily possible. Three screws at the back of the
mirror mount can be used for alignment in the vessel.

4.3.3 Design of a tunable resonator

Although the results of the full-wave simulations in section 4.2.1 have shown that the localization of the
ECE measurements is improved when the in-vessel mirror is used, still only 21% to 26% are expected
to originate in front of the antenna. A further enhancement is possible by means of a resonator setup
that leads to multiple passes of the ECE through the region between mirror and antenna. The coupling
to and from the toroidal vessel stays the same for each pass but in the toroidal vessel the losses for the
microwaves are much larger than in the resonator due to the long paths and many reflections. Thus
the field enhancement in the resonator can lead to an enhanced localization of the measurements. As
the space in the vessel is limited, a tunable resonator with a reflector outside the vessel is designed
which has the benefit that it can be tuned during the operation of TJ-K. The setup used as a resonator
for measurements is sketched in figure 4.20.

Figure 4.20.: Schematic vertical cut of the tunable resonator setup with mirror left from the plasma,
antenna on the right, followed by a vacuum window, phase shifter, the coax coupler and
the tunable short. In the waveguide, the standing wave pattern is shown that is formed
by the incoming and reflected wave. The coaxial cable leads to the isolator, the low pass
filter, followed by amplifiers and the spectrum analyzer.

The effective resonator length needs to be tunable in order to reach resonance for the frequency that is
currently measured. At the same time, the coupling from the resonator to the measurement equipment
has to be adjusted to set the power extraction at this point which in turn partly determines the
resonator quality. The designed resonator works as follows:
In the vessel, the ECE mirror already reflects the microwaves and thus acts as one end of the resonator.
At the other end, the efficiently coupling commercial waveguide-to-coax adapter is replaced by a partly
reflecting component to increase the reflections and complete the resonator. A tunable coupler was
constructed for this purpose. As schematically shown in figure 4.21, it consists of a tunable short,
which is basically a movable reflecting plate, and a pin that probes the electric field in the waveguide
and is connected to a coaxial cable.
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d

a bc c

c

Figure 4.21.: Schematic of the tunable coupler. The distance from coupling pin to flange is ac = 1.78 cm
and the distance from the neutral position of the movable wall to the flange is bc = 5.27 cm.

By moving the tunable short the distance between reflecting wall and coupling pin is changed. There-
fore, the location of the coupling pin with respect to the standing wave pattern that is generated by
the superposition of incoming and reflected wave is changed. Commercial couplers are optimized for
a good coupling from the waveguide to the cable (and backward). With a distance of a quarter of the
wavelength in the waveguide λwg between coupling pin and the final wall of the waveguide, incoming
and reflected wave have a difference in traveling distance of λwg/2. The resulting phase shift from the
path length difference is π. Additionally, a reflection at a wall comes with a phase shift of π, resulting
in a total shift of 2π which leads to constructive interference at the pin and maximal coupling to the
coaxial cable. In practice, the distance between pin and wall of a commercial coupler is optimized
for the entire frequency band that the waveguide is designed for and therefore the distance is only
approximately λwg/4 for the used frequency. The tunable short can be used to adjust the distance
such that the field at the pin is set. Therefore, coupling and reflection can be selected.
A setup with an antenna fed by the Wiltron 68337B generator is used to measure this tunable coupler.
The microwaves are captured with an antenna and the signals that are coupled to a coaxial cable
are measured with the HP70001A spectrum analyzer. Compared to a commercial ATM 62-251A-6
coupler, -20dB are detected when the pin is in the node of the standing wave pattern. The maximum
of the commercial coupler is also reached with the tunable coupler when the pin is in the antinode of
the standing wave. The tunable short is moved with a micrometer caliper with a 1/10 inch scale and
1/1000 inch subticks. Since the waveguide wavelength is 2.58 cm at 15 GHz in a WR62 waveguide,
the subticks correspond to 9.8 · 10−4 ≈ 1/1000 waveguide wavelengths allowing for fine tuning of the
coupler. A minimal signal at the analyzer was found for the position dc = 0.280" at 15 GHz. In this
case, the distance between wall and coupling pin is 7.83 cm which is the sum of the coupler position and
the distance between pin and neutral position of the reflecting plate. This total distance corresponds
to 3.03 ·λwg. The phase shift between incoming and reflected wave is therefore 2 ·3.03 ·2π+π = 13.12π

at the pin which is approximately 1% away from the expected phase shift for destructive interference.
The accuracy of this result is limited by the noise level of the analyzer which limits the minimum signal
strength that can be measured. As the measurement of ECE needs signals above the noise power of
the detection system, the short was tuned with a plasma until a signal of 10 dB above the noise was
reached. This is found already at the position dc = 0.299" which is at ∆φ ≈ 13.22π while the next
maximum is expected at 14π.
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The tunable coupler can be used to set the desired amount of reflection and coupling but it also changes
the total length between the ECE mirror and the movable wall at the other end of the resonator. In
order to adjust the total resonator length to the used frequency and reach the resonance, the change of
the position of the wall needs to be compensated for. A Waveline 708c phase shifter is installed in the
waveguide between vacuum window and coax-coupler to achieve this. It consists of a dielectric plate
that can be positioned in the waveguide using an adjusting knob. The phase speed of the microwave
in the waveguide is decreased by the dielectric dependent on the position of the plate. This shortens
the effective wavelength in this region which makes it possible to tune the resonance frequency of the
resonator. With this phase shifter, the effective length of the resonator can be finely tuned as the
calibration in appendix A.5 confirms. For all frequencies in the range for the WR62 waveguide far
more than 180° of phase shift can be reached which is enough to find both the resonant and destructive
position in all cases. The phase shifter can also be used during a plasma shot to compensate for the
change of the wavelength that is caused by the refractive index of the plasma.
In total, the resonator can be tuned in its degree of coupling and therefore loss using the tunable short
and the resonance is tuned by the effective length that is adjusted with the phase shifter. Thus the
resonator quality is mainly limited by the losses in the vessel like microwaves leaving the resonator
due to the limited mirror diameter. As a resonator is sensitive also to small input signals, an isolator
is used in the coaxial system. The isolator strongly damps any signal that is directed towards the
waveguide system.
To estimate the losses due to the limited mirror size and antenna aperture as well as the mirror curva-
ture three-dimensional simulations of the mirror and antenna as a resonator are performed. To simplify
the simulations, the antenna is also modeled as a mirror at the antenna aperture with the antenna
aperture as size and the curvature that corresponds to the phase distribution in the aperture. A 15GHz

wave is emitted right in front of the antenna and the power flow forward and backward is detected in
front of both mirrors in this model with numerical directional couplers. With this method, it can be
evaluated how much power is reflected by the mirror compared to the incoming power. In simulations
without plasma, the ECE mirror reflects 88% of the power. Because the microwave beam is smaller
at the antenna aperture, the antenna can capture and reflect 95.5% even though it is smaller than the
ECE mirror. With these factors, the power decay in the resonator can be estimated by multiplication
of the initial power with the reflection factors for each pass in the resonator. The power P (i) after i
passes is

P (i) = P (0) · (88% · 95.5%)i , (4.23)

when no power source is present. The power decay time can be estimated by consideration of the
speed of light and the resonator length. In this model, the power in the ECE resonator decays to
exp(−1) ≈ 36.8% in 5.5 passes which means after the sixth reflection at the ECE mirror. The
corresponding decay time is 22 ns. When the 0.5 m of waveguide and the reduced waveguide group
velocity [93] vg = c · λ

λwg
are taken into account, the energy decay time increases to 43 ns. In this

model, the resonator decay time is governed mainly by the loss at the ECE mirror. Simulations with
different mirror curvatures show only a minor influence on the resonator quality. Thus, a larger mirror
is desirable but the space between the torus and the plasma is already exploited by the current mirror.
For experimental examination of the quality factor, the diagnostic resonator is placed on an optical
table. Through a small hole in the mirror center, a small dipole antenna is inserted as sender. With
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the Wiltron signal generator and a microwave diode, the resonator’s quality factor is investigated. The
tunable coupler is set to the coupling position dc = 0.299" that is also used in the ECE measurements
at TJ-K. By means of a fast square modulated signal from the generator, the decay time of the signal
in the resonator can be measured. The resulting signal from the diode is shown in figure 4.22.
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Figure 4.22.: Time trace of the diode signal from the diagnostic resonator with the coupler set to
position dc = 0.299" when the input signal to the resonator is modulated. The signal is
averaged over several modulation periods.

The exponential fit function that is also shown in the figure has the form

U(t) = UA · exp
(︃
(t− t0)

tdr

)︃
, (4.24)

with the switching point t0, amplitude UA and the decay time tdr ≈ 9.4 ns for the diagnostic resonator.
The measured power decay time of the diagnostic resonator is about 22% of the time determined in
the simulation. Consequently, the losses in the real resonator are larger which is expected because
the waveguide components, phase shifter, tunable short and outcoupled signal as well as possible
misalignments were not included as loss mechanisms in the 3D simulation.
From the measured decay time the diagnostic resonator quality factor qdr is calculated as follows:

qdr = tdr · ω ≈ 886. (4.25)

In addition, the decay time in the vacuum vessel without the ECE diagnostic resonator is measured
with two antennas at different windows of TJ-K. The measured time trace and an exponential fit
are shown in figure 4.23. In this measurement, the decay is not monomode as the vessel acts as a
multimode resonator. The exponential decay fit curve implies a decay time of tTJK ≈ 65 ns for the
vacuum vessel. The quality factor of TJ-K is therefore about 6.8 times larger than the quality factor
of the diagnostic resonator:

qTJK ≈ 6.1 · 103. (4.26)
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Figure 4.23.: Time trace of the diode signal from the vacuum vessel when the input signal is modulated.
The signal is averaged over several modulation periods.

A model to calculate the order of magnitude of the quality factor of the vacuum vessel as resonator is
described by Jackson [94]. The quality factor can be calculated from the energy storing volume, the
entire torus volume

Vt = 2π2r20R0 ≈ 0.36m3,

and the energy dissipation volume which is modeled as the torus surface

At = 4π2r0R0 ≈ 4.15m2,

multiplied with the skin depth

δ =

√︃
2

µσω
, (4.27)

which is the depth that the electromagnetic radiation with angular frequency ω penetrates a wall with
magnetic permeability µ and electric conductivity σ. For the stainless steel 316L that is used as wall
material of TJ-K, the material constants are µ ≲ 1.02 · µ0, with the vacuum permeability µ0, and
σ ≈ 1.35 · 106 S/m [95] leading to a skin depth of about 3.5µm. The resulting quality factor is [94]:

qTJK =
µ0
µ

Vt
Atδ

, (4.28)

where an evacuated cylindrical geometry was assumed neglecting port openings and installations. The
generalized formula for the quality factor includes a geometry factor that is of the order of 1 and
therefore not relevant for the estimate of the order of the quality factor. For the vessel of TJ-K and a
15 GHz microwave a quality factor of about 2.4 · 104 is obtained which is approximately 4 times larger
than the value obtained by the time measurement.
The resonator quality factors can be used to estimate the localization of the measurements. As the
irregular pattern in the torus shown in figure 4.9 illustrates, the vessel is a multimode resonator that
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can be treated statistically. The number of modes in the torus with the measured quality factor
qTJK ≈ 6.1 · 103 is [96]

Nm =
8πVt
λ3qTJK

≈ 186. (4.29)

Approximately two thirds of the modes, 124, are populated by ECE as it is emitted in the two di-
mensions perpendicular to the background magnetic field. The diagnostic resonator is a selective
monomode resonator such that it can only couple to one mode efficiently. Consequently, only 1/124 of
the ECE power from the torus contributes to the measurement signals. Local evaluation of neΦ2 with
b = 100MHz (compare section 4.2.5) shows that only 5.3% of the electrons emitting at 15 GHz are in
the diagnostic resonator.
Furthermore, the power enhancement in the resonators has to be considered. In the diagnostic res-
onator, the resonance enhancement factor Pdr

P0
can be calculated from the quality factor qdr ≈ 886 [97]:

Pdr

P0
=

1

(1− rdr)2
, (4.30)

where rdr is the effective reflection coefficient for one round trip in the diagnostic resonator and can
be obtained from the quality factor by solving

qdr = fTdr
π
√
rdr

1− rdr
, (4.31)

with the round trip time Tdr ≈ 8 ns. The resulting enhancement factor is

Pdr

P0
≈ 1

(1− 0.655)2
≈ 8.4. (4.32)

In the multimode torus, the enhancement factor is calculated statistically. The average path length
from the energy decay time in the torus, c · ttjk, compared to the typical length in the resonator 3

√
Vt

results in the typical number of passes through the emitting region and thus the enhancement factor:

c · ttjk
3
√
Vt

≈ 19m

0.7m
≈ 27. (4.33)

When the resonance enhancement, the high number of modes in the torus and the number of emitting
electrons in the volumes are considered, the fraction of the measured ECE power originating in the
diagnostic resonator is given by

8.4 · 5.3%
1

124 · 27 · 94.7% + 8.4 · 5.3%
≈ 68%. (4.34)

This localization is mainly caused by the selectivity of the monomode resonator that rejects most of
the ECE from the multimode torus. Compared to the values for 15 GHz obtained from the simulations
in section 4.2.5, the diagnostic resonator improves the localization by a factor of 3.2 over the geometry
with ECE mirror and 9 compared to the case without mirror. With the diagnostic resonator the
measurement signals are expected to be mainly determined by the local ECE.
All values in this section should be understood as estimates for the size of the quantities. Especially the
statistical values, the enhancement in the torus and the number of modes, underlie several assumptions
but even a uncertainty of 20% would affect the calculated localization factor by only 5 percentage
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points. The conclusions drawn from the model used are insensitive to this degree of uncertainty.

4.4 Distinction from thermal bremsstrahlung

Microwave emission from TJ-K plasmas in the second harmonic ECE frequency range could in principle
also be generated by thermal bremsstrahlung. The dominant mechanism contributing to the emission
can be investigated by use of the different dependencies on the electron density and electron temper-
ature that ECE and bremsstrahlung show. In the following, two different methods are introduced to
investigate the origin of the microwave emission. Finally, measurements at TJ-K are presented that
are used to identify the emission mechanism.

4.4.1 Methods to identify the electron cyclotron emission

Dependence of the emitted power on the electron temperature and density

The number of electrons that gyrate around the magnetic field lines directly affects the ECE power that
is emitted as the electrons move and emit independently. Also, the electron temperature influences
the emitted power in a frequency range: when the gyration of a single electron is modeled as two
perpendicular periodic linear motions as described in section 4.1.1, higher temperatures lead to higher
velocities that can be understood as a stronger current in two perpendicular dipoles. Therefore, the
emitted ECE power increases with higher temperatures. In equation (4.6), the dependence on density
and temperature can already be seen: the emitted power P2 from the second harmonic ECE per plasma
volume V in a frequency interval dω and a solid angle dΩ is proportional to the density and the squared
temperature:

d2P2

V dωdΩ
∼ neT

2
e . (4.35)

Thermal bremsstrahlung is also emitted in the frequency range between 10 and 20 GHz when the
electrons are deflected at ions. The spectrum of bremsstrahlung is limited by the kinetic energy of the
electrons: photon energies up to the entire kinetic electron energy can appear. When the entire kinetic
energy of the electron is converted to a photon, the maximum bremsstrahlung frequency is reached:

fmax =
mev

2

2h
, (4.36)

where h is the Planck constant. Due to the frequency depending on the impact parameter, i.e. the
virtual distance of a transit without deflection, the spectrum of bremsstrahlung is continuous and
ends at the maximum frequency given by equation (4.36). For plasma diagnostics there is also a
lower frequency limit given by the resonances and cutoffs shown in figure 4.3 since bremsstrahlung
that is detected on the outside has to be transmitted through the plasma [3]. When a plasma with
a Maxwell-Boltzmann velocity distribution (see also section 5.1.3) is considered, also a few very fast
electrons can be present that extend the emission spectrum to high frequencies. But due to their low
number, long collision times and the additional dependence on the impact parameter very low powers
in this part of the spectrum are expected. Therefore, the interesting frequencies are in the bulk of
the velocity distribution. For plasmas with thermal energies of 10 eV the most probable velocity is
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vth ≈ 1.9 · 106m/s which would lead to fmax ≈ 2 · 1015Hz. Because this frequency is far above the
ECE range, emission by thermal bremsstrahlung in the measurements cannot be eliminated using this
energy comparison. Hence, the density and temperature dependence of the emitted bremsstrahlung is
examined and compared to the relation for the second harmonic ECE.
For bremsstrahlung, the emitted power Pb is proportional to the electron density because the number
of encounters is determined by the number of available electrons. In the same way, the ion density
understood as the number of deflection centers affects the emitted power. In singly ionized plasmas
like in normal TJ-K operation, both densities are similar which can be expressed as a squared electron
density dependence of the emitted power. The electron temperature also influences the bremsstrahlung
by determining the collision time. The effective collision time for electron-ion encounters becomes
longer with higher electron velocities which results in the emitted bremsstrahlung decreasing with the
electron temperature. The resulting power dependence is given by [3]:

d2Pb

V dωdΩ
∼ n2e√

Te
. (4.37)

For small dω the detected power is approximated by the same dependence but for large bandwidths the
power is proportional to

√
Te since then the integration over dω changes the behavior. By integration

of the full power dependence with typical TJ-K parameters using the bandwidth of the ECE diagnostic
b = 3MHz, the temperature dependence for bremsstrahlung was investigated numerically. The results
shown in figure 4.24 are in agreement with the 1/

√
Te regression which is also plotted.
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Figure 4.24.: Calculated temperature dependence of the power emitted by bremsstrahlung in the tem-
perature range of TJ-K with 3 MHz bandwidth.

For a constant setup with a fixed measurement bandwidth b = 3MHz and a fixed antenna setup, the
volume V , the frequency element dω and the angular element dΩ can be omitted in proportionality
considerations. Then the very different density and temperature dependencies of bremsstrahlung,
Pb ∼ n2e/T

1/2
e , and second harmonic ECE, P2 ∼ neT

2
e , provide a handy tool to discriminate between

the two processes. Within the bandwidth of the ECE diagnostic, the power that reaches the antenna
can be measured directly. In order to check experimentally the dependence, the electron density and
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temperature need to be obtained independently from the microwave power measurement by other
diagnostics.

Heating power modulation experiments

As a second method for the identification of the microwave generation mechanism, heating power
modulation experiments are employed. The signal from the function generator that feeds the klystron
is modulated with an internal square wave in order to switch the microwave injected into the vacuum
vessel on and off periodically. When the microwave is turned off, the plasma receives no further
energy but losses due to collisions and radiation remain. Therefore, the temperature of the plasma
decreases on the time scale of the energy confinement time τE . Also, the losses of particles due to
recombination and diffusion remain while no new ionizations take place. Therefore, also the density of
the plasma decreases on the time scale of the particle confinement time τn. For typical TJ-K plasmas
the confinement times were shown by earlier measurements and simulations to be in the ranges [98]:

τn ∈ [0.3; 1.6]ms

τE ∈ [10; 260]µs.

Since the energy confinement time is much shorter than the particle confinement time it is possible
to examine the temperature dependence of a diagnostic signal before the density changes by means
of heating power modulation experiments. For a constant density, a decreasing temperature leads
to a rapidly decreasing ECE due to its quadratic temperature dependence whereas the power from
bremsstrahlung should increase by the T−1/2

e dependence.

4.4.2 Measurement results

Measurements of the emitted microwave power from a variety of plasmas were performed for a fixed
frequency of 14.5 GHz with the ECE antenna and the concave-concave mirror. Simultaneous record-
ings of Langmuir characteristics at (R = 61.6 cm, z = 0 cm, ϕ = 30°), which is a position on the flux
surface where the 14.5 GHz is emitted, and interferometer measurements provide information about
the electron temperature and density, respectively. With this information, it is possible to investi-
gate the relation between the emitted power and the electron temperature and density. Figure 4.25
shows the received power on a linear scale over the temperature and density dependence for ECE or
bremsstrahlung. In the case of proportionality, the measurement data will be found on a straight line.
The graphs include results from 71 different plasmas covering different gas types, heating powers and
neutral gas pressures such that the generated electron densities range from 1 · 1017m−3 to 1 · 1018m−3

and the thermal electron energies are between 3.6 eV and 14.3 eV. For both cases, a linear regression
is shown as a black line.
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Figure 4.25.: Received microwave power at 14.5 GHz of 71 different plasmas over the density and
temperature dependence as predicted for the second harmonic ECE (P2 ∼ neT

2
e , left)

and bremsstrahlung (Pb ∼ n2e/
√
Te, right). Linear regressions are shown as black lines

and the root mean squared error (RMSE) is indicated.

As the high number of evaluated plasma discharges leads to a dense cloud of measurement points the
same data is shown in figure 4.26 represented as mean value with the standard deviation as error bars
for intervals of the microwave power which makes it easier to see the scaling behaviors. The points
without error bars represent single points within an interval where no deviation is defined.
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Figure 4.26.: Mean and standard deviation of the received microwave power at 14.5 GHz of 71 differ-
ent plasmas over the density and temperature dependence as predicted for the second
harmonic ECE (P2 ∼ neT

2
e , left) and bremsstrahlung (Pb ∼ n2e/

√
Te, right), evaluated in

microwave power intervals.

No linear dependence on n2e/
√
Te can be seen whereas the results show a dependence close to neT 2

e . This
is confirmed by a much lower root mean squared error (RMSE) between measurement and regression
for second harmonic ECE than for thermal bremsstrahlung where the wide error bars also indicate
the large deviations. Therefore, bremsstrahlung is not the dominant physical effect of the emission
and as the only further emitting mechanism in this frequency range is ECE, the ECE nature is hereby
confirmed. Nevertheless, the RMSE for ECE is still quite high as the results are scattered around the
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line in figure 4.25. The scattering is believed to be caused by the limited localization when only a
mirror without the resonator setup as described in section 4.3.3 is used. The resonator setup was not
yet available when these measurements were performed.
The temperature dependence of the microwave emission in the frequency range of the second harmonic
ECE was also investigated in heating power modulation experiments. The microwave power of the
klystron was modulated using a square wave with a repetition rate of 400 Hz. The signals of the
interferometer, the ion saturation current, the microwave emission and the optical diode are recorded
and evaluated for the investigation. The optical diode and the ion saturation current of a Langmuir
probe at (R = 0.66m, z = 0m, ϕ = 30°) show the temperature behavior as long as the interferometer
still confirms a constant density. As a typical example, the time traces recorded from shot #12450 are
shown in figure 4.27.
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Figure 4.27.: The turn-off phase in the heating power modulated shot #12450 is plotted. Shown are the
15 GHz emission, the interferometer, ion saturation current of a Langmuir probe and the
optical diode signal, all relative to their maximum value. Averaged over 256 modulation
periods.

In the first 50µs after the heating is turned off the interferometer signal does not change significantly,
although the interferometer has a time resolution of about 10µs. Therefore, the line-averaged density
is constant but the ion saturation current, the optical emission and the microwave emission decrease
notably. As a result, the emitted microwave power is shown to decrease with decreasing temperature as
the diode and the ion saturation current indicate the fast decrease in the electron temperature during
constant density. Compared to the emissivity of ECE (eq. (4.35)) and bremsstrahlung (eq. (4.37))
this means that the measured microwave emission cannot be generated by bremsstrahlung from the
optically thin plasma because then the emitted power would have to increase at turning off.
Both methods, the power modulation experiments and the evaluation of the dependence on the electron
temperature, confirm that the measured microwave emission is generated by second harmonic ECE
rather than thermal bremsstrahlung.
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4.5 Polarization of ECE

Electromagnetic waves emitted by a gyrating electron are linearly polarized: the direction of the
radiated electric field is perpendicular to the background magnetic field, which is called X-polarization.
Measurements of ECE directly propagating to the antenna, therefore, should show polarized signals and
a polarization-sensitive receiver antenna should be aligned to it. Measurements of large volumes with
different magnetic field directions or depolarizing effects can remove this property. Depolarizing effects
are discussed for TJ-K in the following. As they depend on the propagation path in the vessel and
plasma, the degree of polarization in the measurement signals can indicate the quality of localization
of the measurements.

4.5.1 Theory of depolarizing effects in TJ-K

Electromagnetic waves traveling in a magnetically confined plasma experiment experience changing
refractive indices, a variety of magnetic field orientations and many different metallic surfaces where
the waves are reflected. A magnetic field in a plasma can cause a change of the polarization of an
electromagnetic wave by the Faraday effect and the Cotton-Mouton effect [99]. The case with a
magnetic field parallel to the propagation direction of the electromagnetic wave is called the Faraday
effect which rotates the polarization around the propagation direction. A magnetic field perpendicular
to the propagation direction is needed for the Cotton-Mouton effect that leads to an elliptization of
the polarization. The Faraday effect and the Cotton-Mouton effect are only special cases of the general
change of the polarization in matter with a magnetic field. In the most general case, the polarization
components are elliptical and the propagation direction is arbitrary compared to the magnetic field. In
this case the Faraday component of the polarization rotation and the Cotton-Mouton effect interplay
due to the change of the projections of the electric field which are needed for either effect. When the
linearly polarized cyclotron emission is described as a superposition of a left-handed and a right-handed
elliptically polarized wave, the change of the polarization of the ECE can be understood. Different
phase velocities for the left-handed and the right-handed component appear because of the different
response of the electrons in a magnetic field leading to a phase shift. The shifted components result
in a rotation of the polarization direction. A polarization ellipse with variable definitions is illustrated
in figure 4.28.

Figure 4.28.: Polarization ellipse with the definitions of the angles and axes. The electric field vector
rotates on the ellipse perpendicular to the propagation direction. Modified from [99].
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The polarization orientation is described by the angle ψ of the long axis of the ellipse with respect to the
horizon on that the E-field vector rotates and the elliptization angle χ := arctan(a1/a2), with the short
semiaxis of the ellipse a1 and the long semiaxis a2. The ratio a1/a2 determines the degree of ellipticity.
A general description of the development of the polarization is available when the polarization is
expressed using the Stokes vector u⃗ that is defined as [99]

u⃗ :=

⎛⎜⎝ cos(2χ) cos(2ψ)

cos(2χ) sin(2ψ)

sin(2χ)

⎞⎟⎠ . (4.38)

The third component describes the ellipticity: when it vanishes the wave is linearly polarized (χ = 0)
and when the third component is ±1 (χ = ±π/4) the wave is circularly polarized (+ right-hand,
− left-hand). The other components determine the direction of the polarization: horizontal or vertical
in the case of linear polarization or the alignment of the ellipse in the other cases. A plasma with
its electrons and magnetic field rotates the Stokes vector on an abstract sphere, the Poincaré sphere,
changing the type and direction of the polarization along the propagation path s according to [99]

du⃗

ds
=

ω2
peω

2
ce

2cω(ω2 − ω2
ce)

⎛⎜⎝ (B2
x −B2

z )/B
2

2BxBy/B
2

2(ω/ωce)By/B

⎞⎟⎠× u⃗(s), (4.39)

written for a wave propagating outwards along R central at O5 of TJ-K where y is the propagation
direction. As a consequence, the field components perpendicular to the propagation direction influ-
ence the third component of the Stokes vector and change the ellipticity (Cotton-Mouton effect). The
magnetic field along the major torus radius R changes the other two components of u⃗ which includes
the rotation of the polarization as in the Faraday effect. A change in the polarization therefore is
dependent on the direction of the magnetic field, its strength, the direction of the polarization, the
frequency and the density. Especially the complicated magnetic field geometry but also the 3D density
can rather be handled by 3D full-wave simulations than analytically. Different regions of the extended
microwave beam experience different field vectors and densities such that their polarizations do not
only rotate or become elliptical but the overall beam is no longer described by one common polariza-
tion. This reduces the degree of polarization and can finally lead to the complete depolarization of the
radiation. Whether the Cotton-Mouton effect or the Faraday effect dominates depends on the details
in the geometry and both can influence each other by changing the polarization themselves.
Another aspect that has to be considered concerning the polarization of microwaves in a vacuum vessel
are reflections at walls [100]. The electric field of an incoming electromagnetic wave E0i that is reflected
at a plane wall can be decomposed into a linearly polarized component parallel to the plane of incidence
(p-polarized) and a perpendicular one (s-polarized). After the reflection both reflected components E0r

stay in the original direction but their amplitudes change dependent on the angle of incidence accord-
ing to the Fresnel equations with elimination of the refraction angle by insertion of the law of refraction:

(︃
E0r

E0i

)︃
s

=
N1 cosα− µr1

µr2

√︂
N2

2 −N2
1 sin

2 α
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µr2
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2 −N2
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2 α
,
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(︃
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In general, the relative amplitudes of the p- and s-polarized part change and therefore the state of total
polarization differs after the reflection. For a non-planar mirror or a non-planar wavefront, the angle
of incidence is not constant along the wavefront. Therefore, the change of polarization and the change
of direction of propagation are different for fractions of the original wave in a complicated manner.
Complicated mirror shapes with curvatures or roughnesses that do not fit the shape of the phase front
of the incident wave can hardly be predicted analytically but numerical investigations with full-wave
codes can be used to solve the complex problem.

4.5.2 Estimation of the Faraday and Cotton-Mouton effect strengths in TJ-K

Numerical investigations are conducted estimating the influence of the Faraday and the Cotton-Mouton
effect on the polarization of a microwave beam in TJ-K. To illustrate the direction dependence of the
Faraday effect, first a simulation in a simplified 2D geometry is conducted: a background magnetic field
directed in the propagation direction of a 15 GHz microwave beam is used. The magnetic field strength
is Gaussian distributed along the propagation direction with a peak value of 5 mT. A constant plasma
density of 1.4 · 1017m−3 is used for this example. The wave is followed from the antenna through the
plasma. It is reflected and passes the plasma again. The results are shown in figure 4.29.
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Figure 4.29.: Rotation angle of the polarization for a wave passing through a magnetized plasma and
back again. The dashed vertical line indicates the reflection of the wave at 172 a.u.

The polarization vector is rotated as predicted for the Faraday effect. The change of direction on the
way back does not compensate for the rotation from the initial transit but adds a further rotation in
the same direction. Consequently, the rotation of the polarization in TJ-K can be expected to increase
further due to multiple passes through the plasma as it occurs in the diagnostic resonator or for origins
distant from the antenna. To estimate the strength of the Faraday effect in the 3D TJ-K geometry, a
simulation with the density distribution and background field as introduced in sections 3.3 and 4.2.3
is performed. The simulated wave path travels along the center line of the outer port O5 which corre-
sponds to the main path that ECE in the diagnostic resonator travels. The maximum rotation angle
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of the initially vertical polarized beam for one pass forth and back is only 2.9 °. The remaining electric
field component in the original direction is still cos (2.9°) ≈ 99.87% and the measured power of a
polarization sensitive diagnostic aligned to the initial direction 99.74%. Thus, the Faraday effect is
negligible for ECE in front of the antenna with only a few passes through the plasma in the diagnostic
resonator. However, the effect accumulates for longer path lengths as it occurs for ECE from distant
parts of the vessel.
The Cotton-Mouton effect is studied with a comparable setup launching a wave with a linear polariza-
tion with Ψ = 45 ° which is a mixture of X-polarization perpendicular to the background magnetic field
and O-polarization parallel to the magnetic background field. The wave is followed from the antenna
along the center line of port O5 to the vessel wall. The resulting polarization ellipses are shown in
figure 4.30 for ten equidistant positions along this path.
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Figure 4.30.: Polarization ellipses at ten equidistant points along the path from the ECE antenna to
the vessel wall. The sequence is plotted as seen from the antenna position.

The wave ellipticity starts at χ = 0 when the wave is launched, reaches circular polarization with
χ = π/4 between the sixth and seventh position, passes another linear polarization and ends up with
a medium ellipticity with χ ≈ 0.07 · π when the vessel wall is reached. The increased magnetic field
strength towards the inner vessel wall results in a stronger change of the ellipticity seen for larger po-
sition indices. The simulation shows that the Cotton-Mouton effect is strong for the ECE frequencies
in TJ-K. Nevertheless, the actual ECE originating from the diagnostic resonator in the experiment
has no significant contribution of O-polarization, which is required for the Cotton-Mouton effect, such
that this effect plays no role in this region.
However, the strengths of the Faraday effect and the Cotton-Mouton effect differ when the wave tra-
verses the plasma under a different angle or at different locations. When the reflections at the vessel
wall are considered, ECE that is not generated in the diagnostic resonator passes the plasma many
times under different angles and with various polarizations. Therefore, together with the depolarizing
effect of the reflections themselves, a complete depolarization for the ECE that travels around the torus
is expected. As a consequence, details of the cyclotron emission like the directivity and polarization
are concluded to be mixed for origins distant from the antenna. Especially in the experiment with
ports and diagnostics inside the vessel the only polarized fraction of ECE can be expected from the
plasma directly in front of the antenna. Even there, the magnetic field vector direction varies due to
the twisted and curved magnetic field lines that are needed for a toroidal magnetic confinement setup.
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Measurements of the polarization degree and orientation at TJ-K were performed by rotating the
receiver polarization. No clear results where obtained which can be explained by the different prop-
agation through the plasma with changed beam parameters when the waveguide that determines the
polarization is rotated. Furthermore, a curvature mismatch at the ECE mirror occurs for the changed
beam.

4.6 Measurement of electron temperatures from TJ-K plasmas

Finally, the designed ECE diagnostic is tested at TJ-K plasmas to obtain first electron temperatures.
The final experimental setup, the calibration and the evaluation are described in the following sections.

4.6.1 Experimental setup

ECE measurements to obtain the electron temperature use the setup sketched in figure 4.20 where the
optimized mirror is installed at the inner vessel wall opposite port O5. The optimized ECE antenna
is positioned in port O5. The measured distance of 63.5 cm from the center of the ECE mirror to the
polyimide vacuum window at the end of the antenna is in good agreement with the predicted distance
of 63.3 cm, emphasizing the accuracy of the construction and installation. Microwaves that pass the
antenna come to the vacuum window and are fed to a FLANN 17643 circular-to-rectangular transition
that leads the microwaves from the radially symmetric antenna to the rectangular waveguides. The
output from the transition is a type WR75 rectangular waveguide (see also table A.1 in the appendix).
In order to protect the measurement equipment, the high power 8.256 GHz heating radiation has to
be prevented from reaching the electronic components. Therefore, the waveguide is tapered down
from WR75 to WR62. The cross-section of WR62 waveguides is rectangular with side lengths of
15.8mm× 7.9mm. The size of the waveguide leads to a cutoff frequency of about 9.5 GHz. This value
allows the relevant frequencies of the second harmonic cyclotron frequency to be transmitted while the
high power heating waves are blocked. The resonator setup is completed with the Waveline 708c phase
shifter and the tunable coupler as described in section 4.3.3.
Directly at the beginning of the coaxial transmission an outer DC break INMET 8038 is used to shield
the electronics from low-frequency fluctuating potentials of the vacuum vessel. The inner conductor
is isolated because it ends in the waveguide air. Reflections or unwanted signals propagating from the
coaxial system to the resonator in the vessel are suppressed by using an isolator directly behind the
DC break. The isolator of type Quest Microwave Inc. SR0916T02 is basically a circulator that lets the
measurement signal pass but diverts signals in the opposite direction to a load where they are absorbed.
Isolation of at least 18 dB in the supported frequency range from 9 to 16.3 GHz is guaranteed. A low
pass filter removing signals above 16 GHz has proven mandatory to suppress the second harmonic
emission from the klystron which is very weak compared to the heating power (-80 dBc) but still more
than 50 dB stronger than the microwave emission from the plasma. Not using such a filter leads to
the saturation of the amplifiers of the ECE diagnostic and therefore falsified measurement signals also
at different frequencies. Therefore, a low pass filter ZYSEN ZSLP15000-6SS that transmits signals
from 0 to 15 GHz with an insertion loss below 0.9 dB but strongly damps higher frequencies follows
in the measurement chain. It was constructed for TJ-K with the aim of at least 40 dB attenuation
from 16.4 GHz upwards in order to filter out the second harmonic emission from the klystron. All
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results presented in this thesis were measured with the low pass filter in order to omit the saturation.
The transfer function of the filter measured with the Wiltron 68337B generator and the HP70001A
analyzer is shown in figure 4.31.
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Figure 4.31.: Left: measured transfer function of the low pass filter ZYSEN ZSLP15000-6SS. The pluses
were measured with a higher signal power than the crosses. The fit curve is only intended
as a guide to the eye.
Right: measured gain characteristic of the cascaded LNA amplifiers. The region that will
be filtered by the low pass filter in the experiments is shaded.

Up to 15.4 GHz, the damping of the low pass filter is below 1 dB but the steep region that follows
leads to more than 65 dB damping for the 16.512 GHz peak from the klystron. With the low pass
filter included no saturation effects of the amplifiers was observed.
The subsequent components are two low noise amplifiers LNA12g-26g by DG0VE that amplify in the
frequency range in question by more than 40 dB (together), with a peak at 15 GHz with more than
53 dB amplification. The gain of these amplifiers is measured with the HP70001A spectrum analyzer
and the Wiltron 68337B signal generator for both amplifiers in series with only a SMA adapter in-
between. The full measured gain frequency characteristic is plotted in figure 4.31. The full width at
half maximum of the highest peak is about 1 GHz which therefore is the approximate measurement
bandwidth when a diode is used as detector instead of the spectrum analyzer. Finally, the amplifiers
and the spectrum analyzer are separated by an INMET 8037 DC break and a 2 m Huber+Suhner
SF104 cable. All used SMA to SMA adapters are 50Ω RND 205-00455 gold-covered adapters that
are rated up to 18 GHz. The HP70001A analyzer was set to measure with its maximum bandwidth
of b = 3MHz. A center frequency of 15 GHz is used with a span of 1 GHz and a 10 s sweep. The
reference level was set to 0 dBm and the video filter set to its minimum bandwidth at 300 Hz which
reduces the noise. Measurement data is acquired with a National Instruments system from the analog
rear outputs of the HP analyzer2. The damping (insertion loss) of the measurement chain components,

2 The relation for the rear output Pmeas(Urear) = −(92.15 ± 0.03) dBm + (49.49 ± 0.03) dBm
V

·Urear is by a factor of 2
finer than for the front output.
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as well as their voltage standing wave ratios (VSWR) and amplitude reflection factors, are listed in
table 4.5.

component model VSWR amplitude reflectivity max. insertion loss
phase shifter Waveline 708c 1.2 9% 0.5 dB
isolator Quest MW SR0916T02 1.3 13% 0.5 dB
low pass ZYSEN ZSLP15000-6SS 1.23 10% 0.9 dB
DC breaks INMET 8037 and 8038 1.35 15% 0.5 dB
SMA cables Huber+Suhner SF104, 2m 1.25 11% 2.6 dB
SMA adapter RND 205-00455 1.125 6% 1dB

Table 4.5.: Insertion losses and reflection parameters of the resonator components.

Reflections at components or connections prevent an ideal standing wave in contrast to the tunable
short in the resonator. Partial reflections only change the amplitude of node and antinode partly,
expressed as their ratio in the VSWR. The power reflection coefficient is only 1% when 10% of the
amplitude is reflected because of the squared dependence on the amplitude. Still, the need for the
isolator is clear when the sensitivity of interference in a resonator is considered. From table 4.5 it can
be estimated that up to 10 dB of losses are possible for the transfer from the coupler to the analyzer,
including several cables and adapters.

4.6.2 Liquid nitrogen calibration

The measurement system is calibrated using two known temperatures. This is done using a microwave
absorber as a black body once at room temperature and again floating on liquid nitrogen (LN2).
The temperature of LN2 is known since it boils at approximately 77 K under atmospheric conditions.
Since according to the Rayleigh-Jeans law the power emitted by a black body at a given frequency is
proportional to its temperature TBB the power measured by a receiver Pmeas is given by [33]

Pmeas = g · (TBB + Trec) , (4.40)

where g is the gain of the receiving system and Trec is its noise temperature. When the emission is
measured at two calibration points (LN2 and room temperature), the noise temperature and the gain
factor of the receiver can be determined for the measured frequency. Afterwards, the same equation can
be used to calculate radiation temperatures for signals of arbitrary origin. For calibration, the complete
setup with the phase shifter, the coupler, the amplifiers, the cables and the analyzer is installed on a
table. Instead of the ECE mirror, a plane mirror at 45° is used to get a view of the antenna into a
canister with the microwave absorber. This canister is used in ambient air and afterwards filled with
liquid nitrogen. As an example, the measured power in the range from 14.5 to 15.5 GHz for LN2
and room temperature is shown in figure 4.32. The coupler position d = 0.299" that is used for the
temperature measurements at TJ-K was used in this measurement leading to a low coupling factor
for 15 GHz from the waveguide to the cable. The result can be seen in the graph as the difference
of room temperature and liquid nitrogen power at precisely 15.0 GHz is only 0.26 dB (0.06 nW after
amplification).
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Figure 4.32.: Received power spectrum at the HP70001A analyzer after amplification from a liquid
nitrogen cooled microwave absorber at 77 K (blue) and at room temperature at about
295 K (red) with coupler position dc = 0.299".

Uncertainties in the liquid nitrogen calibration due to reflections at the surface of the liquid forming
standing waves [33] were not observed. This was tested by phase shifting as well as in long-time
measurements at a fixed frequency. The results show no visible (< 0.08 dB) influence of the effective
resonator length in both cases.
In order to use this calibration, it has to be checked that the measurement system is linear in the
entire range of operation [3], i.e. the output voltage U is proportional to the signal power Pmeas. This
was done using the Wiltron 68337B signal generator once for the spectrum analyzer and separately
for the amplifiers. The linearity of the cascaded low noise amplifiers is validated from -100 dBm to
-50 dBm input power showing 53 dB gain for 15 GHz. For levels below, the amplifiers are still linear
but the noise contributes significantly to the measured powers. When the output voltage is converted
to signal power and the hot-cold calibration is used to obtain the gain and system noise temperature,
the radiation temperature can be calculated from the measured powers using equation (4.40). For
an optically thick plasma, the radiation temperature equals the electron temperature of the plasma.
In the case of optically thin plasmas, the electron temperature can be obtained from equation (4.15)
when the optical depth is known. Both, for the linear evaluation using the optical depth and for the
optically extremely thin cases with Pmeas ∼ neT

2
e , more information is needed which can be obtained

from a reference plasma. A Langmuir probe that is positioned on the flux surface where the main
contribution for the envisaged ECE frequency is emitted can deliver the electron temperature on this
surface. Then the effective optical depth for the entire setup including the diagnostic resonator can be
calculated as well as the prefactor for the evaluation with squared electron temperatures is available.
With this last step, the calibration is complete for all plasma states that do not severely differ in the
effective optical depth or resonator properties. To what extent this condition is fulfilled can be judged
from the quality of the temperature results in section 4.6.4.
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4.6.3 Procedure of the measurements

As a first step, a plasma with average parameters is generated. As a check, the coupler is set to
the position dc = 0.280" where no coupling to the coaxial cable is expected as the coupling pin is
then in the node of the standing wave pattern. This is checked by tuning the phase shifter without
a change in the received signal power. Then the coupler is slightly moved to dc = 0.299" in order
to produce measurable signals while the main amount of the radiation is reflected into the resonator.
Afterwards, the phase shifter is adjusted to optimize the effective length of the resonator for 15 GHz
measurements where the transfer function of the system has its maximum. That point is reached
as soon as the signal with constant coupling reaches its maximum. A Langmuir probe in the 2D
unit at port O6 is used simultaneously in order to measure reference electron temperatures that are
compared to the temperatures from the ECE diagnostic. The probe is positioned at the intersection
of the centerline of the port with the resonant surface for 15 GHz second harmonic ECE, at the point
(R = 60.7 cm, z = 0 cm, ϕ = 30°). Therefore, at this location the same temperature as at the main spot
of the ECE diagnostic’s contribution volume should be measured. To probe for the operating regime of
the ECE diagnostic, uHe = 27 helium and uAr = 16 argon plasma discharges with neutral gas pressures3

between p0 = 7mPa and p0 = 97mPa for helium and between p0 = 1.3mPa and p0 = 9mPa for argon
were examined. Heating powers from 1000 W to 2450 W were used.
The evaluation of electron temperatures from the electron cyclotron emission diagnostic requires the
calibration parameters that were obtained from the hot-cold method in section 4.6.2. Furthermore, in
optically thin plasmas a reference is needed that provides for the effective optical depth τeff in the
linear temperature dependence case, or in the extremely thin case the prefactor of the T 2

e dependence.
Although the numerical integration of the radiation transport equation in section 4.1.2 already shows
that TJ-K has extremely optically thin plasmas, the classical evaluation for optically thin plasmas
using equation (4.15) is also executed for comparison. Furthermore, the quadratic evaluation is done
once with a common prefactor for the measurements which means that an average value for the plasma
density is used. With a separate prefactor for each shot using the corresponding value of the electron
density as equation 4.6 suggest, the evaluation is repeated. From the comparison of the results, the
necessity of density measurements for the ECE diagnostic can be concluded.

4.6.4 Resulting electron temperatures

As common reference plasma shot #12526 was chosen for all types of evaluation of argon plasmas and
#12580 in the helium cases. The common choice improves the comparability of the results and is close
to the procedure of measurements in routine operation of a diagnostic where only a single calibration
should be required. By trying different reference plasmas care was taken that the different types of
evaluation that are compared do not suffer significantly from this choice, i.e. an optimal choice for
each evaluation would produce very similar results.
All temperatures obtained from the ECE diagnostic Te,ECE are compared to the temperatures Te,Langm.

that current-voltage characteristics of the Langmuir probe deliver. As an indicator of the electron
temperature deviation of the ECE measurements from the Langmuir probe results, the root mean

3 Note that these are the values after the gas type correction and not the values displayed by the Pfeiffer Vacuum
PKR 251 pressure gauge.

86



4.7. Summary and discussion of the ECE measurements at optically thin plasmas

squared error (RMSE) ∆(kBTe) is calculated as follows:

∆(kBTe) = kB

⌜⃓⃓⎷1

u

u∑︂
i=1

(Te,ECE,i − Te,Langm.,i)
2, (4.41)

where u is the number of evaluated discharges for the used gas type. The evaluations are done for
helium and argon separately and the resulting temperatures are shown in figures 4.33. In all cases,
the quadratic dependence on the temperature provides temperature results that agree better with the
Langmuir probe results than the linear dependence using the optical depth. The linear evaluation
has a RMSE of about ∆(kBTe)Ar ≈ 1.7 eV for the argon series and ∆(kBTe)He ≈ 24 eV for the
helium series. The square evaluations for argon have an error compared to the Langmuir data of
∆(kBTe)Ar,n ≈ 0.90 eV evaluating the density for every shot separately and ∆(kBTe)Ar ≈ 0.76 eV

disregarding the density influence, respectively. In the helium case the values are ∆(kBTe)He,n ≈ 4.7 eV

with density influence and ∆(kBTe)He ≈ 4.3 eV without. The electron density varied by a factor of 5
in the measurements with helium and a factor of 4.3 for argon. However, taking the measured electron
density for each plasma into account does not improve the results although the square evaluation shows
much better results than the linear dependence for plasmas close to optical thickness. Consequently,
the case in TJ-K with resonator seems to lie between the pure emissivity case with density influence
and T 2

e dependence and the optically thick case without density influence but Te dependence.
Especially in the helium series most of the deviations are seen for high temperatures. Temperatures
from the linear evaluation are even far above the expected thermal energy range for TJ-K at values up
to 70 eV. The neutral gas pressures of the plasmas that produced these results were below the typical
operating range at TJ-K and very close to regions where ionizing radiation appears.

4.7 Summary and discussion of the ECE measurements at optically
thin plasmas

A diagnostic system for the temperature measurement from electron cyclotron emission for TJ-K was
successfully designed, built and applied to TJ-K plasmas. The calibration of the system was done using
the hot-cold method with liquid nitrogen and a Langmuir probe was used as a reference. With the
tunable resonator setup, an agreement between Langmuir probe temperature measurements and the
new ECE diagnostic was seen. Argon and helium plasmas with different heating powers and neutral gas
pressures prove the ECE diagnostic suitable for temperature measurements in typical TJ-K parameter
ranges despite the fact that the plasma is extremely optically thin. With the resonator setup, the
agreement between ECE and Langmuir probe measurements was improved as the comparison of figures
4.25 and 4.33 shows. Simulations of the radiation transport equation have shown that for extremely
low optical depths like in TJ-K, the temperature dependence of the emissivity is also present for the
measured power. This knowledge was used in the evaluation and confirmed the simulation results as
the evaluated temperatures using a Pmeas ∼ T 2

e dependence agree well with the Langmuir reference
temperatures.
Also, very low neutral gas pressures below the standard operating range show a strong increase in the
measured temperatures when TJ-K is operated close to the x-ray emitting scenarios. Because electron
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Figure 4.33.: Electron temperatures from ECE measurements compared to Langmuir measurements.
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e dependence for low optical depths are shown.
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4.7. Summary and discussion of the ECE measurements at optically thin plasmas

cyclotron emission diagnostics are known to show high intensities over a broad frequency range when
superthermal electrons are present and especially in optically thin plasmas like in TJ-K superthermal
electrons are known to have a strong impact on the emitted power [7,35], the ECE diagnostic indicates
the existence of superthermal electrons and the operating parameters of TJ-K can be scanned to
identify the ranges with and without superthermal electrons for future experiments. This supports the
proposition that superthermal electrons are generated in low-pressure plasma discharges and produce
the x-rays.
Even if the resonator and mirror cannot be ideally matched to all possible plasma conditions, the
temperatures compare well to the Langmuir measurements. The agreement might be supported by
temperature profiles that only shift between different discharges but have the same shape. Then the
measurements do not need to be closely localized but also a spatially averaged measurement can provide
useful temperature results. Furthermore, the measurement at 15 GHz corresponds to the plasma core
where the temperature profile is flat as can be seen in figure 4.8. Therefore, the measurement over
several flux surfaces does not compromise the results.
Altogether, it was shown that ECE diagnostics can operate successfully at extraordinarily low optical
depths when the temperature dependence of the emissivity for the used harmonic is considered. The
first curvature optimizing mirror and resonator setup to enhance the localization of the measurement
were successfully employed and have been shown to improve the localization of the measurements by
a factor of approximately 9. Additionally, the ECE diagnostic indicates the presence of superthermal
electrons in TJ-K plasmas.
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5 Simulation of electron drift orbits and toroidal
net currents

Temperature evaluations using the ECE diagnostic show indications of the existence of superthermal
electrons (see section 4.7). In this chapter, the generation of toroidal net currents by such superthermal
electrons is examined.
Experiments with modulated microwave heating power were used in the past to investigate the presence
of toroidal net currents in the plasmas of TJ-K. A toroidal current can be measured through the
magnetic field that it generates. When the plasma is turned off, the current decays and a change in
the magnetic field is generated that can be used to measure the current strength and direction with a
diagnostic coil that surrounds the plasma, a Rogowski coil [37, 38]. As can be seen in figure 5.1, this
kind of experiments has shown toroidal net currents with strengths from only a few Ampères up to
almost 30 A in scenarios with two microwave heating frequencies [12].

Figure 5.1.: Experimentally obtained absolute toroidal net currents in TJ-K for different neutral gas
pressures with two microwave heating frequencies used simultaneously (left, [12]) and
signed toroidal net current for different powers of the 8 GHz heating (right, [13]).

In these experiments, the toroidal net currents have been found to depend inversely on the neutral
gas pressure and the currents have dropped when a Langmuir probe was introduced. In further
experiments with a single and resonant microwave heating frequency [13] an increase of the currents
with the microwave heating power was seen and the current found to be directed opposite to the
magnetic field. With resonant heating, currents below 4 A were seen. Not a drift of the bulk electrons
but superthermal electrons were proposed to be responsible for the observed currents [12, 39]. Larger
neutral gas pressures are expected to reduce the number of superthermal electrons by impeding the
acceleration of thermal electrons to higher speeds by shorter mean free paths. Also the observed
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5. Simulation of electron drift orbits and toroidal net currents

disappearance of toroidal currents when a Langmuir probe was introduced is in accordance with the
idea of fast electrons forming the current since the probe can act as an obstacle that helps in the
thermalization process of the plasma. In the stellarator TJ-II, for example, a movable paddle is used
to eliminate superthermal electrons [101].
Toroidal net currents were accompanied by the presence of ionizing radiation at WEGA [39] and
TJ-K [12]. Such radiation can be generated when superthermal electrons collide with vessel compo-
nents. At WEGA even a connection between the toroidal distribution of the radiation and the position
of in-vessel components was found [39]. Measurement scenarios with the emission of x-rays were discon-
tinued at TJ-K owing to the lack of remote operation and therefore missing protection from radiation.
As mechanism behind the generation of toroidal net currents, a direction dependent loss mechanism
of charges was put forward [39] that is based on the different trajectories of thermal and superthermal
electrons in the magnetic cage depending on their propagation direction. The electrons move on drift
orbits that are either larger or smaller than the flux surface, depending on the direction of motion
and the magnetic field geometry. The direction dependence of the orbit may lead to a directivity of
electron losses at the vessel wall due to large drift orbits. Simulations of the electron trajectories for
different velocity distributions are therefore used to examine the drift orbits as possible sources of
toroidal net currents in TJ-K as discussed in this chapter after the theoretical background is provided
in the following subsections. As Langmuir probe characteristics have shown populations of electrons at
energies of 30 eV, 500 eV and even 1.3 keV in 2.45 GHz heated plasmas [102], a wide range of energies
of 10 eV, 100 eV and 1000 eV is covered in the simulations.

5.1 Theory of electron trajectory simulations

Trajectories of charged particles in background magnetic fields can be very complicated unless a strict
and simple symmetry is present. The Lorentz force F⃗L = −ev⃗ × B⃗ acts on motion perpendicular to
the magnetic field B⃗ and diverts an electron with charge −e perpendicular to its initial velocity v⃗ and
to the magnetic field. For a homogeneous field strength, a circular motion around the field line, the
gyration, results while the velocity component parallel to B⃗ is not affected. On the one hand, the radius
of the circular motion, the Larmor radius ρL, is often very small (tens of micrometers for TJ-K) while
on the other hand, the parallel motion can be of the order of the vessel circumference which covers
several meters. For simulations, this means that toroidal turns need tens of millions of simulation
steps when simultaneously the gyration has to be resolved. As a consequence, the simulation times
are long and numerical errors can accumulate. Because of the need for large numbers of trajectories
for the statistical simulation of velocity distributions the full trajectories cannot be considered for
toroidal net current investigations. Fortunately, the full simulation of the gyration can be replaced in
the simulations by the guiding center approximation that is explained in the following and leads to a
considerable saving in computational effort.

5.1.1 The guiding center approximation

Particle trajectories are in general very complex such that analytical solutions of the equation of motion
are usually only possible in highly symmetric cases. A simplification of the problem has to consider the
envisaged scale of the simulation: a local (Taylor) expansion can be useful for short-time simulations
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5.1. Theory of electron trajectory simulations

of the gyration but when many gyration periods should be covered, another model is promising: the
guiding center approximation splits the problem into the gyration with the Larmor radius ρL and
the motion of the gyration center parallel to the magnetic field [103]. As long as the gyration of an
electron in a magnetic field takes place on an orbit around the field line that is small enough to cover
no significant change in the magnetic field strength, the gyration is circular and can be represented by
the motion of its center with a set of drift equations. This condition can be written as

ρL =
mev⊥

e|B⃗|
≪ |B⃗|⃓⃓⃓

∇|B⃗|
⃓⃓⃓ =: LB, (5.1)

where v⊥ is the speed perpendicular to the background magnetic field. In TJ-K simulations using
the guiding center approximation, the validity was checked with 1% as the limit for the gyroradius
compared to the gradient length LB. For the center line of port O5, this is easily fulfilled as the
gradient length is about LB = 0.27m (see also section 3.3) and thermal plasmas have gyration radii of
some tens of microns. Similar values can be expected in most of TJ-K’s volume and plasmas. However,
close to the magnetic field coils and in the case of fast electrons a recurrent check of this condition
in simulations is reasonable because strong field gradients or large Larmor radii are possible in these
cases.
The guiding center has a parallel motion along the field line and a perpendicular motion that is
described by drift velocities. These drifts can arise from the magnetic field geometry or external forces.
In a magnetic field B⃗ with an additional force F⃗ the equation of motion is:

me

.
v⃗ = −ev⃗ × B⃗ + F⃗. (5.2)

Because of the vector product in the Lorentz force only the force F⃗ can act parallel to B. The perpen-
dicular components are coupled differential equations which in a Cartesian system with B along the
z-axis the differential equations are:

mev̇x =evyB + Fx,

mev̇y =evxB + Fy.
(5.3)

Differentiation and combination of the equations yields the circular gyration around the magnetic field
modified by a motion perpendicular to the external force F⃗ :

vx =v⊥ cos (ωcet)−
Fy

eB
,

vy =− v⊥ sin (ωcet) +
Fx

eB
,

(5.4)

where v⊥ :=
√︂
v2x + v2y and ωce := eB/me is the electron cyclotron frequency. When the motion is

integrated over a gyration period the gyration is averaged out due to the symmetry of sine and cosine
and the drift velocity of the guiding center is obtained. In a general coordinate system, the drift
velocity resulting from a force F⃗ is

v⃗D = − F⃗ × B⃗

e|B⃗|2
. (5.5)
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5. Simulation of electron drift orbits and toroidal net currents

Two drifts are relevant for the formation of electron drift orbits: the curvature drift and the gradient
drift. The curvature drift occurs when the guiding center follows a locally curved magnetic field line.
A centrifugal force F⃗cf in the electron’s frame of reference occurs:

F⃗cf =
mev

2
∥

R2
c

R⃗c, (5.6)

where R⃗c is the curvature vector of the magnetic field line pointing from the curvature center to the elec-
tron. According to equation (5.5), the guiding center experiences the curvature drift v⃗cD proportional
to the kinetic energy of the electron parallel to the magnetic field W∥ = 1/2 ·mev

2
∥ [4]:

v⃗cD = −
2W∥

e

R⃗c × B⃗

R2
c |B⃗|2

, (5.7)

which can be reformed using the identity [54] −R⃗c/R
2
c = ∇⊥|B⃗|/|B|:

v⃗cD =
2W∥

e

∇⊥|B⃗| × B⃗

|B⃗|3
, (5.8)

where ∇⊥|B⃗| is the change of the magnetic field strength perpendicular to the field vector.
Also the gradient in the field strength perpendicular to the magnetic field leads to a drift. Small
gradients that allow for the use of the guiding center approximation according to condition (5.1) still
result in small differences of the absolute magnetic field strength along the gyration of the electron.
In regions with larger magnetic fields, the Larmor radius is slightly smaller than in the region with a
smaller background field. Therefore, a drift of the guiding center perpendicular to the magnetic field
results as it is illustrated in figure 5.2.

Figure 5.2.: Vertical drift of an electron in a magnetic field gradient directed to the left. The Larmor
radius on the high-field side (light gray) is smaller than on the low-field side (dark gray)
leading to a drift upwards in this geometry. Adapted from [54].

When a magnetic field gradient in negative x-direction is considered and the gradient is weak on the
scale of a Larmor radius around the guiding center at the origin, the guiding center drift can be
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5.1. Theory of electron trajectory simulations

calculated from a first-order expansion of the field:

FL,x ≈ −evy
(︃
B +

∂B

∂x
x

)︃
,

FL,y ≈ evx

(︃
B +

∂B

∂x
x

)︃
.

(5.9)

Since the gyration is to the first order circular, this results in:

FL,x ≈ ev⊥ sin (ωcet)

(︃
B +

∂B

∂x
v⊥/ωce sin (ωcet)

)︃
,

FL,y ≈ ev⊥ cos (ωcet)

(︃
B +

∂B

∂x
v⊥/ωce sin (ωcet)

)︃
.

(5.10)

When the force is time-averaged over a gyration period the sin, cos and sin · cos terms vanish but the
sin2 term yields:

FL,x ≈ −1

2
mev

2
⊥
1

B

∂B

∂x
. (5.11)

For an arbitrary field gradient, the resulting drift velocity is obtained when the time-integrated force
is inserted into equation (5.5) yielding [54]:

v⃗∇D =
W⊥
e

∇⃗⊥|B⃗| × B⃗

|B⃗|3
. (5.12)

Further drift velocities appear whenever additional forces act on the electron, for example in the
presence of an electric field. Those effects are not considered here. The total drift velocity from the
magnetic field curvature (equation (5.8)) and gradient (equation (5.12)) can be written as

v⃗D =
(︁
W⊥ + 2W∥

)︁ ∇⃗⊥|B⃗| × B⃗

e|B⃗|3
. (5.13)

In a simple case with a toroidal magnetic field and a magnetic field gradient that points along the
major radius, the drift is purely vertical. In the more complex geometry of fusion experiments with
twisted field lines, also a vertical component of the magnetic field is present which leads to a horizontal
component in the drift velocity. The trajectories resulting from the drifts in a magnetic field are
discussed in the next section.
Additional to the drift velocities that displace the guiding center, the kinetic energy is shifted between
perpendicular and parallel motion when the charge moves to a region with a different magnetic field
strength because the Larmor radius changes. The conservation of angular momentum implies that
the perpendicular velocity has to compensate for the changed radius. As the conservation of energy
demands, the energy of the perpendicular velocity is exchanged with the parallel kinetic energy.
The shift between perpendicular and parallel energy can even result in the reflection of an electron
when the entire parallel energy is transferred to the perpendicular motion. Therefore, a geometry with
a magnetic well can be used as a magnetic mirror. Reflections of this type depend on the magnetic
field strength and the ratio of perpendicular and parallel velocity of the charge.
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5. Simulation of electron drift orbits and toroidal net currents

5.1.2 Electron drift orbits in TJ-K

The local drift velocities can change the entire trajectory of a charge because of the local changes in
the magnetic field: due to the drift, a completely different geometry can be entered that changes the
trajectory fundamentally. Figure 5.3 shows the evolution of the radial position R and the vertical
position z of guiding center simulations performed with MCC in the 3D magnetic field geometry of
TJ-K. The plot can be understood as a projection of the trajectories to a poloidal plane.
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Figure 5.3.: Electron guiding center trajectories compared to the magnetic field line for various electron
energies with constant pitch angle (left) and different perpendicular speeds (right).

On the left, the results from simulations for different electron energies with the initial pitch angle
η = arctan

(︁
v⊥/v∥

)︁
= 45° are shown compared to the field line for 57° of toroidal movement. A drift

away from the field line can be seen for high kinetic electron energies while for 10 eV (1.9 · 106 m
s )

the field line and trajectory are congruent. On the right, simulations for different pitch angles with
a constant v∥ = 1.9 · 108m/s are shown. A clear deviation from the field line can be seen (note the
different scales of the left and right figure). For the highest speed, the trajectory is very different from
the field line and leads to the loss of the electron at the vessel wall.
To illustrate the principles of the formation of drift orbits, a simplified geometry is considered: figure
5.4 shows a poloidal cross-section of a toroidal plasma with circular flux surfaces.

Figure 5.4.: Schematic illustration of the drift velocities that lead to drift orbits of an electron in a
toroidal plasma, modified from [4].
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5.1. Theory of electron trajectory simulations

An electron at the outermost point of a flux surface is considered in this geometry with a magnetic
field mainly pointing into the plane and an absolute field gradient towards lower R. The winding
of the magnetic field as it is required for toroidal plasma experiments is indicated by the poloidal
field component Bθ, turning clockwise. The total drift velocity at the starting position according to
equation (5.13) is directed downwards. At the electron position, the magnetic field line along positive
dϕ has a negative vertical component as the poloidal component indicates. When the electron moves
into the plane, co-moving compared to the magnetic field, it follows this field line downwards and
simultaneously experiences a drift velocity downwards. Therefore, the guiding center moves further
down than the flux surface. Along its way around the torus, the electron trajectory departs from
the flux surface as long as the drift velocity points away from the flux surface. When the electron
reaches the upper half of this plot, the electron approaches the flux surface again because there the
drift downwards is directed towards the initial flux surface again. Therefore, the electron trajectory
finally meets the original surface again in this symmetric setup. The surface on which the electron
moves with non-negligible drift velocity is called electron drift orbit.
In the case of a counter-moving electron, the drift direction is still directed downwards but the field line
is directed upwards. Hence, a drift orbit is formed that is smaller than the flux surface. When the drift
orbit is larger than the flux surface the electron possibly reaches regions outside the last closed flux
surface or even hits the wall of the vessel. Due to the velocity dependence of the drifts the deviation
from the flux surface increases with higher electron energies.
Simulations of the particle trajectories in the geometry of TJ-K have been performed using MCC.
Figure 5.5 shows in the poloidal cross-section at inner port I1 the results of four simulations:

Figure 5.5.: Poincaré plot of a co-moving electron (larger orbit) and counter-moving electron (smaller
orbit). Guiding center approximation (x) and the full trajectory (+) are shown. The solid
line represents the flux surface that the electrons started on with |v⃗| = 2.5·108m/s ≈ 0.83·c
and v⊥ = 0.7 · |v⃗|. The shaded circles show the relativistic Larmor radius.
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5. Simulation of electron drift orbits and toroidal net currents

The trajectory of a very fast electron with |v⃗| = 2.5 · 108m/s ≈ 0.83 · c is simulated from the same
starting point first using the guiding center approximation and again with the full trajectory and
both types of simulation are performed for a co-moving and a counter-moving electron. For the large
perpendicular velocity of 0.7 · |v⃗|, the Larmor radius is, in this case, almost 7mm large and shown
in the graph as circles around the guiding center positions. Not only a large difference between the
drift orbit and the flux surface on which the electron starts is visible but it can also be seen that the
simulations of the full trajectory show electron positions that are within the Larmor radius around
the guiding center results. This agreement shows that even for this very high velocity and relativistic
case the simulation of the full trajectory can still be modeled using the guiding center approach. As a
measure for the difference between the drift orbit and the flux surface, the horizontal distance of the
points with minimal R in a poloidal cross-section like in figure 5.5 can be used. In the case shown this
distance is about 2.6 cm for the co-moving electron and 2 cm when the electron moves in the opposite
direction. This high velocity was chosen to demonstrate the effect with easily visible Larmor radii
and drift orbit sizes. The typical thermal velocity in TJ-K is only about 1.9 · 106m/s ≈ 0.006 · c
(at kBTe = 10 eV). Figure 5.6 shows for simulations from another starting point that the difference
between the flux surface and drift orbit is much smaller for thermal electrons in TJ-K.

Figure 5.6.: Maximum horizontal distance between the flux surface and the drift orbit evaluated in a
poloidal plane for electron motion in TJ-K parallel and antiparallel to the magnetic field
with constant v⊥/|v⃗|.

For 1.9 · 106m/s, the distances are below 300 microns. Therefore, either fast electrons with larger
distances from the flux surface or electrons at the edge of the confinement region are likely to collide
with the walls due to the drift orbit size. As already indicated in figure 5.4, electrons that start in
the opposite direction form a drift orbit that is not larger than the flux surface but smaller. Also
for this case, the horizontal distance was evaluated for different speeds. The corresponding distances
are shown as negative horizontal displacements in figure 5.6. In contrast to the case with larger drift
orbits, orbits smaller than the flux surface have a natural limit for the difference as the orbit shrinks
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5.1. Theory of electron trajectory simulations

to a single point in the Poincaré plot. For this type of drift orbits, the electron trajectories cannot
cross the plasma border and therefore the drift orbits do not lead to losses due to collisions with the
vessel wall. The influence of the velocity components parallel and perpendicular to the magnetic field
is visible when one of the two is varied but the other fixed. Both of these variants were simulated for
motion parallel to the magnetic field (∢(B⃗, v⃗) < 90°) with 1 · 106m/s for the fixed component. The
resulting deviations of the drift planes compared to the flux surfaces, shown in figure 5.7, confirm that
both components play a role in the formation of drift orbits.

Figure 5.7.: Maximum horizontal distance between the drift surface and the flux surface in the ϕ = 0
plane for variation of only one velocity component for each curve. The other component
is fixed at 1 · 106m/s.

According to equation (5.13), one would expect the parallel velocity component to contribute twice as
much to the displacement compared to the perpendicular component. Nevertheless, a stronger influence
of the increase of the perpendicular component is seen. This effect is attributed to the complexity
of the 3D geometry of the confining magnetic field. The difference of drift orbits in the parallel and
antiparallel case is notably increased by the fact that the rotational transform varies significantly in
the stellarator geometry [104]. Furthermore, very different magnetic field strengths can be experienced
and also the field line curvature due to the magnetic ripple can even exceed the contribution of the
curvature from the toroidal shape [104]. Considerations deduced from the drift velocity equation
(5.13) can therefore only be the basis for explaining potential deviations of the movement from the
flux surfaces. Moreover, simulations of entire velocity distributions in the whole magnetic geometry
are required to evaluate the influence of the complex stellarator geometry on the trajectories.

When the charge does not start on the right side in figure 5.4, the low-field side, but on the high-field
side on the left, the relation between drift orbit size compared to the flux surface and the propagation
direction is inverted. This becomes obvious when the already discussed trajectory (co-moving in figure
5.4) with a drift orbit larger than the flux surface is compared to an electron that starts at the opposite
side of the plasma in the same picture. If the electron has the velocity that the first electron has at the
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5. Simulation of electron drift orbits and toroidal net currents

same spot, it has to move on the same orbit as it is identical with the one considered first. However, the
flux surface that intersects with this new starting point is now considered as reference. This surface is
larger than the original reference and therefore the orbit is smaller than the flux surface. Because the
electron is still co-moving it cannot be concluded that either parallel or antiparallel movement leads
to orbits larger than the flux surface and causes particle losses due to collisions with the wall. Instead,
the complexity of the process in the detailed geometry of the magnetic field and the particle density
are addressed in numerical simulations.

5.1.3 Electron velocity distributions

Neither the investigation of single electrons is sufficient to understand the possible strength of toroidal
net currents nor is it possible to simulate all the electrons within the plasma volume of TJ-K. Therefore,
a statistical description of the electron velocity distribution and the density distribution are used for
net current investigations. Electron velocity distributions cannot be measured from electron cyclotron
emission measurements [6] which makes it necessary to assume a velocity distribution. The probability
to find a particle of a non-relativistic ideal gas that is in thermodynamic equilibrium and has negligible
quantum effects in an interval d3v around the velocity v⃗ is given by the Maxwell-Boltzmann probability
density function [105]

fM (v⃗) =

(︃
me

2πkBTe

)︃3/2

exp

(︃
−me|v⃗|2

2kBTe

)︃
, (5.14)

which is the product of three independent centered Gaussians with variance kBTe/me and expectation
value 0, each for a Cartesian velocity component [105]. A more intuitive form is reached when the
direction of the velocity is ignored and only the speed is plotted. The probability p(v) for an electron
in a plasma with thermal energy kBTe to have the speed v is obtained by transformation into spherical
coordinates and integration over the angular components of the velocity. This results in

p(v) = 4π

(︃
me

2πkBTe

)︃3/2

v2 exp

(︃
− mev

2

2kBTe

)︃
, (5.15)

and is illustrated for different thermal energies in figure 5.8.
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Figure 5.8.: Probability of different speeds in 3D Maxwell-Boltzmann distributed gases with different
thermal energies.
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The most probable speed of this distribution is given by the thermal velocity

vth =

√︃
2kBTe
me

. (5.16)

For a typical thermal energy in TJ-K of kBTe = 10 eV the most probable velocity is vth ≈ 1.9 · 106m/s.
Numerically, a Maxwell-Boltzmann velocity distribution is generated by a Gaussian random number
generator for all three components. The temperature is included in the variance of the Gaussian. The
standard Gaussian density function fs(G) with expectation value 0 and variance 1 is generated using
the Box-Muller method [106] from uniformly distributed random numbers u1 and u2 that are provided
by the operating system via the C++ programming language. With this method a standard Gaussian
random number G is obtained by calculating

G =
√︁
−2 ln(u1) sin(2 · π · u2). (5.17)

This number is transformed to a velocity component vi of a Maxwell-Boltzmann distribution with
temperature Te:

vi = T (G) =

√︃
kBTe
me

·G. (5.18)

This linear transform T (G) scales the abscissa and therefore modifies the width of the distribution.
An arbitrary linear transform modifies the density function as follows [107]:

f(vi) = f(T−1(vi)) ·
⃓⃓⃓⃓
dT−1(vi)

dvi

⃓⃓⃓⃓
. (5.19)

Therefore, the resulting density function is in the concrete case:

f(vi) =
1√
2π

exp

(︄
−1

2

(︃√︃
me

kBTe
vi

)︃2
)︄

·
√︃

me

kBTe

=

√︃
me

2πkBTe
exp

(︃
− mev

2

2kBTe

)︃
,

(5.20)

which is a Gaussian with mean 0 and variance kBTe/me as desired for each velocity component.
As another type of velocity distribution monoenergetic populations are used. In this case, all electrons
start with the same speed vmono but random direction which is reached by normalization of all velocity
components vi by multiplication with vmono/|v⃗|. Monoenergetic populations have the advantage that
there is no probability of other velocities. Maxwell-Boltzmann distributions on the contrary only have
a decaying probability for high velocities and extremely fast electrons are possible. Often the possibly
long extent of the distribution is called “tail”. For example, for kBTe = 100 eV the possibility that an
electron has a speed higher than 2·107m/s is about 5·10−5 resulting in statistically 750 electrons above
that speed in populations of 15 million electrons. The dependence of the distribution’s steepness on
the temperature leads to a strong tail for hotter plasmas while the 10 eV case has only a weak tail with
less than 4 · 10−12 probability of a speed over 1 · 107m/s for a single electron. Although the electrons
in the plasma are not monoenergetic, such populations are simulated to check if the resulting currents
are dominated by the tail of the Maxwell-Boltzmann distribution which might be possible especially
for the simulation of kBTe = 1keV due to its large width that can be seen in figure 5.8.
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5.1.4 Relativistic effects

For the thermal velocity in typical TJ-K plasmas with kBTe = 10 eV, the Lorentz factor γ is almost
unity: γ ≈ 1+ 2 · 10−5. The deviation from 1 is small enough to neglect relativistic effects but for fast
non-thermal electrons with energies that are comparable to the electron rest energy relativistic effects
come into play. The relativistic mass increase has to be taken into account leading to the Maxwell-
Jüttner distribution function [108]. For the thermal velocity, a Lorentz factor of γ ≥ 1.01 is reached
when the thermal energy exceeds several thousand electron volts but since the Maxwell distribution
has no upper limit for the speed, even for lower thermal energies relativistic electrons have a small
but non-zero probability. Therefore, the influence of relativity on the guiding center simulations is
sketched here. In order to use the guiding center approximation, it is essential to verify that no serious
errors are introduced by this simplification. When relation (5.1) is obeyed, i.e. the magnetic field
does not vary significantly on a Larmor radius, the guiding center approximation is valid. Due to
the mass dependence of the Larmor radius this relation is influenced by the relativistic mass increase
which has to be considered for fast electrons. The mass and hence also the Larmor radius increase
proportional to γ. Therefore, in all cases the check for the validity of relation (5.1) is done considering
the mass increase in the simulation. Furthermore, it is important to examine the derivation of the
guiding center equation of motion for compatibility with relativistic cases. When the full trajectory
is considered, the total electron speed is conserved if only a magnetic and no electric field is present.
There is only a shift from parallel to perpendicular energy possible when regions with a different field
strength are reached. Therefore, the Lorentz factor γ is conserved and only needs to be calculated
once for each electron simulation. What remains is the check whether the guiding center equations
of motion have to be modified for relativistic cases. The extension of guiding center equations from
the classical to the relativistic case is easily understood when no time-varying or strong electric fields
are present [103]. The classical derivation from the equation of motion of a charge including the
Lorentz force, electrostatic force and arbitrary further forces (like gravitation) is simply extended to
the relativistic case by replacing the momentum by the relativistic momentum. This is equivalent to
the inclusion of the relativistic mass increase which means that me = γ(|v⃗|) ·me,0 with the electron rest
mass me,0 is used. The further derivation of drift equations and the parallel motion yield complicated
expressions in general but can be simplified depending on the time evolution of the magnetic and
electric field [103]. In the electron motion simulations for TJ-K, only a magnetic field without time
dependence is used and no electric field is present. In this favorable case, the equation of motion has
exactly the same structure as in the non-relativistic case and only the mass has to be replaced by the
relativistic mass. Therefore, even a program that does not consider relativistic effects could be used
for the simulations as soon as the mass can be inserted manually.
Further details about the more general case that is not needed here are given by T. G. Northrop [103]
and information about the time-dependent equations in different coordinate systems is provided by
W. A. Cooper [41].

5.1.5 Collisions

The electrons, ions and neutrals in a plasma cannot move freely and independently but they interact
through collisions. This is important for thermalization processes as well as particle trajectories in
TJ-K. The typical times between collisions τcoll depend on a variety of parameters like plasma temper-

102



5.1. Theory of electron trajectory simulations

ature, particle velocity, particle densities and ion mass. The collision times and the mean free paths
lcoll are calculated for typical plasmas and non-thermal electrons in TJ-K in this section. The mean
free path will be used as a limit for the trajectory length in the simulations. It is calculated using the
momentum relaxation times that describe the thermalization of the velocity in contrast to the energy
relaxation time.
The momentum relaxation times are split into the ones parallel and perpendicular to the electron
momentum. For the collision between electrons and electrons (index ee), the collision times parallel
τ
∥
ee and perpendicular τ⊥ee are equal with [54]

τee := τ∥ee = τ⊥ee =

(︃
4πε0
e2

)︃2 m2
ev

3

8πne ln(Λ)
. (5.21)

When an electron collides with ions (index ei), the perpendicular collision time is twice as large as the
parallel one:

τei := τ
∥
ei = 2 · τ⊥ei =

(︃
4πε0
e2

)︃2 m2
ev

3

4πne ln(Λ)
, (5.22)

where singly ionized ions and ni ≈ ne are assumed.
The collision time of electrons with neutral atoms τe0 in a gas can be expressed by the electron velocity
v, the electron-neutral scattering cross-section σe0 and the neutral gas density n0:

τe0 =
1

n0vσe0
(5.23)

The scattering cross-section is dependent on the gas type and the speed of the electron as shown in
figure 5.9.
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Figure 5.9.: Effective electron-neutral scattering cross-section in He and Ar, retrieved from LXcat [109].

The effective collision cross-sections for electron-neutral encounters include elastic and inelastic scat-
tering which both affect the velocity, its direction or its direction and magnitude, respectively. The
data was retrieved from the Phelps [110–114] and TRINITI [115,116] databases using LXcat from the
Plasma Data Exchange Project [109]. The calculated values of the TRINITI database are not avail-
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able for all needed electron energies but confirm the Phelps data over a wide range. At the border of
the energies available from TRINITI differences to the measured scattering cross-sections from Phelps
are visible. The reduction of the scattering cross-section at low energies is known as the Ramsauer
effect [117]. The cross-sections used for the calculations in this work are listed in table 5.1. Those are
the values from the Phelps database.

electron energy in eV σHe,eff. in m2 σAr,eff. in m2

10 4.7 · 10−20 1.5 · 10−19

100 4.8 · 10−21 3.5 · 10−20

1000 1.7 · 10−21 1.2 · 10−20

Table 5.1.: Effective scattering cross-sections that are used for the calculation of the mean free path
for electron trajectory simulations. Based on [109].

Note that these values only represent the order of magnitude and the collision times vary with ex-
perimental parameters like the gas type, pressure and individual electron energy. Combined collision
processes are dominated by the fastest and the collision times add inversely:

1

τcoll
=
∑︂
α

1

τα
. (5.24)

To calculate typical collision times for electron-neutral encounters for the gas types helium and argon
that are used in this work first the typical neutral gas densities have to be determined. From the neutral
gas pressure that is measured before the discharge is started the neutral gas density is estimated by the
ideal gas law assuming room temperature. When the discharge is started a fraction of the neutrals is
converted to ions and electrons. Thus the typical electron density is subtracted to obtain an estimate
of the neutral gas density during the plasma operation.
The typical neutral gas pressures were 52mPa and 5.2mPa for helium and argon, respectively. The
resulting collision times and the mean free path for helium are shown in table 5.2.

electron energy in eV ve in m/s τee in s τei in s τe0 in s τcoll in s lcoll in m

10 1.9 · 106 5.0 · 10−7 2.0 · 10−6 0.9 · 10−7 0.6 · 10−7 0.1
100 5.9 · 106 1.3 · 10−5 5.0 · 10−5 2.8 · 10−7 2.7 · 10−7 1.6

1000 1.9 · 107 3.3 · 10−4 1.3 · 10−3 2.5 · 10−7 2.5 · 10−7 4.7

Table 5.2.: Collision times and mean free paths for different thermal energies in TJ-K with ion and
electron densities of 6 · 1017m−3 for helium.

The collision times for argon are calculated analogously. Only the electron-neutral collision time
depends on the ion mass such that the values of τee and τei of table 5.2 also apply to argon plasmas.
The ion mass dependent values for argon are listed in table 5.3.

104



5.2. Simulation setup and procedure

electron energy in eV ve in m/s τe0 in s τcoll in s lcoll in m

10 1.9 · 106 3.0 · 10−7 1.1 · 10−7 0.2
100 5.9 · 106 4.0 · 10−7 3.7 · 10−7 2.2
1000 1.9 · 107 3.7 · 10−7 3.7 · 10−7 7.0

Table 5.3.: Collision times and mean free paths for different thermal energies in TJ-K with ion and
electron densities of 6 · 1017m−3 for argon.

Compared to argon, the lower scattering cross-section for helium above thermal energies of 5 eV (see
figure 5.9) is overcompensated by higher neutral gas pressure leading to the shorter collision times
listed in table 5.2. The listed collision times show that the encounters between electrons and neutrals
dominate for the chosen parameters leading to very short mean free paths of only a few decimeters for
10 eV electrons up to several meters for fast electrons.
Compared to the electron-neutral collision times calculated here, shorter times are expected outside
the confinement region due to the larger neutral gas density. Therefore, also electron-neutral collisions
could act as a loss mechanism in addition to the collision with the vessel. The ionization degrees in
the investigated argon and helium plasmas are only 4.8% and 0.48%, respectively. The collision times
outside the confinement region, therefore, only decrease to 95% and 99.5% of the value inside the
confinement region, respectively. Consequently, this effect is not expected to play a major role.

5.2 Simulation setup and procedure

Electron trajectories are simulated in the 3D magnetic field geometry of TJ-K by following their guiding
centers with a step size of 5 · 10−4m using MCC. The mean free paths calculated in section 5.1.5 are
used to investigate the distance that an electron travels toroidally until this length is reached along
the trajectory. This distance is used as a limit for the trajectory simulations. To evaluate the toroidal
net currents in one diagnostic plane, the electron velocity distribution is split in one half moving in the
positive toroidal direction and the other half moving in the negative toroidal direction. Both halves are
started at the toroidal angle that leads to one common plane where the trajectories end, the diagnostic
plane at port O5.
To find the toroidal distances, an electron starting with the thermal velocity and v⊥ = v∥ in the
poloidal plane of port O5 is followed. The full trajectory is calculated until the length of the mean free
path is reached. The toroidal angle that was traveled for this distance is evaluated. This procedure
is repeated for starting positions on a grid with spacings of 1 cm for the entire confinement region
in this poloidal plane. The average of the toroidal angles from these simulations is used as toroidal
starting angle with respect to the diagnostic plane in the investigation of toroidal net currents, both in
the positive and the negative direction. For the net current simulations, a symmetric geometry at the
starting planes is needed to split the velocity distribution simply into two halves. Therefore, the next
outer port from these positions is used such that the geometry at both starting planes is equivalent.
The different mean free paths depending on the electron energy and gas type also result in different
toroidal angles. For each velocity distribution, one representative toroidal angle is used to investigate
the electron trajectories.
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For the toroidal net current investigations, electron guiding centers are followed from an initially
random distribution in the poloidal plane of the starting port with a velocity drawn from the velocity
distribution. TJ-K is modeled as a toroidal vessel with the magnetic field generated from the ideally
aligned field coils with a current of 1200 A and a current ratio of 57%. The guiding center motion
is followed and the position in the poloidal plane at the diagnostic port O5 and the velocity vector
are used for the current calculation. Electrons that are reflected due to the magnetic mirror effect are
excluded from the evaluations because they can pass the diagnostic plane several times in alternating
direction. When more than 15 million guiding center trajectories have been simulated, the resulting
velocities and positions are used to calculate the toroidal current of the final distribution. This large
number of electrons is needed to sample the velocity distribution sufficiently fine for each point in the
poloidal plane and has been found empirically by calculation of the toroidal current with more and
more samples until the result saturates.
The toroidal electron velocities vt obtained from the electron trajectory simulations can be used to
calculate toroidal net currents by integration via weighting with the local electron density at the
diagnostic plane as obtained from 2D mapping of the measured 1D density profile analogous to section
4.2.3 and with the electron charge −e as

I =

∫︂
−enev⃗ ◦ dA⃗ =

∫︂
−enevtdA, (5.25)

where dA is the area element. The numerical integration is executed by means of a rectangular grid.
In each grid cell the resulting toroidal electron velocities are averaged over all electrons in the cell:

I =
∑︂
cells

−ene⟨vt⟩∆A, (5.26)

where ⟨vt⟩ is the average of all toroidal electron velocities vt in an evaluation cell and ∆A is the cell
area. The size of the grid cells is optimized with respect to the accuracy of the resulting current. On
the one hand, a large cell size leads to a coarse approximation of the density profile. On the other hand,
small grid cells lead to a dilute electron population in the cells which in fact decreases the resulting
value for the toroidal current as soon as too few electrons for statistical evaluations are present. This
becomes clear in the extreme case when each electron has its own cell and smaller cells only lead to a
smaller ∆A and more empty cells.
Three different Maxwellian velocity distributions and three more monoenergetic distributions with
the (thermal) energies of 10 eV, 100 eV and 1 keV were used to study electron populations in the
wide range of energies found in previous Langmuir probe investigations [102]. Velocity distributions
with superthermal electrons are investigated by combining the results from the 10 eV Maxwellian
distribution with samples drawn from the high-energy distributions which is possible because of the
independence of the individual electron trajectories in this model.

5.3 Simulation results and calculation of toroidal net currents

The simulations to find the toroidal distance of the planes where the trajectory simulations are started
result in the starting angles listed in table 5.4.
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gas type electron energy in eV lcoll in m toroidal distance in ° toroidal turns

He 10 0.1 10 1/6
100 1.6 102 2/6
1000 4.7 592 10/6

Ar 10 0.2 14 1/6
100 2.2 143 2/6
1000 6.9 820 14/6

Table 5.4.: Mean toroidal length of trajectories for given mean free paths and the resulting rounded
fraction of toroidal turns for the simulations such that only outer ports are used.

As the mean free paths for He and Ar are similar in the cases of 10 and 100 eV, the same starting angles
are obtained. Only for the distribution with 1 keV, separate simulations for He and Ar are needed
because the mean free paths result in different starting ports. The electrons for 10 eV simulations are
consequently started at the outer ports O4 and O6, from both ports traveling towards port O5. The
same starting ports are used for the monoenergetic electron populations.
A grid with 950 cells both in R- and z-direction was found to be suitable to evaluate the toroidal net
currents in the poloidal plane. The resulting maximal relative density difference between neighboring
cells in the confinement region is only about 2% and for simulations of 15 million trajectories, the
population is on average 65 electrons per cell with no empty cells. The resulting toroidal net currents
for the different simulation scenarios are listed in table 5.5 for Maxwellian velocity distributions and
monoenergetic populations.

gas kBTe in eV I in A Imono in A

He/Ar 10 −7 −5

He/Ar 100 −46 −39

He 1000 −861 −601

Ar 1000 −828 −648

Table 5.5.: Toroidal net current from simulations for different Maxwellian velocity distributions and
monoenergetic populations.

All currents have the same direction and they increase with the energy of the electrons as expected due
to the increasing average velocity. Toroidal net currents resulting from simulations of monoenergetic
populations are significantly smaller than the currents for the corresponding Maxwellian distributions.
Since a Maxwellian distribution contains electrons with velocities above the thermal energy, larger drift
orbits and more losses are possible which could explain the higher net currents in this case. The net
current of -7 A that is expected for a typical electron temperature in TJ-K is of the same order of
magnitude as the previously measured net currents in resonant discharges as shown in figure 5.1 on the
right. The larger currents in non-resonant discharges as shown on the left in the same figure cannot be
explained by the simulation of thermal or monoenergetic electrons in the 10 eV range. Visualizations
of the current contributions from the single evaluation grid cells as shown in figure 5.10 and 5.11 reveal
that there is a significant contribution from electrons that lie outside the confinement region.
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Figure 5.10.: Contributions dI to the total toroidal net current in the poloidal plane of the ECE diag-
nostic. Complete evaluation on the left and restriction to the confinement region on the
right both for 10 eV and 100 eV.

These contributions can be attributed to electrons which not yet hit the vessel wall on their short
toroidal path outside the confinement region. For long paths like in the 1 keV simulations, these
contributions are strongly reduced because almost all electrons outside the confinement region travel
far enough to be collected by the vessel wall. This can be seen when the results are compared with the
evaluation restricted to the confinement region as shown in figure 5.10 and 5.11 in the right column.
The currents for the confinement region only are listed in table 5.6. The fraction of electrons in the
confinement region (“rel. electron count” in the table) shows that for low thermal energies, almost
40% of the contributing electrons are outside the last closed flux surface while for the high energies
this fraction decreases to a negligible number. Nevertheless, also for the high thermal energies, the
absolute currents decrease significantly compared to the values in table 5.5 when the evaluation is
restricted to the confinement region which shows that the electrons outside the confinement region
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play an important role for the toroidal net currents. This can also be seen in the structure of the
contributions shown in figures 5.10 and 5.11 as large regions with a preferential current direction are
visible whereas in the confinement region no large-scale structure is visible.

Figure 5.11.: Contributions dI to the total toroidal net current in the poloidal plane of the ECE diag-
nostic. Complete evaluation on the left and restriction to the confinement region on the
right for 1 keV in Ar and He.

gas kBTe in eV rel. electron count I in A Imono in A

He/Ar 10 0.61 −5 −5

He/Ar 100 0.65 −28 −27

He 1000 0.97 −549 −474

Ar 1000 0.99 −588 −518

Table 5.6.: Toroidal net current from simulations for different Maxwellian velocity distributions and
monoenergetic populations restricted to the confinement region.
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In the case of kBTe = 1keV, a slight directivity inside the confinement region can be seen: in the case
of argon a more positive current is seen in the top region whereas for helium the directivity is opposite.
When electrons finish on another flux surface than they started on it is possible that this changes
the density distribution in the target plane and, hence, the toroidal net current. For this reason, an
alternative approach for the evaluation of the density in the diagnostic plane is tested: the density in
the evaluation cell is approximated by the average densities ⟨ne,s⟩ of the cells where the electrons in
the evaluation cell originate from. The net current is then calculated as

I =
∑︂
cells

−e⟨ne,s⟩⟨vt⟩∆A, (5.27)

where ⟨·⟩ is the average over the evaluation cell. The resulting toroidal currents differ only by about
1% from the values in table 5.5 with this method, showing no trend. Therefore, no significant change
of the density profile is expected.

5.3.1 Toroidal net currents from superthermal electrons

Fast electrons are included in the simulations by modification of the input velocity distribution. As
basis, the 10 eV Maxwellian distribution is used and electrons from the distribution of fast electrons
are added until the desired fraction of fast electrons in the resulting distribution is reached. The
normalization of the velocity distribution is anyway done using the electron density profile such that
there is no need to renormalize the initial velocity distribution after adding superthermal electrons.
Composed distributions with a bulk thermal energy of 10 eV and a fast component of either 100 eV or
1 keV are considered. The fast electrons are either from a Maxwellian or a monoenergetic distribution.
The resulting toroidal net currents obtained from the simulations are shown in figure 5.12.
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Figure 5.12.: Toroidal net currents for velocity distributions with a 10 eV Maxwellian background and
a fraction of superthermal electrons. Combinations with 100 eV and 1 keV fast electrons
are shown with Maxwellian and monoenergetic superthermal electron distributions.

As expected, the combinations with higher-energetic superthermals lead to stronger net currents as they
increase the average velocity as soon as there is a preferential direction. In addition, the directivity may
be enhanced since the drift orbits deviate more from the flux surfaces. Therefore, a higher probability
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of losses at the vessel wall is expected. Currents from monoenergetic superthermals are lower compared
to the Maxwellian counterparts. Since Maxwellian distributions come with a significant high-energetic
tail also a higher number of electrons lost due to their drift orbits intersecting with the vessel wall for
only one direction with respect to the magnetic field is expected. An increased asymmetry and thus
higher toroidal net currents are the consequence.
All resulting currents have a negative sign which means that the negatively charged electrons move on
average in the positive x-direction at port O5 that is used for the evaluation. They move clockwise to
lower ϕ and antiparallel to the toroidal magnetic field orientation. The same direction was found in the
measurements that are shown in figure 5.1 on the right [13]. When the 2.45 GHz magnetron and the
8 GHz klystron were used simultaneously, magnitudes of up to 28 A were seen for low pressures (see
figure 5.1). As the zoom on the right of figure 5.12 shows, 1% of superthermals with 100 eV increases
the net current only insignificantly and the current reaches -10 A when a tenth of the electrons are
superthermal with 100 eV. According to the simulations, the high currents of 20−30A can be generated
by 1− 2% superthermal electrons with an energy of 1 keV with only slight differences between the gas
type or distribution type. The fraction of fast electrons in previous Langmuir probe investigations [102]
was 1% to 10%.
When a small fraction of fast electrons is added to the bulk plasma, only minor differences between a
monoenergetic population of fast electrons or a Maxwellian distribution are seen. The impact of the
population type becomes significant when large numbers of fast electrons are present.

5.4 Summary and discussion of the toroidal net current simulations

Simulations have shown for velocity distributions up to 1 keV that the guiding center approximation is
valid in TJ-K. The curvature and gradient drift lead to a displacement of charged particle trajectories
away from the magnetic field line that depends on the field geometry and the velocity vector at the
starting point of the trajectory. When the resulting drift orbits are larger than the confinement region
losses at the vessel wall can occur. The direction dependence has been shown in simulations of 15 mil-
lion electrons of Maxwellian and monoenergetic velocity distributions to produce toroidal net currents
that have been evaluated in the poloidal plane at port O5 where the ECE diagnostic is positioned. The
direction of the simulated net currents complies with previous measurements. The current strength of
measurements with a single resonant microwave heating frequency was reproduced already by simu-
lation conditions of a thermal plasma with kBTe = 10 eV corresponding to the temperature typically
measured in TJ-K plasmas. As expected, distributions with higher velocities (larger |v⃗| for monoener-
getic distributions or larger Te for Maxwellian distributions) result in stronger currents. Monoenergetic
distributions have resulted in lower current strengths compared to the Maxwellian distributions with
the same energy which is expected since the latter have high velocity contributions in the tail.
Large-scale structures with only one preferential direction have been found outside the confinement
region. For longer propagation paths the regions outside the confinement region are reduced which can
be explained by the trajectories intersecting with the vessel wall. In simulations with kBTe = 1keV, a
slight directivity also inside the confinement region was found. Because of the different sign depending
on the toroidal length that was simulated this cannot be explained by Pfirsch-Schlüter currents which
would also have a vertical structure in this plane but with fixed current directions. The importance of
the edge region for the toroidal currents is in accordance with the observation in previous measurements
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that toroidal currents are strongly decreased when a Langmuir probe is introduced to the plasma edge.
Here the probe may stop electrons and their drift away from the flux surface. Moreover, the distance
of a drift orbit from the flux surface is more likely to cause an electron loss for outer flux surfaces
as there the vessel is closer. Therefore, it is expected that the outer flux surfaces show a substantial
contribution to the generation of toroidal net currents due to drift orbits.
The addition of superthermal electrons has shown an increase of the current strength in the simula-
tions. Already low fractions of fast electrons were found to increase the toroidal net current significantly.
Current strengths between 20 A and 30 A as they have occurred in previous measurements with non-
resonant heating could be reproduced by only 1% to 2% of superthermal electrons with an energy of
1 keV. Compared to monoenergetic superthermals, the net currents are higher when the superthermals
constitute an additional Maxwellian-distributed population.
Overall, the simulations have shown that the drift orbits in the 3D magnetic field geometry of TJ-K
can generate the magnitude and direction of toroidal net currents as in the previous measurements.
Furthermore, 1% to 2% of 1 keV electrons can generate the currents from heating scenarios with an
additional non-resonant microwave heating and regions with a preferential direction outside the con-
finement region where identified. Therefore, the simulations support the explanation of toroidal net
currents in TJ-K by electron drift orbits.
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An electron cyclotron emission (ECE) diagnostic for the optically thin plasmas of the stellarator TJ-K
has been designed, set-up, tested and employed for first successful temperature measurements of the
second harmonic X-mode at a fixed frequency of 15 GHz. In comparison to other experiments using
ECE as a diagnostic for electron temperature measurements, the plasma in TJ-K and the vacuum
vessel exhibit a strong curvature with respect to the wavelength of the ECE. Furthermore, the plas-
mas are extraordinarily optically thin, imposing a challenge for the setup of the diagnostic at TJ-K.
Theoretical considerations of the ECE mechanism and integration of the radiation transport equation
have shown that the ECE power of the second harmonic X-mode in TJ-K is expected to scale with
the temperature squared as opposed to the linear dependence expected for optically thicker plasmas.
Investigations in the full three-dimensional geometry of the magnetic field and electron density using
full-wave simulations have been performed to study the volume contributing to signals obtained from
the diagnostic. For these simulations, an algorithm to map one-dimensional density and temperature
profiles to the entire 3D geometry has been developed and applied. The results from the simulations
illustrate that the curvature of the inner vessel wall is unfavorable for localized electron cyclotron
emission measurements and that a mirror with optimized curvature can improve the localization by
a factor of 2.8 or more. Nevertheless, the localization with such a mirror still does not exceed 26%

with plasma in the simulations. To improve the localization, the concept for the ECE diagnostic setup
has been extended to use a diagnostic resonator. The microwave components, namely the receiver
antenna, the ECE mirror and the diagnostic resonator have been designed, optimized with the help
of simulations, constructed, built and surveyed. Restricted by the space that is available in the vessel
of TJ-K, the size of the ECE mirror limits the diagnostic resonator quality factor to 103 but still a
total improvement factor of the localization of approximately 9 compared to the purely toroidal vessel
and a factor of 3.2 compared to the geometry with mirror have been reached. Measurements of the
density and temperature dependence that the emitted power shows, as well as the temporal response
to heating power modulated experiments, have proven that the measured signals are produced by sec-
ond harmonic ECE and not by thermal bremsstrahlung. After calibration of the diagnostic with the
hot-cold method, the typical ranges and their borders of neutral gas pressures and heating powers of
argon and helium plasmas in TJ-K have been scanned in ECE measurements together with Langmuir
probe measurements. The resulting electron temperatures from two models were compared: first a
linear dependence between temperature and ECE power and second a square dependence. The lat-
ter corresponds to the model expected from the integration of the radiation transport equation. The
temperature values obtained from the new ECE diagnostic have shown to be in good agreement with
Langmuir probe measurements when the square dependence of the ECE power on the temperature
is employed. In addition to the temperature measurements in the normal operating range of TJ-K,
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for very low neutral gas pressures the diagnostic shows high ECE powers which are expected when
superthermal electrons are present. Therefore, the diagnostic is suitable to show the limits of the
purely thermal operation regimes of TJ-K. The ECE diagnostic at TJ-K is the first account of using a
curvature-optimizing mirror and a resonator for the measurements and of using the square temperature
dependence of the second harmonic power at optically very thin plasmas.
Motivated by previously measured toroidal net currents and indications of the presence of superthermal
electrons in the ECE measurements, the electron drift orbits of thermal and superthermal electrons
in TJ-K have been investigated numerically. Starting from the basic drifts away from field lines de-
pending on the electron velocity vector, the formation of drift orbits has been described and illustrated
with simulations. Both, drift orbits larger and smaller than the flux surfaces have been shown to
appear dependent on the electron’s starting point and the orientation compared to the field line. For
investigations of the generation of toroidal net currents due to losses from collisions of electrons on
larger drift orbits with the vessel wall, the applicability of the guiding center approximation even for
relativistic electron energies was checked and simulations of several millions of guiding center trajec-
tories have been performed for Maxwellian and monoenergetic velocity distributions. The mean free
paths for the different velocity distributions have been calculated and used to determine the starting
points of the electrons in the simulations such that the trajectories end in the diagnostic plane. The
calculation of toroidal net currents in this plane has yielded the same current orientation as observed
in previous measurements. The current strength of measurements with a single resonant microwave
heating system was of the order of 4 A which could be successfully reproduced in the simulations by
thermal velocity distributions with kBTe = 10 eV corresponding to the electron temperature previously
measured in these experiments. Monoenergetic distributions result in smaller current strengths as it
is expected due to the lack of a high-energetic tail as in a Maxwellian distribution. Visualizations of
the local contributions to the toroidal net currents have confirmed that especially the edge and outer
regions of the plasma where collisions with the vessel wall are more probable are important for the
strength of the toroidal net currents. Furthermore, large-scale regions outside the confinement region
with one preferential direction were found, especially for low temperatures. Larger toroidal net currents
of 20 A to 30 A as observed in non-resonant heating scenarios have been successfully explained by a
fraction of only 1% to 2% of superthermal electrons with an energy of 1 keV. Generally, also for the
superthermal electrons larger currents form when they have a Maxwellian instead of a monoenergetic
distribution. The ECE measurements that indicate the presence of superthermal electrons in TJ-K
and the simulations of electron trajectories confirm that the previously measured toroidal net currents
in TJ-K can be generated by electron drift orbits and superthermal electrons.
Possibilities to extend the setup that allow for the measurement of temperature profiles are of great
interest. This can be achieved by using a low-reflection waveguide splitter in order to create tunable
resonators for several frequencies extending the currently installed system consisting of a scanning
spectrum analyzer with a resonator that can only be tuned to a single frequency. As investigations
at TJ-K have a focus on turbulence, drift waves and temperature fluctuations, it is worth noting that
ECE diagnostics can also be employed for temperature fluctuation measurements [118] and drift waves
show features in ECE spectra [15]. As soon as TJ-K can be operated remotely, it becomes possible
to measure the energy of the x-rays produced from fast electrons with differently thick lead shields
which also provides information about the energy of the fast electrons. Simultaneous investigation of
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toroidal net currents and ECE measurements could shed more light on the interplay of fast electrons
and net currents. It would be helpful to find a scenario with significant toroidal currents but without
x-ray emission, i.e. electron energies that are low enough to prevent x-rays from leaving the vessel.
Variation of the rotational transform to investigate the impact on drift orbits, and thus currents, as
reported from WEGA [119] could improve the understanding of the geometry influence on the toroidal
net currents.
The infrastructure for 3D full-wave simulations, their evaluation and electron trajectory simulations
and their evaluation was built in the course of this work and can now be used for further investiga-
tions either of the same type with different input parameters or any other microwave or trajectory
investigation in TJ-K. Also, the mapping of arbitrary one-dimensional profile to all 3D points in TJ-K
on flux surfaces with or without a decay outside the last closed flux surface is now available for any
simulations and evaluations of experimental data. Theoretical investigations toward the effects of dif-
ferent vessel geometries including for example different dimensions or the influence of parts like the
interferometer mirror or limiters inside the vessel on the 3D density distribution could improve the
accuracy of toroidal net current simulations even further.
With remote operation of TJ-K or shielding against ionizing radiation, it would be possible to combine
systematic simultaneous measurements of ECE, x-rays and toroidal net currents. When the connection
between toroidal net currents and increased ECE signals has been proven experimentally the ECE
signals can be used to indicate superthermal electrons or toroidal net currents without the need for a
periodic heating power modulation that the previous measurements with a Rogowski coil require. An
interesting experiment would be the investigation of the change of the toroidal net current when an
obstacle is placed in the regions that show a current contribution in the positive toroidal direction in
the simulations compared to the regions where a negative current contribution is predicted.
Altogether, the first ECE diagnostic for extraordinarily optically thin plasmas with a square relation
between electron temperature and ECE power has successfully been put into operation and provides
temperatures at TJ-K non-invasively. Also, the previously measured toroidal net currents have been
explained by simulations of electron drift orbits of thermal plasmas and superthermal electrons.
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A Appendix

A.1 Rectangular waveguide properties

designation (IEC) designation (EIA) width in mm cutoff frequency in GHz
R100 WR90 22.86 6.6
R120 WR75 19.05 7.9
R140 WR62 15.80 9.5
R180 WR51 12.95 11.6

Table A.1.: Dimensions and cutoff frequencies of the rectangular waveguides types around the ECE
frequency range of TJ-K with the naming according to the IEC (International Electrotech-
nical Commission) and the EIA (Electronic Industries Association).

A.2 Superposition of measurement signals

The waves emitted by many electrons reach the ECE antenna at the same time. The result of their
superposition is calculated for the example of three incoming wave electric fields Ẽ1 to Ẽ3. The received
power Prec is

Prec ∼
(︂
Ẽ1 + Ẽ2 + Ẽ3

)︂2
. (A.1)

With slightly different angular frequencies ωi, amplitudes Êi and different phases φi this results in

Prec ∼
(︂
Ê1 · sin(ω1 · t+ φ1) + Ê2 · sin(ω2 · t+ φ2) + Ê3 · sin(ω3 · t+ φ3)

)︂2
= Ê2

1 · sin2(ω1 · t+ φ1) + Ê2
2 · sin2(ω2 · t+ φ2) + Ê2

3 · sin2(ω3 · t+ φ3)

+ 2 · [Ê1Ê2 · sin(ω1 · t+ φ1) · sin(ω2 · t+ φ2)

+ Ê1Ê3 · sin(ω1 · t+ φ1) · sin(ω3 · t+ φ3)

+ Ê2Ê3 · sin(ω2 · t+ φ2) · sin(ω3 · t+ φ3)].

(A.2)

After the receiver squares the incoming signal, a low pass filter averages it over time. The sine functions
average out and the sum of the squared amplitudes remains in the measured power Pmeas:

Pmeas ∼ ⟨Prec⟩t ∼
1

2
·
(︂
Ê2

1 + Ê2
2 + Ê2

3

)︂
. (A.3)

The prefactor 1/2 from the averaging of the squared sine functions and the general prefactor in the
proportionality are then removed in the calibration of the spectrum analyzer. In the example above
for three signals from gyrating electrons intermediate steps in the spectrum analyzer are neglected
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A. Appendix

as they do not influence the principle. An actual spectrum analyzer shifts the signals down to lower
frequencies by mixing with a local oscillator to analyze the signals in frequency ranges that are easier
to cope with. For the shifted frequencies the described process leads to the same result which is also
true when a larger number of signals is received.

A.3 Antenna simulation results

Supplementary to the data already shown in section 4.3.1, further frequency trends of beam parameters
from the antenna optimization are presented here. The final ECE antenna was optimized for 10 to
20GHz. As reference, an antenna with a narrow optimization band from 12 to 13 GHz is shown.

Figure A.1.: Frequency trend of the beam waist position compared to the antenna aperture.

Figure A.2.: Frequency trend of the beam waist width.

A.4 3D full-wave simulation hardware requirements

Each of the simulations described in section 4.2.4 consumes more than 90 GB of RAM in the main
loop and needs about 9 days of wall time on 40 threads at 3 GHz. The computational resources at
the IGVP do not allow for higher grid resolutions regarding that the memory consumption of the
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A.5. Phase shifter calibration

grid scales cubic in three-dimensional simulations. Reduced RAM needs could in principle be reached
by using the limited computational accuracy of single precision floating point data types. But the
longer calculation times on 64 bit CPUs for single precision could not be compensated significantly by
the faster memory reading times in a test and the resulting data showed deviations from the double
precision simulations. Therefore, double precision is preferable and was used for all simulations.
Also, the computational nodes of bwUniCluster [87] do not provide more resources [120] than the IGVP
servers. Even a “fat node” of bwUniCluster would not speed up the calculations but at least provide
the RAM to double the grid resolution. Unfortunately, this would lead to simulation times of several
months on all cores. The current implementation uses openMP [121] for parallelization which requires
shared memory and thus restricts the simulation to a single node. Thus the presented simulations
show the highest precision that can be simulated in reasonable time on the powerful computational
servers available today.

A.5 Phase shifter calibration

A graph of the phase change of the Waveline 708c phase shifter measured with an AB Millimetre
MVNA 8-350 GHz Network Analyzer is shown for three different frequencies over the dial indicator
position of the phase shifter in figure A.3.
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Figure A.3.: Phase shift of the Waveline 708c phase shifter measured with the AB Millimetre Network
Analyzer.

As the 0.01 marks of the phase shifter dial can easily be read, the phase shift can be finely tuned.

A.6 Drawings of the ECE diagnostic

On the following pages the construction drawings of the ECE diagnostic are attached including a
vertical cut through the antenna mounted in the port extension opposite the ECE mirror in figure A.4,
the construction drawing of the ECE mirror in figure A.5 and a drawing that shows the clasp mount
for the mirror in figure A.6.
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A.6. Drawings of the ECE diagnostic
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