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Abstract

This thesis deals with electron cyclotron
emission diagnostics of runaway electrons
in the COMPASS tokamak. The goal was
to utilize the final design of the radiometer
for the runaway electron measurements
with the help of simulations. This diag-
nostics uses the vertical view of a plasma
along the line of the constant magnetic
field and receives the waves with the fre-
quencies 76.5—88.3 GHz. In this setup
it is able to measure the low-energy run-
away electrons with the energies 50—140
keV. Due to the COMPASS tokamak pa-
rameters we have to take into account the
detection of a reflected emission. The mea-
surements proved the absence of a spuri-
ous signal and unfavourable dependences
on the electron density and temperature.
It was determined that the runaway elec-
trons are the signal source and it is able
to measure their primary generation very
well. The EC wave measurement proved
to be useful tool for the runaway electron
research and it can be used as a standard
diagnostics for the following experiments.

Keywords: tokamak, plasma, electron
cyclotron emission, runaway electrons,
radiometer, diagnostics
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Abstrakt

Tato prace se zabyva diagnostikou elek-
tronové cyklotronové emise ubihajicich
elektroni na tokamaku COMPASS.
Cilem bylo na zékladé simulaci navrhnout
findlni design radiometru pro méreni
ubihajicich elektroni. Tato diagnostika
pouziva vertikalni pohled podél silocary
konstantniho magnetického pole a pfijima
viny s frekvencemi 76,5—88,3 GHz. V
tomto zapojeni lze mérit nizkoenerge-
tické ubihajici elektrony s energiemi
50—140 keV. Diky parametrim tokamaku
COMPASS musime pti analyze pocitat
s detekci odrazeného zéafeni. Meéteni
potvrdila absenci parazitniho signalu i
nezadoucich zévislosti na elektronové
hustoté a teploté. Bylo potvrzeno, ze
detekovany signal pochazi z ubihajicich
elektront a dokéze vyborné mérit jejich
primarni generaci. Méfeni EC vin se
prokazalo jako U¢inny néstroj pro zkou-
mani ubihajicich elektroni a muze byt
pouzito jako standardni diagnostika v
ramci dalsich experiment.

Kli¢ova slova: tokamak, plasma,
elektronova cyklotronova emise, ubthajici
elektrony, radiometr, diagnostika

Pteklad nazvu: Diagnostika
supratermalnich elektroni na tokamaku
COMPASS pomoci EC emise
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Introduction

Demand for the energy is rising worldwide. This fact is caused by the
industrialisation and everyday life simplification efforts. Nowadays the main
energy source are fossil fuels. According to their exhaustion and increasing
drilling and extraction, it is necessary to find some new stable sources.
Renewable sources such as biomass, water, wind and solar power plants come
into consideration. Nevertheless, these sources are not sufficiently steady and
have to deal with a considerably high ecological load during their construction
and liquidation. Another possibility could be an improvement of the present
state nuclear fission power plants. The problem with fission power plants
consists in the quite low public approval rating and the fear from an accident
and the nuclear waste production. Nuclear fusion power plant can be one of
the solutions.

Scientists research the nuclear fusion reaction for the energy gain since the
discovery in 40’s. The difference in the mass between the reactants in the
form of light nuclei and products in the form of heavier nuclei and subatomic
particles makes it possible. For example, the Sun and every other star exploit
the process in their cores. On smaller scales, it is much more complicated
due to the probability of the reaction. The light nuclei need to overcome the
Coulomb barrier of the other atom. Owing to this problem, thermonuclear
fusion, where the reactants gain the energy from a thermal movement, seems
to be the most promising way to build a fusion reactor.

The fusion reaction is possible in a matter with temperatures of hundreds of
millions Kelvins. In this terms the matter occurs in the state of a plasma. One
of the methods to create and sustain a plasma is by using a contorted magnetic
field. The most developed approach on the road to a future nuclear fusion
power plant is a device called tokamak. Tokamak uses a helical magnetic
field to confine a plasma in a toroidally shaped vacuum chamber. Stable and
long-term fusion confinement is struggling with many problems of plasma
behaviour. The understanding of the high temperature plasma phenomenons
precludes us to develop a controlled and economically favourable fusion.
This is the reason why it is necessary to explore sufficiently accurate plasma
diagnostic methods, which could help us to observe and describe a problematic
plasma behaviour. We use probes, beams, spectroscopic, magnetic and wave
diagnostics. Wave diagnostics excels in the accuracy and continuous output.



Introduction

Active methods emit electromagnetic waves into the plasma and analyse the
reflections or propagation. Passive diagnostics measure the waves emitted
by the plasma itself. One of them is a electron cyclotron emission (ECE)
measurement which is the subject of this thesis

Magnetic field confinement researchers look up to the crucial project called
International Thermonuclear Experimental Reactor, ITER. Its task is to
confine a plasma for tens of minutes and to achieve sustained deuterium-
tritium plasma. Main goal is to reach the break-even and further fusion energy
should overcome the energy supplied by the additional heating systems by
the factor of ten (Q = 1). However, sudden terminations of confined plasma
called disruptions present a serious threat to this device. A lot of efforts are
focused on the disruption mitigation technologies, together with proper early
warning diagnostic methods. Disruption event can induce so called runaway
electrons (RE). Beam of such fast relativistic electrons presents one of the
most dangerous issues to the tokamak first wall, thus the RE experiments are
performed in many tokamaks including the COMPASS tokamak operated at
Institute of Plasma Physics of the Czech Academy of Sciences in Prague. This
thesis deals with the low-energy runaway electron diagnostics using electron
cyclotron emission.

This thesis will be split in two parts: [Part I| will describe the theoretical
background for the performed measurements. |Part II| will focus on the
experimental setup, simulations and measurements and their subsequent
analysis. In chapter 1/ a tokamak and plasma will be introduced and defined
together with important terminology and topology. The runaway electron
physics, generation mechanisms and detection methods will be presented
in [chapter 2l Detailed look at waves in plasma with the derivations of
dispersion relations will be provided in [chapter 3| In this chapter cutoff
and resonance conditions and principally the electron cyclotron emission
phenomenon will be highlighted. At the end of this chapter there will be
a brief introduction of a ray-tracing, especially the SPECE code used in
the design of the diagnostics and data analysis. [Part II will start with a
description of the COMPASS tokamak and used heterodyne radiometer in
chapter 4. The simulations and calculations in [chapter 5 which helped to
the final design of the diagnostics will be presented. Finally, in |chapter 6| the
validation of the electron cyclotron emission source will be provided. Then
the measurements of the electron cyclotron emission from the low-energy
runaway electrons and their subsequent analysis will be presented.
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Chapter 1

Tokamak Plasma

Tokamak is currently the most developed magnetic confinement system and
represents a possible way to future fusion reactors. All the experiments
described in this thesis were performed in a tokamak device. This chapter
describes the important terminology and quantities used throughout the
thesis and provides an introduction to the tokamak plasma physics.

First, the plasma definition and principal formulas are presented in |secq
tion 1.1. Then the description of a tokamak device is provided together with
a basic tokamak topology and coordinate systems in [section 1.2

. 1.1 Plasma

Plasma is a quasi-neutral system of charged and neutral particles that behave
collectively. [I]

By the quasi-neutrality we mean the fact that a macroscopic volume seems
to be neutral, even though it contains a significant number of charged particles.
Plasma has this attribute when its characteristic length L is larger than the
Debye length Ap, which is the distance where the electric potential of an
inserted charged particle is shielded at 1/e of its original value. The important
characteristic lengths of a plasma in an external magnetic field B are

and TLa = MUl (1.1)

eokn
A2 -
Q.B

D S QZna/T

which correspond to the Debye length and the Larmor radius of the cyclic
motion of an a-type plasma particle with the perpendicular velocity v
around the magnetic field line. The quantity m,, represents the mass of the
particle, @, its charge, n, the density, T, the temperature, g the vacuum
permittivity and kg is the Boltzmann constant.

If the Coulomb interaction between charged particles has a longer range
than the binary collision effects, we talk about the collective behaviour of
plasma. System change due to the collisions is characterised by the collision
frequency v. This is the reciprocal value of the mean time when a particle
loses its momentum in the original movement direction. The important

7



1. Tokamak Plasma

characteristic frequencies of a plasma in an external magnetic field are

o ma@ QaQ dm(ma+mp) n(A), e, = 9B
ba MGEQ af 5(477'60)2’1)3 m2mg ’ ca My
(1.2)

which represent the frequency of the plasma oscillations, shortly the plasma
frequency, the collision frequency and the cyclotron frequency of the Larmor
movement. In the second formula, In(A) denotes the Coulomb logarithm
which accounts for small angle collisions. The collective behaviour de facto
means fulfilling the condition v < wpe.

From the latter formulas it is obvious that a plasma is characterised mainly
by the density n, the temperature T' and also in a tokamak device by the
magnetic field B. The temperature of a plasma can be derived from the
Maxwell velocity distribution function. The relation between the mean kinetic
energy and the temperature takes the form E,, = %k:BT for each degree of
freedom. For that reason the temperature can be estimated as the energy
corresponding to kg7 and the conversion

1 eV = 11600 K (1.3)

can be used.

In the space, plasma occurs in various forms in the density range 10% —
10%° m~3 and the temperature range 10~% — 10% eV. In tokamak devices we
observe plasmas typically with densities 10'® — 10?! m~2 and temperatures
1—10% eV.

. 1.2 Tokamak

Inner Poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Quter Poloidal field coils

(for plasma positioning and shaping)

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

Figure 1.1: Tokamak scheme. [2]



1.2. Tokamak

Tokamak (abbreviation of the russian "toroidalnaja kamera i magnitnitnie
katushki") is a toroidal device for the plasma confinement using magnetic
fields. The magnetic field prevents the contact between the plasma inside
and the tokamak vessel. The toroidal magnetic field By is produced by the
currents in the toroidal field coils. Because of the toroidal field incapability
to confine the plasma, a poloidal magnetic field By, is needed as well. It is
created by the toroidal plasma current and outer poloidal field coils. The
combination of the fields results in the helical magnetic field which holds the
plasma inside the chamber. This can be seen in Figure 1.1. [3][4]

Because of this description it is obvious that the main parts of the tokamak
are the toroidal and poloidal field coils and the central solenoid (electromagnet)
together with the vacuum vessel (chamber). The toroidal field coils geometry
causes a stronger toroidal field By on the inner side closer to the centre of the
tokamak called the high field side (HFS). The region futher away from the
centre of the tokamak is called the low field side (LF'S). Within the tokamak
vessel, the toroidal field varies as

1
By 7 (1.4)
Mainly due to this feature, the cross-section of the tokamak has been modified
from the circle to the D-shape. It secures a larger volume of plasma to sit in
stronger magnetic field area which seems to make a better performance.

As it was mentioned earlier, the poloidal field By, is generated by the
toroidal plasma current (the Ampere’s law). This field is typically an order of
magnitude smaller than the toriodal field. It results in a low helicity, a charged
particle performs one cycle in the poloidal direction and multiple ones in the
toroidal direction. The number of cycles in the toroidal direction divided by
the poloidal ones is denoted as the safety factor ¢. If ¢ is an irrational number,
the trajectory of the particle never crosses itself and creates a coherent surface.
Magnetic field lines lie on the surface of a constant characteristic poloidal
magnetic flux ¢ given as

Y = /Bp ds. (1.5)

Figure 1.2: Scheme of the tokamak topology. Reproduced from [5] and edited.



1. Tokamak Plasma

Various coordinate systems are used in tokamak research. The most
common are the standard cylindrical coordinates (R, ¢, z) where R is the
radius from the main axis, z is the vertical distance from the plane of top-
bottom symmetry and ¢ is the toroidal angle. The condition ¢ = const defines
the poloidal cross-section. Majority of quantities are symmetric with respect
to this angle due to the toroidal symetric system. Only the toroidal field coils
are discrete along the toroidal angle. Because of that, the coordinate origin
can be set in the magnetic axis location where B, = 0 at [Ry, z9] and the
polar-like coordinates (r,6) can be used where 7 is the minor radius and 6 is
the poloidal angle. It is favourable for the tokamaks with the circular cross-
section, for the tokamaks with a different cross-section than the circular one,
it is more convenient to use the normalized poloidal magnetic flux coordinate
1 than the minor radius .

Magnetic flux surfaces are not always closed inside the tokamak vessel. If
the particle diffuses to the trajectory on this flux surface, it will inevitably
crash into the tokamak first wall. The last closed flux surface (LCFS) is
defined as the very edge of the confined plasma. The coordinate corresponds
to 1) = 1 at this surface. The region where flux surfaces are no longer closed
inside the tokamak is called a scrape-of-layer (SOL).

10
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Chapter 2

Runaway Electrons

The toroidal electric field is the source of most of the plasma current and the
E field existence is also an essential condition for a runaway electron (RE)
generation. These electrons represents a serious threat to the first wall of
tokamak devices.

The majority of the collisions between charged particles is managed by the
long-range, small-angle Coulomb scattering. The electron collision frequency
for this small-angle scattering is given by the following formula from (1.2)

4

Ne€
Vee

= ————1In(A 2.1
4redmo’ n(A), (2.1)

The expression In(A) stands for the Coulomb logarithm defined as

In(A) = In <AD> , (2.2)
bo

where bg is the critical collision parameter, i.e. parameter in which the

scattering angle equals exactly 90°.

As it can be seen, the collision frequency rapidly decreases with the in-
creasing particle velocity. This is the reason why the frictional force caused
by the collisions is not capable to compensate the influence of the induced
electric force in the high-energy electron case. Such electrons are incessantly
accelerated and "run away" in the velocity phase space.

Studying runaways has numerous reasons throughout the theoretical and
experimental plasma physics. Nowadays, theories that result in non-linear
effects can describe REs quite successfully. On the other hand, the questions
about the collective and global behaviour remains unanswered. This physi-
cal effect often influences most of the complex plasma physics of tokamaks,
for example the plasma transport, field perturbations impact, confinement
quality and MHD instabilities. As it was mentioned earlier, the runaways
could represent a serious danger for the first wall of ITER and other larger

tokamak facilities. It is a threat for the diagnostics inside the vacuum vessel
as well. [6][7]

13



2. Runaway Electrons

B2 Runaway Electron Generation

Runaway electron generation may have multiple causes. In the first stage of
this generation we talk about runaway seed, a little number of high-energy
electrons. The seed may be produced by cosmic particles, tritium decay,
instabilities, Compton scattering of photons on wall atoms or resonance
with plasma waves. Nevertheless, the principal processes of this so called
primary generation mechanisms are the Dreicer mechanism and the hot-tail
mechanism. The secondary mechanism is based on multiplying the generated
seed by the close collisions and it is called the avalanche mechanism.

B 2.1.1 Dreicer Mechanism

The primary generation of runaway electrons is caused by the frictional force
insufficient capability to compensate the induced electric force. The condition
for the electron runaway in a plasma was first introduced and described by
H. Dreicer with his Dreicer field, which is given as

nee>

~ AmelkpTe

The Dreicer field Ep (in original papers [8],[9] denoted as critical field E;)
represents the minimum of the electric field in which the electron velocity
exceeds the plasma thermal velocity in the average period between collisions.

From the simplified situation it is possible to derive the critical velocity
and critical field formula. An electron in a plasma experiences the force
equal to Fy = —eE and the drag force resulting from Coulomb interactions,
conveniently written in the form

Ep In(A). (2.3)

Fq = mevieon(v), (2.4)

where v (v) is the collision frequency given in (2.1). The non-relativistic
movement of an electron in the direction parallel to the electric field E can
be written as

dw neet In(A)

me— = eE — meureon(v) = e — ————=-. 2.5

“dt eVeoll (V) 4redmen? (25)

It is obvious that in the case of ‘31—1; > 0, electrons are accelerated due to

the electric field. If there is no other force causing a deceleration (such as

radiation loses) [Figure 2.1, the generation of the runaway electrons occurs in
the critical electric field

nee>

E. In(A). (2.6)

=———In
4redmec?

At least some electrons are accelerated when the electric field is over the
critical field E. (current designation). The relation for the critical field lacks
the dependence on the electron temperature and in most experiments, the
value of the experimental critical field is higher [10].

14



2.1. Runaway Electron Generation

The critical velocity
nee® In A

—_— 2.7
47753meE (2.7)

Ve =

represents the threshold where the frictional force equals the electric field
force [Figure 2.2,

[ 1L 111.

Runaway area

Frictional force

qE
Acceleration force

p
Radiation loses,

«—1—

v, Vg v

Figure 2.1: Tlustration of the electron affecting forces. The dashed line represents
the Dreicer field. [11]

The Dreicer mechanism of the RE generation is more likely to appear for
smaller tokamak devices with a larger loop voltage and lower density. This
is the case of COMPASS. In such tokamaks the electric field overcomes the
critical field at least during the breakdown. Part of the runaway population
that is created could be directly released but most of it stays confined [I1].

Dreicer generation of RE

Electric force

—_—
f(v)

Runaway region
Diffusion v reE

in velocity space

Critical velocity v

Figure 2.2: Scheme of the RE production caused by the Dreicer mechanism,
f(v) represents distribution function. Used with permission of O. Ficker.
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2. Runaway Electrons

B 2.1.2 Hot-tail Mechanism

The so called hot-tail mechanism is different from the one described above. It
occurs mainly in plasma disruptions. These situations, which are characterized
by a steep decrease of the plasma current, may have multiple causes.

In the case of the radiative disruption, the most important disruption in
the RE studies. Released parts of the first wall may be the source of such
disruption. We are also able to induce the runaways in tokamaks by the
injection of a high Z gas or pellets. When these impurities penetrate a
plasma, there supervenes the thermal quench. Thermal electrons lose their
energy owing to the ionisation and excitation of the impurity atoms, the
plasma conductivity decreases and the current quench occurs. However, the
fast non-thermal electrons are not decelerated due to their small collisional
frequency. They appear in the runaway region and are further accelerated by
the increased toroidal electric field.

The sudden plasma parameters change also changes the Dreicer field. With
a lower electron temperature T, the value Ep considerably rises so the electric
field affects only the fast collisionless electrons [12]. This effect is shown in
Figure 2.3l The hot-tail mechanism is relevant even in the case of some
particular instabilities and can generate a large population of the runaways.

Hot tail RE generation

Electric force

f{v) _— >

Rapid
plasma
cooling

Unthermalised hot tail = RE

v

Figure 2.3: Scheme of the RE production caused by the hot-tail mechanism,
used with permission of O. Ficker.
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2.1. Runaway Electron Generation

B 2.1.3 Secondary Mechanism

It was determined that the Dreicer mechanism is not able to generate a large
runaway population that was observed in experiments with rather low electric
fields. Some other secondary mechanism has to be taken into account.

The condition for the secondary RE generation mechanism is an initial RE
existence in a plasma. Secondary runaways are produced with an exponential

grow rate [10]
v < — 1> (2.8)
sec X Ec .

due to the knock-on collisions. These are thermal electron and fast electron
close collisions with a small impact parameter. Tn this situation, a large
amount of the parallel momentum is being transported. The thermal electron
gains a velocity higher than the critical velocity v, (2.7) and it is pushed to
the runaway region. This mechanism is also called the "avalanche mechanism"
because of its development character. One RE can affect several other
electrons and they act as the primary ones. The energy of the created
electron is around 10-20 MeV. [13]

In present-day, tokamaks with plasma currents around 1 MA, the avalanche
mechanism does not represent such a threat unlike in the planned large
tokamak I'TER. Theories and simulations predict massive runaway formations
in ITER-like conditions (amplification factor e®’). It makes the avalanche
mechanism the most dangerous issue in the ITER tokamak.

Avalanche mechanism

Electric force

EE—

Close
collisions

Hv) | of RE and
thermal

electron
—
—B

Runaway region

MMM

Figure 2.4: Scheme of the RE production caused by the avalanche mechanism,
used with permission of O. Ficker.
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2. Runaway Electrons

| ) Runaway Electron Diagnostics

In this section, the main runaway electron detection approaches will be
introduced. Runaway electrons diagnostic methods can be divided into
two groups. The first one measures the consequences of the high-energetic
electron impact into the tokamak first wall or a detector outside of the
tokamak vessel. Such methods measure runaway loses. The second group
focuses on radiative effects of the charged particle movement and they are
able to measure properties of the REs confined inside a tokamak.

B Radiative Effects

Bremsstrahlung. If the electron movement is not linear and uniform the elec-
tromagnetic radiation occurs. The continuum radiation historically called the
"bremsstrahlung” arises from electron-ion collisions. The kinetic energy elec-
tron loss during the collision is compensated by this radiation. For the runaway
electron with a relativistic velocity, the energy loss by the bremsstrahlung is
more substantive than the momentum loss during the collision. This radiation
is detected in the soft X-ray (SXR) range of frequencies.

Synchrotron Radiation. When a charged particle is placed into a magnetic
field, its movement is not linear and the particle emits the synchrotron
radiation. It has the same source as the above mentioned bremsstrahlung
and it occurs due to the toroidal movement in a tokamak. The frequencies
of the synchrotron radiation are in the infra red (IR) spectrum range, in
larger devices even in the visible spectrum. Using a tangentially placed fast
IR camera with the line-view opposite to the plasma current may be useful
for the RE synchrotron radiation measurement. With a good spatial and
temporal resolution it is possible to measure the position of the beam and its
change during a discharge. The RE distribution function could be possibly
determined with this diagnostic method.

Electron Cyclotron Emission. This method uses the same radiative principle
as the synchrotron radiation with one difference. The electron cyclotron
emission appears due to the Larmour rotation around the magnetic field line.
This diagnostic method will be further described in [subsection 3.5.1.

B Runaway Losses

Cherenkov Radiation. The electromagnetic so called Cherenkov radiation
is emitted in the case of a charged particle (such as an electron) passing
through a dielectric medium at the speed greater than the phase velocity of
the light in that medium vs. It is released into the shock cone, similarly to
the supersonic shock wave, with the axisymmetry along the direction of the
particle movement with the cone angle 6 given as

1
cosf = NG with = U?f, (2.9)
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2.2. Runaway Electron Diagnostics

where ¢ is the speed of light in vacuum and N is the refractive index in
the medium. The frequencies of the Cherenkov radiation are in the visible
spectrum with peaks in the UV region. Cherenkov detectors contain a dense
material (usually diamond, TiO2, etc.) through which a relativistic electron
can pass. The emitted radiation is then converted to the electric output
and amplified by a photomultiplier. The detector has to be placed inside
the tokamak vessel to be sure that the electron hits the detector before
any other material. It is difficult to secure the limitation of the hard X-
ray photon influence. The advantages of this diagnostic method are the
great temporal resolution and the ability to estimate the parallel velocity
distribution function.

Interaction with the Tokamak Wall. Runaways are not always well confined
and some of them could be released. Fast electrons then hit the limiter or
the first wall. One of the possible consequences is emitting a high-energetic
electromagnetic radiation with frequencies in the hard X-ray (HXR) region.
In the contact with the dense matter of the first wall or limiter, electrons
undergo a inelastic scattering on the nucleus and are strongly decelerated.
They emit energy in the form of the bremsstrahlung radiation proportional to
the atomic number squared Zl?. This process dominates for electron energies
larger than 11 MeV. For electron energies under 11 MeV also takes place
inelastic scattering on bounded electrons. The hard X-ray diagnostics proves
the existence of REs in the plasma. With a proper calibration it is possible
to estimate the distribution function, but it has to be kept in mind that there
are different HXR sources as well.

The HXR photons can leave the tokamak and be measured or undergo
series of absorptions and re-radiations. According to the photon energy they
can even trigger some nuclear reactions. In the energies about 10 MeV the
collision between photon and nucleus sometimes leads to the neutron produc-
tion. During the collision the nucleus experiences a giant dipole resonance
ending with the fission or releasing a neutron. These neutrons are called
photoneutrons and they can be detected as well. Taking into account the first
wall material the most common reactions are 12C(y,n)!1C and ?Be(y,n)*Be.

All discussed phenomenons are shown in [Figure 2.5
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2. Runaway Electrons

Figure 2.5:
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Scheme of all kinds of the RE radiation. Top view of the tokamak.
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Chapter 3

Waves in Plasma

In the following pages the theory of waves in plasma will be described from
the basic plasma oscillations to the electromagnetic waves in cold magnetized
plasma and brief theory of the waves in hot plasma.

Electromagnetic waves are a useful tool for plasma diagnostics, for example
the interferometry, reflectometry and radiometry, and for aditional ion or
electron cyclotron resonant heating systems (ICRH, ECRH) and current drive
(ECCD). All these systems seem to be necessary for a regular operation
of ITER and the future demonstration fusion power station, DEMO. The
wave-plasma interaction knowledge is crucial for the proper device design and
data analysis.

In the following derivations we will use the perturbation calculus. All
quantities can be divided into the zero-order quantity part, which is static
and uniform, and the first-order quantity part. This is so called perturbation,
which is assumed to vary as expli(k - r — wt)], where k is the wave vector,
w the frequency and r, t is the position and time. The high order terms
are neglected if we consider a low perturbation amplitude [I14]. Thus the
quantities can be written as

Ne = Neo + 0Ne = Nep + nelel(k.r_Wt)a

Ve = Ve + 0Ve = Ve + Ver el KT, (3.1)

E=E)+J0E =Ey+ Eelkr—«t)

The Fourier transform is always performed after the perturbation calculus.
It transforms differential operators of a first-order scalar quantity f and a
vector quantity V as following [15]

A

V f =ik, V-V=ik:V, VxV=ikxV.

(3.2)
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3. Waves in Plasma

. 3.1 Plasma Oscillations

Plasma oscillations are a fundamental type of a wave in a plasma. In the
situation where a cloud of electrons is shifted towards the homogeneous ion
background, an electric field is created. This field pushes the electrons back
to the equilibrium position. The electrons start to make oscillations due to
their inertia.

The frequency of these oscillations is given as the electron plasma frequency
in (1.2) and can be derived from the linearised motion equation

ov
mea—; = —eE, (3.3)
the continuity relation
on,
ate + V- (neve) = 0, (3.4)
and the Maxwell equations in the SI units
OE
V'Ezﬁ, V x B — pogo—- = 1ol
0B

The frequency is high enough to consider the ions motionless because the
heavy ions cant react to the fast changing electric field. Thus, the dispersion
relation of the plasma oscillations can be obtained from (3.3), (3.4) and the
first equation (electrostatic) in (3.5) using the perturbation calculus and
Fourier transform resulting in the system

—imwuve1 = —ekq,
—iwnel = neoikvel, (36)
iké‘gEl = —€Nel-

The resulting dispersion relation is in the form

Nee2

(3.7)

W= Wpe =
Mme&o

A thermal movement of the electrons passes information from the oscillation
further in the plasma and creates the plasma wave [I]. We can obtain the
dispersion relation from the same equations when the pressure element is
added to the motion equation which is in the modified form

0
meneg = —eneE — Vpe = —encE — 3kgTeVne. (3.8)
It yields

3
w? = w2, + §k21)%e, (3.9)

where v, is the thermal electron velocity value in the form vp, = ,/%
and k is the wave vector magnitude.
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3.2. Waves in Unmagnetized Plasma
B 3.2 Wwavesin Unmagnetized Plasma

The source of waves in plasma could be an incident electromagnetic wave.
The simplest case is a plasma without an external magnetic field. In vacuum
the dispersion relation is in the form w? = ¢?k? for electromagnetic waves,
where c is the speed of light. The difference between vacuum and a plasma is
the occurrence of the perturbation currents caused by the charged particle
movement. If the electromagnetic wave frequency is high enough, the currents
are only the consequences of an electron movement as following

Jj = —neeve. (3.10)

By the similar procedure as indicated above we can get the dispersion relation
slightly modified from the vacuum case as

w? = wl, + k. (3.11)

The most important is the existence of the so called cutoff frequency. If we
emit the wave with w < wpe into the plasma with the plasma frequency wpe,
the wave vector value k is an imaginary number. The wave is not capable of
a propagation in the plasma, it is exponentially damped and reflected back.

w=ck

k

Figure 3.1: Dispersion relation for electromagnetic waves in unmagnetized
plasma. Reproduced from [I] and edited.

25



3. Waves in Plasma

B 3.3 Waves in Cold Magnetized Plasma

B 3.3.1 Dielectric Tensor

This section is focused on the high-frequency wave propagation in a plasma
in a homogeneous magnetic field. Collisions are neglected for the sake of
simplicity. In reality, collisions in a hot plasma lead to a weak damping. Only
high frequency waves are considered so the ions are static.

It is favourable to include the current density j into the electric displacement
vector D, which means the current density in a dielectric is taken as a charge
displacement consequence. The Ampere law becomes

1 0D

B- -2
VX 2 ot

(3.12)
We can get the electric displacement formula from the premise (3.1) for the
current density and from the Faraday law in the from

D=E+—j=¢E (3.13)
Eow
The important relation results from the previous formula and the current
density definition

j=-nev=0c-E=igqw(I—e¢)-E, (3.14)

where € denotes the dielectric tensor and o electric conductivity.

The components of this dielectric tensor are not all independent. This
attribute can be validated by using the Cartesian coordinate system (z,y, 2)
in which an external magnetic field is along the coordinate z and the wave
vector k is in the (x, z) plane which means k = k% + k|z. Reversing the
By and k direction is equivalent to the rotation of the reference frame by
180° about the y axis. Thus, the dielectric tensor has only six independent
components, as it is shown in [I4]. If there is independence of the € on the k,
therefore the rotation invariance about the z axis, the dielectric tensor can
be written in the form

e(w,Bo)=|[—-€12 en 0 |. (3.15)
0 0 £33

Now, we need to solve the motion equation in the electromagnetic field for
finding the components of the dielectric tensor. The motion equation in the
electromagnetic field is

—iwmeve = —e (E + ve X By), (3.16)

where By is the constant external magnetic field, thus the zero-order quantity
on the other hand E and v, are the first-order quantities. Because of this,
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3.3. Waves in Cold Magnetized Plasma

the indexing can be omitted. If the coordinate system is chosen so that the
magnetic field is along the z axis (Bg = 2By), three components of (3.16|) are

1 1
Uy = _17%7 (Ez _ iwceEy> ,
w

1w 1 W
vy = —1505@ (Ey + 1ljeEm> , (3.17)
1w
Vy = —lBio (je EZ7
where B
oo = 20 (3.18)
m,

e
is the electron cyclotron frequency. Together with (3.14]) we can get the
components of the dielectric vector
X . XY
11—y 2Ty
with X = (wpe/w)? and YV = wee/w [14].

en=1- 633:1—X (3.19)

B 3.3.2 Dispersion Relation

The dispersion relation derivation in a cold plasma remains unsolved. From
the Faraday and modified Ampere law (3.12)) the wave equation for wave

electric field comes out as
2

10

which is altered for the perturbed quantities into the system of the homoge-
neous linear equations

2
kx (kxE)+ e -E=0. (3.21)
C

Without a loss of a generality we can take the latter used coordinate system,
the system D - E = 0 then simplifies to the system where

—kj 0 kik) 2 [en ez 0
D= 0 —ki — kﬁ 0 + o) —€12 €11 0 |. (3.22)
k”kJ_ 0 —ki 0 0 e33

The condition of a non-trivial solution existence for this system, det(D) = 0,
provides the solution in form

Aoy 2
det(D) = D(k,w) Eﬁkj_é‘n - Ekl

2
C
3+ (11 + €33) (511 - w2k2|>]

2 2

— 70 kz 62 =0

3 + .
11 2 || 12

+ £33

(3.23)
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3. Waves in Plasma

This equation is bi-quadratic. If we introduce ¢ as the angle between By and
k, it is possible to write k£ = ksiny and k| = kcosg. Together with the
introduction of the optical index

N=— 3.24

« (3.24)
the solution of (3.23) can be written in the form of the Appelton-Hartree
formula

2X(1-X)
2(1 — X) —Y2sin? o £ [Y4sin? p + 4Y2(1 — X)2 cos? o] 1/2"
(3.25)
These formulas are provided in many articles in the Stix’s notation [16][17][L§],
where the dielectric tensor is in the form

N?=1-

S iD 0
ew,Bg)=|-iD S 0], (3.26)
0 0O P
where
1 1
S = §(R+L), D= i(R_L)’ (3.27)
2
w
=1-—"P° 2
i w(w — wee)’ (3:28)
2
w
L=1-—22 _ 3.29
CETTNE (3.29)
2
w e
P=1- wpz ) (3.30)

The dispersion relation is the solution of the system

AN* 4+ BN? +C =0,
A = Ssin? ¢ + Pcos® o,
B = RLsin® ¢ + PS(1 + cos® ¢), (3.31)
C = PRI,

and the Appelton-Hatree formula becomes

B+ F
N2 = 3.32
oA (3.32)
where
F? = (RL — PS)?sin* ¢ + 4P?D? cos? . (3.33)
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3.3. Waves in Cold Magnetized Plasma

B 3.3.3 Polarizations

Let us analyse the dispersion relation. In the elementary case of the wave
propagation parallel to By (¢ = 0) we can find, besides the plasma oscillations
(3.7), two circular wave modes.

X

NFQ{,L = 1_1:F7Y’

3.34
in the Stix’s notation Nﬁ =R, NE =1, ( )

E
with polarizations E—x = Fi, E.=0.
Y

For the relation with the — sign we get the right-hand mode (R-mode) where
the electric field JE rotates clockwise, in the other case we talk about the
left-hand mode (L-mode) where the electric field rotates anticlockwise. In
both cases an observer is looking along the direction of the wave propagation.

In the case of the propagation perpendicular to By (¢ = 7/2) we can find
again two modes as following

Ng=1-X,
, 9 (3.35)
in the Stix’s notation NG =P,
with polarization E, =FE,=0
and
X(1-X)
Ni=1-
X 1-X-Y?
RL 3.36
in the Stix’s notation N% = < (8:36)
E 1-X-Y?
with polarization E—j = —iT, E,=0.

The first of these modes is called the ordinary mode (O-mode) what is the
wave with the electric field JE parallel to the external magnetic field By
direction (JE || Byg). It is a transverse linearly polarized wave. Contrarywise,
the other is called the extraordinary mode (X-mode), which is the wave
with the field §E perpendicular to the external magnetic field By direction
(0E L By). It is an elliptically polarized wave with a non-zero longitudinal
component F,.

In the transition between ¢ = 0 and ¢ = 7/2, the nature of the waves
changes substantially. [14][18][19]

29



3. Waves in Plasma

B 3.3.4 Cutoffs and Resonances

At this point it is convenient to remind the term cutoff. This is the situation
when N? = 0, the wave is not capable of propagation in a plasma. The wave
is exponentially damped in the plasma volume, where N is a purely complex
number (N? < 0) and reflected back. From the equations (3.34)), (3.35), (3.36)
we can obtain the the cutoff conditions as R =0, L =0, P = 0 written as
following:

Plasma cutoff w = wo = wpe,

2 1/2 "
Right — hand cutoff w = wr = | - + w? 4 ==
¢ i ( 4 pe 2 (3.37)

2

1/2
w w
Left — hand cutoff w =wp, = <ie + W§e> — %

In the case of the resonance, the optical index N? = f+o00. The wave is
at this point fully absorbed. The resonance for ¢ = 0 fulfil the condition
R = 400 and it is called the electron cyclotron resonance. If we did not
neglected the movement of ions at the beginning of this chapter, the ion
cyclotron resonance would occurs in the condition L = f+o00. For ¢ = 7/2
we get S = 0, which is the condition for upper hybrid resonance. The
fundamental electron cyclotron resonances can be expressed as

Electron cyclotron resonance w = wee,
(3.38)

Upper hybrid resonance w = wyyg = (Wee + wpe)l/ 2
In the model of a cold plasma there is no cyclotron resonance for
the perpendicular wave propagation. This phenomenon occurs only in

the hot plasma solution.

. 3.4 Waves in Hot Plasma

In preparation for the subject of the next sections, the relativistic theory of
wave propagation in a uniform collisionless plasma in a homogeneous magnetic
field will be reviewed. As in the previous theory, we consider only the waves
with frequencies in the electron cyclotron range. Ions can be thus treated as
a static background.

From the kinetic theory, the relativistic collisionless equation is the one
derived by Vlasov in the form

Zij-g{—e(E—vaB)-g‘rf):O (3.39)

for the electron distribution function f(r, p,t), where v and p are the electron
velocity and momentum related by

P = YMeV. (3.40)
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3.4. Waves in Hot Plasma

The symbol v denotes the Lorenz factor, thus

(o) = ()]

To derive the dielectric tensor it is necessary to find the current density
induced by the wave

—-1/2

J(r,t) = —e/vf(r7 p,t)dp. (3.41)
We seek solutions in the form
f(I‘, pvt) = fO(p) + 5f(r7p>t)
E(r,t) = 0E(r,t) (3.42)
B(r,t) = Bg + 0B(r, t)

We can obtain the Fourier amplitude of the current density by the derivation
which is over the scope of this thesis and which can be found in [14][16]

j(k, w) 7o / Blkw) i (3.43)

me = — nwee — kyjv))

where ng is the equilibrium density and S(™ is tensor

nJn\ 2 . (nd,J! nJy
L <> F,  —ipy ( > Fi py Fi
P p p

")FL pL(IEFL ip () FL |, (3.44)

| p") F| —ip (Jnd},) FL P (Jn)? F

where J, = J,(p) is the Bessel function of the first kind, p = kv /wee and

o Sy ko (%021 00)
0 w 0 0
pL P pLOpL (3.45)
o O e (0h_p Oh
| Ip| w \9p pLOpL

It is important to notice that the largest contribution into the integral in
(3.44) comes from the waves fulfilling the resonant condition

W — Nwee — kv = 0. (3.46)
Finally, from (3.14)) we get the dielectric tensor
cllow) =14 3 / ki dp (3.47)
W (W — nwee — kyvy))

In the solution of such dielectric tensor occurs a singularity which can be
calculated by using the Cauchy principal value. This singularity appears
in the velocity phase space where the resonant condition (3.46) is exactly
fulfilled. It is the reason of the cyclotron waves emission independent on the
wave vector direction. [14]
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3. Waves in Plasma
. 3.5 Electron Cyclotron Waves

Every electron moving in an external magnetic field emits electromagnetic
radiation (sometimes also called the magnetic bremsstrahlung) at the cyclotron
frequency, electron cyclotron emission (ECE) . Circular movement with the
Larmor radius along a magnetic induction line causes this behaviour. If the
electron dynamics is taken to be non-relativistic, at the first moment it may
seem that the emission (or absorption) is possible only when the frequency of
the emitted (or absorbed) wave is the same as wce in (3.18)).

However, the finiteness of the Larmor radius implies that the electromag-
netic field generated by an electron gyrating with the cyclotron frequency
is not simply harmonic hence higher harmonics nw. emerge. Thanks to
the relativistic effects, distribution function and Doppler effect, the emitted
frequencies have a fairly wide spectrum [Figure 3.2l The frequency at which
an electron moving with a velocity v is able to emit or absorb the waves
having a wave vector k, through the n-th harmonic contribution, is given by
(3.46))

W =1 wee(B,v) + kv =n-wee(B)/v+ k- (3.48)

The relativistic effects are represented by the Lorenz gamma factor. The
second term on the right hand side denotes the longitudinal Doppler effect,
the index || indicates the component parallel to By.[20][14]
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Figure 3.2: Typical cyclotron emission spectra from a tokamak plasma when

wp < We. Vpo & M - Ve, denotes the plasma and harmonic cyclotron frequency
[21].
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3.5. Electron Cyclotron Waves

In a spatially varying magnetic field, where the relativistic effects are not
dominating, the emitted cyclotron frequency is proportional to the magnetic
field magnitude w. = we(B). The fact that in tokamaks the toroidal magnetic
field Bt changes with 1/R can be used for an electron temperature measure-
ment with a good spatial and temporal resolution. To ensure a transition
of the magnetic field along the antenna line of sight, these measurements
are mostly realised from the HFS or LFS of tokamak. We talk about the
horizontally situated ECE diagnostics (H-ECE).

B 3.5.1 Suprathermal ECE

The electron cyclotron diagnostic system can be used to detect the presence
of non-thermal electrons. In ITER, for example, the oblique view that is
sensitive to a distortions in the electron momentum distribution near the
average thermal momentum is planned [22]. It will be used in the comparison
with the ECE measurement in the radial view. Anntena placed on the HFS
can also observe down-shifted radiation of suprathermal electrons without
absorption at the thermal resonance what could happen in the LFS case.

Experiments were made in a similar way for example on TEXT-U [23],
TFTR [24], TCV [25] and DIII-D [26]. None of them has investigated the
electron cyclotron emission of the runaway electron population. In this
thesis we will explain another technique of the non-thermal electron cyclotron
emission measurement where the receiver is placed vertically.

It is possible to restrain the influence of the varying magnetic field in
(3.48) via a vertically positioned antenna (V-ECE). The toroidal magnetic
induction value becomes approximately constant along the line of sight. Thus,
the resonance condition depends only on the velocity. In such a situation with
neglecting the Doppler shift, the emission at a particular frequency (w) for a
particular cyclotron harmonic (n) occurs only from the electrons satisfying
the resonance condition

e O C R

where v and v, denote the velocities parallel and perpendicular to the
toroidal magnetic field Bt in tokamak. This condition gives us a one-
to-one relationship between the frequency and the electron energy.
As a result, one can diagnose the density and the velocity anisotropy of the
electrons as a function of the energy at the expense of returning to a chord-
averaged measurement [2I]. The purpose of this measurement is the fact that
the presence of a suprathermal population strongly affects the magnitude and
the spatial location of the wave absorption.

Unfortunately, the antenna divergence is not negligible in many cases and
By is not constant and it has a poloidal component, so the Doppler effect has
to be taken into account. The equation (3.49)) becomes

wle = Npy) _ W () () (3.50)

33




3. Waves in Plasma

This entails a complication into the relation between the frequency and
electron energy. Only the emission from certain velocity phase space (v)|, v )
fulfils the condition (3.50).

Non-thermal electrons change the cyclotron emission spectra distinctly
from the one in |[Figure 3.2, what can be seen in [Figure 3.3| Vital practical
requirement for the RE measurement is to avoid detecting multiple-reflected
waves from the tokamak wall. In the analysis of the measured electron energy,
a non-Maxwellian distribution function from other diagnostics or simulation
code has to be utilized. For the exact value of the parallel optical index, we
need to count the optical depth, the probability of reflections and the wave
propagation in plasma. It is necessary to use the ray tracing calculations.
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Figure 3.3: Typical cyclotron emission spectra when significant nonthermal
components exist in the electron distribution [21].

B 36 Ray Tracing

Tokamak plasmas are in fact inhomogeneous. In this section, the geometrical
optics for the wave propagation in non-homogeneous plasmas will be reviewed.
The beam is considered as composed of independent rays, each propagating
along the trajectory where the local dispersion relation is satisfied everywhere.

This approximation provides an elegant technique for accounting refrac-
tive effects in inhomogeneous plasmas, and plays an important role in the
interpretation of measurements using electromagnetic waves [14]. In a weakly
inhomogeneous plasma, properties of the medium vary in space and time.
The relative change is small compared to the wavelength. As in the case of a
homogeneous plasma, a non-trivial solution condition of the wave equation
results in a local dispersion relation

w=uw(k,r,t). (3.51)
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3.6. Ray Tracing

The ray equations then can be written in the canonical form [14]

dr

— = Vi w,

d¢ (3.52)
dk o

dt - rw7

with w in the role of the Hamiltonian we get

dw OJw

—_— = 3.53
dt ot ( )

In the case of a known dispersion relation D(w, k,r,t) = 0, these ray equations

transform into

dr VD
dt  9D/dw’

ak _ V,D (3.54)
dt  0D/ow’

For such a medium, it is convenient to use the arc length s along the ray as
the parameter and express the ray equations [16][17] in the form

b (D) VD
ds 2 o |ViD|’
dk (8D) V.D
— =sgn

ds Ow ) |ViD|

(3.55)

It is not possible to neglect the absorption and emission along the trajectory
as a consequence of the kinetic effects. Anti-Hermitian components appear in
the dielectric tensor and the solution of the dispersion relation is a complex
vector k = k, +ik;. We cogitate |k;| > |ki| in the case of a plasma diagnostics.
The hot plasma dispersion relation is still a fourth degree polynomial in the
perpendicular component of the optical index N |

D=e Nt +P=0, (3.56)

where D and €17 are complex and P is a polynomial of third order in N . If
N is finite and €11 is nonzero the equation can be modified as

D P
F=_—=N}+—=0. (3.57)
€11 €11

With respect to the condition |k;| > |ki| we get Re (P/e11) > Im (P/e11) so

F(w,k,r,t) = Fi(w, ke, t) + iFi(w, ke, 1, t) + ik - Vi, Fr =0,
Fi(w,ky,r,t) =0, (3.58)
ki'vkrFr - _E(wa kr7 r, t)
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3. Waves in Plasma

The second equation yields the ray equations similar to (3.54)

dr Vi R
At~ 0F./ow’

ik VR (3.59)
dt  OF /0w’

and the third one gives the equation for calculating the ray absorption between
two points of a ray [14]

/82k ds / Al (3.60)
jds = s. .
51 51 |VkrFr|

It gets us to the radiation transfer. The equation for the radiation transfer
used for the simulations is in the form
d [1,
ne— |—| =6 —al 3.61
"ds {n%} P “ (361)
with I, as the radiation intensity, o and g the absorption and emission
coefficients and n, the ray refractive index. As a result we get a parameter
which is called the optical depth

T = /ads. (3.62)

It is crucial for a subsequent analysis of the simulations and ray tracing. To
secure the vital practical requirement, avoiding the detection of
multiple reflections from the wall, a higher optical depth (7 > 1) is
needed [21]. This requirement secures the conditions for the thermodynamic
equilibrium where the Kirchhoff’s law applies as

L, = B/a. (3.63)

In the presence of a significant amount of the non-thermal electrons, the
Kirchoff’s law no longer holds. The emission and absorption coefficients must
be calculated separately.

On the other hand, if velocities have the Maxwell distribution and if the
emission from a tokamak is considered as the black-body radiation, we can
define its intensity as
- wT,
 8m3c?’
where the Rayleigh-Jeans approximation hw < kpTg, the i denotes the
reduced Planck constant.

L, (3.64)
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3.6. Ray Tracing

B 3.6.1 SPECE Code

The SPECE code [27] was developed in the Instituto di Fisica del Plasma in
Milan, Italy, for the analysis of the electron cyclotron emission. This code
computes the solution of the equation of the radiation transfer along the
ray trajectories in a general tokamak equilibrium, using the cold dispersion
relation, while the absorption and emission coefficients are obtained as a
solution of the relevant fully relativistic dispersion relation valid at a high
electron temperature. The propagation is computed by solving the similar
ray equations as (3.55)) in the form

dr  9D/ON AN 9D/or

ds ~ |oD/ON|’  ds _ |0D/ON|’ (3:65)

where D(w, N, r,t) = 0 is the cold dispersion relation for the electron cyclotron
waves with the frequency w and the refractive index N (3.24). SPECE uses
(3.61) for computation the radiation transfer.

The magnetic equilibrium, plasma temperature and density profiles are
given either analytically or numerically. Calculations can be done in a
Maxwellian plasma or non-thermal plasma characterized by the distribution
function given by a sum of drifting Maxwellian distributions. The actual
antenna pattern is simulated by the means of a multi-ray calculation, using
a set of m rays, uniformly distributed in the radial and angular directions
with respect to the antenna axis. SPECE was utilized for an oblique electron
cyclotron emission diagnostics at the JET tokamak and can be applied on
other different devices including COMPASS or even ITER. [27]
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Chapter 4

Experimental Setup

B 21 COMPASS Tokamak

The COMPASS (from the COMPact ASSembly) tokamak is a compact-sized
device developed in the Culham Science Center, England, in late 80’s. It is
a D-shaped tokamak capable of the high confinement mode, also called the
H-mode, operation. COMPASS dimensions correspond to one tenth of ITER.
Due to this two features it was offered by the European Commission and
UKAEA to the Institute of Plasma Physics in Prague after the shut-down in
Oxfordshire.

The main tokamak parameters are shown in Table 4.1

Major radius R 0.56 m
Minor radius a 0.23 m
Aspect ratio A ~ 2.4
Plasma current I, (max) 400 kA
Toroidal magnetic field Bp 0.9-15T
Vacuum pressure pg 1075 Pa
Plasma shape SND*, D, elipse, circular
Elongation € 1.8
Plasma duration ¢ ~ 500 ms
NBI 40 keV Pypr 2 x 0.4 MW

*single-null divertor

Table 4.1: Basic parameters of the COMPASS tokamak.

The physics research programme on the COMPASS tokamak includes
mainly studies of edge plasma, diagnostic system development, H-mode
physics, MHD equilibrium and instabilities and runaway electrons. The
runaway electron experiments are conducted under the MST1 (Medium Size
Tokamaks) project of the EUROfusion, the coordinating organisation of the
European fusion research centres.
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Figure 4.1: Scale of some European tokamaks with the cross-section similar to
ITER and a cutaway diagram of the COMPASS tokamak [28].

B 4.2 ECE/EBW Heterodyne Radiometer

The ECE/EBW heterodyne radiometer was utilized in COMPASS for the
measurement of electron Bernstein mode waves (EBW) [29]. These are quasi-
electrostatic EC modes, which do not suffer from the high-density limitations.
They play an important role in a low magnetic field, high-density plasma, for
example in spherical tokamaks and stellarators.

The radiometer consists of a separated front-end and a 16-channel interme-
diate frequency (IF) receiver with the bandwidth 1.5—15 GHz. Each channel
has a second mixer stage, a digitally controlled built-in attenuator 0—30.5
dB in 0.5 steps, a power detector and a DC amplifier, which provides a linear
output voltage of 0—10 V / DC—1 MHz and the bandwidth 850 MHz.

The system, shown in [Figure 4.2, contains front-ends with the Ka-band
(26.5—40 GHz) or the E-band divided into two subbands (60—74.5 GHz/76.5—90
GHz). The receiver uses a vertical perpendicular vacuum chamber port. Horn
antenna with a teflon lens is placed behind a silicon port window as it is
shown in and it is connected to the radiometer over the ~2.5 m
waveguide. [29][30]

No calibration during these experiments was utilized. ...
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4.2. ECE/EBW Heterodyne Radiometer
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Figure 4.2: Block scheme of the ECE/EBW radiometer for COMPASS. Taken
from [29].

Figure 4.3: Scheme of the antenna setup. (1) COMPASS vessel; (2) vacuum sili-
con port window; (3) horn antenna; (4) waveguide; (5) front end; (6) IF receiver;
(7) digital oscilloscope

43



44



Chapter 5

Simulations and Calculations

B 51 Frequency Range and Energy Spectra

In this chapter the simulation results, which have been used for the final design
of the diagnostics and for the data interpretation, will be presented. The
first thing to be investigated is the presence of cutoffs. The cutoff frequencies
(3.37)) increase with the electron plasma frequency wpe, which is dependent
on the electron density wpe ~ y/Ne. It is favourable to choose the front-end
frequencies as high as possible to be able to measure in the highest possible
plasma densities. In|Table 5.1|the electron cutoff densities for B = 1.15 T, i. e.
at the magnetic axis of the COMPASS tokamak during a typical discharge are
shown. If the density value is below the shown number, the measured wave is
not limited by the cutoff area anywhere during its propagation through the
whole plasma. In the case of the Ka-band, in frequencies lower than 30 GHz,
we find ourselves in the forbidden region of propagation under the right-hand
cutoff. This band is therefore worthless for the measurement of the waves
with X-mode polarization.

v [GHz] neo [10Y m™3]  nex [1019 m™3]

Ka-band 26.5 0.87 —
38.3 1.82 0.29
Elband 61.7 4.72 2.26
74.5 6.89 3.91
E2-band 76.5 7.26 4.21
88.3 9.67 6.15

Table 5.1: Cutoff electron densities of the O-mode (n.0) and X-mode (nex) for
the given front-end boundary frequencies v in the plasma centre.

The most advantageous option is to choose the E2-band with the highest
frequencies. It is possible to measure the O-mode and X-mode waves
at frequencies not limited by cutoffs in the case of low-density
discharges, which are conducted on the COMPASS tokamak during
runaway electron campaigns. These discharges are characterised by the
line-averaged electron density 7, in the range 1 — 3 - 10 m—3.
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5. Simulations and Calculations

The electron kinetic energies (momenta) as well as the velocity phase space
which fulfil the resonance condition can be determined from the range of
frequencies with the use of equation (3.50). As it was mentioned earlier,
the emitted cyclotron frequency is down-shifted in connection with reaching
relativistic velocities. Along the line of constant magnetic field B =1.15 T
the cyclotron frequency has value v, = 32.2 GHz. It yields the fact that it
is possible to measure the down-shifted radiation from the third and higher
harmonic cyclotron frequency. [Figure 5.1 and [Figure 5.2/ show the contour
in the velocity phase space (A) for the resonance condition and the kinetic
energy (e) relevant to the plotted point of the velocity phase space for 3rd
harmonic frequency. The emission from the 4" and 5" harmonic frequencies
has fairly weaker emission.
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Figure 5.1: Solution of the resonance condition (3.50) with the value of the
electron kinetic energy E for emission from the 3" harmonic for the boundary

E2-band frequencies. Rich colour: Ny = 0.005; Pale colour: N = 0.1.
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Figure 5.2: Solution of the resonance condition (3.50) with the value of the
electron kinetic energy Ej, for emission the from 4" (left) and 5% (right) harmonic
for the boundary E2-band frequencies. Rich colour: N) = 0.005; Pale colour:

Nj=0.L

The later given ray-tracing simulations yields the value V) = 0.005. From a
brief look at the shown figures, we are able to determine the electron energies
in resonance with the E2-band frequencies. This is the energy of 50 — 140
keV (respectively 230 — 350 keV and 420 — 570 keV from higher harmonics).
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5.2. Optical Depth

Therefore, the low-energy REs with the parallel velocities above 0.4 ¢ can
be investigated. We can call the electrons in this phase space "runaway"
because of the critical velocity maximum (2.7)) in the V-ECE experiments
(Nemax = 4.2 - 10" m™3, Ujpep = 0.7 V, In A = 13) which is v, = 0.37 c. It
corresponds to the kinetic energy E. = 36 keV. It is essential to keep in
mind that the higher harmonic used the lower radiation intensity emitted as
shown in [Figure 3.3l

B 52 Optical Depth

The third thing to investigate is the wave mode suitability for the measurement,
i. e. optical depth values for the O-mode and X-mode. In a Maxwellian plasma
there is a low number of the resonant electrons, therefore neither absorption
nor emission occurs in the centre along the line of constant magnetic field By in
the measured frequency range 76.5 — 88.3 GHz. This fact is favourable for the
measurement of the runaway electrons. It is necessary to add a non-thermal
component into the simulation to increase the absorption coefficient and then
the optical depth. The simplest way is to use a bi-Maxwellian plasma. In
the SPECE code, the added non-thermal component is characterized by the
velocity umax = p/mec at the end of the tail plateau, by the temperature Ti,j
and distribution function in space and normalised magnetic flux coordinate

p= Lol _ o exp l— (w_%)j. (5.1)

The,bulk ¢c

Values of dimensionless parameter 19 and magnetic flux coordinates 1y and
1. have to be chosen. For the sake of simplicity, assume a runaway electron
presence only in the center of the plasma. This assumption gives )9 = 0. The
width of the spatial distribution function is chosen as ¥, = 0.1. A number of
runaways can be roughly estimated from the measured RE current Iry as

In COMPASS, the runaways constitute at most a thousandth of all electrons
present in the plasma in a low-density discharge. This gives us the simplified
equation

=1
NRrg = / Ne tail * dV = Te,bulk Z UAVd) =
= P

= Te,bulk’0 ZeXp [* (10 - 1/})2} AVy =~ 1- 10'6
P

and the solution
1-10'6
Te,bulk * D €XP [— (10- ¢)2} AVy,

no = (5.2)
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5. Simulations and Calculations

Together with the ne and T, profiles from the shot #13127 and the choice of
Umax = 0.4 and Ti,; = 60 keV to fit the resonant parameters from [Figure 5.1
we get g = 0.015. The density profile was multiplied by a constant to get a
profile with maximal density in the center of the plasma ne max = 3- 10" m=3
and secure no limitations by the cutoffs. The profiles are in [Figure 5.3|

The optical depth can now be evaluated for the O-mode and X-mode. This
particular simulation can be seen in [Figure 5.4. Values of the optical depth
for the X-mode are 20 times higher than for the O-mode.

During the evaluation of various simulations this difference between values
of the optical depth stayed almost the same. As it was mentioned earlier,
the goal is to prevent the detection of waves reflected from the tokamak
wall. In the case of 7 > 1 the reflections are negligible but unfortunately
parameters of the plasma and the available radiometer on COMPASS do not
provide this suitable condition. The choice of the X-mode polarization is still
advantageous, however the data analysis is going to be considerably onerous.

For the V-ECE measurements of the runaway electrons the E2-
band was selected with the frequency range 76.5 — 88.3 GHz with
O/X-mode polarization. At this moment it is possible to check the
trajectories dependent on the cutoff presence, as shown in [Figure 5.6, The
propagation and reflection of the beam is displayed.
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Figure 5.3: Used electron density n. and temperature T, profiles from TS
dependent on the normalised poloidal magnetic flux 1.
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Figure 5.4: Values of the optical depth 7 dependent on the ray path length s
for both O-mode and X-mode for odd E2-band channels.
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5.2. Optical Depth

If we take the detection of the reflected emission into account, the measured
spectrum of energies can be broaden due to the varying magnetic field. The
measured energies could be potentially in the range 0 — 500 keV from the
3'd harmonic. Hence, there is a possibility to measure the thermal emission.
Nevertheless, the reflected waves can lose some of their intensity. Also, the
vessel shape of COMPASS is not significantly suitable for the detection of
the reflected emission by a diagnostics placed in a vertical port. That is why
we will consider this broad spectrum possible but not necessarily measurable.
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Figure 5.5: Poloidal view of the trajectories of X-mode and O-mode rays in

the COMPASS tokamak, profiles from [Figure 5.3, frequencies 76—88 GHz,
B=115T.
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Figure 5.6: Poloidal view of the trajectories of the X-mode ray with the maximum
electron density in the center of the plasma nemax = 3 - 10 m=3 (e =
1.75- 10" m™3) and ne max = 5- 10" m™3 (M, =3-10Y m=3), B=1.15T.
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Chapter 6

Measurements and Data Analysis

The characteristics of the discharge in the COMPASS tokamak together with
the measured data will be presented. The data analysis will be mainly focused
on confirmation of the simulation results. It is necessary to prove that the
measured V-ECE is related to the emission of suprathermal electrons.

All the measurements were realised within the runaway electron campaigns
in COMPASS which are a part of the European research. The RE research
group works in cooperation with the Medium-Size Tokamak Task Force
(MST1) - Topic 8. Its goal is to demonstrate the post-disruption runaway
electron beam control, extend the understanding of the runaway electron
physics and their interaction with an injected gas and magnetic perturbation.
This research is also supported by the Czech Science Foundation Project No.
GA18-02482S.

Only the RE experiments in COMPASS reach a satisfactory low values of
the electron density. Thus, the cutoff condition for the both O-mode and X-
mode is not fulfilled, which is crucial for the electron cyclotron measurements.

The RE campaign studies include:

B Runaway electron presence in the flattop phase of low-density discharges.

B Disruptions with the RE beam generation using a high Z impurity
massive gas injection (MGI) to terminate the thermal plasma.

B Mitigation techniques of the generated RE beam.

® Interaction of REs with with intrinsic magnetohydrodynamic (MHD)

instabilities and also externally applied resonant magnetic perturbations
(RMPs).

In the first parts of this chapter, the discharges focused on the flat-top
runaways will be shown. The discharges used in this thesis are from the RE
campaigns that were conducted in 12/2016, 06/2017 and 11/2017. [31]
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6. Measurements and Data Analysis

B 61 Discharge Characteristics

Firstly, it is appropriate to present the discharge characteristics in COMPASS.
The typical value of the magnetic field in the centre of the vacuum vessel is
B=115T.

A discharge begins by ramping up the toroidal magnetic field at ¢ = 0 ms
(not shown in the figure). Phases of a discharge are marked in [Figure 6.1
At 958 ms a neutral gas breaks down to form the plasma which is ionized
and heated in the current ramp-up phase. When the plasma current reaches
the required value, the feedback system maintains the requested conditions,
this is called the flat-top phase. The termination of the plasma follows in the
ramp-down phase where the current is reduced slowly. Discharge can end
also by a disruption, but it is in most cases not a preferred option since this
event has bad effects on the tokamak condition.
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Figure 6.1: Plasma current evolution in a tokamak COMPASS discharge. Shot
#13086.

The main quantities used in this thesis include the plasma current I, loop
voltage Ulop and the electron density n.. Signal from the V-ECE radiometer
will be compared with other RE diagnostics implemented at this tokamak
(See such as a hard X-ray scintillator (HXR), a shielded HXR
detector and high-speed visible light cameras.

In the following text of this thesis, if it is not said otherwise, the discussed
and shown V-ECE signal corresponds to the signal from the channel 1 (chl)
with the measured frequency of 76.5 GHz and the X-mode configuration. In
the same manner the magnetic field at the magnetic axis is 1.15 T.

In general, some of the used signals have a considerable level of noise. Thus,
a smoothed signal is convenient to plot in figures. For the sake of clarity,
the rich coloured signal is the smoothed one while the pale signal is the raw
signal measured by the given diagnostics.
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6.2. Emission Source Verification

. 6.2 Emission Source Verification

The first thing that has been investigated is the V-ECE signal from a high-
density discharge without a significant runaway electron presence. This
experiment is able to ascertain the existence of a spurious signal. Discharge
with the density higher than the cutoff condition is chosen and shown in
Figure 6.2. In the case of the line-averaged density e = 5 - 10’ m™3, only a
noise level signal was measured during the flat-top phase of this discharge
which means that unwanted signal did not appear.
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Figure 6.2: Plasma current I;,, loop voltage Uloop, line-averaged density 7, and
V-ECE signal of the shot #13086. (X,chl)

Now, we can focus on experiments with densities below the cutoff condition
i. e. discharges with the line-averaged density 7o < 2.6 - 10! m™3. In these
experiments, various V-ECE signals occur. Firstly, it has to be verified that
the suprathermal electrons are the source of the measured emission. As an
indicator of the runaway presence, the HXR diagnostics can be used. The
main disadvantage of the HXR scintillation detector is a low threshold of the
saturation. The HXR scintillator signal cannot tell the difference between
the runaway electron quantities in the situation of a sufficient number of
these particles. In this situation, the shielded HXR detection can be used
as a complementary indicator. The lead-shielded HXR detector measures
primarily a multi-MeV HXR. It can detect some photoneutrons as well. Both
HXR diagnostics measure the RE losses.

It is necessary to investigate the possibility of the thermal emission mea-
surement. In the tokamak plasma with B = 1.15 T, two thermal emission
regions occur. In this regions the non-relativistic thermal electrons fulfil the
cold EC resonance condition (3.38|for v — 1 ). As it is seen in [Figure 6.3,
there is a thermal region in the HFS from the 2°¢ harmonic and in the LFS
from the 3" harmonic. The possibility of a detection of the reflected emission
has been discussed therefore a thermal emission measurement is still feasible.
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Figure 6.3: Left: Thermal ECE regions in plasma. Red: 2" harmonic; Green:
3'd harmonic.
Right: EC frequency profiles for B =1.15 T.

The shot #14574 will serve us as a counterexample. It is a discharge
with the density ramp-down. In the there is a comparison of the
electron temperature 7, measurement (R = 0.66 m) done by the Thomson
scattering (TS) system together with the V-ECE signal from the radiometer.
No dependence of the V-ECE signal on the electron temperature
has been found in any of the approximately 300 studied discharges. The
discharges with higher magnetic fields, where the thermal region is placed in
the centre of the plasma, are discussed in

6 600

5 1 500
= 4 - 400 —,
= =
L 3] L300 2,
(TN ] 7]
O 2 L 500
e 2 200

14 100

0 _A_| T T T T T 0

950 1000 1050 1100 1150 1200 1250 1300

t [ms]

Figure 6.4: Comparison of the V-ECE signal (blue) with the T, from the
Thomson scattering (red) in the shot #14574. (X,chl)
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6.2. Emission Source Verification

We have found no spurious signal or unwanted detection of the thermal
emission. It remains unsolved whether the V-ECE measurement in COM-
PASS really comes from suprathermal electrons i.e. low-energy runaways.
Comparison of the V-ECE diagnostics with the HXR detection was made
and it is shown in The figure shows the comparison of three
low-density flat-top shots 14468, 14469 and 14471. Each shot contains a
different number of the REs, which is visible on the diagnostics in the fourth
plot. There is similar HXR signal (39 plot) due to the saturation of the HXR
scintillation detector in the shots 14469 and 14471.

This is a strong indication that low-energy runaways are the
source of the detected electron cyclotron signal. The results from
this collation are in a good agreement with other measurements of the
International Tokamak Physics Activity (ITPA) joint experiment group [10].
This experiment is similar to the one performed in TEXTOR. There were
measurements of the RE threshold condition, where a significant number of
REs occurs, as a function of the electron density. The same threshold occurs
in COMPASS too and it can be estimated as @, = 1.6 - 101? m™3.
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Figure 6.5: Comparison of the electron density, V-ECE and (shielded) HXR
measurement from the shots 14468, 14469 and 14471. (X,ch5)
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6. Measurements and Data Analysis

Reffraction of emitted waves occurs at different densities. We have to
investigate how the density change affects the V-ECE signal. The detection of
the electron cyclotron emission of suprathermal electrons is not fully dependent
on the electron density, unless we reach the cutoff densities. However, the
electron density takes place in the runaway electron generation physics,
especially in the primary Dreicer mechanism . The electric field F in
the tokamak plasma does not vary during the discharge #14474, but the
critical field E. increases. The primary generation mechanism weakens with
the decreasing ratio E/E. this means that a lower number of electrons is
accelerated by the electric field. In the case of the low-energy suprathermal
electron emission measurement, this decrease of the RE generation is observed.
In general, the V-ECE signal is not a function of the density, even though
the density affects the RE generation.
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Figure 6.6: Comparison of the V-ECE signal with 7, in the shot #14474. Shown
signal of ch5 with measured frequency 80 GHz. (X,chb)

N 63 O-mode/X-mode Comparison

A half of the discharges in the latter mentioned RE campaigns were performed
with detection of the O-mode polarization i. e. with antenna rotated about
90°. Thanks to the measurements of both modes in the similar scenarios the
comparison may be done. Even though the different waveguide components,
such as bends, are used, this collation is useful.

Surprisingly, the measurements showed very similar results. For
example in the comparison of X/O mode measurement in density
ramp-down scenario is provided. The results are in a contradiction with
ray-tracing and calculations of the optical depth in the The ratio
between the intensities of the X-mode and O-mode emission should be the
same as the ratio of the optical depths 7x /70 =~ 20. We do not observe this
phenomenon. The explanation of this is probably hidden in the detection of
reflected waves. The V-ECE radiometer may detect a depolarized emission
reflected from the tokamak first wall. If this is the case, the calculated energy
spectra slightly broadens. We are still able to measure mainly
low-energy REs.
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6.4. High B discharges
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Figure 6.7: Comparison of the X-mode (#14574) and O-mode (#14643) electron

density, V-ECE and (shielded) HXR measurement. (XO,chl)

B 64 High B discharges

Experiments with a higher magnetic field were performed. The value of the
magnetic field was up to B = 1.5 T at the magnetic axis of the tokamak. In
that case, the region of the 2"d harmonic thermal emission shifts towards the
LFS into the exact centre of the tokamak vessel. Thus, it appears right in
the line of sight of V-ECE diagnostics.

Comparison of the standard B discharges with the high field discharges
should clarify the question of the detection of the thermal emission. In
this case we do not have to rely on the detection of reflected waves. An
example of such a comparison is in We do not see any significant
differences between V-ECE signals in these two scenarios. Even on the
individual channels we do not observe any conspicuous differences. The
emission intensity from the REs is probably much higher than the thermal
emission intensity.

The fact that we should observe some disparity according to the theory
will be investigated in future.
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Figure 6.8: Comparison of the electron density, V-ECE and (shielded) HXR
measurement from the ordinary B = 1.15 T (#15649) and high field B = 1.50 T
(#15800) discharge. (O,chl)

B 65 Primary Generation Measurements

After the confirmation of the V-ECE signal source and other properties of the
measurement, we are now prepared for a data analysis. It will be done mainly
in terms of the primary runaway electron generation and the RE distribution
function development during the flat-top phase of the low-density discharges.

Firstly, we will look at the generation of the so called runaway seed. It
can be seen in [Figure 6.9 in the second plot. The generation of the runaway
seed occurs during the ramp-up phase of the discharge where there is a
low density but a high Ujsep 1. €. the electric field £. In the
density ramp-down experimental scenario with generation of the RE seed
(#14574) is presented. The low-energy runaway population is to some extent
terminated as shown by the 24ms delayed detection of the HXRs. The REs
are accelerated and collide with the tokamak first wall. It might seem that
REs are fully mitigated by the high electron density (e = 3 - 10 m~3) but
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the opposite is true. Some part of the RE distribution function is confined for
the whole duration of the discharge. Still, we can obtain the confinement time
of the electrons which were actually lost from the plasma. By normalising
and shifting the HXR signal, we get the confinement time circa 24 ms for
this particular discharge scenario. The REs generated later and also created
due to primary generation mechanism, i. e. by decreasing the critical electric
field (2.6)), are confined for the same period of time. The decrease of E, is
caused by the electron density ramp-down during flat-top phase. In the first
plot we see higher density shot 13137 with constant RE generation and loses
where the entering edge of the V-ECE and HXR signals is shifted by 18 ms.
The confinement time is in general within the range 15 — 25 ms.
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Figure 6.9: Corelation of smoothed HXR and V-ECE diagnostics for the shots
13137 and 14574. (X,chl)

At the 1210 ms there is a steep increase of the V-ECE signal. Strong
signal follows and it could be related to the density threshold discussed above

(Figure 6.5). The threshold is around 71, = 1.5 - 101 m~3 during the plasma
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current flat-top in the density ramp-down scenario. It varies shot by shot due
to a different runaway seed and electron density fluctuations. It is necessary
to point out the fact that the intereferometer installed on COMPASS cannot
handle the measurement of densities below 7, = 1- 10 m™3. The steep
increase of the V-ECE is probably also caused by the secondary avalanche
mechanism (See subsection 2.1.3).

Let us have a deeper look at the critical electric field value E.. The
empirically determined RE thresholds were found not to agree with (2.6)) in
tokamaks. In COMPASS, a non-negligible number of runaways occurs only in
the case of £ > 10 - E; and the threshold is even higher in some COMPASS
discharge scenarios. We will define this value, based on previous research of
the RE group [31], as E;,,, = 12-E,. The V-ECE signal increase in Figure 6.7
happened in the flat-top phases of the discharges at 7, = 1.5 - 10' m~ and
Uloop = 0.7 V. This gives us the ratios

E/E. =175 and FE/E.,, = 1.46.

Ctok

A runaway seed significantly influences the evolution of the RE presence
within a discharge. The V-ECE diagnostics is able to record these connections
what is shown in [Figure 6.10] In the yellow rectangle, there is highlighted
the difference between a shot with a lower initial RE seed and a shot with
a larger initial RE seed. The primary generation in the shot 14642 is lower
due to the higher electron density. Because of the missing the whole runaway
population in the ramp-up phase of the discharge, we do not measure strong
V-ECE signal neither the signal leap during the discharge. Thus, the HXR
scintillator measures only the signal during the plasma termination at the end
of the discharge. The case of the shot 14643 is the same as it was discussed
earlier, it is ordinary discharge with the density ramp-down and a large RE
population. It is worth mentioning that there are no initial RE losses detected
by the HXR scintillator. However, the V-ECE signal leap occurs during the
flat-top phase. This strong increase could be consequence of larger number of
primary-generated REs. That could imply the confinement of a vast majority
of the generated runaways of this initial seed. This could also indicate the
influence of the secondary generation (avalanche) mechanism later in the
discharge.

The V-ECE measurement provides information about the low-
energy runaway electron presence especially about the primary
generation at the beginning and in the flat-top phase of the dis-
charge. It can be used as a routine diagnostics in the RE campaigns.
Correlation of the measured frequencies (energies) could be delivered. For
better understanding of the measured data and subsequent analysis, a com-
parison with simulations of the runaway physics (bounced-averaged kinetic
electron simulator LUKE, fast tokamak transport simulator METIS) will be
done. The analysis of the V-ECE measurements will be also very useful even
in the case of the MGI (Ar, Ne) and RMP experimental scenarios. Some of
the results will be briefly described further in next chapters.
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B 6.6 Other RE Experiments

This chapter collects preliminary results of other experiments performed
during RE campaigns in the last year.

B 6.6.1 Massive Gas Injection Experiments

A considerable amount of the experimental time was dedicated to massive
gas injection (MGI) experiments. Most often, these experiments use high Z
gas puffs, for example argon, into the ramp-up phase of a discharge. It causes
the radiative disruption during which the fastest electrons are subject to the
Dreicer and the hot-tail generation mechanism and a RE beam is created.
Two scenarios of the RE beam generation were observed. It can be seen in
Figure 6.12. The argon gas puff reaches the vacuum vessel at 969 ms and a
milisecond after that in the shot 15724 the current quench (CQ) occurs. From
the V-ECE diagnostics we can estimate that before the CQ in this shot there
was no initial RE population. At the CQ, magnetic surfaces gradually collapse
and filamentary structures are visible by the RIS camera, see [Figure 6.11].
The filaments are captured also by the V-ECE in form of frequent peaks. In
the Vlainic classification [32] we talk about the strong beam. The RE beam
has a minimum time to form itself and the generation is rather turbulent.
The second type of the RE beam generation is observed in the discharge
15722. The formation of the REs started slightly before the argon puff has
reached the vessel. The RE generation is not so turbulent, there are no
collapsing magnetic surfaces. Due to the initial RE presence, the entire
plasma current is carried by the RE beam. There is no current quench. The
RIS camera sees a wide non-filamentary RE beam column. In the Vlainic
classification we talk about the slow beam. The RE beam has a sufficient
time to form itself and the generation is rather calm. The RE beam, which is
generated in this way, is sustained in the tokamak for much longer. There are
only high-energy runaways, which cause the lack of the V-ECE signal in a later
stage of the beam from 970 ms till the end of the discharge. The differences
between these scenarios seem to disappear in high B-field discharges.

Time =971.6 ms Time =971.6 ms
Frame = 108 Frame = 108
Long beam #15722 Short beam #15724

Figure 6.11: Pictures of the visible RIS camera from the discharge with the
slow beam generation (#15722) and the strong beam generation (#15724).
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Figure 6.12: Comparison of the electron density, V-ECE and (shielded) HXR
measurement from the shots with the slow beam generation (#15722) and the
strong beam generation (#15724). Orange denotes the current quench. (O,chl)
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B 6.6.2 Resonant Magnetic Perturbations Experiments

One of the ways of mitigation the runaway electrons in large devices is by the
reduction of their loss time. It could be achieved by the application of 3D
error fields. Resonant magnetic perturbation coils (RMPs, typically saddle
coils) are used for this purposes.

In the COMPASS tokamak during the RE campaigns there were used the
LFS coils. In general, COMPASS is equipped with extensive RMP system
including HF'S coils. The system can generate RMPs in the radial direction
with value 1074 x Byp. The influence of RMPs in a various runaway experimen-
tal scenarios is being investigated. RMP configuration: n=1 (toroidal mode
number), coils above and under the midplane with a possible mutual phase
shift in the toroidal angle ¢ was used. The experiments with the phase shift
¢ = /2 are shown in |[Figure 6.13l The RMPs clearly have some influence
on the low-energy RE presence and perhaps cause a confinement reduction
during the time they are applied. The black and red signal show effect of
RMPs in the thermal plasma. The green and blue signal show effect of RMPs
on the formed RE beam after MGI induced disruption. This can be deduced
from the shown comparison.

8 —
- —— No Arnor RBMP A

No RMP, but Ar
Both

L IRMP
_I 111 IMI I I T |_
91 00 1150 1200 1250 1300
Time [ms]

Figure 6.13: V-ECE signal from the RE beam in the discharges with the MGI
and RMPs (A¢ = 7/2). Used with permission of T. Markovi¢. (O,chl)
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Conclusions

This thesis deals with electron cyclotron emission diagnostics of runaway
electrons in the COMPASS tokamak. The goal was to utilize the final design
of the radiometer for the runaway electron measurements with the help of
simulations. This diagnostics uses the vertical view of a plasma along the line
of the constant magnetic field and receives the waves with the frequencies
76.5—88.3 GHz. In this setup it is possible to measure low-energy runaway
electrons with energies 50—140 keV. The EC wave measurement proved to be
useful tool for the runaway electron research and it can be used as a standard
diagnostics for the following experiments.

This thesis provides a brief introduction in the problematic of a hot plasma
matter, where the principal definitions and important quantities are described.
Then the tokamak device is introduced together with its main features, the
principle of functioning and most importantly the tokamak topology and the
most used coordinate systems.

The current state of art of the runaway electron physics is provided. It
focuses on the runaway electron generation mechanisms, mainly on the
primary Dreicer mechanism, hot-tail mechanism and avalanche. The methods
of the runaway electron measurement are described as well.

The largest part of the theory is dedicated to the waves in plasma. The
derivation of the dispersion relations is provided for the basic plasma os-
cillation, through the electromagnetic waves in a cold magnetised plasma
and ends with a brief description of the dispersion relation of the waves in
a hot magnetised plasma. In every of these cases the cutoff and resonance
conditions are discussed so the reader should have a comprehensive overview
of the electromagnetic wave-plasma interaction topic.

The experimental part starts with the description of the COMPASS toka-
mak and the ECE/EBW radiometer which were used in the measurements of
the vertical electron cyclotron emission of the suprathermal electrons. Firstly,
it was necessary to properly design the radiometer for the suprathermal
electrons measurements. It was decided to use the vertical port and to have
view along the constant magnetic field line. With respect to the COMPASS
tokamak parameters, especially the low magnetic field and the high electron
density in terms of the V-ECE measurement, the E2-band with 76.5—88.3
GHz frequency spectra was chosen. The measurement of these frequencies
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should provide direct information of the electrons in 50—570 keV energy
spectra. These energies are carried by the low-energy runaway electrons in
some dedicated campaigns. The simulations of the optical depth showed the
insufficient value of the optical depth. The value was quite low (7 < 1) in the
case of the extraordinary mode (X-mode) 7 = 0.1. It was even lower and in
the case of the ordinary mode (O-mode) 7 ~ 0.005. This brought us to the
situation where the reflected emission can be detected and has to be taken
into account in analysis. The detection of the X-mode polarisation and the
E2-band with 76.5—88.3 GHz was chosen for the first measurements.

Very important part of the thesis is a confirmation of the source of the
emission. By the analysis of the V-ECE signal, no direct dependence on the
electron density was found except the cutoff condition. The influence of the
thermal emission was also not detected. Although, the reflected waves are
detected, what can be deduced from the X-mode and O-mode measurement
comparison. The number of the runaway electrons present in the discharge
correlates with the V-ECE signal. In the subsequent analysis we can observe
consequences of the primary generation. In the density ramp-down scenarios
there is a strong correlation between the V-ECE diagnostics of the RE presence
and HXR diagnostics of the RE loses. The RE confinement time can be
estimated from these experiments. In general, the V-ECE have proven to
be highly useful diagnostic method in the terms of the low-energy runaway
electron detection. The RE threshold measurements agree with the results
obtained on other tokamak devices. The ratio of the electric field and critical
field in the RE threshold was analysed and has value E/E. ~ 12. The role of
the runaway seed in the low-density scenarios was investigated. The partial
results from other RE experiments within the runaway electron dedicated
campaign were presented including the massive gas injection and resonant
magnetic field experiments.

The V-ECE measurement provides information about the low-
energy runaway electron presence especially about the primary
generation at the beginning and in the flat-top phase of the dis-
charge. It can be used as a routine diagnostics in the RE cam-
paigns even for other experiments including the runaway electron
mitigation scenarios.

The design of the V-ECE diagnostics and performed simulations were
presented by the author as a poster presentation at the 20" Joint Workshop
on Electron Cyclotron Emission (ECE) and Electron Cyclotron Resonance
Heating (ECRH) before the diploma thesis defence. The results obtained
by the V-ECE diagnostics in terms of the runaway electron physics will be
also presented as a poster presentation at the 45" European Physical Society
Conference on Plasma Physics.
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Index

Appelton-Hartree formula, O-mode,
avalanche mechanism, optical depth,

optical index,
bremsstrahlung,

perturbation calculus,

Cherenkov radiation, photoneutrons,

collision frequency, 9|

critical electric field, R-mode,

critical velocity, radiation transfer,

current quench, ray equations, [29|

cutoff frequency, RMP - resonant magnetic pertur-
cyclotron resonant equation, bation ,

Debye length, Stix’s notation,

disruption, synchrotron radiation,

Drecier field, |10
e thermal quench,

EBW - el. Bernstein waves, toroidal magnetic field By,
ECE - el. cyclotron emission,
electron cyclotron frequency,
electron plasma frequency,

V-ECE - vertical ECE,
Vlasov equation,

fusion, wave vector, 20|

HFS - high field side, X-mode,

HXR - hard X-ray,

Kirchhoff’s law,

L-mode,

Larmor radius,

LCEFS - last closed flux surface,
LFS - low field side,

Maxwell equations,
MGI - massive gas injection,
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