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Abstract

Radio frequency (RF) waves have been widely used for the non-inductive plasma current drive.
Among all the RFs, the electron cyclotron heating and current drive (ECH/CD) is one of the
intense methods of non-inductive plasma current drive. The plasma sustainment with RF or ECH
waves is a key issue for the steady state operation in the tokamak configuration. The plasma was
sustained for more than 2 hours by the ECH/CD non-inductive method in the Q-shu University
experiment with steady-state spherical tokamak (QUEST). The ECH waves accelerated the
electrons with the Doppler-shifted electron cyclotron resonance (ECR) interactions, and

effectively ramped and sustained the plasma current non-inductively for long discharge duration.

In the QUEST, 28 GHz and 8.2 GHz ECH waves have been used to attain the plasma current
start-up and sustainment. The plasma current was generated with the abundant high-energetic
electrons in the ECH/CD plasmas. The plasma current generation is strongly related to the ECR
conditions and confinements of the electrons in the magnetic field. The plasma current fitting
analyses for the ECH/CD plasmas showed that the plasma current existed in the open magnetic
fields outside the last closed flux surface (LCFS). In this thesis, the guiding center orbits of the
ECR electrons were calculated and analyzed under equilibrium magnetic configuration to
consider the current distribution outside the LCFS. A framework with several sets of calculation
codes accordingly for various theoretical models was developed with the EFIT (Equilibrium
Fitting) plasma equilibrium to calculate and analyses guiding center orbits as well as to evaluate
orbit current distribution. The plasma equilibrium and shaping calculated by the EFIT code were
properly taken into account for the orbit analyses and the current evaluation, but the evaluated

current was not included in the plasma equilibrium and shaping self-consistently.

The guiding center orbits of the resonant electrons were calculated and analyzed for the 8.2 GHz
ECH waves in non-relativistic and relativistic ECR. The up-shifted and down-shifted
fundamental and second (2") harmonic resonances were considered separately. Various parallel
and perpendicular velocities to the magnetic field, v, and v, , were considered from the Doppler-
shifted ECR condition for the electrons to be resonant with the ECH waves. Orbit trajectories of
the resonant electrons were obtained for various positions of the coordinates (R,Z), pitch angles

and the refractive indexes in a direction parallel to the magnetic field N, in the multiple-wall



reflection model. The number of the stepped parameters was more than 5,200000. A number of
orbit trajectories were plotted as contour plots of the resonant electrons’ energy on the
equilibrium magnetic configuration. The energy was expressed in terms of magnetic moment u
and toroidal angular momentum p,. The energy, magnetic moment, and toroidal angular
momentum were conserved in the orbit trajectories. Depending on the ECR for various conditions,
the resonant electrons were travelled both in the parallel and the antiparallel directions to the
magnetic field. The resonant electrons with initial positive v, were travelled in the parallel
direction to the magnetic field, while the resonant electrons with initial negative v, were travelled
in the antiparallel direction to the magnetic field. A large number of passing resonant electrons
with initial positive v, starting from the high field side were maintained their orbits outside the
LCFS, while all the passing resonant electrons with initial negative v, starting from the high field
side were maintained their orbits inside the LCFS. The trapped resonant electrons only being the
2" harmonic ECR were maintained banana orbits at the low field side of the torus where most of

the portions of the banana orbits of positive v, were placed outside the LCFS.

The orbit current distributions were evaluated from the electrons’ orbital distributions along with
the drift toroidal velocities, v,, throughout the orbit. The electrons with initial positive v, were
contributed positive current while the electrons with initial negative v, were contributed negative
current. The trapped electrons with initial positive and negative v, were contributed both the
positive and negative currents. The direction of the positive current was opposite to the toroidal
magnetic field i.e. co-current direction of QUEST plasma current while the direction of the
negative current was parallel to the toroidal magnetic field i.e. counter-current direction of
QUEST plasma current. A significant amount of the positive current by the passing resonant
electrons with initial positive v, appeared outside the LCFS, while the entire negative current by
the passing resonant electrons with initial negative v, appeared inside the LCFS. The trapped
electrons contributed both the positive and negative currents. The positive current portion was

distributed outside the LCFS while the negative current portion was evaluated inside the LCFS.

In the summary, several codes required to evaluate the orbits have been developed with the EFIT
code. Various criteria of non-relativistic and relativistic ECR conditions were properly taken into
consideration for the orbit analysis. The current contribution appeared outside the LCFS could be
qualitatively explained by the developed codes. Additionally, the developed code could be
applicable to analyze the « -particle orbits of the burning plasmas.
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Chapter 1

Introduction

1.1 Energy and Nuclear Fusion

World energy demand to sustainability receives much interest in research and development
communities since last few decades. Due to the increasing of human population, urbanization and
modernization in all over the world, the growth in global energy demand is projected to rise
sharply over the coming years [1, 2]. Since world energy demand cannot be satisfied much longer
with fossil fuels [3] and fossil fuels have significant environmental impacts; large-scale and
sustainable energy generation satisfying environmental requirement has to be developed. Nuclear
energy, in particular fusion energy has the potential to become most promising energy source. It
could utilize seawater as fuel, produce no CO, or any other harmful chemicals into the
environment and radioactive waste would be very low. In fact, fuel reserves, environmental

impact, and safety are definitely remarkable of fusion energy.

Nuclear fusion is the most fundamental form of energy in the universe. It is exactly on how the
sun and all the stars produce their energy since their birth to the billions of years. It is produced
by a nuclear reaction. When two light nuclei approach sufficiently close to each other against
their electric repulsive force, they fuse and produce a new nucleus. The total mass of the two
fused nuclei is slightly larger than the total mass of the new nucleus and by product. The different
of the mass, Am, between the two nuclei and reaction product nucleus is converted into kinetic
energy E, according to E =Amc?, where ¢ denotes the velocity of light. Several fusion reactions
are possible such as Hydrogen (H) - Hydrogen (H), Deuterium (D) - Deuterium (D), Deuterium
(D) - Tritium (T) and so on. However, the most important parameter of nuclear fusion reactions is
the cross-section, which measures the probability per-pair of reactant for the occurrence of the
reaction. Among all of the possible fusion reactions, Deuterium (D) - Tritium (T) fusion reaction
is the most suitable candidate, because of large cross-sectional value and less energy requirement
to overcome the repulsive force compare to others [4]. Deuterium (D)-Tritium (T) fusion reaction

can be expressed as,



D+T — He*(3.5MeV ) +n(14.1MeV ) (L.1)

If a nucleus of Deuterium (D) and a nucleus of Tritium (T) fuse together, a Helium (He*) also
known as a-particle is produced and a neutron is released. The rearrangement of these two
nucleus results in a reduction in the total mass and consequently releases energy in the form of
kinetic energy as the reaction products. The neutron receives the kinetic energy of 14.1 MeV and
the o-particle receives the kinetic energy of 3.5 MeV. The total energy released per reaction is
17.6 MeV [5]. Figure 1.1 shows a schematic of a fusion reaction of the deuterium and tritium

nuclei with their fusion product and released energies.
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Figure 1.1: Fusion reaction of two nuclei. The nucleus of deuterium and the nucleus of tritium approach
sufficiently close to each other against their electric repulsive force; they fuse and produce a

new nucleus and a neutron along with 17.1 MeV Kinetic energy. [Figure courtesy: S.
Benkadda]



The resources necessary for fusion reaction as well as fusion reactor are well studied since last
few decades. It is found that the required fuel for deuterium-tritium reactor is sufficiently
resourceful. An abundant amount of Deuterium is reserved in the sea water which occurs
naturally. The ration of deuterium and hydrogen in the sea water is 1: 6700. Also deuterium can
be easily extracted at a very low cost. It will take about two billion years to consume all the
deuterium, if all the deuterium stored in the sea is used in fusion reactors according to the present
rate of total world energy consumption [6]. Since tritium, another fuel of deuterium-tritium
reactor is not found naturally on earth, it can be obtained from the lithium isotope Li®, where the
lithium isotope is used as one of the components in the fusion blanket [7]. The extraction of

tritium from lithium can be expressed as,
Li®+n — He*(2.05MeV )+ T (2.75MeV ) (1.2)

Although lithium does not occur naturally in elemental form due to its high reactivity but it is
widely distributed on the earth. By assuming the total world energy consumption at the present
rate, it takes about 20000 years to consume all the abatable Li® on earth [6]. Figure 1.2 shows a
schematic of how the tritium fuel can be produced inside the reactor by using Li° blanket.
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Figure 1.2: Fuel and ashes of the deuterium-tritium fusion. Tritium fuel can be produced inside the reactor

by using Li® blanket. [Figure courtesy: S. Benkadda]



However, both the nuclei of deuterium and tritium are positively charged and they repel each
other due to Coulomb's force. For that reason fusion reaction does not occur naturally. In order to
induce fusion reaction among these two nuclei, it is necessary to overcome this repulsive force.
In addition, the reactant nuclei should stay in the reacting region for a sufficient time for positive
energy balance as well as the density of the reacting population must be large enough for the
sufficient collision. All of the above mentioned criterions can be achieved by heating the
deuterium-tritium mixture of gas at a temperature of about 100 million degrees centigrade. At
such a high temperature, the kinetic energy of the reactant nuclei becomes high enough to
produce the required reaction. At this high temperature the fuel also becomes fully ionized and
becomes a mixture of equal number of negative electrons and positive nuclei. The resulting
neutral gas is called plasma. The fusion carried out in this way is called thermonuclear fusion.
Since, the burning process should be self-sustainable without further heating, the thermonuclear
fusion must achieve a single criterion known as ignition and expressed approximately by
ﬁrE'f >5x10*m=3sKeV , where, fi and T are the pick ion density and the temperature in the

plasma, respectively and 7 is the plasma confinement time [5].

The temperature of the thermonuclear fusion or the plasma is so high that there is no possibility
of containing such hot plasma in any conventional vessel. One of the most promising ways to
hold the plasma is using magnetic field. The magnetic field guides the charged particles and
prevents them from hitting the surrounding solid walls. This is called magnetic confinement. The
device that offers such type of confinement is known as Tokamak, a chamber of powerful
magnetic field in the shape of a torus. Since the toroidal magnetic field of the tokamak is
continuous along the center path, so charged particles of the plasma follow the magnetic field
lines and travel a very long distance before reaching at the wall of the vessel. Thus, the tokamak
is being developed to contain the hot plasma and it is the leading candidate for a practical fusion
reactor. Tokamak attracts much attention to the fusion research communities to carry out various
types of experiments and researches to understand the physics, technological and engineering
challenges to achieve fusion energy [8]. A significant progress of fusion research has been
achieved during the last 50 years and the research communities have reached at the stage to
demonstrate the scientific and technological feasibility of fusion energy through International
Thermonuclear Experimental Reactor (ITER) being constructed in France [9]. ITER is scheduled

to produce first plasma in 2025 and start deuterium-tritium operation in 2035 [10].



1.2 Tokamak and Confinement of Plasma

The tokamak is a toroidal plasma confinement device with strong toroidal magnetic field (Bt)
along its toroidal direction () with reference of cylindrical coordinate system. Since the
tokamak plasma is not exactly cylinder but torus, the strength of the toroidal magnetic field is
inversely proportional to the major axis (R) from the torus axis and encircles the torus axis. In
tokamak, the charged particles of the plasma gyrate and the guiding center of the particles move
along the toroidal magnetic field. But due to the inhomogeneity and curvature of the toroidal
magnetic field the guiding center of the charged particles drift. This drift of the guiding center
depends on the charged of the particles. The ions and electrons drift in opposite direction. Thus,
charge separation occurred inside the tokamak and these charge separation generates vertical
electric field. However, due to the presence of the electric field, both the electrons and the ions
are again drift towards the outer region of the confined plasma because of the E xBdrift. For
these reasons the plasma can’t be confined in the tokamak by only the toroidal magnetic field. To
overcome this problem, poloidal magnetic field (B, or B) should be introduced. The poloidal
magnetic field prevents the separation of the charged particles to occur. It makes magnetic field
line curved around the magnetic axis, and the magnetic field line becomes spiral. As a result, the
magnetic surface is created. Though the charged particles can move freely along the magnetic
field lines, spiral magnetic field lines enable charge separation to be short-circuited.

On the other hand, in order to have an equilibrium in which the plasma pressure (p) is balanced
by the magnetic pressure (82 /2;10), it is also necessary to have a poloidal magnetic field in the
tokamak. The efficiency of the plasma confinement depends on the plasma beta (,8 =21,p/ BZ) ,
defined as the ratio of the plasma pressure to the magnetic pressure. Since, both for the
equilibrium and confinement of the plasma, two independent magnetic fields namely B, and B,
are required in the tokamak. The plasma beta £ can be also expressed as the toroidal beta
(ﬁt =2u,(p)/ Bfo) and the poloidal beta (ﬂp =2,u0<p>/B§) for respective fields. However, the
main objective of the tokamak research is to generate electricity by using fusion energy. The
tokamak should be economically cost effective compare with the fusion power output. The
maximum fusion power output is proportion to 7By . In addition, good confinement and steady-
state operation of the tokamak is required. Therefore, the highest achievable f, can be the
solution of the effective tokamak for fusion power. The most accepted upper limit of g, is the
Troyon limit (,Btc =1, /aBtO), which suggest that £, can be increased by increasing the toroidal

plasma current (I p) [11]. But it is extremely expensive to construct a machine with higher B,.



On the other hand, MHD stability calculations show that the maximum I ; is restricted by the
edge safety factor (q,). Again, g, can be increased by reducing the aspect ratio (A= major
radius (R)/minor radius (a)) of the plasma. Such a tokamak with small aspect ratio (A<2) is

known as Spherical Tokamak (ST).

1.3 Spherical Tokamak

Though the world magnetic confinement fusion program is entering into the ITER and led to the
ITER EDA (Engineering Design Activity), which began in 1992 [12]. But by reducing aspect
ratio, plasma exhibits a natural elongation along the vertical direction and this elongation
enhances S, as well as I,. So, spherical tokamak (ST) becomes potentially more efficient
alternative magnetic confinement fusion concept rather than the standard tokamak. Spherical
tokamak is a kind of fusion power device with a very low aspect ratio, forming a more compact
and cored apple shape plasmas. The spherical torus plasmas with an edge safety factor g, > 2 can
be characterized by high toroidal beta (ﬁt >O.2) and low poloidal beta (,b’p < 0.3). In addition,
the spherical torus should be naturally large elongated as approximately x =2 with large plasma
current as 1, /(aB,) up to about 7 MAmT ™, strong paramagnetism (B, / B, >1.5), and strong
magnetic helical pitch [13]. Figure 1.3 shows the comparison between the conventional and
spherical tokamak (ST) with respect to their shape and size. The magnetic topology of ST
remains the same as that of conventional tokamak. The toroidal field is generated mainly by the
toroidal field coils and the poloidal field is generated mainly by the I,,. The poloidal filed in the
outer region of the ST can be comparable with the toroidal field. But in standard tokamak the
toroidal field is much stronger than the poloidal field. This significant change in the ratio of the
field components allows larger 1, for a given toroidal field. In case of fusion energy
development, the ST has potential advantages due to its compact geometries, which reduce the
unit size and the overall development cost significantly [14]. In addition, due to their
compactness, STs are able to achieve higher magnetic pressures at a given magnetic field. At
present, comprehensive and significant progress in plasma tests, theory, new experiments, and
future vision of ST have been performed on more than twenty ST devices all over the word [15].
The National Spherical Torus Experiment (NSTX) and the Mega Amp Spherical Tokamak
(MAST) are the largest two spherical tokamak devices of with aspect ratio of about 1.3, toroidal
field of about 0.5 T, and mega-ampere level plasma current. Broad study of the potential

properties of the ST plasmas, fusion physics principles and engineering are performed on these



two devices [16-18]. Now to obtain more plasma current of about 2 MA and to establish efficient
power exhauster, the NSTX has recently upgraded as NSTX-U and the MAST is still continuing
its upgrading.

ratio (sphericaly.
‘ tgkamak)

Major radius

Major radius

Figure 1.3: Spherical tokamaks in comparison to the conventional doughnut-shaped tokamaks. [Figure

Source: Culham Centre of Fusion Energy]

However, to ionize the fusion fuels and to reach at the fusion condition, tokamak plasmas must be
heated to extremely high temperature no matter it is based on large aspect ratio conventional
tokamak or ST. Additionally, tokamaks require a source of high power current drive system to
drive the I, for the sustainment of the plasma for a long period of time [19]. These heating and
current drive sources must be cost effective, efficient, operate constantly, and predictably
generate the required plasma conditions. The usual Ohmic heating and current drive mechanism
is characteristically pulsed and does not allow continuous plasma operation. Therefore, it
becomes ineffective for steady-state operation of the tokamak. Hence, non-inductive current drive
is necessary for achieving steady-state operation of the tokamak. Several non-inductive heating
and current drive methods such as neutral beam injection (NBI), radiofrequency (RF) have been
used to heat and drive the plasma current. Among them RF heating and current drive is
recognized as essential tools for steady-state tokamak operation. Without these technologies, the
tokamak concept as the basis for a steady-state, electricity producing power plant cannot be
achieved [20]. Though the core physics, theory, modeling, engineering and infrastructure of the
RFs heating and current drives are well established but still they focusing some challenging

issues for demonstration in physics and engineering solutions for a reactor environment [21].



1.4 RF Heating and Current Drive

The theory and technological development of RF heating and current drive for tokamak plasmas
during the last 40 years reach in a great success in the field of plasma science [22]. In RF heating
and current drive methods, radiofrequency (RF) waves penetrate the plasma from an external
source by means of electromagnetic waves and deposit momentum and energy to the selected
resonant ions or electrons of the selected resonant regions [23]. When the electromagnetic waves
are injected asymmetrically with respect to the toroidal direction in tokamaks, they can raise the
temperature to the level required for ignition and drive a steady-state non-inductive toroidal
electric current. This current is known as plasma current (I p). In the tokamak plasmas, the ions
and electrons gyrate around the magnetic field lines with specific frequencies and directions
which depend on the strength of the magnetic field as well as their charge and mass. The injected
electromagnetic waves of the right frequency with the plasma particles can resonate or damp their
waves’ power into the plasma. In addition, as the gyro-frequencies of the ions and electrons are
different, one can target certain particles either ions or electrons by injecting waves of the
respective frequency. However, three schemes of RF heating and current drive have emerged as
the most successful, namely, electron cyclotron heating (ECH), ion cyclotron heating (ICH) and
lower hybrid heating (LHH) [24].

The basic mechanism of RF heating and current drive is; a source sends electromagnetic waves
along a transmission line to a launching structure at the plasma edge, the launching structure
launch the electromagnetic wave in the plasma in such a way so that the wave-particle resonance
occurs and the plasma absorbs energy from the RF waves. The type of source depends upon the
operating frequencies. For a magnetic field of B, =5T, requires electron cyclotron frequency
f. =, /27 =140 GHz, ion cyclotron frequency f; =, /27 =38 MHz and lower hybrid
frequency f ,, =3GHz. These several types of frequencies can be generated by high power
vacuum tubes ( f <100 MHz), klystrons ( f ~1-10 GHz) and gyrotrons ( f ~10—-300 GHz). The
transmission line for transmitting electromagnetic energy can be the waveguides. But proper
choice of the waveguides depends on the wavelength of the RF power with the characteristic
dimensions of the waveguides. Lastly, for launching the waves at the edge of the plasma
waveguide array, antenna and mirroring system are used depending on the chosen frequency. On
the other hand, a wave-particle resonance is the basic mechanism for absorbing energy from the
RF waves to produce heat and to drive current. The general condition for a wave-particle

resonance is @ =kv, +nw,, where, n is the harmonic number. The wave-particle resonance



occurs when the parallel Doppler sifted frequency matches with the cyclotron frequency of the

ions or electrons at a particular harmonic.

On LATE device, spherical torus plasma was obtained by electron cyclotron heating where the
aspect ratio and elongation were approximately 1.4 and 1.3, respectively. After injecting a 2.45
GHz radio frequency of 10 kW for 4 seconds, the plasma current was initiated and ramped up to 4
kA [25]. On CDX-U device, toroidal plasma was obtained by pressure driven current in electron
cyclotron heating. After applying microwave pulse up to 8 kW, a significant net toroidal current
of about 1.05 kA was observed. This current level was significantly good enough to produce
closed flux surfaces in small aspect ratio tokamak geometry [26]. On Tokamak Fusion Test
Reactor (TFTR), ion cyclotron heating was conducted including mode conversion heating and
current drive method. A central electron temperature of 10 keV was attained and up to 130 kA of
plasma current was non-inductively driven in mode conversion heating [27]. On TST-2 spherical
tokamak, lower-hybrid waves (200 MHz frequency) were used for non-inductive plasma current
start up and sustainment. The maximum plasma current of about 16 kA was achieved by using

13-element capacity-coupled combine antenna system [28].

1.5 QUEST Spherical Tokamak

QUEST Device

The researches described in the thesis were performed for the QUEST (Q-shu University
Experiment with Steady-State Spherical Tokamak). QUEST is a relatively compact medium-
sized spherical tokamak device with improved high beta (high £) stability compared with the
conventional tokamak. The main objective of the QUEST is to obtain steady-state operation as to
study plasma wall interaction and non-inductive current drive phenomena [29]. The device
parameters are; major radius R=0.68 m, minor radius a=0.40 m, aspect ratio A=1.70, the
toroidal magnetic field strength B, =0.25T (steady-state) and B, =0.5T (pulse) at R =0.64m.
16 turns toroidal field (TF) coil are set at outside of the vacuum vessel to produce the toroidal
magnetic field. The vacuum chamber radius and height are 1.4 m and 2.8 m respectively. The
center stack (CS) of outer diameter 0.4 m holds the Ohmic and toroidal field coils. Two flat
divertor plates are set at vertical position of Z =41 m from the mid-plane, which are used for

single/double null configurations for plasmas. In the present experiment, these flat plates are



being using as protector to terminate the open field lines outside the confined plasma. The
inboard plasma boundary is controlled by a set of water cooled tungsten limiters on the CS at
R, =0.22m which help to remove excess heat load. The working gas is basically Hydrogen (H),
supplied from electrically controlled piezo valves located on the CS or the outboard side. Four
pairs of poloidal field (PF) coils are used to generate different curvature of the field lines
characterized by the magnetic mirror ratio M =B, ., /B, ¢, along a field line, where, B, ..
and B, .4 are B, at starting and ending points of on a particular B, field line [30]. Figure 1.4
shows a schematic of the inside of the vacuum vessel and the toroidal and the poloidal field coils
of QUEST spherical tokamak (left). The right part of the figure shows the poloidal cross-sectional
side view of QUEST spherical tokamak including poloidal field (PF) coils. In QUEST, during
non-inductive discharge energetic electrons at the resonance layer create initial plasma current
(1 p) before formation of the closed flux surface due to high magnetic ratio. This initial seed
current is enhanced with suitable ramping up of the B, strength which enhanced the trapped

electron energy [31]. Finally, the closed flux surfaces are formed at |, > 5kA.
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Figure 1.4: A schematic of the inside of the vacuum vessel and the toroidal and the poloidal field coils of
QUEST spherical tokamak (left). A poloidal cross-sectional side view of QUEST including
poloidal field (PF) coils (right). [Left figure courtesy: Arseniy Kuzmin]
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In QUEST, plasma is initiated and sustained by electron cyclotron heating and current drive
(ECH/CD) or ECH/CD assisted Ohmic heating (OH) discharge schemes. The ECH/CD system
consists of two toroidally opposite 8.2 GHz Klystron systems ( 2x8x 25kW) corresponding to the
off-axis and on-axis heating scenarios. Sixteen (16) waveguide transmission lines are prepared to
take the phased-array conditions for the orthogonal electric fields. A phase array antenna of 16
waveguides elements is developed to obtain a focusing and steering beam for the ECH/CD.
Additionally, 28 GHz gyrotron system (1 MW) is also reinstalled as a second harmonic off-axis
start up and current drive system [32]. Recently, 70 kA of fully non-inductive plasma current is
obtained by the 28 GHz ECH/CD discharge scheme for the 1.25 second pulse duration [33].

1.6 Motivation and Objectives

From the above discussion, it is now known that the fusion fuel heating and magnetic
confinement is the basis of thermonuclear fusion. The Plasma Magneto-Hydro Dynamics (MHD)
equilibrium and stability in magnetic field allowing fusion reactions to continuous as well as
steady-state mode of operation. For stable plasma, the plasma particles need to be confined by
the magnetic field in the tokamak and the plasma pressure should be balanced by the magnetic
pressure. But according to the physics of the charged particles motion in the magnetic field, the
toroidal magnetic field of the tokamak can’t confine the plasma particles. To overcome this
problem, additional magnetic field known as poloidal magnetic field (B, ) should be introduced
which makes magnetic field line curved around the magnetic axis, and the magnetic field line
becomes spiral. This poloidal magnetic field is usually produced by the plasma current (I p), a
toroidal electric current inside the plasma. Additionally, continuous plasma current is essential
for steady-state operation of tokamak. There are several methods to drive continuous plasma
current. Radio frequency (RF) waves have been widely used for the non-inductive plasma current
drive. Among all the RFs, the electron cyclotron heating and current drive (ECH/CD) is one of
the intense methods of non-inductive plasma current drive. The plasma sustainment with RF or
ECH waves is a key issue for the steady state operation in the tokamak configuration. The plasma
was sustained for more than 2 hours by the ECH/CD non-inductive method in the Q-shu
University experiment with steady-state spherical tokamak (QUEST). The ECH waves
accelerated the electrons with the Doppler-shifted electron cyclotron resonance (ECR)
interactions and effectively ramped and sustained the plasma current non-inductively for long

discharge duration.
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In the QUEST, 28 GHz and 8.2 GHz ECH waves have been used to attain the plasma current
start-up and sustainment. The plasma current was generated with the abundant high-energetic
electrons in the ECH/CD plasmas. The plasma current generation is strongly related to the ECR
conditions and confinements of the electrons in the magnetic field. The plasma current fitting
analyses for the ECH/CD plasmas showed that the plasma current existed in the open magnetic
fields outside the last closed flux surface (LCFS). In the amount of the total current outside the
LCFS, the orbit-driven current is dominant [34]. In this thesis, the guiding center orbits of the
ECR electrons were calculated and analyzed under equilibrium magnetic configuration to

consider the current distribution outside the LCFS.

The objectives of this research are therefore;

(1) Calculate equilibrium magnetic configuration from the plasma equilibrium solution of a
discharge using EFIT code.

(2) Calculate and analyze the guiding center orbits of the ECR electrons under the equilibrium
magnetic configuration.

(3) Evaluate orbit current distribution from the calculated the guiding center orbits of the

resonant and confined electrons.

A framework with several sets of codes accordingly various theoretical model required to achieve

above mentioned objectives are developed.

Various criteria of the plasma equilibrium solution, non-relativistic and relativistic ECR
conditions are properly taken into consideration. Since a few limited Klystrons are only operated
at the time, and any focusing and steering beam could not be obtained due to insufficient phased-
array condition for the 8.2 GHz ECH/CD. The incident waves are very expanding from the
launcher due to improper phased-array condition. In this research, the refractive indexes in a
direction parallel to the magnetic field N, from —1 to +1 with step 0.1 are taken into account,
when the multiple wall reflection effect on the wave absorption should be dominant due to

improper incident electric polarization [32].
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1.7 Thesis Organization

The thesis is organized as follows:

Chapter 2 discusses the development of the guiding center theory to understand the details
behaviors of the guiding center orbits of charged particles in tokamak. At the beginning of this
chapter several general properties of a charged particle’s motion and behaviors of the guiding
center are discussed in tokamak magnetic configuration. Then these general properties are
discussed in combined to explain how magnetic fields confine charged particles in tokamak. The
last part of this chapter covers the description about the physical appearance of the drift guiding
center orbits on the poloidal flux surfaces.

In chapter 3, a brief description of the plasma equilibrium solution for a discharge by the
equilibrium fitting (EFIT) code is given. In the first half of this chapter, the mathematical model
and the algorithms of the EFIT code are discussed. Then various plasma experimental parameters
of QUEST plasma discharge are discussed. These experimental data are fitted to the EFIT code to
calculate the plasma equilibrium solution. Finally, a brief description is given at the last part of
this chapter about the obtained equilibrium solution from EFIT code. The orbits are calculated

and analyzed under the obtained equilibrium magnetic configuration.

Chapter 4 deals with the calculations and characteristics analysis of the guiding center orbits of
ECR electrons. In first part, non-relativistic Doppler shifted waves-electrons resonance condition,
waves’ energy absorption, pitch angles distribution and the equations for the guiding center orbits
of the non-relativistic electrons are discussed. Then the characteristics and the effects of the
obtained orbits are discussed both for the fundamental and the 2" harmonic resonant electrons
separately. In the last part of this chapter, relativistic Doppler shifted waves-electrons resonance
condition, waves’ energy absorption, pitch angles distribution and the equations for the guiding
center orbits of the relativistic electrons are discussed. Then the characteristics and the effects of
the obtained orbits are also discussed both for the fundamental and the 2" harmonic resonant

electrons separately.

Chapter 5 describes the electron orbital distribution and the orbit current distribution calculations
processes as well as the obtained results. The orbit current distributions were obtained as the
contour plots of the positive and negative currents distribution on the poloidal cross-section, the

positive and negative currents distribution profiles of the equatorial plane current on R and the
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surface-averaged current distribution profiles of the closed flux surfaces on the square root of the
normalized poloidal flux index. In the first half, the features and significances of the obtained
current distribution are discussed for the non-relativistic fundamental and 2" harmonic resonant
electrons. In the last half, the features and significances of the obtained current distribution are

discussed for the relativistic fundamental and 2™ harmonic resonant electrons.

In Chapter 6, the summary of the thesis and future work are listed.
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Chapter 2

Guiding Center Theory for Tokamaks

2.1 Introduction

The development of guiding center theory provides the basic intuition necessary to understand the
charged particle confinement by the magnetic field in tokamak. This chapter discusses the
development of the guiding center theory to understand the details behaviors of the guiding center
orbits of the charged particle by considering several general properties of a charged particle’s
motion and behaviors in tokamak magnetic field. Finally, in this chapter the general properties of
a charged particle are discussed in combined to explain how magnetic fields confine charged
particles in tokamak as well as the physical appearance of the drift guiding center orbits on the
poloidal flux surfaces.

2.2 Single Particle’s Equations of Motion

The equation of motion for a particle of mass m and charge g, under the influence of the
Lorentz force due to electric (E) and magnetic field (B) fields can be written as,

F :m%:q(E+VXB)

2.1
dr (2.1)
— =V
dt

The behavior of a charged particle in a uniform, time independent magnetic field is the basic
building block of the magnetic confinement and the basis of the guiding center theory. The
particle orbit in such magnetic configuration shows good confinement perpendicular to the
direction of the magnetic field and no confinement parallel to the magnetic field. This behavior
can be clearly demonstrated by solving the equation of motion (2.1) assuming E=0, B :|B|eZ

and B =const.
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The equation of motion can be reduced in components form and can be expressed as,

dv, / dt = w,v, v, (0) =V, =V, cosg

dv, / dt =—a,v, v, (0)=v,, =V, sing

dv,/dt=0 v,(0)=v, =y, 22)
dx/dt=v, x(0) = %

dy/dt=v, y(0)=y0

dz/dt=v, 2(0) =1z,

Here, o, =q|B|/m is the gyro frequency also known as cyclotron frequency, v, and v, are
constants and denote the initial perpendicular and parallel velocities of the charged particle,

respectively, x,, Y, and z, denote the initial positions of the charged particle.

Consider the charged particle motion in parallel to the magnetic field. The associated components
of the equation of motion are,

dv, /dt =0 V,(0) =V, =V
(2.3)
dz/dt=v, 2(0) =z,
The solution of the component of the equation of motion in (2.3) is,
Vv, (t) =V
: (2.4)
z(t) =z, +vt

The above equation (2.4) shows that the parallel motion of the charged particle is constant and
uniform along the magnetic field. There are no parallel forces for the confinement of the charged
particle parallel to the magnetic field and the particle simply continues without any interrupt.
Thus, the motion of the charged particle is consequently unconfined along a given magnetic line.
The magnetic force always acts perpendicular to the particle velocity (v) which leads to a

circular-type motion.

Consider the associated components of the equation of motion for the velocity,

dv, / dt = v, v, (0) =V, =V, cosgp 25)

dv, /dt =-a,v, v, (0)=v,, =V sing
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By replacing v, constituent, the equation (2.5) can be expressed as,

d?v, /dt* + wlv, =0
v, (0)=v, sing (2.6)
dv, (0)/dt = -V, (0) =—w,v, cose

Equation (2.6) describes a simple harmonic oscillator at the cyclotron frequency w, . The
equation is also a linear ordinary differential equation with constant coefficients. The general

solution of this equation is then,

v, (t)=—-v, sin(at—

(V)=v.sin(@1-p) o
v (t) =V, cos(at—9)

The equation (2.7) demonstrates that the particles rotate with an angular frequency equal to the

gyro frequency. Also, for a uniform magnetic field, not only the total kinetic energy is conserved,

but also the separate parallel and perpendicular energies are individually conserved; v2 (t) =v”2 =

const. and Vg (t)+V2(t)=vi = const. The particle trajectory x(t),y(t) can be obtained by

integrating the velocity component of equation (2.7) as,

X(t)=Xx, +r sin(at—¢
( ) g "L ( c ) (2.8)
y(t) =y, +1_cos(at-9)
Here, 1, =v, /@, =mv, /q|B| is the gyro radius also known as Larmor radius. The quantities
Xq. Y, are defined as the guiding center position of the particle. The terminology of the equation

(2.8) presents the trajectory of the charged particle as,
2 2 2
(x=x, ) +(y=yy) =1 (2.9)

The orbit of the particle is circular with a radius equal to the gyro radius r,_. The center of the
orbit (xg,yg) is known as guiding center. By following the velocity and position of the guiding
center, it is easy to obtain a precise picture of the average particle location, the difference
between each orbit even in a small deviation of order of gyro radius. In fact, guiding center

motion provides a powerful intuition into the motion of charged particles in tokamak. However,
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since the electrons and ions have opposite sign charges, they rotate in the opposite direction. The
gyro frequency is propositional to the magnetic field strength. The electron gyro frequency is
much larger than the ion gyro frequency by the ratio (m;/m,). In addition, the gyro radius
increases with the perpendicular velocity v, and decreases as the magnetic field strength
increases. The ion gyro radius is larger than the electron gyro radius by the ratio (m; /m, )1/2 . The
combination of the perpendicular and parallel motion of a charged particle represents a helical
trajectory, where particle twisting and traveling along field line with a small perpendicular
excursion equal to the gyro radius. This gyro motion of the charged particles in a static,
homogeneous magnetic field represents the basic building block for magnetic confinement of the

fusion plasma.

2.3 Drift of Guiding Center

Tokamak is chamber of toroidal magnetic field (Bt) along its toroidal direction (¢) with the
reference of cylindrical coordinate system. Since the toroidal magnetic field is not exactly a
cylinder but torus, the strength of the toroidal magnetic field is inversely proportional to the
major axis (R) and encircles the torus axis. In tokamak, the charged particles of the plasma
gyrate and the guiding center of the particles move along the toroidal magnetic field. Due to
inhomogeneity and curvature of the magnetic field, the guiding center of the charged particle

drifts. These drifts are classified in several ways such as gradient drift and curvature drift.

2.3.1 Grad-B drift(BxVB)

In general, introducing inhomogeneity is too complicated to obtain exact solutions for guiding
center’s drift. Therefore, orbit theory of approximation is used: for one Larmor orbit, B is nearly
uniform. The magnetic field B varies for the typical length-scale L, where L<<r_ and the
gyro-orbit is nearly circle. Here, L denotes the scale length of the inhomogeneity. Assume the
lines of force are straight, but their density increase in y-direction so spatially-varying magnetic
field B = (0,0, B, (y)) i.e. B has only z component and the strength of the magnetic field varies
in the y-direction and E=0. The equation of motion can be reduced in components form

according to the Newton’s laws which can be expressed as,
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F.=q(v,B,)
F,=-a(v,B,) (2.10)
F, =0

Since, L is the scale length of the inhomogeneity (L >>r, ), the gradient of B, can be written as
dB,/dy=B,/L<<B,/r . Hence the magnetic field strength can be expanded in a Taylor
expansion around the value at y =0, for distance y <r, . So, expanding B, in a Tailor expansion
to the first order (B, (y) =B, +ydB, /dy) and substituting the value into the equation (2.10),

dB
Fo=qv, (BO + y—dyZ j
(2.11)

dB,
F, =—qu(B0 +y dy j

As x—x, =1 sin(at—¢) and y—y, ==+r, cos(w.t—¢) describes a circular orbit of particle at

guiding center (xg , yg) of the helical trajectory, the velocity components can be written as,

X =r_sin(ot V, =V, cos(a,t
sin(@) c0s(ax) o1
y = Fr_cos(mgt) v, =-v, sin(at)
Substituting equation (2.12) into the equation (2.11), the equation (2.13) can be obtained,
. _ dB,
F.=-qv, sin(aw,t)| By Fr_cos(at) g
y (2.13)

F,=-qv, cos(coct)(B0 Fr,_cos(at) ddBZ j
y

If consider only the guiding center motion, the time-averaged force in the x-direction is (F,) =0

and the time-averaged force in the y-direction is obtained from equation (2.13) as,

1 dB,

<Fy>=iqlerL dy (2.14)

In general, the guiding center drift equation due to the gradient of the magnetic field can be

written as,

1 BxVB
Vyg :"'—_EVJL ‘Bz‘ (2.15)
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The positive charged particles drift in + X direction and negative charged particles drift in —Xx
direction. Consider, r, =mv, /qB, local gyro-radius is larger where B is small and local gyro-

radius is smaller where B is large.

2.3.2 Curvature drift

There is also additional drift specifically associated with non-uniform B and E=0. This is
known as curvature drift of the guiding center, where the lines of forces to be curved with a
constant radius of curvature R,. When a charged particles move along a curved magnetic field
lines, experience centrifugal force F =mv?/r perpendicular to the magnetic field lines, here F
is the centrifugal force, v is the constant speed, m is mass of the rotating body and r is the

radius of the path.

Assume, radius of the curvature is R, where R, >>r, . The outward centrifugal force is,

R
C=myf % (2.16)

If the value of F; directly inserted into general form for the guiding center drift, the below

equation for the curvature drift can be obtained,
mv’ R xB

q|R?| |B?

C

Vg = (2.17)

In practice, curved field lines will always be converging/ diverging. Thus, the curvature drift is
always accompanied with grad-B drift. As VB is in opposite direction to R,, the grad-B and the

curvature drifts act in the same direction.

2.3.3 Combined Gradient and Curvature Drifts in a Vacuum Magnetic Field

In a steady-state fusion plasma with E =0, the inhomogeneous and curved magnetic field
produce two types of drifts of the guiding center; the VB drift and the curvature drift. For special
situation where the plasma currents are small, the magnetic field becomes approximately a
vacuum magnetic field and both the gradient and the curvature drifts act in the same direction.

And hence there is no way of their resulting current to cancel.
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For vacuum magnetic field VxB=0. In the cylindrical coordinate VxB has only the z
component. Since, B has only ¢ component and VB has r component. The below vector

identity can be written,

10
(VxB), = —(rB,)=0
- 2.18)
_ B8R (
(VB)perp - RCZC

Using this relation in the expression of the VB drift in the equation (2.15) leads a simple

expression for the combined gradient and curvature drifts (vyg +Vg ) @s,

m R xB 1
VVB +VR = iE‘BZW(VHZ +5Vij (219)
C

2.4 Guiding Center Motion in Fields with Parallel Gradients

In a uniform magnetic field, a charged particle gyrates around a magnetic field line and the
guiding center of the particle moves with constant velocity along the magnetic field. But the
charged particle’s moving parallel to a magnetic field is not subject (related) to any magnetic
force. So, magnetic field has no effect on the parallel velocity of the particle. Only has an effect
on perpendicular velocity of the particle. Since, the toroidal magnetic field of the tokamak is
proportional to 1/ R, the field is smaller on the outer side of the torus. Particles in this region
having a small velocity parallel to the magnetic field undergo a magnetic force as they move into
the region of higher field due to the drift of the guiding center. In the absence of collisions the
particles are trapped in the low field side region and undergo repeated reflection between turning

points (go forward and backward).

Consider a magnetic field in z-direction and whose magnitude varies in the z-direction. Let, the
magnetic field is axisymmetric with B, =0 and 0/06=0. The line of force is converge and
diverge i.e. increasing field strength, so there is a component B, . As the divergence of B is 0,

calculates B, as a function of B, from V.B =0, the equation (2.20) is obtained,

10 oB
Y% (/B z
|r8r(r 2 0z

=0 (2.20)
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Assume 0B, / 0z is almost constant with r (compared to the gyro-scale) and is specified a

position at r, . Approximately, from the equation (2.20) the below equation can be written,

.
B, = —Jr Deor——r2Le
0 Oz 2 0z 2.21)
1 0B,
B, =——=r
2 oz

Here, B, can be expressed in terms of B, . In cylindrical (r,6,z) coordinate system, the

components of the Lorentz force are,

Fr = quBz
F, =q(v,B, —-v,B,) (2.22)
Fz = _qVGBr

The first two terms of the equation (2.22) gives rise to the usual Larmor gyration. Substituting the
value of B, in the third term of equation (2.22) and averaging the equation over one gyro-orbit by
putting v, =v, and r =r_, the equation of the mirror force is obtained as define in the equation
(2.23). Here (*) arises because particles orbits of opposite charged rotated in the opposite
direction in the magnetic field.

(2.23)

The equation (2.23) can be expressed in terms of magnetic moment = mv? /2B, which is the

product of current and area enclosed by particle undergoing gyro-motion as,

Fy=-uv|B (2.24)

Where, F, is the mirror force, acting in the direction parallel to B and s is the line element
directed along B and |B| As the particle moves into the region of stronger or weaker magnetic
field, its Larmor radius changes but magnetic moment x remains constant. As magnetic field
strength B increase, the perpendicular component of the particle velocity increases. Since we
have E =0, the total energy of the particle can’t increase. Thus as v, increase, v, must decrease,

means the particle slows down in its motion along the field. If the field convergence is strong
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enough at some point the particle may have v, = 0. But since the mirror force is still acting in the

—B direction, the particle will turned around. This is called magnetic mirror.

2.5 Guiding Center Orbit

As discuss above, it has been assumed that in a tokamak the inhomogeneity and curvature of the
magnetic field lead to the drifts of the guiding center. In the absence of collisions these drifts
create two types of the guiding center orbit; passing particle orbit and trapped particle orbit.
Figure 2.1 shows the drifts directions of guiding centers of the ion and electron in tokamak (left)
and the drift guiding center orbit of an electron in a circular and nonuniform magnetic field
(right). Figure 2.2 shows the poloidal projection of the drift guiding center orbits of the passing
and trapped electrons. In electron cyclotron heating, the resonant electrons also travel to
antiparallel direction of the magnetic field. In the figure 2.2 the drift guiding center orbits of the
electron is also shown that travels to the anti-parallel direction of the magnetic field (middle).

Ten drift

Electron drift

Guiding center orbit

> R

Figure 2.1: Drifts directions of the guiding centers of the charged particles, when particles gyrate and
travel in nonuniform and curvature magnetic field. The directions of the drifts depend on the
charge of the particle. The lon drifts upward while the electron drifts downward in tokamak
magnetic configuration (left). The drift guiding center orbit of an electron in a circular and

nonuniform magnetic field (right).
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Passing electron (+v)) Passing electron (-v;) Trapped electron (£v,)

Figure 2.2: Poloidal projection of the drift guiding center orbits of the passing and trapped electrons. The
dotted circles denote the flux surfaces and the solid circles denote the guiding center orbit on
the poloidal cross-section. The guiding center orbit of a passing electron travels in the parallel
direction to the magnetic field (left). The guiding center orbit of a passing electron travels in
the antiparallel direction to the magnetic field (middle) and the guiding center orbit of a
trapped electron that is trapped on the outer side of the torus by the magnetic mirror. The

poloidal projection of the orbit creates banana-shaped (right).

The distance of the drift-orbit from magnetic surface can be calculated by the conservation of the
canonical angular momentum which follows from the toroidal symmetry. The conservation of
canonical angular momentum can be obtained by calculating the change of the angular
momentum using the equation of motion in the toroidal direction. The equation of motion in the

toroidal direction in(R,¢,Z) coordinate system can be expressed as,

d
ma(RVw)zqR(Vx B), (2.25)

In the cylindrical coordinate system (R,(p,Z), the poloidal magnetic field is related to w by
By =—(1/R)oy /6Z and B, =(1/R)oy /6R, where y is the poloidal flux per radian. The

equation of motion in the toroidal direction can be written as,

m%(qu)) =—quVy (2.26)
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Since, dy /dt =v.Vy and y is the poloidal flux function.

The equation of (2.26) becomes,

%(mva +qy ) =0

(2.27)
dp, _
dt
Here the toroidal angular momentum p,, is given by,
p, =MRv, +qy (2.28)

The constancy of the toroidal angular momentum p,, implies that orbit involves a change in y .
This means that the displacement of the orbit occurs across the flux surface. Figure 2.3 shows a

schematic about the changing of y by the orbit due to constancy of p, .

Drift orbit Drift orbit

b (»,),

Py Y

/ A 53
9 R R

Figure 2.3: The constancy of the canonical momentum, p, implies that orbit involves a change in flux

\ 4

\ 4

function, y . For a small displacement d from the flux surface changes in the flux function is
|6w|=|Vw|d (left). The constancy of p,, implies that p, at position 1 is equal to p,, at

position 2 which means that the displacement of the orbit occurs across the flux surface (right).
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For a small displacement d from the flux surface, the change in the flux function is

|6w|=|Vy|d . And the constancy of p, implies that ( p,, )l =( p(/,)2 , which leads to write,

mé(Rv(p)
alVy|

(2.29)

The drift surfaces of the passing particles are determined by the parallel motion to the magnetic
field which also gives rise to a poloidal rotation and vertical drift due to gradient and curvature.

The resulting equation of the drift surface and the displacement from the magnetic surface are,

@

2
(R— R, —V—dj +2% =a’® = const.
(2.30)
d=Yo~
o Roy, 2y Rag

v, r Vzr
I + 1

The drift surface on which the trapped particle orbit existed is obtained by including the r
component of the vertical drift due to the gradient and the curvature of the toroidal magnetic field.

For v, >>v, this drift becomes v, = mv? / 20RB,,. This drift is almost constant.

(5 [-3)

The above equation (2.31) is the drift surface equation. This surface has the shape of banana and

the orbits are called banana orbits.

26



Chapter 3

The Equilibrium Fitting Code (EFIT Code)

3.1 Introduction

The equilibrium magnetic configuration for the calculations and analyses of the electron
cyclotron resonant electrons’ guiding center orbits was obtained from the EFIT plasma
equilibrium solution of a discharge. The plasma equilibrium solution for QUEST plasma
discharge was calculated using EFIT (equilibrium fitting) code. The EFIT code computed the
plasma equilibrium and shaping as well as equilibrium magnetic configuration in the (R,Z) plane
by solving the Grad-Shafranov equation from the external magnetics for constraint of a discharge.
A mathematical model and set of calculation codes were developed with the basic framework of
EFIT code for the equilibrium solution of the QUEST plasma discharge. The obtained plasma
equilibrium and shaping were properly taken into account for the orbits analyses and current
evaluation, but the evaluated current was not included in the plasma equilibrium and shaping self-
consistently. The features of the EFIT code are discussed in this chapter.

3.2 The EFIT code and its Structures

The EFIT code is a computer programming code basically based on the Grad-Shafranov plasma
equilibrium equation that has been developed to reconstruct the plasma shape as well as the flux
surfaces from the experimental data of the tokamak. This code is used not only to reconstruct the
plasma shape but also to analyze various plasma parameters such as the plasma boundary, the
internal inductance, the average poloidal beta, the q-profile and the internal magnetic
measurements [35]. The magnetic measurement, poloidal field coils’ currents and tokamak
geometry are the fundamental input of the EFIT code. This code can run either in equilibrium
mode or in fitting mode. In the equilibrium mode, it acts as an equilibrium solver where the
equilibrium can be computed either with a fixed specific boundary or with a free boundary when

the shaping coils current are given. In fitting mode, it can grip all the available experimental and
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diagnostic data such as external magnetic data, probes and flux loops data, kinetic profile,
topological geometry and so on [36]. The data can be directly fitted inside the code or can be
retrieved from the input data file or data bank directory. In the real-time equilibrium fitting
(RTEFIT) model, data can be obtained directly from the tokamak during its operation via A/D
converters [37]. Up to now the EFIT code becomes a strong tool to analyze plasma performance
and to control the plasma operation for its remarkable capabilities. The capabilities of the EFIT
code are; it can be used to get various information about the plasma such as plasma shape, current
profiles, stored energy and so on. It can also be used to unfold the experimental measurements
into useful physics knowledge, to reconstruct magnetic geometry, to develop shape control

algorithm, and to upgrade the operation and control of the tokamak [36].

The basic equation of the EFIT code is the Grad-Shafranov equation where the poloidal flux
w(R,Z) can be written as,

. 1(_. 0 1oy &%
R[ aRRaRJrazzj e G
F(w)=uf(v)=RB (32)
FF'(v)
J; =RP’ 3.3
T (w)+ R (3.3)

Here, operator A" is equal to (—(VxB), ), J; is the toroidal component of the plasma current
density, v is the poloidal flux per radian, P = P(y) is the pressure of the plasma expressed in
terms of flux function, F =RB; is related to the poloidal current density, f(y) is the current
flux function [38].

The particular method to compute the Grad-Shafranov equation is the Green’s function approach.
The function G(F,T") is called Green’s function for the operator A™. The equilibrium Grad-
Shafranov equation can be expressed by the equations (3.1) and (3.3) and recast into the integral

form of the toroidal Green’s function as G(F,ren

) and the solution is then obtain by Picard

iterations process as,

™ (F) = "zjle(r,ren ew + Iofm IRAZ G (7, 7) (R ™) (34)
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where y is the flux function, m denotes the iteration cycle, n, is the number of the external
shaping coils, 1, is the current strength of the n-th external coil located at T, Q is the plasma
volume and J; is the toroidal current density. The Picard iteration process is based on,

Oj

2
n M. —-C.
12:‘%( | C'j (3.5)
i=1
where M;, C, and o; denote the measured value, the compute value and the error associated for
the i-th measurements respectively, n,, denotes the number of the iteration cycle. During the
iteration cycle, all the parameters are re-adjusted continuously until the minimizing value of 2

is obtained.

However, in order to minimize the process, the two functions of the equation (3.3), P'(y) and
FF'(w) can be parameterized linearly in terms of «, and y, using the basic function x", where

a, and y, are the linear coefficients with the distribution of J; . Which are expressed as follows,

P'(y)= nZPOanX" (3.6)
PR ()= X7 (3.7)

Here, x=(y —w,)/(w, —w,) is the normalized poloidal flux enclosed by a particular flux
surfaces, where y, is the value of y at the magnetic axis and y, is the value of y for the last
closed flux surface. n, and n. are the number of parameters which are determined depending on

the amount of the experimental data available as well as on the sensitivity of the data.

3.3 EFIT code’s Algorithm

There are eight steps to obtain the equilibrium solution by EFIT code; (1) read the magnetic data
for fitting from input files that are created by the magnetic diagnostics during a pulse, (2)
assumed the boundary value of the plasma, (3) assumed the plasma current profile, (4) compute
the magnetic surface y;;, (5) obtain the new boundary values of the plasma, (6) check the value
of »?, for the minimum value of y? end the process else go to next step, (7) recalculate the new

boundary values of the plasma, and (8) update the plasma current profile then go to step (4) again.
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Figure 3.1: Flow chart of the EFIT code’s steps to obtain equilibrium solution.

1. Initialization and read data
At this stage the code start to execute by choosing good initial approximation so that the entire
computational time becomes less and read the external magnetic diagnostics data properly from

the input file.

2. Assumed the boundary value of the plasma
In this process, the boundary values of the plasma are assumed. Here the poloidal flux y are

coils

divided into its two contributing parts as w{™ =" +y{™? in the computational domain,
where the subscript b with w denotes the poloidal flux for the plasma boundary, W;"“S denotes
the poloidal flux contributed by the currents flowing in external toroidal coils and y/ém'o) denotes

the poloidal flux contributed by the plasma currents that is obtained using the latest
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approximation of the J; . Both terms are computed using the appropriate Green’s function for
toroidal current source. The contribution W;‘)"S of the external coils is computed only at the
beginning of the calculations. Thus, the matrices of the Green’s functions need to be evaluated

initially and stored for later using.

3. Assumed the plasma current distribution J;
In this stage, the latest values of i obtained from the previous step are used to compute the
values of current distributions. The current distribution estimation process is expressed in the

equations (3.6) and (3.7) which can be written as,

1 =R a X"+ Ty x" (3.8)
n=0 HoR n=0
The o, and y, are the linear coefficients at the grid points of the EFIT code with the distributed
plasma current. The poloidal flux  and toroidal current density J; are calculated by dividing
the poloidal (R,Z) plane from R=0.15m to R=1.4m and from Z=-1m to Z=+1m with
129129 grid points where the plasma current is modeled as being distributed among these set of
elements of the grid points with linear coefficients ¢, and y,. These linear coefficients are
determined from the diagnostics and the imposed constraints. The value of o, and y, are
adjusted at each step of the calculation to keep the total toroidal current I; constant by evaluating

the integral over the plasma cross-section.

4. Compute magnetic surface
To calculate the magnetic surfaces, the central difference equation can be used to represent the

partial derivatives. In this case, the operator A™ can be written in the form as shown below,

Vi) — 2V + Vi +iWi—1,j Vi +Wi,j—1_2‘/’i,j tWija _
(AR)? R 2AR (AZ)?

_ZﬁﬂoRiJT(i,j) (3.9

where y; ; are the boundaries. The subscript, (i, j) denote the grid points. Since in the EFIT
code, the poloidal plane (R,Z) is defined with 129x129 grid points from R=0.15 m to R=1.4 m
and from Z =—1m to Z =+1m. However, this equation is solved using double cyclic reduction
in a form only slightly different from the usual application to Poisson’s equation in cylindrical

coordinate.
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5. Compute the new boundary values of the plasma

To compute the new boundary value of the plasma in divertor configuration, first the possible X-
points need to calculate. For the calculation of the possible X-points two regions are defined on
the (R,Z) plane in case of double null divertor discharge where the X-point could appear. Then
By and B, of the grid points inside the regions are calculated using the expression
By =—(1/R)(dw/dZ) and B, =(1/R)(éw/oR) . From the calculated magnetic field
components, identified the grid point which has minimum, B2 + B2 . Then the accurate poloidal
field B3 and B on these two grid points and their adjunct grid points are computed using the
pre-computed Green’s function matrix multiply by the current vector. For every grid point,
execute first order Taylor expansion of B3 and BZ. Then a linear equation group is solved to
locate the precise position of X-points. The poloidal flux at the X-point would be taken as the

new boundary flux.

6. Check y?value
In this stage, the equation (3.5) is executed to test the convergence of the inner repetition loop, if
the error is less than a fixed number usually 107, then the inner loop convergence test has been

passed and the fitting is finished.

7. Recalculate the new boundary values of the plasma
The boundary values are considered to have converged when,

(m) _ W(m—l)
V) =¥y

L <& (3.10)

where &, is an input tolerance (usually 107), m is the number of iteration process, v, is the
value of y at the magnetic axis and y, is the value of y for the last closed flux surface. If

equation (3.10) is not satisfied, then calculate y, again.

8. Update J;

The step is similar as the step in (3).

32



3.4 Equilibrium Magnetic Fields

The tokamak equilibrium magnetic fields in the cylindrical coordinate (R,9,Z), where the
vertical Z-axis pointing in the direction of the torus axis of symmetry can be written as,

B=VyxVp+gVe (3.11)

Here, y =w(R,Z) is the poloidal magnetic flux per radian, g is related to the poloidal current
density which is defined as g =RB,(R,Z).

The equation (3.11) can be written in the form of separate three components of the magnetic field

as,

B=ByR+B,Z+B,¢ (3.12)
where B and B, are the R and Z components of the magnetic field and B, is the toroidal
magnetic field. All components are related to the plasma current and external coils currents.

The components of the magnetic field By, B, and B, of the axisymmetric equilibrium magnetic

field can be written as,

Loy
R Roz

1oy
B, =—2~ 3.13
£ ROR (3.13)
g _9W)
R

The poloidal flux function v (R,Z) and g were calculated by the EFIT code. The magnetic field
components B,, B, and B, (B(p = Br) defined in equation (3.13) were also calculated from the

output of the poloidal flux function y(R,Z) and g of the EFIT code.

Finally, the absolute value of the total magnetic field B was calculated also in the EFIT code

according to the equation written as,

2 2
|B|:%\/@_Zj +@—gj +9° (3.14)
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3.5 Experimental Plasma Parameters for the EFIT code

The equilibrium reconstruction for QUEST plasma discharge was performed for the shot
no0.16499. In the discharge, the plasma was initiated by the electron cyclotron heating of 8.2 GHz
ECH/CD waves and the plasma current was started-up, ramped-up and sustained by the 8.2 GHz
ECH/CD waves where the toroidal magnetic field was B, =0.125T at the major radius R =0.68
m. Figure 3.2 (a) shows the toroidal magnetic field at R =0.68m and figure 3.2 (b) shows the

injected power of ECH waves where the input power and net power are shown in different curves.

()5 T T T T T
(a)

0.4 1
0.3 1

0.2 r _

@ 0.68m [T]

0.1 F 1
0

Time [sec]

Figure 3.2: The toroidal magnetic field and the injected power of the ECH waves of the discharge of shot
no. 16499. (a) The toroidal magnetic field B, at the major radius R =0.68m, (b) the injected
power of the waves of the ECH/CD where the input power and net power are shown in

different curves.

Figure 3.3 shows time evaluation graphs of the plasma current and the external coils currents
during the discharge. The plasma was started-up, ramped-up and sustained by the ECH waves.
Figure (a) and (b) show the measured plasma current and the poloidal field coils currents,
respectively. The plasma current and the poloidal field coils currents were recorded as
I, =-14.243 KA, lpp; =0.2 KA, lppys =05 KA, lpp35=-0.29 KA and 1, =0.35 kKA at

34



t =5.00sec., where PF4 denotes the center solenoid coils, PF17 denotes the vertical field coils
with negative n-index, PF26 denotes the vertical field coils with positive n-index, PF35-1 denotes
the inner divertor coils and PF35-2 denotes the outer divertor coils. In the discharged, the plasma
was pulled by the PF35-12 divertor coils and pushed from the inside by PF4 center solenoid coils.
These values of the plasma current and the toroidal field coils currents at t =5.00sec. were fitted
to the EFIT code.

%t;5.0s

Fitted I, (EFIT)

1

[

W
T

PF17 IPF26 IPF35-12 IPF4

1 1 1 | 1 1 1 1 1 1
-1
1 2 3 4 5 6 7 8 9 10 11 12

Time [sec]

Figure 3.3: The plasma current and the poloidal field coils currents of the shot no. 16499. (a) Shows the
measured plasma current and the fitted plasma current to the EFIT code. The fitted plasma
current was -14.243 kA, which was obtained at t =5.00 second. (b) Shows the poloidal field

coils currents.

Figure 3.4 shows the vacuum magnetic fields of the shot no. 16499 where the n-index (decay
index of the vertical magnetic field) of the vertical magnetic field was zero at R =0.60m. The n-
index was negative in the high field side of R =0.60m and n-index was positive in the low field
side. Figure 3.5 shows the time evaluation graphs of the emission of H_, and transport of the
oxygen impurity on the wall. Figures (a) and (b) show the emission of H_, and the transport of the

oxygen impurity, respectively.
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Figure 3.4: The vacuum magnetic fields of the shot no. 16499. The n-index (decay index of the vertical

magnetic field) of the vertical magnetic field is zero at R =0.60m.
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Figure 3.5: Time evaluation graph of the emission of H_, and transport of the oxygen impurity on the wall,

(a) the emission of H,, (b) the emission of oxygen.
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3.6 Plasma Equilibrium Solution for QUEST plasma discharge

According to the algorithm of the EFIT code and depending on the fitted data of the shot no.
16499, the equilibrium parameters such as plasma pressure P, current flux function F, poloidal
flux y , poloidal beta £, and the other parameters of plasma shape and position are obtained [39].
Figure 3.6 shows the contour plot of B, obtained from the EFIT code where the deviation of the
magnetic field indicated by the dotted circle appears due to the presence of the plasma, figure 3.7
shows the contour plot of B, and figure 3.8 shows the contour plot of B, those are obtained
from the output of the poloidal flux function of the EFIT code. In the figures 3.7 and 3.8, the red
contours indicate positive n-index and blue contours indicate negative n-index of the magnetic
field. Figure 3.9 shows the equilibrium magnetic configuration obtained from the EFIT code. The
guiding center orbits calculations are carried out on this equilibrium magnetic configuration. The
red-colored contours indicate the closed flux surfaces while the green-colored contours indicate

the open magnetic surfaces which are terminated at the divertor plates.

B, shot:16499 Time: 5000ms

1 ¢
05¢ 1 Measured Parameters:
Fitted Parameters: I, -14.24 kA
ﬂp:Z. 94 LETT T Fitted Parameters:
05,:0.95 B / \ 1,:-14.24 kA
5, 0.62 S °f DT gy 020 k4
5, 0.62 Ly’ 0.50 kA
down )

r:0.97 ]PF35' -0.30 kA

-05¢F 1 IPF4'. 0.35 kA

-1 . ' ' '
02 04 06 08 1 12 14
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Figure 3.6: The contour plot of B, obtained from the EFIT code where the deviation of the magnetic field

indicated by the dotted circle appears due to the presence of the plasma.
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Figure 3.7: The contour plot of B, obtained from EFIT code calculated from the poloidal flux function y

(red indicates the positive and blue indicates the negative n-index).
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Figure 3.8: The contour plot of B, obtained from EFIT code calculated from the poloidal flux function y

(red indicates the positive and blue indicates the negative n-index).
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Figure 3.9: The equilibrium magnetic configuration obtained from the EFIT code. The red-colored

contours indicate the closed flux surfaces while the green-colored contours indicate the open

magnetic surfaces which are terminated at the divertor plates. Guiding center orbits

calculations are carried out on this equilibrium magnetic configuration.
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Chapter 4

Guiding Center Orbits Calculations

4.1 Introduction

The guiding center orbits of the electron cyclotron resonance (ECR) electrons were calculated
and analyzed under equilibrium magnetic configuration for the 8.2 GHz electron cyclotron
heating and current drive (ECH/CD) waves. The Doppler shifted fundamental and second (2"
harmonic as well as non-relativistic and relativistic ECR was considered separately. The parallel
v, and perpendicular v, velocities to the magnetic field were considered from the Doppler-
shifted ECR condition for the electrons to be resonant with the ECH waves. The parallel
refractive index N, from —1 to +1 with step 0.1 was taken into account in the multiple-wall
reflection model [40]. The maximum energy of the resonant electrons was restricted at 100 keV
and calculated the orbits of those electrons whose energies were between 1 to 100 keV. Though it
was observed that the electrons with energy of about several hundred MeV were also resonant
with the ECH waves but the upper limit of the resonant energy was still critical and unknown.
The orbit trajectory of an ECR electron was obtained as a contour plot of the resonant electrons’
energy on the equilibrium magnetic configuration where the energy was expressed in terms of
magnetic moment and toroidal angular momentum. The energy, magnetic moment and toroidal
angular momentum were conserved in the orbit trajectories. All the resonant and confined
electrons’ orbits trajectories were obtained for various positions of the coordinates (R,Z), pitch
angles and parallel refractive index. Depending on these initial conditions, the number of the step
parameters was more than 5,200000. The toroidal magnetic field was B, =0.125T at R =0.68m.
The fundamental and the second harmonic resonance layers were located at R, =0.29m and
Reecong = 0.58 m of the major radius respectively. Figure 4.1 shows the fundamental and the
second harmonic electron cyclotron resonance frequencies f., and 2f, as a function of major
radius R. From the mid-plane i.e. from Z =0 two divertor plates were set after +1 m where the
open magnetic field lines were terminated. The inboard and the outboard plasma boundaries were

controlled by limiter placed at R=0.22m and R =1.31m of the major radius respectively.
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In this chapter, the ECR electrons’ guiding center orbits calculations processes as well as the
characteristics of the obtained orbits were discussed for the non-relativistic and the relativistic

electrons separately.
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Figure 4.1: The fundamental and the second harmonic electron cyclotron resonance frequencies f., and
2 f,. The toroidal magnetic field was B, = 0.125T at R = 0.68 m. The fundamental and 2"

harmonic resonance layers were located at Ry, =0.29 mand R, = 0.58m respectively.

4.2 Non-Relativistic Electron Cyclotron Resonance

4.2.1 Wave-electron Resonance

In tokamak plasma, an electron gyrates around a magnetic field line and the guiding center of the
electron moves along the magnetic field line which encircles the plasma torus by the Lorentz
force. This gyro-frequency of the electron is known as electron cyclotron frequency f_,, which is
proportional to the strength of the magnetic field line [41]. As the strength of the magnetic field
in tokamak decreases monotonically with the major radius, the electron cyclotron frequency also

decreases consequently. In electron cyclotron heating (ECH), the waves are launched into the
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plasma where the waves’ frequency is chosen according to the cyclotron frequency for any
specific position of major radius. Thus, the waves-electrons interactions are occurred and the
waves’ energies are absorbed by the resonant electrons. The width of the waves-electrons
interactions area is affected by the frequency shifted through the Doppler effect, electron
temperature, direction of the wave vector and the strength of the magnetic field. Here, two
schemes are possible; downshift and upshift [42]. In the downshift scheme, the waves-electrons
interactions as well as waves’ energy absorption are occurred on the high field side from the
resonance layer, while in the upshift scheme the waves-electrons interactions as well as waves’
energy absorption are occurred on the low field side from the resonance layer. Both in the
downshift and downshift schemes the absorption occurs on one side of the resonance surface but

in combination of them, the absorption occurs on the both sides of the resonance surface.
However, the non-relativistic ECR condition can be written as,

Here, @ is the angular frequency of the ECH waves, n is the harmonic number, o, is the
angular electron cyclotron frequency, k; is the parallel wave number and v, is the resonant
electron’s parallel velocity. In ECH, waves’ energy transfer to the plasma by means of
electromagnetic wave. The electric field of the electromagnetic wave is coupled with the electron
when initial parallel velocity of the electron satisfied the parallel velocity v, obtain from the
equation (4.1). In the equation (4.1), the value of the v, depends on the value of k. The value of

k, can be obtained by the equation,
N, =ck /o 4.2)

Here, N, is the parallel refractive index, ¢ is the velocity of the light. For a particular value of
N, the value of the k; can be obtained from the equation (4.2). By using this value, the parallel
velocity v, can be calculated by the equation (4.1) for a particular initial position in the real space.
The obtained parallel velocity is the initial parallel velocity of the electron to be resonant with the

ECH waves.

The waves’ energy absorption region as well as minimum initial energy of an electron required to
be resonant with the waves can be explained from the equation of the ECR condition. The waves’

energy absorption region is increased as the value of the parallel refractive index N, increase.
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Figure (4.2) and (4.3) show the waves’ energy absorption region and minimum initial energy

required to be resonant for the fundamental and 2" harmonic ECR, respectively where the

absorption regions are evaluated for the parallel refractive index N, =0.50 and N, =0.99 and

the maximum energy is restricted at 100 keV. From the figure, it has been observed that the

waves’ energy absorption region as well as minimum initial energy required to be resonant for an

electron are increased as the value of the N, increase. Compared with the fundamental resonance

the absorption region is larger for the 2" harmonic resonance for the same values of N, as shown

in the two figures. Such phenomenon is also observed for the negative values of N, .
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Figure 4.2: The waves’ energy absorption region and minimum initial energy required to be resonant for

the fundamental ECR. The absorption regions are evaluated for the parallel refractive index

N, =0.50 and N, =0.99 and the maximum energy is restricted at 100 keV. The top figure

shows the upper part of the equilibrium closed and opened magnetic surfaces on the poloidal

cross-section, cutting along the equatorial plane.
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Figure 4.3: The waves’ energy absorption regions and minimum initial energy required to be resonant for

the 2" harmonic ECR. The absorption regions are evaluated for the parallel refractive index
N, =0.50 and N, =0.99 and the maximum energy is restricted at 100 keV. The top figure
shows the upper part of the equilibrium closed and opened magnetic surfaces on the poloidal

cross-section, cutting along the equatorial plane.

The pitch angles distribution of the resonant electrons can be also explained from the equation of

the ECR condition. For a particular initial position on (R,Z), the parallel velocity v is

calculated from the equation (4.1). The obtained v, is the initial parallel velocity of the electron

to be resonant with the waves. The pitch angle as well as v, of the electron of energy 100 keV is

determined by the obtained v for that initial position. Then for the different energies between 1

keV to 100 keV, the pitch angle as well as v, are determined. Figure 4.4 shows the pitch angles

distribution of the resonant electrons in the velocity (V”,VL) space. The pitch angles distribution is

evaluated for the down-shifted and up-shifted ECR separately. Figure 4.5 shows the pitch angles
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distribution of the energy range 1 keV to 100 keV for the different initial positions on R for the

2" harmonic ECR, where R =0.58 m is the location of cold resonance.
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Figure 4.4: The pitch angles distribution of the resonant electrons in the velocity (V”,VJ space for the 2™

harmonic ECR. The pitch angles distribution is evaluated for the down-shifted and the up-
shifted ECR separately.
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Figure 4.5: The pitch angles distribution of the energy range 1 keV to 100 keV for the different initial

position on R for the 2" harmonic ECR. R =0.58 m is the location of the cold resonance.
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4.2.2 Equations of the Guiding Center Orbit

The guiding center orbits for the non-relativistic ECR electrons were calculated from the
conservation of the energy E, magnetic moment 4 and toroidal angular momentum p,, and by

the equations expressed as follows,

1 2 2

E:Em(v|| +vl) (4.3)

2

mv?;
_ 4.4
o8 (4.4)

B

p, =MRy, Et+ qy (4.5)

where m and q are the mass and elementary charge of an electron, v, and v, are the parallel
and perpendicular velocities of the electron, B and B, are the total and toroidal magnetic field
strength, respectively. R is the major radius and v is the flux function. From equations (4.3) -

(4.5) the following equation was obtained,

2 2
(p,—av) (B
E=\v )5 B 4.6

2mR? (BJ # (49)

The energy E in equation (4.6) was expressed in terms of the magnetic moment and the toroidal
angular momentum. The contour line of this energy on equilibrium magnetic configuration was
expressed the guiding center orbit of the resonant electron. The parallel and perpendicular, v, and
v, velocities as well as pitch angles distribution were obtain from the Doppler shifted non-

relativistic ECR and B,, B and y were obtained from the EFIT plasma equilibrium solution.

4.2.3 How to Calculate Orbits

To calculate resonant electron’s guiding center orbits by the above equations, first, the orbit of the
resonant electron of energy 100 keV was calculated because the maximum resonant energy of the
electrons was set 100 keV for these calculations. In order to calculate the orbit of the resonant
electron of energy 100 keV, the value of the parallel wave number k, was determined for a
particular value of the parallel refractive index N, from the equation N, =ck, /@, where o is
angular frequency of the ECH waves and c is the velocity of the light. Then for a particular

initial position on (R, Z) and for the obtained parallel wave number, the parallel velocity v, was
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calculated from the equation (4.1). The obtained v, was the initial parallel velocity of the electron
to be resonant with the ECH waves. After that the total velocity v for the electron of energy 100

keV was calculated from the equation, v =(2E/ m)”2

. Then by combining the obtained v, from
equation (4.1) and v for the electron of 100 keV, the perpendicular velocity v, as well as pitch
angle were calculated from the equation v? =v’+vZ and 49=cos‘l(v”/ v), respectively. The
obtained v, v, and pitch angle & were the initial conditions for the electron of energy 100 keV
to be resonant. Then the magnetic moment x and the toroidal angular momentum p, were
calculated from the equation (4.4) and (4.5) by using these obtained values of v, and v, . Finally,
by the equation (4.6), E was determined where the values of the B,, B and y were obtained
from the EFIT plasma equilibrium solution. The contour plot of the energy on the equilibrium
magnetic configuration expressed the guiding center orbit of the resonant electron of energy 100
keV [43]. Here, the energy, magnetic moment and toroidal angular momentum were conserved
throughout the orbit. Then by scanning the initial pitch angles from 0 to z/2 rad for up-shifted
and /2 to x rad for down-shifted ECR with a step of 0.1, all the resonant electrons’ orbits of
energies between 1 keV to 100 keV were obtained for that initial position. These processes were
repeated for different positions of the coordinates (R,Z ) as well as different values of Nj. Here,
at the initial positions( f <nf, ), the down-shifted ECR was occurred and the electrons’ initial v,
became negative for N, >0 and the electrons’ initial v became positive for N, < 0. At the initial
positions (f >nf,), the up-shifted ECR was occurred and the electrons’ initial v, became

negative for N, <0 and the electrons’ initial v, became positive for N, > 0.

The red and blue contours in figure 4.6 show the guiding center orbits for the initial position
(R,Z) =(0.47 m, 0.0 m) of fundamental passing resonant electrons. The two figures represent the
orbits of the two electrons. The two orbits were obtained separately because of their initial v, .
The left figure shows the orbit of the electron of initial positive v, (initial parallel velocity that is
parallel to the magnetic field) and the right figure shows the orbit of the electron of initial
negative v, (initial parallel velocity that is antiparallel to the magnetic field). Additionally, due to
mirror forces some electrons were trapped at the low field side region and produced banana orbits.
This phenomenon was occurred for both the electrons with initial positive and negative v, . The
red and blue color contours in figure 4.7 shows the guiding center orbits of the trapped electrons
for the initial position (R,Z)=(0.56 m, 0.23 m) of second harmonic resonant electrons. Due to
mirror force these electrons were trapped and maintained banana orbits. The left and right figure

show the banana orbit of the electron of initial positive v, and initial negative v, respectively.
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Figure 4.6: The red and blue contours indicate the guiding center orbits of the passing resonant electrons.

The black and green contours indicate the closed and opened magnetic surfaces, respectively.
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Figure 4.7: The red and blue contours indicate the banana orbits of the trapped resonant electrons. The

black and green contours indicate the closed and opened magnetic surfaces, respectively.
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However, the characteristics of the resonant electrons’ guiding center orbits, the attributes of the
confined and lost electrons and their effect on current contribution were analyzed and discussed
for the fundamental as well as for the 2" harmonic resonant electrons separately.

4.2.4 Fundamental Resonant Electrons

The fundamental resonance layer was located at R, =0.29 m. The guiding center orbits were
calculated from the inboard limiter R=0.22m to R=1.15m horizontally and from Z =0.00m to
Z =+40.40 m vertically of the (R,Z) plane. The orbits calculations were restricted to those
positions because in equilibrium magnetic configuration as shown in figure 3.9, the outboard
separatrix of the LCFS was located at R=1.15m and vertically Z =40.40 m from the mid-plane.
Beyond this position, the resonant electrons were lost due to open magnetic field lines and had no
contribution on current. The waves’ energies were absorbed by the resonant electrons between
the regions of R=0.22m to R=0.75m of the major radius for N, =0.99 as shown in the figure
4.2. But the plasma inboard separatrix was located at R=0.35m. Therefore, the resonant
electrons from the inboard limiter R =0.22 m to the inboard separatrix R =0.35m were also lost
and had no contribution on current. Thus the electrons with initial positions between the regions

R=0.35mto R=0.75m were confined and maintained steady-state orbits.

Depending on the initial positions and the value of the parallel refractive index, the ECR
electrons were travelled both in the parallel and the antiparallel directions to the magnetic field
after the interaction with the ECH waves. The electrons with initial positive v, (electrons that
traveled in the parallel direction to the magnetic field) were maintained spread orbits while the
electrons with initial negative v, (electrons that traveled in the antiparallel direction to the
magnetic field) were maintained shrink orbits. Due to the drifts of the guiding centers, these two
informative phenomena were observed with the evaluated orbits. Therefore, a large number of
resonant electrons with initial positive v, were maintained orbits outside the LCFS while all of
the resonant electrons with initial negative v, were maintained orbits inside the LCFS. The red
and blue color contours in the figure 4.8 shows the guiding center orbits of the resonant electrons
between the R positions from 0.35 m to 0.75 m and Z =0.00m, where the black and green
contours show the closed and open magnetic surfaces, respectively. The number of the actually

calculated orbits were much large than the orbits shown in the figure. The left figure shows the
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orbits of the electrons with initial positive v, . The right figure shows the orbits of the electrons

with initial negative v, .
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Figure 4.8: The red and blue contours indicate the guiding center orbits of the fundamental resonant
electrons between the R positions from 0.35 m to 0.75 m and Z =0.00m where the black
and green contours show the closed and opened magnetic surfaces, respectively. The number
of the actually calculated orbits were much large than the orbits shown in the figure. The left
and right figures show the orbits of the electrons with initial positive and negative v,

respectively.

4.2.5 Second Harmonic Resonant Electrons

The second harmonic resonance layer was located at R, .., =0.58m. The guiding center orbits
were also calculated from the inboard limiter R=0.22m to R=1.15m horizontally and from
Z =0.00m to Z =10.40m vertically. Like the fundamental resonance condition, the calculations
were restricted to those positions because beyond this position, the resonant electrons were lost
due to open magnetic field and had no contribution on current. In 2" harmonic ECR, the waves’

energy was absorbed by the electrons between the regions of R=0.36 m to R=1.15m of the
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major radius for N, =0.99 as shown in the figure 4.3. Thus, the electrons with initial positions
between the regions were confined and maintained steady-state orbits. Depending on the initial
positions and the value of the parallel refractive index, here the ECR electrons were also travelled
both in the parallel and the antiparallel directions to the magnetic field. A large number of
resonant electrons with initial positive v, were maintained orbits outside the LCFS while all of
the resonant electrons with initial negative v, were maintained orbits inside the LCFS. In the
figure 4.9, the red and blue contours show the orbits of the passing resonant electrons between the
R positions from 0.60 m to 0.77 m and Z =0.00m. The black and green contours in the figure
show the closed and opened magnetic surfaces, respectively. The number of actually calculated
orbits were much large than the orbits shown in the figure. The left figure shows the orbits of the
electrons of initial positive v, and the right figure shows the orbits of the electrons of initial

negative V.
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Figure 4.9: The red and blue contours indicate the guiding center orbits of the 2" harmonic resonant
passing electrons between the R positions from 0.60 m to 0.77 m and Z =0.00m. The black
and green contours show the closed and open magnetic surfaces, respectively. The left and

right figure show the orbits of the electrons with initial positive and negative Vv, respectively.
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In 2" harmonic ECR, some resonant electrons with relatively low energies were trapped by the
mirror forces and maintained banana orbits in the low filed side. The red and blue contours in the
figure 4.10 show the banana orbits of the trapped electrons. The left figure shows the orbits of the

trapped electrons with initial positive v, and the right figure shows the orbits of the trapped
electrons with initial negative v .
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Figure 4.10: The red and blue contours indicate the banana orbits of the 2" harmonic resonant trapped
electrons. The black and green contours show the opened and closed magnetic surfaces,
respectively. The left figure shows the banana orbits of the trapped electrons with initial

positive Vv, and the right figure shows the banana orbits of the trapped electrons with initial
negative V.

52



4.3 Relativistic Electron Cyclotron Resonance

4.3.1 Wave-electron Resonance

The n-th harmonic Doppler-shifted relativistic electron cyclotron resonance (ECR) condition is

{1— N”(%H - m:fe @.7)

Here, y is the relativistic factor which is expressed as y=(1+P?+PR?)"* , where

expressed as,

P, =myyv, /m,c and F_|> =myyV, / myc are the normalized electron momentums in perpendicular
and parallel to the magnetic field, respectively, v, and v, are the perpendicular and parallel
velocities of electron, N, is the parallel refractive index, f is the frequency of the ECH waves,
f

the light. The resonant ellipse momentum parameters are obtained from the equation (4.7) in P,

« IS the electron cyclotron frequency, m, is the rest mass of the electron and c is the speed of
and |3|| momentum space. The resonant momentum range can be characterized by the minimum
and the maximum normalized parallel momentum, R™ and R™ at P, =0, and the maximum

normalized perpendicular momentum P™ of the resonant ellipses.

The resonant ellipse momentum parameters are obtained from the equation (4.7) which are

expressed as,

2
R"™ = {% N, +\/”2%_(1_ an)}[l_ NG ]
2
R™ = [m;ce N, _\/”2%_(1_ le)}/[l— an] (48)

Figure 4.11 shows the resonant ellipses in the normalized parallel and perpendicular momentum
space(|5”,I5L) at different points of the major radius, R for the 2" harmonic relativistic ECR,
where parallel refractive index is N, =+0.5. The momentums of the electrons that match with

the pair of the parallel and perpendicular momentums obtained from the resonant ellipse are
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absorbed energy from the waves [44]. This transfer of energy by absorption appears as kinetic
energy to the electrons which increased the thermal motion in the plasma and hence plasma

heating.

1.5
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Figure 4.11: The resonant ellipses in the normalized parallel and perpendicular momentum space (I5”, E)
at different positions of the major radius, R for the 2™ harmonic relativistic ECR, where

parallel refractive index is N, =+0.5.

However, If a transverse electric field of a wave is considered along it’s propagation, it is
observed that due to the variation of f, and k; along the trajectory, the energy flux transported
by the electric field (as obtained from the velocity space) are absorbed by the electrons whose
initial energy are vary from point to point. The initial energy of the electrons steadily increases as
the distance from the resonance layer increase. Thus, the waves’ energy absorption spectrum is

always asymmetric around the resonance layer (f =nf,,).

In case of oblique propagation, if the condition, (nf / f)2 <(1— NHZ) is satisfied, the waves’
energy is not transferred to the plasma. For this condition the resonant ellipses become imaginary.
This region usually located at the low field side of the resonance layer. On the high field side of
this critical point, the waves’ energy is transferred to the plasma. The real values of F] are
obtained only for the condition, (nf,/ f)z—(l— NHZ)ZO. If the condition, (nf,/ f)*>1 is
satisfied, the resonant ellipses take place both in the positive and negative range of the parallel

velocities either for the positive and negative values of the parallel refractive index. This resonant
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effect is known as “down-shift” Doppler effect. If the condition, (1— N||2)<(nfce/ f) <1 is
satisfied, the resonant ellipses take place in the positive range of the parallel velocities for the
positive values of the parallel refractive index as well as the resonant ellipses take place in the
negative range of the parallel velocities for the negative values of the parallel refractive index in
the velocity space. This resonant effect is known as “up-shift” Doppler effect. Figure 4.12 shows
the resonant ellipses for the oblique propagation of the electromagnetic waves for the up-shifted
absorption. Figure (a) and (b) are obtained for the condition, (1— NHZ) < (nfce / f)2 <1, where the
resonance ellipses take place in the positive range of the parallel velocities for N, >0 and in the
negative range of the parallel velocities for N, <0 in normalized parallel and perpendicular

momentum space.

Figure 4.12: The resonant ellipses for the oblique propagation of the electromagnetic waves. Figure (a) and
(b) are obtained for the condition, (l— NHZ) <(nfce/ f)2 <1, where the resonance ellipses
take place in the positive range of the parallel velocities for N, >0 and in the negative range
of the parallel velocities for N, <0 in normalized parallel and perpendicular momentum
(R, P,) space.
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Figure 4.13 shows the resonant ellipses for the oblique propagation of the electromagnetic waves
for the down-shifted absorption. Figures (a) and (b) are obtained for the condition, (nf, / f)2 >1,
where the resonance ellipses take place both in the positive and negative range of the parallel
velocities either for N, >0 or N, <0. However, for the oblique propagation, the resonant
ellipses are not symmetric in velocity space and this characteristic is the basis of the electron

cyclotron current drive mechanism.

@, N, =0.8

Figure 4.13: The resonant ellipses for the oblique propagation of the electromagnetic waves for the down-
shifted absorption. Figure (c) and (d) obtained for the condition, (nfce/ f)2 >1, where the
resonance ellipses take place both in the positive and the negative range of the parallel

velocities either for N|| >0 or N|| <0.

The resonant energy of the electron can be also explained from the resonant ellipses obtained
from the relativistic ECR in the normalized perpendicular and parallel momentum (P, , B ) space.
Figure 4.14 shows the resonant ellipse for the 8.2 GHz 2" harmonic ECR at R=0.63m for
N, =0.6. The required minimum, maximum energy for the electron to be resonant are also

shown in the figure. The minimum energy E,_. for I5””“” at P, =0 is 3 keV. The energy at P™

min
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is also illustrated in the figure. The energy E,, at P™ is evaluated as 240 keV while the

maximum energy E . for R™ at P, =0 is evaluated as 476 keV.
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Figure 4.14: The resonant ellipse for the 8.2 GHz 2" harmonic ECR at R =0.63m. The momentum
contours for energy 3 keV , 240 keV and 476 keV are also shown in the figure. The
for B™" at P, =0 is 3 keV while the energy E

minimum energy E for maximum

min top

normalized perpendicular momentum is evaluated as 240 keV.

The waves’ energy absorption region as well as minimum initial energy of an electron required to
be resonant are also explained from the resonant ellipses. The waves’ energy absorption regions
are increased as the value of the parallel refractive index N, increased. Figure 4.15 and 4.16
show the waves’ energy absorption regions and minimum initial energy required to be resonant
for the fundamental and 2" harmonic relativistic ECR, respectively where the absorption regions
are evaluated for the parallel refractive index N, =0.50 and N, =0.99 and the maximum energy
is restricted at 100 keV. From the figure, it has been observed that the waves’ energy absorption
region as well as minimum initial energy required to be resonant are increased as the value of the
parallel refractive index increase. Compared with the fundamental ECR, the absorption region is
larger for the 2" harmonic ECR for the same parallel refractive index as shown in the two figures.

Such phenomenon is also observed for the negative parallel refractive index.
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Figure 4.15: The waves’ energy absorption regions and minimum initial energy required to be resonant for

the relativistic fundamental ECR. The absorption regions are evaluated for the parallel

refractive index N, =0.50 and N =0.99 and the maximum energy is restricted at 100 keV.

The waves’ energy absorption region is increased as the value of the parallel refractive index

N, increased. The top figure shows the upper part of the equilibrium closed and opened flux

surfaces on the poloidal cross-section, cutting along the equatorial plane.
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Figure 4.16: The waves’ energy absorption regions and minimum initial energy required to be resonant for
the relativistic 2" harmonic ECR. The absorption regions are evaluated for the parallel
refractive index N, =0.50 and N =0.99 and the maximum energy is restricted at 100 keV.
The top figure shows the upper part of the equilibrium closed and opened flux surfaces on the

poloidal cross-section, cutting along the equatorial plane.

The pitch angles distribution of the resonant electrons can be also explained from the resonant
ellipses. Figure 4.17 shows the pitch angles distribution for the different initial energies at the
parallel and perpendicular velocity (v”,vl) space for the 2" harmonic ECR. The pitch angles
distribution is evaluated for the up-shifted and the down-shifted ECR separately. From the
evaluated figure, it has been interpreted that the pitch angles distribution are asymmetric in the
positive and negative parallel velocities (+ v“,—v”) direction. This asymmetric structure is
stemmed from the relativistic mass effect. Figure 4.18 shows the pitch angles distribution of the
energy range 1 keV to 100 keV for the different initial positions on the major radius R for the 2™

harmonic resonance condition, where R =0.58 m is the location of cold resonance.
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Figure 4.17: The pitch angles distribution for the different initial energies at the (v”,vl) space for the 2™
harmonic ECR. The pitch angles distribution is evaluated for the up-shifted and down-shifted
resonance separately. The pitch angles distribution are asymmetric in the positive and

negative parallel velocities (+ V”,—V”) direction.
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Figure 4.18: The pitch angles distribution of the energy range 1 keV to 100 keV for the different initial
position on R for the 2" harmonic resonance condition. R = 0.58 m is the location of cold

resonance.



4.3.2 Equations of the Guiding Center Orbit

The guiding center orbits of the electrons were calculated by the guiding center equations of
motion where the energy E, magnetic moment x and toroidal angular momentum p, were
conserved. The energy was expressed in terms of the relativistic factor, » and
y =@+P?+R?)"? was expressed in terms of the magnetic moment and the toroidal angular
momentum, where P, =m,yv, / m,c and |5|:moyv”/m0c were the normalized momentums in
perpendicular and parallel to the magnetic field. The equations of the guiding center orbits were

expressed as follows,

E =(y-1)m,c? (4.9)
2p2
= mCP (4.10)
2B
Bt
p, =MRy, B —qy (4.11)
( ) 2 1/2
y=|14 218 +( P 7Y (ED 4.12)
m,C mecR B,

where m, and q are the rest mass and elementary charge of an electron, ¢ is the velocity of the
light in free space, B and B, are the total and toroidal magnetic field strengths, respectively, R
is initial position of the electron in real space and y is the flux function. By substituting the
value of y from equation (4.12) into equation (4.9) the following equation was obtained,

2 1/2

Eo|[14 248 +((p‘”+q"”)(ED ~1 Imyc? (4.13)

m,C° m,cR | B,

The energy E in the equation (4.13) was expressed in terms of the magnetic moment and toroidal
angular momentum. The contour line of this energy for a specific initial position on the (R,Z)
plane under equilibrium magnetic configuration was expressed the orbit trajectory of the electron.
Here, the perpendicular momentum specified in the equation (4.10) and the parallel velocity v,
specified in the equation (4.11) were obtained from the resonant ellipse for a specific initial
position as the pair of the parallel and the perpendicular momentums (E, F_Tl) The values of the

v, B and B, were obtained from the EFIT plasma equilibrium solution.
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4.3.3 Fundamental Resonant Electrons

Like non-relativistic fundamental resonant electrons, the guiding center orbits were calculated
from the inboard limiter R=0.22 m to R=1.15 m horizontally and from Z =0.00 m to
Z =+0.40 m vertically. In this resonance, the waves’ energy was absorbed between the regions of
R=0.22m to R=0.52m of the major radius for N, =0.99 as shown in the figure 4.15. The
plasma inboard separatrix was located at R =0.35m of the equilibrium magnetic configuration as
shown in figure 3.9. Therefore, the resonant electrons from the inboard limiter R =0.22 m to the
inboard separatrix R =0.35m were lost and had no contribution on current. Only the electrons
with initial positions between the regions R=0.35 m to R=0.52 m were confined and
maintained steady-state orbits. The waves’ energy was absorbed only at the outboard side of the
cold resonance layer and only up-shifted Doppler effect resonance was occurred. The resonant
ellipses were took place in the positive and negative range of the parallel velocities for N, >0
and N, <0, respectively. As a result, the resonant electrons were travelled both in the parallel
and the antiparallel directions to the magnetic. The red and blue contours in the figure 4.19 show
the calculated orbits between the R positions from 0.35 m to 0.53 m and Z =0.00m. The
number of the actually calculated orbits was much larger than the orbits shown in the figure. The

left and right figures show the orbits of the electrons with initial +v, and —v,, respectively.
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Figure 4.19: The red and blue contours show the orbits of the fundamental resonant electrons. The black

and green contours show the closed and opened magnetic surfaces, respectively.
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4.3.4 Second Harmonic Resonant Electrons

For the relativistic second harmonic resonant electrons, the guiding center orbits were also
calculated from R=0.22m to R=1.15m horizontally and from Z=0.00m to Z=+0.40m
vertically. In this resonance, the waves’ energy was absorbed by the electrons between the
regions of R=0.32m to R=1.05m of the major radius for N, =0.99 as shown in the figure
4.16. But the electrons with initial positions between the regions R=0.35m to R=1.05m were
confined and maintained steady-state orbits. Here depending on resonance, the electrons were
also travelled both in the parallel and the antiparallel directions to the magnetic field. The red and
blue contours in the figure 4.20 show the guiding center orbits of the passing electrons between
the R positions from 0.60 m to 0.73 m and Z =0.00m. The number of actually calculated orbits
were much large than the orbits shown in the figure. The left figure shows the orbits of the
electrons of initial positive v, and the right figure shows the orbits of the electrons of initial

negative v, .
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Figure 4.20: The red and blue contours indicate the guiding center orbits of the 2™ harmonic resonant
passing electrons between the R positions from 0.60 m to 0.73 m and Z =0.00m, where
the black and green contours show the closed and open magnetic surfaces, respectively. The
left and right figure show the orbits of the electrons with initial positive and negative Vv,

respectively.
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In second harmonic ECR, some resonant electrons with relatively low energies were trapped by
the mirror forces and maintained banana orbits in the low filed side. Figure 4.21 shows the
banana orbits of the trapped electrons due to the magnetic mirror. The number of actually
calculated orbits was much larger than the orbits shown in the figure. The left figure shows the
banana orbits of the trapped electrons with initial positive v, . The right figure shows the banana
orbits of the trapped electrons with initial negative v, .

Guiding Center Orbits 1Guiding Center Orbits
1 =777 B Bt T T
V”> 0
057
~ ~
S Ot S
N N
-0.5
-1 -1

02040608 1 1.214 02040608 1 1.21.4
R[/m] R[m]

Figure 4.21: The red and blue contours indicate the banana orbits of the 2™ harmonic resonant trapped
electrons. The black and green contours show the closed and opened magnetic surfaces. The
left and right figure show the orbits of the electrons with initial positive and negative Vv,

respectively.

For the 2" harmonic relativistic ECR, the waves’ energy absorption regions were located both the
in high field and the low field sides of the cold resonance layer. In 2" harmonic non-relativistic
ECR, same phenomenon was observed. Therefore, the down-shifted and up-shifted Doppler
effect resonances were occurred. In the down-shifted Doppler effect resonance, the resonant

ellipses were took place both in the negative and positive range of parallel velocities in the
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velocity space both for N, >0 and N, <0. Thus, relatively low energetic resonant electrons
were travelled to the antiparallel direction of the magnetic field while relatively high energetic
resonant electrons were travelled to the parallel direction of the magnetic field for N, > 0. Since
the maximum resonant energy of the electrons was settled 100 keV, a significant amount of
relatively low energetic resonant electrons were travelled to the antiparallel direction of the
magnetic field for N, >0. On the other hand, the resonant ellipses were also took place both in
the negative and positive range of parallel velocities in the velocity space for N, <0. As a result,
relatively low energetic resonant electrons were travelled to the parallel direction of the magnetic
field, while relatively high energetic resonant electrons were travelled to the antiparallel direction
of the magnetic field for N, <0. However since the uniform distribution of the parallel refractive
index from negative range to positive range was considered in this calculation, the down-shifted
Doppler effect had no significant impact in this calculations. Figure 4.22 shows the resonant
ellipses for N, =—-0.6 and N, =+0.6 with resonant energies contours. The figure shows that the
resonant energy lays in the negative range of the of parallel velocities for N, =+0.6 is equivalent
to the resonant energy lays in the positive range of the of parallel velocities for N, =-0.6.

2t 7 N .

Figure 4.22: The resonant ellipses for N\, =-0.6 and N, =+0.6 with resonant energies contours. The
figure shows that the resonant energy lays in the negative range of the of parallel velocities
for N, =+0.6 is equivalent to the resonant energy lays in the positive range of the of

parallel velocities for N, =—0.6.
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Chapter 5

Evaluation of the Orbit Current Distribution

5.1 Introduction

Orbit current distributions were evaluated from the electrons’ orbital distributions along with the
drift toroidal velocities v, and the elementary charge of the electron. The electrons orbital
distribution was calculated by the picture-in-cell method and stored in a cell matrix prepared on
the poloidal cross-section. The drift toroidal velocities v, throughout the orbit for each resonant
electron were obtained from the orbit trajectory. The evaluated orbit current distribution J was
also stored in a cell matrix on the poloidal cross-section. The current distribution contour plots on
the poloidal cross-section and the current distribution profiles of the equatorial plane current on
R were obtained from the J matrix. The surface-averaged current distribution profiles of the
closed flux surfaces were also obtained on the square root of the normalized poloidal flux index

from the J matrix.

5.2 Electron Orbital Distribution and Drift Toroidal Velocity Calculation

The electron orbital distribution was evaluated from the calculated guiding center orbits of the
resonant electrons. As discussed in the previous chapter that the orbits of the resonant passing and
trapped electrons were obtained on the poloidal cross-section. So to calculate the electron orbital
distribution, a mesh grid containing 129x129 gridlines was considered on the poloidal cross-
section which is equivalent to the EFIT grid-size. These 129x129 gridlines was produced
128x128 cells matrix on the poloidal cross-section. An orbit contour line of a resonant electron
was plotted on the mesh grid. The intersected points of the orbit and the gridline and the length of
the orbit-segment-elements between two intersected points were determined from the coordinate
of the orbit contour line. For the orbit-segment-element, the location or the number of the cell of
the cells matrix was also determined in where the orbit segment was took place. For the every

orbit-segment-element between the two intersected points, the corresponding cells of the cell
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matrix as well as the segment length of an orbit were determined. Then every determined cell of
the matrix was deposited a value according to the length of the segment-elements of the orbit.
Here the segment-element length was normalized by the diagonal length of the cell. These
processes were repeated for every calculated orbit. Finally, the total number or summation of all
the deposited values in the cells of the matrix resulted as the orbital distribution of the resonant
electrons. Figure 5.1 shows the illustrative diagram of the electron orbital distribution calculation
process. In the figure, 11x11 gridlines was shown instead of 129x129 gridlines because
129x129 gridlines makes the figure incomprehensible. In the figure intersection between the
gridlines and orbit is shown. From these intersected points the orbit-segment length and the cell

location in where the orbit-segment was deployed were determined.
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Figure 5.1: The illustrative diagram of the electron orbital distribution calculation process. In the figure,
11x11gridlines is shown instead of 129x129 gridlines, because 129x129 gridlines make
the figure incomprehensible. The red contour line represents the orbit and the black dotted
indicates the intersection points between the orbit and gridlines. The orbit-segment-element
length between two intersect points of orbit and gridlines and the corresponding cell location

is determined.
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The drift toroidal velocity was calculated during the orbit calculation. As discussed earlier that
the guiding center orbits were calculated from the conservation of energy E, magnetic moment
4 and toroidal angular momentum p, . This conservation demonstrates that the energy,
magnetic moment and toroidal angular moment were constant throughout the orbit. Here, the
constancy of p, implies that the orbit involves a change in y . This change in turn implies a
displacement of the guiding center across the flux surfaces. Therefore, as the B field change
slowly in time, the perpendicular v, and parallel v, velocities of the electron also change slowly
in time since the energy is conserved. This slowly varying parallel velocity also known as drift
toroidal velocity v, was calculated throughout the orbit from the equation expressed as follows,

v :VHEZ\/ZE 00305 (5.1)

B Jm B

where E and m are the total energy and mass of the electron, @ is the pitch angles of the
guiding center throughout the orbit, B, and B are toroidal and total magnetic field strengths
throughout the orbit, respectively. The pitch angles & of the guiding center throughout the orbit

were obtained from the constancy of the constancy of p, .

5.3 Current Distribution Calculation

The current distribution J was evaluated from the electrons orbital distribution along with the

electron drift toroidal velocities and the elementary charge of electron by the equation as,

J=env, (5.2)

Here, e and v, are the elementary charge and drift toroidal velocity of the resonant electrons,
respectively and n is the electron orbital distribution stored in the cell matrix. The calculated
current distribution was also stored in a cell matrix on the poloidal cross-section. However, the
current distributions were evaluated both for the electrons of initial positive v, (travel in the
parallel direction to the toroidal magnetic field) and initial negative v, (travel in the antiparallel
direction to the toroidal magnetic field) separately. In this study, the current distribution obtained
for the resonant electrons with initial positive v, was treated as the positive current. The positive
current direction is opposite to the toroidal magnetic field direction i.e. co-current direction of the

QUEST plasma current (I p). The current distribution obtained for the resonant electrons with
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initial negative v, was treated as the negative current. The negative current direction is the same
as the toroidal magnetic field direction i.e. counter-current direction of the QUEST plasma

current (I,).

To discuss the various phenomena of the obtained current distributions, the current distribution
contour plots on the poloidal cross-section and the current distribution profiles of the equatorial
plane current on R were plotted from the J matrix. The surface-averaged current distribution
profiles of the closed flux surfaces were also plotted on the square root of the normalized poloidal
flux index, s from the J matrix. The square root of the normalized poloidal flux index s was

introduced by the equation as,

(|‘//_‘V0|)

(5.3)
(|l//a _V/0|)

S=

where y, and y, are the poloidal flux value at the plasma boundary and the plasma center,

respectively [45].

5.4 Results and Discussion

The characteristics and features of the obtained current distribution contour plots, current
distribution profiles and surface-averaged current distribution profiles were discussed in this
section both for the non-relativistic ECR electrons and relativistic ECR resonant electrons

separately.

5.4.1 Non-Relativistic Electrons

5.4.1.1 Fundamental Resonant Electrons

For the non-relativistic fundamental ECR, the resonant electrons were confined and maintained
steady-state orbits from R=0.35 m to R=0.75 m of the major radius. Thus, the current
distributions were obtained as small-scale width on the outer flux surfaces of the torus and
become compact at the low field side of the torus. The figures 5.2 (a) and (b) show the positive

and negative currents distributions contour plot on the poloidal cross-section. A significant

69



amount of positive current distribution appeared outside the last closed flux surface (LCFS) while

the negative current distribution appeared inside the LCFS.

Current Dist. of Pass. Electrons of +V|| Current Dist. of Pass. Electrons of -V||

1 T T T T T T 1
(b)
05} . 0.5t ]
~ ~
S 0 B S 0 o 4
N N
-0.5 . 0.5 ]

-1

1 1 1 1 1 1 _1 1 1 1 1 1 1
0.2 04 06 08 1 12 14 02 04 06 08 1 12 14

R[m] R[m]

Figure 5.2: The current distribution contour plots on the poloidal cross-section of the fundamental non-
relativistic resonant electrons. The black contours inside the figures show the closed flux
surfaces. (a) Shows the positive current distribution evaluated for the resonant electrons with
initial positive Vv, and (b) shows the negative current distribution evaluated for the electrons

with initial negative V| . The positive current distribution appeared outside the LCFS.

Figure 5.3 shows the currents distributions profiles along with the electron orbital distributions
profiles of the equatorial plane on R for the fundamental non-relativistic resonant electrons. The
figures (a) and (b) show the positive and negative currents distribution profiles along with the
electron orbital distribution profiles of the electrons with initial positive v, and initial negative v,
respectively. The top part of the figure shows the upper part of the closed and opened magnetic
surfaces of the equilibrium magnetic configuration, cutting along the equatorial plane. Due to the
drift of the guiding center, a significant amount of positive current distribution appeared outside
the LCFS with peak value and all the negative current distribution appeared inside the LCFS.

Though the drift directions of the guiding center with initial positive v, and negative v, were
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same but due to travelling in the opposite direction, the positive current distribution was shifted
outward direction along the LCFS and the negative current was shifted inward direction along the
LCFS. As a result, no negative current distribution appeared outside the LCFS. Due to the larger
drift toroidal velocities of the higher energetic electrons, both the positive and negative currents
distributions were broadened compared with the electron orbital distributions as shown in the
figure.
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Figure 5.3: The currents and the electron orbital distributions profiles of the passing electrons of the
equatorial plane on R for the fundamental non-relativistic resonant electrons. The top figure
shows the upper part of the closed and opened magnetic surfaces of the equilibrium magnetic
configuration, cutting along the equatorial plane. The figures (a) and (b) show the positive and
the negative current distribution profiles along with electron orbital distribution profiles of the

passing electrons with initial positive Vv, and initial negative v, respectively.
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Figure 5.4 shows the surface-averaged positive and negative currents distribution profiles of the
closed flux surfaces on the square root of the normalized poloidal flux index. Both the positive
current distribution appeared only at the larger closed flux surfaces. A significant amount of the
positive current distribution which didn’t appear in the figure existed outside the LCFS. The
entire negative current distribution appeared within the LCFS. The positive current distribution
outside the LCFS should be dominant of the orbit current distribution.
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Figure 5.4: The surface-averaged current distribution profiles of the closed flux surfaces on the square root
of the normalized poloidal flux index for the fundamental non-relativistic resonant electrons.
(@) and (b) show the positive and the negative currents distribution profiles contributed of the

electrons with initial positive v, and initial negative V|, respectively.

5.4.1.2 Second Harmonic Resonant Electrons

In the 2" harmonic ECR, both the down-shifted and the up-shifted Doppler effects resonance
were occurred and the resonant electrons were confined and maintained steady-state orbits
between R=0.36 m to R=1.15m of the major radius. Since the waves’ energy absorption region
was larger compared with the fundamental ECR, a large number of electrons were maintained
steady-state orbits and contributed currents. Figure 5.5 shows the current distribution contour

plots on the poloidal cross-section for the 2" harmonic non-relativistic passing resonant electrons.

72



Figure (a) and (b) show the positive and negative current distributions contour plots. A significant
amount of the positive current distribution appeared outside the LCFS, while the negative current
distribution was shown inside the LCFS.
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Figure 5.5: The current distribution contour plots on the poloidal cross-section for the 2" harmonic non-
relativistic passing resonant electrons. (a) Shows the positive current distribution contour plot
contributed by the electrons with initial positive v, and (b) shows the negative current
distribution contour plot contributed by the electrons with initial negative Vv, . The black

contours inside the figure indicate the closed flux surfaces.

Figure 5.6 shows the current distribution profiles along with the electron orbital distribution
profiles of the passing electrons of the equatorial plane on R for the 2" harmonic non-relativistic
resonant electrons. Figure (a) shows the positive current distribution profile along with the
electron orbital distribution profile of the passing electrons with initial positive v, . Figure (b)
shows the negative current distribution profile along with the electron orbital distribution profile
of the passing electrons with initial negative V. In this resonance, also a significant amount of
positive current distribution appeared outside the LCFS while the entire negative current
distribution appeared inside the LCFS. Both the positive and negative currents distributions were
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decreased at R =0.58m due to cold resonance. The minimum initial energies of the resonant
electrons were increased as the initial positions of the electrons were approached far from the
cold resonance layer. As a result, for the higher energetic electrons with larger drift toroidal
velocities, both the positive and the negative currents distributions profiles were broadened

compared with the electron orbital distributions profiles.
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Figure 5.6: The currents distributions and electron orbital distributions profiles of the passing electrons of

the equatorial plane on R for the 2™ harmonic non-relativistic resonant electrons. The top
figure shows the upper part of the closed and opened magnetic surfaces of the equilibrium
magnetic configuration, cutting along the equatorial plane. (a) Shows the positive current and
orbital distributions profiles of electrons with initial positive Vv, and (b) shows the negative

current and orbital distributions profiles of the electrons with initial negative v, .
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Figure 5.7 shows the current distribution profile of the equatorial plane on R contributed by the
trapped electrons for the 2" harmonic non-relativistic resonant electrons. As the trapped electrons
travelled both in the parallel and antiparallel direction to the magnetic field, they contributed both
the positive and negative currents. A significant amount of positive current distribution
contributed by the trapped electrons appeared outside the LCFS while the entire negative current
distribution appeared only inside the LCFS.
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Figure 5.7: The both the positive and negative current distribution profile of the equatorial plane on R,
contributed by the trapped electrons for the 2™ harmonic non-relativistic resonant electrons.
The top figure shows the upper part of the closed and opened magnetic surfaces of the

equilibrium magnetic configuration, cutting along the equatorial plane.

Figure 5.8 shows the surface-averaged positive and negative currents distributions profiles of the
passing electrons and trapped electrons of the closed flux surfaces on the square root of the
normalized poloidal flux index for 2" harmonic non-relativistic resonant electrons. Both the
positive and negative currents distributions stated to increase from the magnetic axis and the

entire negative current distribution was accommodated inside the LCFS while the positive current
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distribution appeared outside the LCFS. The positive current distribution of the trapped electrons
also appeared outside the LCFS while the entire the entire negative current distribution of the
trapped electrons appeared within the LCFS.
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Figure 5.8: The surface-averaged current distribution profiles of the passing and the trapped electrons of
closed flux surfaces on the square root of the normalized poloidal flux index for the 2™

harmonic non-relativistic resonant electrons.

5.4.2 Relativistic Electrons

For the relativistic resonant electrons, the current distribution contour plots, the current
distribution profiles and the surface-averaged current distribution profiles were obtained both for

the fundamental and second harmonic resonant electrons separately.

5.4.2.1 Fundamental Resonant Electrons

Since for the fundamental relativistic ECR, the resonant electrons were confined and maintained

steady-state orbits between the region of R=0.35m and R=0.52 m of the major radius, the
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evaluated current distributions also appeared only at the outer flux surfaces of the torus. Figure
5.9 shows the current distribution contour plots on the poloidal cross-section for the fundamental
relativistic resonant electrons. Figures (a) and (b) show the positive and negative currents
distributions contour plot on the poloidal cross-section, respectively. A significant amount of
positive current distribution was shown outside LCFS. Though a small amount of negative
current distribution appeared outside of the LCFS at the inboard side of the plasma torus but most

of the negative current distribution was shown inside the LCFS.
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Figure 5.9: The current distributions contour plots on the poloidal cross-section of the fundamental
relativistic resonant electrons. The black contours inside the figures represent the closed flux
surfaces. (a) Shows the positive current distribution, and (b) shows the negative current
distribution. A significant amount of positive current distribution appeared outside of the

LCFS while most of the negative current distribution appeared inside the LCFS.

Figure 5.10 shows the currents distributions profiles along with the electron orbital distributions
profiles of the equatorial plane on R for the fundamental relativistic resonant electrons. Figure
(a) shows the positive current and orbit distributions profiles of the electrons with initial positive
v, and (b) shows the negative current and orbit distributions profiles of the electrons with initial
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negative v, respectively. The top figure shows the upper part of the closed and opened magnetic
surfaces of the equilibrium magnetic configuration, cutting along the equatorial plane. Due to the
drift of the guiding center of the electrons, a significant amount of positive current distribution
appeared outside the LCFS with peak value and all the negative current distribution appeared
inside the LCFS. Though the drift directions of the guiding center with initial positive v, and
negative v, were same but due to travelling in the opposite direction, the positive current
distribution was shifted outward direction along the LCFS and the negative current was shifted

inward direction along the LCFS. No negative current distribution appeared outside the LCFS.
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Figure 5.10: The currents distributions and the electron orbital distributions profiles of the equatorial plane
on R for the passing fundamental relativistic resonant electrons. The top figure shows the
upper part of the closed and opened magnetic surfaces of the equilibrium magnetic
configuration, cutting along the equatorial plane. (a) and (b) show the positive and negative

currents and electrons orbital distribution profiles, respectively.
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Figure 5.11 shows the surface-averaged positive and negative currents distribution profiles of the
closed flux surfaces on the square root of the normalized poloidal flux index. The positive current
distribution appeared only near the LCFS. A significant amount of the positive current
distribution not appeared in the figure existed outside the LCFS. The entire negative current
distribution appeared within the LCFS. The positive current distribution outside the LCFS should
be dominant of the orbit driven current distribution.
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Figure 5.11: The surface-averaged current distribution profiles of the closed flux surfaces on the square
root of the normalized poloidal flux index for the fundamental relativistic resonant electrons.
The figures (a) and (b) show the positive and the negative current distribution profiles

contributed by the electrons with initial positive v, and initial negative v, , respectively.
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5.4.2.2 Second Harmonic Resonant Electrons

In the 2" harmonic relativistic ECR, both the down-shifted and the up-shifted resonance were
occurred and the resonant electrons were confined and maintained steady-state orbits between
R=0.35m to R=1.05m of the major radius. Since, the waves’ energy absorption region was
larger compared with the fundamental resonance condition, a large number of electrons were
maintained steady-state orbits and contributed currents. Figure 5.12 shows the current distribution
contour plots on the poloidal cross-section for the 2" harmonic relativistic resonant electrons.
Figure (a) and (b) show the positive and negative currents distributions contour plots. A
significant amount of the positive current distribution was shown outside the LCFS, while the

negative current distribution was shown only inside the LCFS.
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Figure 5.12: The current distribution contour plots on the poloidal cross-section for the 2" harmonic
relativistic resonant electrons. (a) Shows the positive current distribution contour plot
contributed by the electrons with initial positive Vv, and (b) shows the negative current
distribution contour plot contributed by the electrons with initial negative V. The black

contours inside the figure indicate the closed flux surfaces.
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Figure 5.13 shows the current distribution profiles along with the electron orbital distribution
profiles of the passing electrons of the equatorial plane on R for the 2™ harmonic relativistic
resonant electrons. Figure (a) shows the positive current distribution profile along with the
electron orbital distribution profile of the passing electrons with initial positive v, . Figure (b)
shows the negative current distribution profile along with the electron orbital distribution profile
of the passing electrons with initial negative v;. In this resonance, also a significant amount of
positive current distribution appeared outside the LCFS while the entire negative current
distribution appeared inside the LCFS. Both the positive and negative currents distributions were
decreased at R =0.58m due to cold resonance. As the minimum initial energies of the resonant
electrons were increased while the initial positions of the electrons were approached far from the
cold resonance layer, both the positive and the negative current distributions profile were
broadened compared with the electron orbital distributions profiles due to the higher energetic

electrons with larger drift toroidal velocities.

Figure 5.14 shows the current distribution profile of the equatorial plane current on R
contributed by the trapped electrons for the 2" harmonic relativistic resonant electrons. The
trapped electrons contributed both the positive and negative currents. The figure (a) shows both
the positive and negative currents distribution profile of the equatorial plane current on R. A
significant amount of positive current distribution appeared outside the LCFS while the entire

negative current distribution appeared only inside the LCFS.

Figure 5.15 shows the surface-averaged positive and negative currents distributions profiles of the
passing electrons and trapped electrons of closed flux surfaces on the square root of the
normalized poloidal flux index. Most of the positive current distribution appeared outside the
LCFS, while the entire negative current distribution appeared within the LCFS. In addition, the
positive current distribution of the trapped electrons also appeared outside the LCFS and the

entire the entire negative current distribution appeared within the LCFS.
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passing electros of the equatorial plane on R for the 2™ harmonic relativistic resonant
electrons. The top figure shows the upper part of the closed and opened magnetic surfaces of
the equilibrium magnetic configuration, cutting along the equatorial plane. (a) Shows the
positive current distribution profiles along with the electron orbital distribution profile of the
passing electrons with initial positive v, and (b) shows the negative current distribution

profile along with the electron orbital distribution profile of the passing electrons with initial
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Figure 5.14: The current distribution profile of the equatorial plane current on R contributed by the
trapped electrons for the 2" harmonic relativistic resonant electrons. The top figure shows
the upper part of the closed and opened magnetic surfaces of the equilibrium magnetic

configuration, cutting along the equatorial plane. (a) Shows both the positive and negative

current distribution profile.
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Figure 5.15: The surface-averaged current distribution profiles of the passing electrons and the trapped

electrons of closed flux surfaces on the square root of the normalized poloidal flux index for

the 2" harmonic relativistic resonant electrons.
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Chapter 6

Summary and Future Scopes

6.1 Summary

The guiding center orbits of the electron cyclotron resonance (ECR) electrons were calculated
and analyzed under equilibrium magnetic configuration to consider the current distribution
outside the LCFS. A framework with several sets of calculation codes accordingly for various
theoretical models was developed with EFIT (Equilibrium Fitting) plasma equilibrium to
calculate and analyses guiding center orbits as well as to evaluate orbit current distribution. The
plasma equilibrium and shaping were properly taken into account for the orbit analyses and the
current evaluation, but the evaluated current was not included in the plasma equilibrium and

shaping self-consistently.

The equilibrium magnetic configuration was obtained from the plasma equilibrium solution using
129x129 (129 grid points in the R direction and 129 grid points in the Z direction) spatial
resolutions EFIT code. The poloidal flux y and toroidal current density of plasma J; were
calculated by the EFIT code on the rectangular grid with the external magnetics for constraint of

a discharge that satisfy the model provided by the Grad-Shafranov equation.

The guiding center orbits of the resonant electrons were calculated and analyzed for the 8.2 GHz
electron cyclotron heating and current drive (ECH/CD) waves in non-relativistic and relativistic
Doppler-shifted ECR. The down-shifted and up-shifted fundamental and second (2"") harmonic
resonances were considered separately. Various parallel and perpendicular velocities to the
magnetic field, v, and v, , were considered from the Doppler-shifted ECR condition for the
electrons to be resonant with the ECH waves. The parallel refractive index N, from —1 to +1
with step 0.1 was taken into account in the multiple-wall reflection model. The maximum energy
of the resonant electrons was restricted at 100 keV and calculated the orbits of those electrons
whose initial energies were between 1 to 100 keV. The orbit trajectory of the ECR electron was

obtained as contour plot of the resonant electron’s energy under the equilibrium magnetic
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configuration on the poloidal cross-section. The energy was expressed in terms of magnetic
moment and toroidal angular momentum. The energy, magnetic moment, and toroidal angular
momentum were conserved in the orbit trajectories. All the resonant and confined electrons’
orbits trajectories were obtained for various positions of the coordinates (R,Z), pitch angles and
parallel refractive index. The number of the step parameters was more than 5,200000. Depending
on the ECR for various conditions, the resonant electrons were travelled both in the parallel and
the antiparallel directions to the magnetic field. The resonant electrons with initial positive v
were travelled in the parallel direction to the magnetic field, while the resonant electrons with
initial negative v, were travelled in the antiparallel direction to the magnetic field.

The orbit current distributions were evaluated from the electrons’ orbital distributions along with
the drift toroidal velocities, v, throughout the orbit. The orbital distribution was calculated by the
picture-in-cell method where 128 x128 cells were prepared by 129x129 gridlines on the (R,Z)
plane. Each orbit-segment-element between two intersected gridlines of an orbit and their
corresponding cell locations were determined and deposited values in the cells of the cell matrix
according to the orbit-segment-element length. This process was repeated for every calculated
orbits and finally the total number of all deposited values in the cells of the matrix resulted as the
orbital distribution of the resonant electrons. The drift toroidal velocities corresponding to the
orbit-segments were calculated from the orbit trajectories. Then the current distributions were
evaluated and stored in the cell matrix of J . The electrons with initial positive v, were
contributed positive current while the electrons with initial negative v, were contributed negative
current. The trapped electrons with initial positive and negative v, were contributed both the
positive and negative currents. The direction of the positive current was opposite to the toroidal
magnetic field i.e. co-current direction of QUEST plasma current while the direction of the
negative current was parallel to the toroidal magnetic field i.e. counter-current direction of
QUEST plasma current. The current distribution contour plots on the poloidal cross-section and
the current distribution profiles of the equatorial plane current on R, and the surface-averaged
current distribution profiles of the closed flux surfaces on the square root of the normalized

poloidal flux index were obtained from the J matrix.
Accordingly, this thesis concludes with the following points:

(1) A large number of passing resonant electrons with initial positive v, starting from the high

field side were maintained their orbits outside the LCFS, while all the passing resonant
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electrons with initial negative v, starting from the high field side were maintained their orbits
inside the LCFS.

(2) The trapped resonant electrons only being the 2" harmonic ECR were maintained banana
orbits at the low field side of the torus where most of the portions of the banana orbits of
positive v, were placed outside the LCFS.

(3) A significant amount of the positive current by the passing resonant electrons with initial
positive v, appeared outside the LCFS, while the entire negative current by the passing
resonant electrons with initial negative v, appeared inside the LCFS.

(4) The trapped electrons contributed both the positive and negative currents. The positive
current portion was distributed outside the LCFS while the negative current portion was
evaluated inside the LCFS.

These phenomena were observed for both the non-relativistic and the relativistic ECR as well for

the fundamental and the 2" harmonic ECR.

In the summary, several codes required to evaluate the orbits have been developed with the EFIT
code. Various criteria of non-relativistic and relativistic ECR conditions were properly taken into
consideration for the orbit analysis. The current contribution appeared outside the LCFS could be

qualitatively explained by the developed codes.

Additionally, in thermonuclear magnetic fusion or D-T burning plasmas, about 3.5 MeV energies
are carried by the « -particles. Being charged, the « -particles are confined by the magnetic field
and then transfer their energy to the plasma. Thus « -particles heat the plasma as an increasing
fraction of the total heating. At ignition the external heating can be switched off and the burning
process becomes self-sustainable without further heating due to the « -particle heating. Thus « -
particles play a vital role in the D-T burning plasmas. However, still a wide range of unsolved
theoretical as well as experimental issues remain to solve associate with the role of the « -
particles. In order to review the state-of-art and to identify new issues or problems for further
research related to « -particles, the developed framework as well as theoretical model and
calculation mechanisms for the particle orbits analysis described in this thesis can be applied to

the orbits analyses of the « -particles in burning plasma.
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6.2 Future Scopes

In this thesis, the analyses of the guiding center orbits and evaluations of the current distributions
were carried under equilibrium magnetic configuration which was obtained from the EFIT
plasma equilibrium solution. The EFIT plasma equilibrium solution was calculated using EFIT
code for the QUEST plasma discharge where 8.2 GHz electron cyclotron heating and current
drive (ECH/CD) was used to heat and drive plasma current. Recently, 28 GHz ECH/CD was
reinstalled in QUEST. The plasma current was built up to 1, =70 kA fully non-inductively for
the 28 GHz discharge. As a next step of this research, EFIT plasma equilibrium solution can be
updated for 28 GHz QUEST plasma discharge and orbits analyses and evaluation of current

distributions can be performed on the updated equilibrium magnetic configuration.
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Figure 6.1: Plasma equilibrium solution for the 28 GHz ECH/CD.
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