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Abstract

STUDY OF FORMATION AND DYNAMICS OF INTERNAL AND EXTERNAL
TRANSPORT BARRIERS BASED ON BIFURCATION CONCEPTS

by

BOONYARIT CHATTHONG

BS in Physics/Mathematics with distinction, University of Virginia, 2005
MS in Physics, Mahidol University, 2010

The formation and dynamics of both Edge Transport Barriers (ETB) and
Internal Transport Barriers (ITB) are analyzed based on bifurcation concepts. In this
thesis, one-field (thermal) and two-field (coupled thermal and particle) transport
equations are solved analytically and numerically for the profiles of pressure and
density gradients as functions of heat and particle fluxes, respectively. The transport
effect includes a combination of neoclassical transport and anomalous transport. The
transport suppression mechanisms based on flow shear and magnetic shear are
assumed to be only in the anomalous channel. It is found that plasmas can exhibit
bifurcation where a sudden jump in plasma gradients can be achieved at the transition
point corresponding to the critical flux. Local stability analysis shows that the
transition occurs at a threshold flux and exhibits hysteresis only if the ratio of
anomalous to neoclassical transport exceeds a critical value. The depth of the
hysteresis loop depends on both neoclassical and anomalous transport, as well as the
suppression strength. Dynamically, it is found that an ETB expands inward, in which
the radial growth of the pedestal initially appears to be super-diffusive but later slows
down and stops. In addition, the time of barrier expansion is found to be much longer
than the time plasma takes to evolve from L-mode to H-mode. Evidently, an ETB can
form only when the local flux (heat/particle) surpasses the critical value. The ITB

formation is possible only with a presence of reverse q profile. The location and width



of ITB are found to be correlated with the plasma current profile. Particularly, the top
of ITB is found near the location of off-axis maximum current density and zero
magnetic shear. Both ITB and ETB widths appear to be governed by the heat source,
off-axis current drive position and transport strengths. In the second part of the thesis,
a 1.5D BALDUR integrated predictive modeling code, with inclusion of toroidal
velocity models, is used to simulate plasma profiles. The predictive toroidal velocity
models are based on neoclassical toroidal viscosity (NTV) and toroidal current
density effects. It is found that the predicted intrinsic rotation can result in the
formation of an ITB, located mostly between r/a = 0.6 to 0.8 and having a strong
impact on plasma performance. It is also found that plasma density and heating power
affect minimally the toroidal rotation, whereas the increase of plasma effective charge
can considerably reduce the toroidal velocity peaking. In the last part, the impacts of
toroidal flow on the L-H transition phenomenon are investigated based on bifurcation
concepts. It is found that inclusion of toroidal velocity can substantially increase the
plasma pressure and density, mainly due to an increase of the pedestal width. In
addition, the pedestal for pressure tends to form shortly before that of density. After
the pedestal forms, it expands inwards super-diffusively in the initial state and sub-
diffusively in the final state before reaching a steady state. The expansion speed is
sensitive to the flow shear strength. The time required for the plasma to reach a steady
state in H-mode is much longer than the transition time.

Keywords: Fusion reaction, Tokamak, ETB, ITB, Bifurcation
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Chapter 1

Introduction

1.1 Fusion energy

It is clear that global energy demand has increased every year. This is largely
due to an increase of the world population and the advancement of technology and
industry. In 2006, the United Nations has released data showing that the world
population has been continuously increasing every year. For example, in 1950, it was
just over 2 billion people. The projection models predict that the world population
could be up to 12 billion people in 2050 [1]. Currently, the main energy sources for
supporting human’s lives and their activities are fossil fuels, like oil, natural gas and
coal [2]. Regrettably, these sources will not last forever. Based on the present
consumption rate, the available reserves of oil, coal and natural gas will only last for
about 30 years, 200 years and 60 years, respectively [3]. Additionally, burning fossil
fuels pollutes our environment because of carbon dioxide released during burning
process, which leads to global warming [4]. Therefore, the scientific community has
aimed their research on the hunt for new kinds of alternative energy sources, in which
nuclear fusion energy is one of the possible solutions.

There are several advantages of fusion energy over other kinds of alternative
energy source. Firstly, the energy per mass yielded for fusion reaction is much higher
than other energy types that human can harvest including nuclear fission energy. This
fusion reaction is likely to be based on deuterium-tritium (DT) reaction and the
reasons will be explained shortly. Deuterium, a heavier isotope of hydrogen, can be
found in sea water. It can be separated from hydrogen by the use of electrolysis
process. Tritium can be produced via reactions with lithium as one of the sources.
Approximately, one kilogram of deuterium can generate 3x10° GJ of energy and one
kilogram of lithium can produce 10* GJ of electricity. These numbers are immense
comparing to the present day consumption rate of 3x10** GJ per year [5]. Secondly,
the nuclear fusion fuels will last over lifetime of human because the sources are
abundant on Earth. There is roughly 10* tons of deuterium available in the ocean and

lithium is widely available. The broad availability of fusion fuels means that every



country with access to sea water can use it. Lastly, fusion production is rather
environmental friendly because it does not produce global warming gas like carbon
dioxide or other toxic gases. Furthermore, unlike fission production, radioactive waste
from fusion is not a long-term problem. Tritium is radioactive but its half-life is only
of 12 years. The structure of a fusion reactor can also become radioactive by neutron
activation process because of the neutron bombardment. After the end of reactor’s
lifetime it needs to be shielded for about 100 years. As oppose to nuclear fission
reactor, there is no real burden problem for future generation. Lastly, fusion reaction
is inherently safe because it is not a chain reaction and its core volume contains about
atmospheric pressure so there will not be enough stored energy to cause any damage
in case of accidents.

To produce and sustain nuclear fusion reaction, high temperature and long
enough energy confinement is needed. The temperature required for fusing two nuclei
is very high (about millions of degree Celsius) that the state of matters becomes

plasma.

1.1.1 Plasma

When a gas is heated to sufficiently high temperature, all electrons are fully
ionized and the gas breaks up into a mixture of negatively charged electrons and
positively charged ions. A material in this state is called plasma. Plasma has many
properties of a normal gas, for example it can be described by particle density and
temperature as macro-characteristics. Nevertheless, plasma has two important
characteristic properties. First, electric charge densities of electrons and protons are so
large that a separation of them would lead to a very large restoring force. Hence, the
global ion and electron charge densities in plasma tend to be equal. Second, it has the
ability to carry a current as a result of a relative drift between the ions and electrons.
System with plasma is very complicated because it is like a gas with charge.
Physically, charged particles are known to be able to travel freely parallel to magnetic
field. On the other hand, they circles around the magnetic field in perpendicular
direction. The combination of the two motions results in Larmor orbits, which is a

helical path around the field line. Plasma can be confined by introducing magnetic



field. It is possible to arrange the magnetic field configuration to contain plasma

particles in a system.

1.1.2 Fusion reactions
Fusion reaction is a process in which two light atoms combine to form heavier
atom. Typically, the total input mass is more than total output mass and the difference
turns into energy according to Einstein’s mass-energy equivalence. In order to merge
atomic nuclei together one needs strong enough attracting force or high enough
energy to overcome electrostatic repulsive force (Coulomb’s potential). Two nuclei
can fuse to produce nuclear fusion reaction. Equations (1.1) - (1.3) show examples of

fusion reactions [5]:

2D+2D — °T(1.01MeV)+p*(3.02MeV)  50%

(1.1)

— 3He(0.82MeV)+n°(2.45MeV)  50%
2D+°T — *He(3.5MeV)+n°(14.1MeV) (1.2)
2D+ 3He — “He(3.6MeV)+p* (14.7MeV) . (1.3)

Because the total mass of the sources is larger than that of the products, the difference
in mass is turned into energy by Einstein’s mass-energy equivalence:

AE = Amc?, (1.4)
where AE is the energy generated, Am is the difference in mass, and c is the speed of
light. There are many fusion reactions known to exist but for the purpose of this
research, two reactions are focused on: deuterium-deuterium (DD) and deuterium-
tritium reactions. The reason is because some conditions are required for fusion
reactions to be viable, for example the reactions must be exothermic and the sources
must be low charged nuclei to avoid strong Coulomb potential. The two reactions are
showed in equations (1.1) and (1.2). DT reaction produces helium ion (a particle) and
neutron with total energy of 17.6 MeV per reaction. Whereas, DD reaction can
produce two different results with equal probability, one is helium-3 and neutron with
total energy of 3.27 MeV per reaction and another one is tritium and proton with total
energy of 4.03 MeV per reaction [6]. The additional benefit of using deuterium and
tritium as fusion sources is their abundance on Earth. Deuterium can be mined from

sea water using electrolysis method. They are left from cosmological processes since



the creation of the Earth. There is roughly 1 deuterium in every 7000 hydrogen atoms

in water. Tritium is produced by bombarding lithium with neutron [5],
°Li+n® — jHe+’T+4.8MeV, (1.5)
TLi+n° +2.5MeV — jHe+°T. (1.6)
There is enough resource of lithium and deuterium to supply human’s need for a
thousand of years.

The energy gained from fusion reactions is in form of kinetic energy of
product particles. There are three main types of fusion confinement: gravitational
confinement fusion, inertial confinement fusion (ICF) and magnetic confinement
fusion (MCF). Gravitation confinement system is naturally occurring in the sun. The
sun has a large amount of mass so its gravitational force surpasses coulomb potential
repulsion and is able to fuse two nuclei together. Unfortunately, there is not enough
mass on Earth to generate this kind of confinement. Thus, fusion on Earth must rely
on other two types of confinement, inertial (laser-based) and magnetic confinements.
To achieve fusion reactions on Earth, one requires the temperature in the order of a
few hundred millions degree Celsius (100-200 keV), which is even hotter than the sun
itself. At this extreme high temperature, gas becomes completely ionized and all ions
and electrons are separated from each other. This state of matter is called a plasma.

ICF relies on high power laser beams shooting on a small target to produce
fusion reaction in a blink of time. It occurs so fast that the fuel’s inertia prevents it
from escaping before fusing. There are some drawbacks on using ICF as possible
energy generating choice, for example it is inherently pulsed so steady-state
operational capability is doubtful. Morever the capsule must be made with high
precision to achieve good sphericity. The arrival timing of laser beams is also very
crucial. To prevent the Rayleigh-Taylor instability, the capsule needs to be heated
with uniformity of better than 1% which requires many simultaneous laser beams. In
Lawrence Livermore National Laboratory, California, the National Ignition Facility
(NIF) has been installed with 192 laser beams for total energy of 1.8 million joules to
achieve the required uniformity [7-9].

MCEF controls the hot plasma particles by utilizing magnetic field. Since the

temperature suitable for fusion reaction is very high, at that state the gas is completely



ionized and becomes a plasma. The positively charged ions and negatively charged
electrons can be trapped using magnetic field. MCF uses this concept to trap the
plasma fuels to generate fusion energy. The trapped particles have energy or velocity
roughly according to Maxwellian distribution. As they travel along the magnetic field,
there is a chance of collision. A collision of particles with sufficient energy produces
fusion reaction. MCF is one of the two major branches of fusion energy research
along with ICF. The magnetic approach is more developed and is considered more
promising for energy production in terms of steady-state operation and commercial
use. There are many types of magnetic configurations being studied including
tokamaks, stellarators, and mirror confinement. For this thesis, the focus is on fusion

experimental machine called tokamaks [6].

1.1.3 Tokamaks

_ inner poloidal .
toroidal _ magnetic field coils coil current outer poloidal
magnetic fild cols magnetic field coils

-VEISSE
Figure 1.1: Schematic view of tokamak (figure retrieved from [10]).

Tokamak is a toroidal configuration magnetic confinement device. The word
is abbreviated from Russian word Toroidalnoya Kamera (toroidal chamber)
Magnitnaya Katushka (magnetic coil). It was invented in Moscow at Kruchatov
Institute (in 1956) [6]. It utilizes magnetic field to confine the hot plasma. The current
inside the plasma in toroidal direction is induced using an external transformer. This
toroidal current generates poloidal magnetic field. The toroidal magnetic field is

generated by external poloidal field coils. The resulting magnetic field forms a helical
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path around the torus. Figure 1.1 shows the schematic view of typical tokamak. The

important tokamak’s parameters are shown as follows:

>

Plasma major radius (R) is the distance from center of the torus to center of the
plasma

Plasma minor radius (@) is the distance from center to edge of the plasma
Toroidal magnetic field (B,) is the magnetic field in toroidal direction
generated by external coils. It is important for control of instability and shape
of the plasma

Poloidal magnetic field (By) is the magnetic field in poloidal direction
generated by plasma current in toroidal direction. It is important to generate
magnetic pressure in order to balance the plasma outward pressure

Plasma current (lp) is the plasma current induced by external transformer.
Total heating power (Pror) is a combination of external heating schemes, for
example, lon Cyclotron Resonance Heating (ICRH), Neutral Beam Injection
(NBI), Electron Cyclotron Resonance Heating (ECRH), Radio Frequency
heating (RF), and Lower Hybrid Resonance Heating (LHRH).

Elongation (x) and Triangularity (¢) are parameters used to define the shape of
plasma’s cross section [6]. The typical shape can be seen in figure 1.2.
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Figure 1.2: Cross-section of tokamak plasma (retrieved from [11]).

There are many tokamaks around the world, both small and large sizes.
Largest tokamak ever built is JET [12] in UK (R = 2.96 m and a = 1.25 m). Other
examples of tokamaks are TFTR [13] in USA, JT-60U [14] in Japan, DIII-D [6] in
USA, Tore Supra [6] in France, ASDEX Upgrade [15] in Germany, Aditya [16] in
India, Alcator C-Mod [17] in USA, COMPASS [18] in Czech republic, EAST [19] in
China, FTU [20] in Italy, HT-7 [21] in China, ISTTOK [22] in Portugal, KSTAR [23]
in South Korea, STOR-M [24] in Canada, T-10 [22] in Russia, TCV [25] in
Switzerland, TEXTOR [26] in Germany and TRIAM-1M [27] in Japan. Each has its
own parameters value including typical pulse length.

In addition, there is a big international project called International
Thermonuclear Experimental Reactor (ITER), which will illustrate the first burning
plasma tokamak, i.e., alpha heating as partial heat source. ITER is a collaboration of 7

major countries including China, EU, India, Japan, Russia, South Korea and USA



[28]. Currently, it is being constructed in Caradache, France, with experimental parts
shipped from all the partners. The tokamak is planned to be ready to operate around
2022. ITER will be the largest Tokamak ever built by human with major radius
around 6.2 meters. It is designed to provide power output of 500 MW for 1,000
seconds operation length [29]. The objective for ITER is to demonstrate the scientific
and technological feasibilities of a fusion power plant. It will produce a burning DT
plasma with majority of heating comes from self-produced alpha power. Currently,
there are several plans on different scenario that ITER will be run on including Full-
Current, Inductive, Hybrid, and Steady-state scenarios. There will also be
implementations and technological test on ITER for what will be needed on future
fusion power plants such as superconducting magnetic coils and remote handling by
robots. ITER’s design parameters and its expected performance are shown in table
1.1.

Table 1.1: Design ITER parameters and performance capabilities [29].

Parameter Values
R 6.2m
a 2.0m
Ip 15-17 MA
K 1.85

0.48
B, 53T
Fusion power 500 - 700 MW
Fusion gain 5-10
Heating 73 -110 MW
Plasma volume 830 m®
Pulse duration > 1000 s

Fusion gain is defined as

Fusion gain = 5; i (1.9

aux



where P, is the alpha power and P4y is the auxiliary heating (total input heating). As
neutron and a-particle carry 80% and 20%, respectively, of the resulting energy from
DT reaction, fusion gain equals to 1 is referred to as “breakeven” where the total
output power is equal to input power. Fusion gain equals to 5 means fusion heating
power is equal to external heating power. Infinite fusion gain corresponds to ignition
condition where external heating is no longer required.

Ultimately, the goal of tokamak is to produce positive net power output as
well as to reach ignition condition. This will provide self-sustainable fusion reactor
possibility. As product particles of DT reaction, neutron is neutral so it can escape
freely from the torus. Meanwhile, alpha particle is trapped inside by the magnetic
field. This alpha particle contains about 20% of total output energy in the form of
Kinetic energy. It can transfer this energy back to electron and fuel ions by collisional
process. If total alpha power is equal to input power, the plasma becomes self-

sustaining and ignition condition is reached.

1.1.4 Development of fusion research

The scientific feasibility of nuclear fusion on Earth has been proved
successfully by various large tokamaks, like JET, JT-60U and TFTR. The world
research progress in the present is on the next phase, which is technical feasibility
testing. For example, one of the tests is to examine whether tokamak’s wall and a
divertor can sustain a heavy power load from the plasma, especially those from
instabilities like Edge Localized Mode (ELM). This will be illustrated in the
constructing ITER tokamak. The ultimate goal of tokamak research is to develop a
power plant based on fusion reactions in order to supply world’s future energy.
Tokamak confinement concept is to achieve magnetohydrodynamics (MHD)
equilibrium using a combination of toroidal and poloidal magnetic fields in a toroidal
shape plasma. The plasma particles are hence confined along the magnetic fields. In
this configuration, the toroidal magnetic field is generated using external coils.
Whereas, the poloidal magnetic field is a consequence of toroidal plasma current,
which is induced by the flux changed in transformer coils at the center of tokamak.
The important milestones of fusion research are shown in table 1.2.



Table 1.2: Milestones in Fusion Research

Year Report Milestones in Fusion Research
1969 | Peacock et al. [30] | First measurement from T-3 tokamak (1 keV of

electron temperature)

1982 | Wagner et al. [31] | High confinement mode (H-mode) discovery
1992 | JET Team [32] First tritium used in tokamak

1994 | Strachan et al. [33] | First experiment with the same percentage of
deuterium and tritium used

1997 | Keilhacker et al. | Highest fusion power achieved (16 MW in JET)

[34] (1999)
1997 | JET Team [32] Achievement of breakeven or better outputs (JET and
Ishida et al. [35] JT-60V)

Fujita et al. [36]

1998 | ITER Council [37] | Revised performance specifications for ITER

2004 | Zushi et al. [27] Longest pulse duration of 5 h 16 m in TRIAM-1A

1.2 Motivation, research concept and outline of the thesis

As shown in table 1.2, discovery of H-mode is considered as one of the
milestone events in nuclear fusion research [31, 38]. Experimental observations in
various magnetic confinement fusion devices have revealed that the formation of an
edge transport barrier results in a sudden transition from low confinement mode (L-
mode) to H-mode with great improvement in plasma performance [39]. The
phenomenon is commonly known as L-H transition. Generally, H-mode plasma
operational regime provides plasma performance enhancement including high plasma
temperature and density as well as long energy confinement time [31]. However, H-
mode with high current lasts for only a few seconds in present day tokamaks. This
enhancement is crucial for future nuclear fusion projects, like ITER, that they are
planned to be operated in H-mode [28], with new strategies to maintain H-mode at

high current for a longer time.
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The improvement of plasma density and temperature profiles is mainly caused
by an ETB formation [40], generally known as the pedestal. As the name implied,
ETB is located at the plasma edge. Inside ETB region, the plasma has relatively
strong pressure/density gradients and the transport is greatly reduced. Plasma
performance can further be improved by a formation of an internal transport barrier
within the plasma core [41]. The presence of both ETB and ITB will lead to a high
performance operation mode because significant bootstrap current fraction can be
reached. The bootstrap current is an intrinsic neoclassical toroidal current. It is driven
by the pressure gradient. The current is generated from the particles which are trapped
in the banana orbits, their collisions result in a net current flow in toroidal direction.
Therefore, a successful steady-state tokamak experiment in the future can be realized
with the simultaneous formation of both transport barriers; the operation is called
advanced scenario.

It was experimentally found that an ETB formation is possible when an
injected heat, regardless of heating scheme, exceeds a threshold. Theoretically, full
understanding of L-H transition is still an open question because its underlying
description is still not completed [42]. It is known that the reduction of transport
within transport barrier region is a consequence of suppression of turbulent transport.
The examples of suppression mechanism are such as magnetic shear and flow shear
[43]. Within the barrier, the transport could be decreased to the neoclassical level
implying that anomalous transport is fully suppressed or quenched [44]. The effects of
flow shear and magnetic shear suppression on the transport barriers are subjected to
study in this thesis. The first mechanism is the flow shear which was first proposed to
be the main mechanism for ETB formation because it was found to be able to reduce
the turbulent level by using linear stabilization [45]. A strong correlation between the
flow shear strength and the turbulent fluctuations in tokamak plasma has also been
observed [46]. The second mechanism is the magnetic shear which associates with
magnetic topology in the plasma. It was found that tokamak confinement can be
further improved with transport barrier formation near plasma center where the
magnetic shear is low or negative [39]. Generally, the magnetic shear, via current
control technique, can affect the formation of ITB whereas the flow shear, driven by
both external and intrinsic sources, can affect formations of ETB and ITB.
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Experimentally, it was found that ITB formations were achieved both in L-mode [47]
and H-mode [48] plasmas. Therefore, ITB and ETB formations appear to be
independent of each other. However, there might be some kind of compatibility
between them as discussed by Fukuda et. al. [49] from the analysis in JT-60U. In spite
of that, interactions between the two types of transport barrier are possible and may
play significant role in confinement control.

The aim of this thesis is to utilize theoretical models based on bifurcation
concept in order to study, describe and analyze formation and dynamics of ETB and
ITB, as well as related properties like hysteresis. The previous one-field and two-field
bifurcation models are improved here by providing more realistic anomalous
transports and sources such as thermal and particle. Analytical and numerical
techniques are then used to show criteria for L-H transition, which appear to be very
complex and non-linear, this part can be seen in chapters 3 and 4. Furthermore, a new
stability analysis method is used to analyze the bifurcation models. Important results
are such as the detailed mechanisms during the transition are revealed. Moreover, this
method also illustrates the dynamics of the back H-L transition and conditions in
which it occurs. Those results lead to explanation of hysteresis in tokamak plasma,
which are described in chapters 3 and 5. Mechanics of ETB including the width
expansion are studied in chapter 4 using numerical method. The limitation in this
thesis is the exclusion of instabilities effects such as ELMs, Neoclassical Tearing
Mode (NTM), or sawtooth oscillation. These instabilities can drastically change the
results; for example, an ELM crash can limit the growth of ETB. They are not
included in the current state of the models in order to study the intrinsic properties of
the plasma. The results can be realized when instabilities can be fully controlled, like
ELM-free scenario plasma.

In chapter 6, a new form of transport suppression mechanism, modified by
including both magnetic shear and flow shear effects, is applied to the two-field
bifurcation model. This new model allows study of both ITB and ETB formation and
their widths. The results interestingly show that ITB also has bifurcation properties
but it is governed by the magnetic topology of the plasma as oppose to the heating
power as in the case of ETB. New results also imply that there is a new class of ITB
called weak ITB. Weak ITB was found in the experiments, but its detailed
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characterization has never been done before. The effects of current drive location,
transport strength, and sources on transports barrier formation are analyzed as well. In
chapter 7, toroidal rotation models are developed and installed in an integrated
predictive modeling code BALDUR[50]. This improves the predictive capability of
the code. This physical quantity is one of the important ingredients used in the plasma
research. In the last part, the toroidal rotation models are combined with the
bifurcation models to analyze its role in the plasma behavior. The results show that, at
least on some models, the toroidal rotation plays a role in transport barrier.

1.3 Objectives

1. To study L-H transition and formation of an ITB in tokamak plasma

2. To improve and develop L-H transition model based on bifurcation concept.

3. To develop models and numerical codes in order to explain and study both
ETB and ITB formation based on bifurcation concept

4. To describe and predict formation and dynamic of transport barriers by both
analytical and numerical methods

5. To develop toroidal velocity models and implement into an integrated
predictive modeling code and verify with experiment data

6. To include the developed toroidal velocity models into the bifurcation
picture of tokamak plasma

1.4 Scope of research

1. Developing L-H transition model based on bifurcation concept to predict
formation and dynamic of transport barrier at the edge of tokamak plasma

2. Developing models and numerical codes based on bifurcation concept to
explain both ETB and ITB formation in the plasma

3. Developing toroidal velocity models and implementing them into an
integrated predictive modeling code BALDUR

4. Simulating profiles of existing tokamaks and predicting performance of
ITER using the toroidal velocity models

5. Implementing the toroidal velocity models into bifurcation models and

examining the effects on plasma behavior
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1.5 Research procedure

In summary, the study and research procedure consists of the following steps:
Step 1: Study on fusion plasma, tokamak confinement system, and transport barriers
in tokamak plasma.
Step 2: Study and research on L-H transition model based on bifurcation concept.
Step 3: Improve and develop L-H transition model to explain transport barrier
formation.
Step 4: Develop model to explain both edge and internal transport barriers.
Step 5: Develop numerical codes to study formation and dynamics of transport
barriers based on bifurcation concept
Step 6: Study on and learn how to use BALDUR integrated predictive modeling code,
which is written in FORTRAN.
Step 7: Study and obtain characteristics of each JET discharge run and future ITER,
parameters such as magnetic field, plasma major and minor radius, plasma current,
heating scheme and power, etc. are used as input for simulation program.
Step 8: Implement existing and newly developed toroidal velocity models into
BALDUR code.
Step 9: Perform simulations using BALDUR code.
Step 10: Analyze the results using MATLAB and Microsoft Excel.

Stepl1: Make conclusion, write reports, publish the results, and write thesis.
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Chapter 2

Literature Review

2.1 Transport barriers

A transport barrier is a local narrow region in radial direction with steep radial
temperature or density gradients and transport reduction. There are two types of
transport barriers, depending on barrier location; internal transport barrier and edge
transport barrier. The transport barrier is very important in fusion research because its
formation facilitates a self-organized mechanism of heat and particle loss prevention
from plasma core to the outside region. Thus, central plasma temperature and density
are increased. Consequently, tokamak performance can be improved greatly. The
schematic of how transport barriers can improve central pressure is illustrated in
figure 2.1. The plasma discharge without the presence of transport barrier is
categorized as L-mode (lower line). The upper line represents the plasma with ETB,
where the barrier’s location is shown as shaded box near plasma edge. With ETB
formation, the plasma profiles are improved and the plasma abruptly changes from L-
mode to H-mode (L-H transition). Additionally, the plasma can be improved even
further with transport barrier occurs in its core (ITB). Due to the fact that plasma total
power output is increased when transport barriers are observed, it is essential to

understand the physics of them.
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Figure 2.1: lllustration of pressure, density and temperature profiles as a

function of plasma minor radius, the shaded area indicates region of ETB.

2.1.1 L-H transition and formation of ETB

Historically, a human attempt to harvest nuclear fusion energy as alternative
fuel source started since 1969 when first electron temperature of 1 keV was
successfully achieved in T-3 tokamak at Kurchatov Institute [30]. From then on, the
development in tokamak research has made significant and steady progress with some
obstacles met along the way. For example, scientists found a problem when plasma
heating by generated current (ohmic heating) gets higher, the heating efficiency
actually decreases because the plasma resistivity reduces at high temperature [6]. So,
ohmic heating was insufficient to heat the plasma to a desired range. Later, an
important phenomenon was discovered with the help of additional external heating
schemes (via beam injection or wave). The plasma can make an abrupt transition,
called L-H transition, when sufficient total power was applied to the plasma. The
transition occurs when the plasma confinement mode changes from L-mode to H-
mode. This new mode was discovered in 1982 by the ASDEX team [31], and the
plasma performance was found be increased by a factor of two.

The transition to H-mode is always accompanied by the formation of transport
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barrier at the edge which is called ETB [40]. In this region, the anomalous transport is
quenched so almost only neoclassical transport exists with characteristic such as high
temperature (pressure) or density gradient. Whenever a formation of transport barrier
is taken place, the temperature or density at the plasma center is significantly
increased, resulting in improvement of plasma performance. The plasma performance
can also be further enhanced by formation of ITB [41]. Transport barriers are very
important in fusion research because they improve tokamak performance which
means increasing total power output, for example the highest power produced up to
date by any tokamak experiment was from JET of 16 MW discharge, which was
discharge with ITB existence in H-mode plasma [34].

Even though, at present, the underlined physics of L-H transition is still
unclear, there are many hypotheses based on the concept of a suppression of the
turbulent transport by the flow shear or/and magnetic shear [43]. It is known that the
turbulent transport can be stabilized by flow shear because of the breaking of a
convection cell [45]. In other word, the flow shear in perpendicular direction to that of
the transport via convection cell can distort the cell and even break them apart if the
shear is large enough. Experimental results support that turbulent fluxes can be
reduced or quenched by a sheared flow in the transport barrier region [41, 43].

L-H transition occurs at the onset transport barrier formation at the edge of the
plasma resulting in steep rising of the profiles in that region. Understanding physics
behind this phenomena is very important because the performance of tokamaks is
significantly enhanced if the plasma in those tokamaks can access H-mode
operational regime [31]. Typically, the L-H transition occurs in short timescale [42],
which suggests a bifurcation nature. Experimental results from many tokamaks
indicate that this L-H transition can only occur when sufficient heating power is
deposited into the plasma. This power threshold (Py,) has been empirically derived by
the ASDEX team as:

P, =0.04n,BS,, (2.1)

where n,is the line averaged electron density (10 m®), B is the plasma magnetic

field (T) and Sa is the plasma surface area (m?) [42]. However, to provide confidence

for projection into a large tokamak like ITER scale one needs to develop the threshold
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based on theoretical foundation. Due to the difficulties in understanding of the plasma
transport, one common way fusion physicists prefer is to derive an empirical scaling
using data from several tokamaks operating at various engineering parameters. For
example, the power threshold scaling done by the ITER H-mode database working
group has the relation:

R, =(0.45+0.10)Bn, "R (0.6n,R?) (2.2)

where |a|£0.25[51]. However, the more recent results from JET which used

hydrogen, deuterium and tritium as fuels illustrated that the threshold condition is also

inversely dependent on isotope effect. Hence, the scaling becomes:
Pth . 2.84M 7182.82n;0.58 Rl.OOaO.Sl ’ (23)

where M is hydrogenic mass in amu [52].

Since H-mode transition is a phenomena taking place at plasma edge, local
physical quantity can be of interest. Specifically, physical evidence suggests that a
critical edge electron temperature (Terit) plays a role in determination of the transition

threshold. It has the following scaling:

T

e,crit

~Bn”, (2.4)
with 1/2 <a <2and0 <y < 2/3[42, 53-56]. On the other hand, in one particular work

by the ITER H-mode threshold database working group, experimental data from six
different tokamaks were combined to derive an empirical scaling for edge electron

temperature T, ... [55]. The derived scaling law has the form:
Teyedge - 0.17n;0.l4 BO.98 R0.86q;50.93 ’ (25)

where n, is the electron density, ggs is the edge safety factor q (at normalized minor
radius (r/a) equal to 0.95). This empirical equation is to show that the edge electron
temperature is related to magnetic field and the safety factor. Both parameters are
related to transport barrier formation as will be discussed shortly.

Theoretically, many conceptual approaches and hypothesis have been
proposed to study the L-H transition phenomena. In dimensional analysis approach,
the threshold power is developed using relevant parameters and dimensionless edge
parameters based on empirical approach [57]. In edge power balance approach, the

power threshold is introduced relating to criterion in terms of edge parameters and the
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local power balance [58]. The shear flow paradigm approach relies on the idea that
the sheared radial electric fields plays role in the reduction of the turbulent transport
[59]. The radial electric field approach makes use of a simple calculation of ion
species force balance equation in radial direction. The bifurcation approach is chosen

to be the main focus of this research. It will be described in details later.

2.1.2 Formation of ITB

ITB formation is also important in fusion research because it can further
enhance tokamak performance which means increasing total power output. The
highest power produced by JET of 16 MW [34] was discharge with ITB existence. In
ITB region, the transport coefficients were found to be reduced to neoclassical level
[60]. Usually, the radial location of ITB is found in the range between r/a = 0.2 to r/a
=0.8.

The specific ITB location can vary with time depending on the unclear
mechanics of its evolution. Though, it is found that most of the time it moves outward
as heating is increased and inward as heating is decreased. ITB can be observed in all
transport channels, either individual or simultaneous, which are ion and electron heat
transport, electron transport, and momentum (ion) transport channels. Sometimes it
can only be observed in one or two channels but sometimes all channels exhibit ITB
formation like on JET [61], DIII-D [62-63], and JT-60U [64]. The reason for these
behaviors is not fully understood yet. Though, it appears to relate with heating
schemes because each heating configuration can affect electron and ion particles
differently.

Historically, a few years after 1990 an improved confinement mode, with ITB
formation, over the standard H-mode were discovered in various tokamak
experiments such as JET [32], TFTR [65], DIII-D [66], and JT-60U [67]. After that,
ITB (including ETB) can be achieved widely in many tokamaks with various
controlling methods including NBI heating, ICRH heating, ECRH heating, Lower
Hybrid Current Drive (LHCD), and momentum and mass injection etc. This implies
that there may be several mechanisms that affect the dynamics of transport barriers.
Even though, the physics of ITB formation has not yet been clearly understood, it is
believed that the suppression of anomalous transport near plasma center is governed
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by magnetic shear s and flow shear wgs [68-69]. Moreover, integer and rational
values of the safety factor are also evidently found to be related to ITB formation and
its sustainment.

Quantitatively, a condition for determination of ITB formation has been
derived by Tresset et al. [70-71]. The authors assumed that the magnetic shear
stabilization remains constant throughout the plasma and that the ExB shearing rate is
driven by the pressure gradient. As a result, an ITB is formed if the following
condition is satisfied:

c_p_Am AT AT (2.6)

PPTL T e B, Tar P
where p; is the normalized Larmor radius, p, is the Larmor radius, L, is the
gradient scale length, m; is the ion mass, Te is the electron temperature, T; is the ion
temperature, and p, is an ITB normalized Larmor radius threshold determined from

experimental data. This threshold is statistically computed by Tresset et al. from many
JET experiments with ITB to be:

Prs =1.4x1072. (2.7)

2.1.3 Causes of transport barriers
It is widely believed that the radial velocity shear v; is the main effect that
causes ETB. Whereas for ITB, there are three main effects that are believed play role

in its formation: flow velocity shearing rate w,;, magnetic shear s, and safety factor

a.

2.1.3.1 Radial velocity shear
Currently, the effect of velocity shear is the leading candidate of formation
explanation for both ETB and ITB. When the magnetic field is perpendicular to the
electric field, ExB drift velocity can be generated in the direction perpendicular to
both fields. This velocity varies radially in tokamak’s cross-section causing the shear

in velocity flow. This results in de-correlation of the convective cell, hence reduction
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of transport, which is the main effect for transport barrier formation. In modeling of

ETB, the radial E x B velocity is in the form:
Er
VE = CE, (28)

where E, is radial electric field, which can be calculated according to the force
balance between pressure gradient and Lorentz forces:

1 op,

=———-v,B +Vv,B,, 2.9

TN . Nf 29)

where Z is the ion charge number, e is the elementary charge, n; is the ion density for

each ion species, % is the pressure gradient and v, and v, are the poloidal and
r

toroidal velocities, respectively. The velocity shear is the derivative of this term in

radial direction:

., _.E
Vg =CE. (2.10)

This term is used to suppress the turbulent or anomalous transport for ETB formation.

In ITB explanation, usually the shearing rate @, term is used. It is calculated
according to Hahm-Burrell model [72-74]:

[RB, O(E, /RB,)

X T (2.11)

The theoretical explanation is that the turbulent eddies can be stabilized by the
sheared w ; velocities [43]. The sheared flow causes a de-correlation in the dominant
turbulent modes, resulting in transport reduction [45]. It was found that the turbulence
level is greatly decreased when wegys exceeds the maximum linear growth rate y,,
[75]:

O > Vin - (2.12)
Experimentally, there exist some evidences from JET [48], DIII-D [43, 76], and

max
in

TFTR [77-78] that, prior to ITB formation, the magnitude of weyg is similar to y,

while during ITB formation it is noticeably larger. However, it remains to be
answered whether the turbulence quenching due to shearing rate or the transport

reduction due to other mechanism takes place first. It is rather complicated because
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both wexg and y; are proportional to the temperature gradient with mgyg increases
faster. So it is quite natural that after ITB formation (high temperature gradient) the

oexg Will surpass ;™ .

2.1.3.2 Magnetic shear
Magnetic shear (s) is also believed to play role in turbulence stabilization at
plasma edge and core, resulting in ETB and ITB formations, respectively [43]. It is
found experimentally that ITB formation and its sustainment are influenced by either

small or reversed (negative) magnetic shear. It can be calculated as follows:

Yy (2.13)
g dr

which implies that the magnetic shear is related to the radial derivative of the g-
profile. Usually, the g-profile in tokamak has monotonic shape (left panel of figure
2.2). However, in ITB formation discharge, it has non-monotonic shape which means
the magnetic shear has reversed its sign (right panel of figure 2.2) [60]. The g-profile
is defined as how many times the field line rotates in toroidal direction divided by
how many times the field line rotates in poloidal direction when the total field line is
back to its starting position.
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Figure 2.2: llustration of current density and safety factor profiles for center
peak (left) and off-center peak (right) currents.

This special non-monotonic g-profile is associated with the position of current
profile peaking as shown in figure 2.2. This can be done experimentally by two ways.

One way is by ramping down the plasma current [79-81]. Another way is by enlarging
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the plasma cross section elongation [82]. Both changes must be transiently carried out
in order to obtain a current profile deviation from its equilibrium distribution. In order
to obtain a negative or small magnetic shear, an elaborate preparation phase must be
prepared to reach appropriate target g-profile. In some tokamaks, LHCD or ICRH is
used in the preheating phase together with a fast current ramp-up. In some other
tokamaks, ECRH and NBI preheating are applied to achieve the desirable profile [83-
85]. These external heating induce an off-center peaking of the current profile which
alters the poloidal magnetic field. According to equation (2.13), the g-profile can be
shaped appropriately this way. ITBs are reported only in experiments with negative,
low or reversed magnetic shear [32, 35, 65-67, 86-91]. Typically, the growth rate
decreases in the radial zone with reversed magnetic shear profile resulting in
reduction of turbulent transport, which again may be associated with disruption of
convection cells.

There are still debates of whether magnetic shear alone can trigger ITB
formation or it merely facilitates other mechanism. Tala and Garbet [92] proposed a
relationship between wess and s. They investigated experimental data from thirteen
ITB discharges in H-mode and three ITB discharges in L-mode from JET tokamak. It

was found empirically that ITB can be formed if the following condition is met:

s—1.47282 _014<0, (2.14)

where, 7, is the ion temperature gradient (ITG) mode dominant linear growth rate.

ITB is collapsed otherwise. This relationship implies that both wgg and s play
important roles in ITB formation and the ITG turbulence is the dominant instability

mode.

2.1.3.3 Safety factor
The g-profile is called “safety factor” because it is related to plasma
instability, the higher q value the more instability. Evidently, it is found that integer
and rational surfaces of the g-profile is associated with triggering and mechanics of
ITB on JET [93], JT-60U [67], and DIII-D [76]. In most of ITB JET discharges, ITB
appears to form near q = 2 surface in the core region and to follow it outwardly.

However, in recent study of 40 Tore Supra discharges [94], it was found that
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formation of ITB is also strongly connected to low order rational surface of the g-
profile at plasma center (go), mostly equal to 2 or 3/2. It also concluded that the
position of qmin or minimum safety factor was not related to position of ITB. Many
believe that g surface is indirectly related to ITB formation while the we«g shearing

rate is the actual turbulence suppression.
Bifurcation Diagram

L-branch
- Unstable branch

Y

Qi [N e
6 *—— H-branch

QH ->L

e

H->LBack Transition

Neoclassical Regime
95H Gh-L g

Figure 2.3: lllustration of bifurcation diagram.

2.2 Bistable s-curve bifurcation model

Bifurcation behavior in physical quantities, such as magnetization in
ferromagnet and radial electric field, heat flux (Q) and particle flux (/) in fusion
plasma, can exist when the governing equation yields multi-solutions with respect to
independent variable (induced magnetic field or pressure and density gradients). The
multiplicity of solutions indicates bifurcation nature of the system. Moreover, the
bifurcation can occur at any first-order phase transition. Figure 2.3 shows sample of
bifurcation diagram when there exist multi-valued solutions. In this figure, Q. and
Qn_L represents heat flux at the onset of L-H transition and H-L back transition,
respectively, while g, and gn_ represent their respective pressure gradients. The
bifurcation nature can also be categorized as hard and soft bifurcations [95], which are
classified as “first order phase transition’. There are other types where gradients of the
solutions change while the solutions themselves are monotonic. These are called

‘second order phase transition’. Usually these bifurcation diagrams are presented as
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dependent variables like density or pressure gradients versus independent variables
like particle or heat fluxes, respectively.

This bifurcation concept studied in this thesis is mainly based on analytical
work by Malkov and Diamond [96]. The so-called bistable s-curve bifurcation model
considers each mode (L and H modes) like a phase of plasma state so L-H transition
resembles to a phase transition. Additionally, variation of system state like pressure or
density gradients as a function of the independent variables such as heat or particle
fluxes, respectively, can be represented on a graph like in figure 2.3. The graph
exhibiting bifurcation nature has an s-curve line with two stable branches
corresponding to the L and H modes. The two branches are connected by an unstable
branch covering transition region. Historically, the report by Hinton developed the
model using thermal conductivity model approach [97]. It used general analysis by
Biglari [45] that the sheared poloidal rotation suppress the turbulent transport. In this
study, the model is done using one-field approach. Later in the year 1992, Hinton and
Staebler studied the model using two-field approach. The velocity shear is in the form
as shown in equation (2.10), by reducing the equation into one dimension or radial

direction the velocity shear can be expressed using force balance equation (2.9) as:

co( 1 op
Vo=——| ——"_vB +Vv B |. 2.15
y Bé?r(Zeni o ""9] (15)
Since the first term is dominant, the derivation becomes
pocofLam) (2.16)
Borlen or

Note that the value of Z is included in e from now on. In 2008, Malkov and Diamond
[96] studied this model using analytical approach in one dimension using slab
geometry assumption.

In their model, the particle and heat transport equations, respectively, are of

the form:
N _Olp, 2 |5y, (2.17)
ot ox| 1+avy |0OX
o_2af xn|op
d_o . P _Hx), 2.18
ot ox _ZO 1+av'E2}8x ) (2.18)
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where particle and thermal neoclassical transport coefficients (Do and o,
respectively) and particle and thermal anomalous transport coefficients (D; and i,
respectively) represent the total transport of the system, n represents plasma density, p
represents plasma pressure, S is the particle source, H is the heat source, and a is a
constant representing the strength of the suppression term. They also use

v 1%%[%)82—3)' (2.19)
The curvature of the pressure term is neglected for simplicity of their analysis. During
stationary state, the time dependent terms in equations (2.17) and (2.18) vanish. The

stationary condition can be shown as:

i D, |on %
D, + L _|—=|S(X)dx' =T_(x), 2.20
: 1+av§}ax [ =r.09 (2:20)
i Zl ap h ! ’
+—2 | == HX)dX =Q.(x), 2.21
Zo 1+0N,E2}6X ! (x') Q. (x) (2.21)

where s and Qs are the source particle and heat fluxes, respectively. The results show
bistable bifurcation behavior similar to the one show in figure 2.3 when plotting
heat/particle fluxes as a function of pressure/density gradients. This model is open to
expanding study, especially if using numerical approach. So it allows the possibilities
to include more physics such as the nature profiles of heat and particle sources, or the
neglected term in equation (2.19). More importantly, the dynamic of transport barrier
can be studied as well.

2.3 Integrated predictive modeling code

Many integrated predictive modeling codes have been developed to carry out
simulations for predicting tokamak’s performance, i.e. spatio-temporal profiles of
plasma density and temperature. One of the objectives of these codes is to investigate
and study the physical processes in tokamak plasma. Generally, each simulation
requires input data or engineering parameters such as plasma geometry, heating
power, magnetic field, plasma current, plasma density, and etc., and self-consistently
computes plasma profiles. Example of these codes are such as ASTRA [98],
BALDUR [50], CORSICA [99], CRONOS [100-101], JETTO [102], ONETWO
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[103], TSC [104], and XPTOR [105]. In this thesis, BALDUR is chosen as a choice
of modeling code because of its availability and flexibility for installation of new
models.

The 1.5D BALDUR integrated predictive modeling code [50] is a time-
dependent transport modeling code, used to compute many physical quantities in
tokamaks. It assumes that the plasma has equilibrium on the flux surface so there are
symmetries in toroidal and poloidal directions. Hence, the code solves the plasma
transport only in radial direction and extends the results over the flux surface where
the cross section is defined by the triangularity and elongation. That is why it is
considered one and a half dimensional code. The code computes the plasma profiles
such as spatio-temporal evolution of electron density, ion and electron temperatures.
It can also be used to compute heat and particle sources (NBI), sinks, (impurity
radiation), fusion reactions, MHD equilibrium, and physical quantities like impurity

and hydrogen densities, magnetic q and other gas densities [106].

Core
Jransport

Toroidal
Velocity

Integrated
Modeling

Framework

Pellet
Injection

Figure 2.4: Schematic structure of integrated predictive modeling code.

BALDUR code self-consistently computes the plasma profiles using a

combination of many physical processes together in form of modules. Example of
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BALDUR modules are plasma transport, plasma heating, particle flux, boundary
conditions, instability models, sawtooth oscillations modules, and etc. All modules are
linked together by central framework as shown in figure 2.4. It is accepted widely that
results from BALDUR are in agreements with experimental data to about 10%
relative root mean square deviation (RMSD) [107-108].

2.3.1 Description of BALDUR
In tokamak system, plasmas can be described using diffusion processes.
BALDUR essentially evolves plasma profiles according to the diffusion equations.
These diffusion equations are derived based on the Fick’s laws [109], in which the
first and second laws can be expressed as
J=-DVO, (2.22)
éLﬁ:DV%D, (2.23)
ot
where @ (m?®) is the concentration of interested quantity, J (m?s™') is the
corresponding diffusion flux and D (m?™) is the diffusion coefficient. Combining
these two equations, one obtains a simple diffusion equation as:
o _
ot

In a simple fashion, one can imagine the diffusion equation as a conservative law of

V.7, (2.24)

plasma parameter. BALDUR solves three different diffusion equations with
assumption that the only dependency on space is on radial direction. This assumption
is valid because the plasma appears to be symmetric in toroidal and poloidal direction
over the magnetic flux surface. In addition, it allows source or sink terms to be
included [50]. The first equation represents the conservation of mass for of each
plasma species

M _ 190r,)ss
ot ror

where n, represents number density of corresponding species (1 for deuterium, 2 for

a=121h, (2.25)

a’

tritium, | and h for impurities defined by users), I is the particle flux and S, is the

particle source. The second equation explains conservation of energy in the plasma
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ok _ 10
ot ror

where E; is the energy density, g; is energy flux and Q; is energy sources. The

(ra;)+Q;, (2.26)

subscript j represents each species in the plasma, both ions and electron. The last

equation represents magnetic diffusion (in Gaussian unit):

%:ii{ﬂ a(ng)}C % (M), (2.27)

ot A4zrorlr or ar

where, # is plasma parallel resistivity, Jpeam IS the net current density driven by
external source which acts as the source of magnetic diffusion equation. More details
of how BALDUR determine particle as well as energy fluxes and sources can be

found in the work of Singer et al. [50].

2.3.1.1 Boundary conditions
The boundary conditions at plasma center of equations 2.25, 2.26, and 2.27 are
& _Zig,-0. (2.28)
For outer boundary condition, BALDUR allows many options to be used including
using density and temperature pedestal values as boundary conditions as explain later
in pedestal theory section. The calculation of B, at the outer boundary can be done by

specifying Iy, By, or voltage at the surface.

2.3.1.2 Initial conditions
BALDUR allows three options for setting initial conditions for densities and
temperatures. Firstly, they can be input by users in array format. Secondly, specific
form built-in profiles can be used. Lastly, the densities can also be given as fraction of
initial total ion density. The initial condition for B, can be calculated from an initial

toroidal current profile or as a function of electron temperature.
2.3.1.3 Description of physics used in BALDUR

» The anomalous diffusivities represent contribution from anomalous transport

which is the transport caused by turbulence. These diffusivities can be
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calculated from empirical transport models, theories of turbulence transport, or
semi-empirical transport models.

Toroidal velocity model used in transport modeling, this is needed because
BALDUR does not directly solve the toroidal momentum conservation.
Toroidal field ripple, influencing only on ion thermal diffusitivity, consists of
three contributions; banana-drift, ripple-plateau and ripple-trapping.
Neoclassical transport which is based on collisional transport.

Ware pinches effect which explains inward particle transport due to toroidal
electric field.

Resistivity for calculation of ohmic heating.

Sources and sinks of particle and energy including neutral hydrogen isotopes,
NBI, fast-ion thermalization, thermonuclear fusion power (DT and catalyzed
DD fusion reactions), radiative losses, scrape-off losses, auxiliary heating,
ECRH, Ohmic heating, collisional energy interchange, cold helium source,
pellet fueling, recombination, and neutral impurity influxes.

Numerical values for densities and temperatures are preset in scrape off layer
to avoid numerical overflows.

Compression model for calculations of adiabatic compression.

2.3.2 BALDUR transport modules
2.3.2.1 Mixed Bohm/gyro-Bohm module
The turbulent transport, including ITB formation and its dynamics, are

modeled through a semi-empirical transport model called mixed Bohm/gyro-Bohm

(Mixed B/gB) [110]. Initially, the Bohm transport was developed to describe local

transport based on Bohm scaling. This means the diffusivities are proportional to the

multiplication of the thermal velocity and plasma gyro radius. These transport

diffusivities are dependent on several plasma parameters, i.e. q and profile shapes. So

in the regular simulations, all parameters are fixed while the gyro radius is varied in

radial direction. The Bohm transport used in this thesis was at first derived for

electron transport for the JET tokamak [111]. Then, it was modified by adding the

gyro-Bohm term in order to additionally explain ion transport [112] and to simulate

results for both larger and smaller size tokamaks [113]. Gyro-Bohm scaling
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essentially means the diffusivities are proportional to the multiplication of the thermal
velocity and the square of the gyro radius divided by the major radius [106].
Typically, the Bohm contribution dominates over the majority of most plasma
scenarios. On the other hand, the gyro-Bohm contribution governs mainly near
plasma center and in small tokamaks with small magnetic field and low heating

power.

(2) Bohm term
The Bohm term is derived using dimensional analysis approach with the diffusivity in

the plasma written as:

2= 2F (X, %5, Xg0000) (2.29)
where y, is the basic transport coefficient and F represents an arbitrary function which
depends on plasma dimensionless parameters (X1, Xz, X3, ...). For Bohm diffusivity the
X, IS chosen as:

cT
=[ire 2.30
Xo eB. ( )

where c is the appropriate constant. The function F is chosen according to the

diffusivity criteria as:

WAL (2.31)

* P
Ly =—1=—- 2.32
pe R '|Vpe ( )

So the diffusitivity of Bohm term can be written as:
v(nT,)
n,B,

with the constant « to be determined empirically. However, evidence from JET

s =a°R q°, (2.33)

suggest that the Bohm term in equation (2.33) should also depend on temperature
gradient near plasma edge [69]. Consequently, Bohm scaling has final form as

follows:
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(b) Gyro-Bohm term

The Gyro-Bohm is developed similarly using empirical approach. In this

scaling the function F is chosen as

Yo,

F = 1 2.35
) (2.35)

. CJyMT

p =——, (2.36)
RZ,eB;

where M; is ion atomic mass and Z; is ion charge. Substituting these two equations

into (2.29), the Gyro-Bohm term can be written as

v(T.)
B2

X =5x10°T, : (2.37)

(c) Mixed Bohm/Gyro-Bohm model
In this model, the ion and electron diffusivities are calculated as linear combinations
of Gyro-Bohm and Bohm transport coefficients [110]:
% =05y, +4.0z,, (2.38)
Xe =10y, +2.0,. (2.39)
In the simulations, the particle diffusitivity (Dy) and the impurity diffusitivity (D) are

assumed to be the same. They can be calculated as follows

D, =D, =(0.3+0.7£)%. (2.40)

Empirically, the ITB effect is included into the Bohm-term as a cut-off or step

function of shearing rate and magnetic shear relation as shown in equation (2.14):

Lo = Za, x®[5—1.47%—0.14]. (2.41)
ITG

The y,;, can be calculated as
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Vth

- (2.42)

Yime =

where vy, is the electron thermal velocity. Note that, this version of mixed B/gB model
does not take effect of the impurity transport. Therefore, the impurity transport is
assumed to be the same as the particle transport throughout this thesis.

2.3.2.2 NCLASS module

In the simulation, the code that is used to simulate neoclassical transport is
called NCLASS module, the details can be seen in Ref. [114]. In short, the module
can calculate the collisional transport in the plasma, where the non-uniformity of
electric and magnetic fields leads to particles drift. It allows the flexibility in
calculating the results using different values of plasma collisionality, tokamak
geometry and aspect ratio. It is also possible to compute for multi-species plasma
within axisymmetric assumption. It is designed to be called from a transport code that
provides the plasma temperature and density profiles as well as a number of flux
surface averaged geometric quantities. In summary, the module can compute and
yield several outputs to be used by the transport solver. For example, poloidal velocity
is one of the outputs and it is needed for calculation of the radial electric field.
Obviously, NCLASS computes most of neoclassical related transport like ion heat
transport, main ions and impurity transport. It can also calculate other plasma

characteristics such as parallel electrical resistivity and bootstrap current.
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Figure 2.5: Plot of temperature profile near the edge of H-mode plasma.
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2.3.2.3 Pedestal module

The boundary conditions needed for plasma transport solver is set to be at the
pedestal top in the BALDUR code [115]. A simple sketch illustrating pedestal area
can be seen in figure 2.5. In other word, pedestal area is where ETB is observed,
exhibiting high gradient near plasma edge. First of all, the pressure gradient within
pedestal area is more or less constant because normally the pressure profiles are
similar to those of temperature, especially in the pedestal (figure 2.5). The pedestal
temperature (Tpeq) in keV unit can be calculated from the following relations [116]:

pped = (nped,e + nped,i ) kTped L (243)
Prea _|0P (2.44)
A or|

where Npeg (m™®) is the pedestal density which is the same for ion (subscript i) and
electron (subscript €), k is the usual Boltzmann’s constant and A represents the
pedestal width. Using these two equations, the pedestal temperature is in the form:

S

= A
ed
P 2kng, or

. (2.45)

So in order to calculate Tyeq, ONe must first determine pedestal density, pedestal width
and pedestal pressure gradient.

It is known that the pressure gradient in the plasma, especially near the edge,
has a maximum limit. This limitation is caused by a ballooning mode instability
[117]. Hence, there exists a critical normalized pressure gradient:

aC(S,5,K):—2/;°T—F§qZ(%1, (2.46)
where 1o is permeability of free space and Br is vacuum toroidal magnetic field.
Rewriting this relation and substituting the pressure gradient back into equation
(2.89), one obtains

2
pp— 45 (2.47)
2kr]ped 2/uoRq

The pedestal width A is determined using the pedestal width scaling model described

in references [116, 118]. It is based on an assumption that ETB is formed when the

levels of turbulence growth and shearing rate are comparable. As mentioned earlier,
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the shear rate acts as turbulent stabilizing mechanism. The shearing rate is of the

form:

C
Oy %, (2.48)

whereas, the maximum turbulence growth rate is proportional to

(2.49)

ymax . ASSZ p

where ¢; is the ion sound velocity. In essence, the turbulent transport is quenched

when the following relation is satisfied:
Ocp 2 Vo - (2.50)
Substituting this approximation into equations (2.48) and (2.49), the pedestal width is

AT
A=C,ps’ =C1£4.57x103 %JSZ' (2.51)

where C; is the proportionality constant and Ay is the average hydrogenic mass.

in the form:

Combining equations (2.47) and (2.51), the final form of Tpeq can be calculated as:

2 2
457x10° ; a
T..=C? = (54) (—A'; j e | gt |, (2.52)
4, (1.6022x107) | { q* )\ R* ) npeq

This result is used in BALDUR code to calculate the pedestal temperature

which is the boundary condition for transport model, and to eventually compute
plasma profiles. According to Onjun et. al. [116], the constant C,; was statistically
calculated to be 2.42. The pedestal density (npes) is calculated using empirical
approach [119]. It has the form:

Ny =0.71n,, (2.53)

where ng can be taken from experimental data.

2.3.2.4 Toroidal velocity module
In BALDUR, data for wgss used in equation (2.41) is given to the code. The
code can also use the data taken from experiments. Moreover, wgg can be calculated
from toroidal velocity which can also be taken from experiments. In many cases,

these data are not available; they are also quite difficult to measure experimentally.
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Most importantly, in order for BALDUR to self-consistently predict the future
machine like ITER, it is important that it can calculate wgyg from fundamental physics
quantities such as geometrical data of each tokamak and temperature. Since BALDUR
does not directly compute the toroidal momentum equation, the toroidal velocity
calculation is done through predictive module. There exists toroidal velocity models
both for empirical based model [120-123] and theoretical based model [124]. The first
model relates toroidal velocity to local plasma ion temperature and the latter model is
based on neoclassical toroidal viscosity (NTV) physics. The details of these models

can be seen later in chapter 7.
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Chapter 3

Locality Effects on Bifurcation Paradigm of L-H Transition

3.1 Introduction

As mentioned in the previous chapter that L-H transition phenomenon exhibits
a bifurcation nature of plasmas [96]. Other quantities can also exhibit this behavior
such as plasma temperatures and densities, toroidal rotation and radial electric field
[44]. The transition can be visually captured using an s-curve bifurcation diagram
similar to that in the work of Malkov et. al. [96] where a graph of flux versus gradient
has a non-monotonic behavior resulting in bifurcation regime within a certain range of
heating. Figure 2.3 shows similar curve with addition of neoclassical regime, which
will be explained in later section. The figure captures qualitatively possible regimes in
the plasma. At low heat flux, the plasma is dominated by the neoclassical transport,
named a “neoclassical regime”. As heat flux is increased, the anomalous effect
gradually takes over the transport. Once the heat flux surpasses a critical threshold,
the plasma makes a transition to H-mode where anomalous transport is quenched in
the barrier region. In the intermediate range, there exists a bifurcation regime where
three equilibria are possible, two stable and one unstable. Previous works on bistable
s-curve bifurcation models discussed on various characteristics of the models, which
result in better understanding of the qualitative aspects as well as gaining considerable
insight into L-H transition physics [96-97, 125-129]. The bifurcation model was
introduced to explain particle and energy confinement in tokamaks [125]. The work
by Lebedev and Diamond used a simple one-field bifurcation model to study
spatiotemporal behavior of the plasma and found hysteresis behavior [127]. Malkov
and Diamond later applied this concept to analyze the coupled heat and particle
transport equations simultaneously and showed that with inclusion of the hyper-
diffusion effect, the transition follows Maxwell’s rule [96]. The two-field bifurcation
model was then used by Chatthong et al. to numerically investigate pedestal width
and its dynamics with [130] and without toroidal rotation effect included [131].
Recently, the model includes heat and momentum density transports to analytically

study the impact of external torque on formation of the internal transport barrier (ITB)
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[128]. Different approaches can also be taken, for example, in the report of Weymiens
et. al. [129], bifurcation theory is used to explain the transition as well as the dithering

H-mode.

3.2 Bifurcation concepts and transition points

Previously, authors of reference [125] used the Fourier transform method to
identify the stability of each branch in bifurcation diagram. However, the mechanism
during transition was not quite clearly explained. The attempt in this section takes
different point of view, in which can be easily understood. In fact, not only the
existence of three equilibrium branches within bifurcation regime is thoroughly
illustrated, but the location of transitions and dynamics during transitions can be also
explained.

This particular work focuses on a one-field transport equation, which assumes
that heat and particle transport equations are completely independent from each other.
This approach has showed that many important qualitative features of the L-H
transition can be analyzed like those discussed in the report of Lebedev et. al. [127].
A version of heat transport equation, in slab geometry, representing the conservation

of energy is of the form:

atp—aﬂlneﬁ Xano }@pJ:H(X), (3.1)

1+avy

where yneo and yano represent the neoclassical and anomalous transports, respectively,
and g is the mode of the suppression relating to how the turbulent convective cells are

distorted by the flow shearvg, which is always positive in this work. This form of

transport equation is improved from that discussed in the work of Malkov et. al. [96].
It was found that the confinement improvement of H-mode is a result of transport
reduction in the anomalous channel, reducing transport to a neoclassical level [44].

The time variation of the pressure can be written as:

o, p=H(X)=8,| .., +—22 g, (3.2)
1+ag”

where g =-0,p (always positive) and the flow shear is assumed to be driven by the

pressure gradient. Equation (3.2) can be integrated with respect to x as follows:
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with
W= J' pdx’, (3.4)
0

equals to the energy content per surface area. Thus, W=0,w represents the energy

density flow of plasma within the flux surface. As a result, equation (3.3) can be
written as:

W (x) = Q(X){ﬂcneo +1+5W} g(x). (3.5)
where Q(x) is the heat flux given to the plasma. This is an integro-differential partial
differential equation. Evidently, this equation shows that only the heat flux, as an
independent variable, determines possibility of L-H transition.

Physically, equation (3.5) can be treated as the time variation of the energy
density, which is a function of both pressure gradient and heat flux. It is plotted in
figure 3.1 with each panel representing a graph of Wversus g at different values of Q,
which is a function of x. Note that the constants are arbitrarily chosen in this figure as
well as in later figures, only the qualitative information will be of importance.
Treating a local point along the graph as an initial point, as time goes on, three
different scenarios can happen. If the point lies within regions wherew >0, the
plasma energy increases with time resulting in increase of pressure gradient (arrow to
the right). On the other hand, if the point lies within regions where W < 0, the pressure
gradient decreases because the plasma energy decreases with time (arrow to the left).
Lastly, when the point lies whereww=0, the pressure gradient does not change
because the point is in equilibrium; such points are called fixed points. At a low value
of Q (panel a), there exists only one stable fixed point. If Q reaches the first critical
value Q:"it (panel b), an additional half-stable fixed point is created. At higher Q
(panel c), there are three fixed points: two stable and one unstable fixed points. If Q
reaches the second critical value Q,"i: (panel d), the two fixed points on the left are
combined and become a single half-stable point. If Q exceeds andcrit (panel e), the

half-stable point is destroyed and there remains one stable point at a relatively high
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pressure gradient.
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Figure 3.1: Fixed points for each value of heat flux and their stabilities: solid dot

for stable, open dot for unstable and semi-open dot for half-stable fixed points.

The graphical interpretation can be used to describe the dynamics of a local
pressure gradient. The foundation of L-H and H-L transitions can be understood using
a stability analysis approach from time evolution of the plasma profiles. One can
imagine the heat flux Q as an independent variable which can be increased or
decreased. Accordingly, the qualitative structure of the plasma system can potentially

be changed as Q is varied. In particular, the fixed points can be destroyed or created,
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or their stability can also change. The critical assumption used is that the plasma the
change of Q is slow enough for the plasma to relax. Figure 3.2 illustrates the
dynamics near bifurcation regime and identifies the transition points. In this figure,
the equilibrium fixed points (both stable and unstable) as a function of heat flux are
showed. They form a traditional bifurcation diagram. Essentially, the pressure
gradient depends non-monotonically on the heat flux. The two stable branches of the
s-curve stand for low (L-branch) and high (H-branch) pressure gradients, while the
other branch is physically irrelevant because it would correspond to unstable
equilibrium. Based on the fixed points analysis described above, as Q is increased
from zero, the plasma remains on L-branch in the bifurcation regime and jumps to H-
branch when Q is greater than the second critical flux. On the other hand, when Q is
decreased from high value, the plasma remains on H-branch in the bifurcation regime
until Q is below the first critical flux. In fact, Q"% = Qc_+ and Qi = QnL. In
addition, the heat flux at H-L transition is found to be lower than that of L-H

transition, implying hysteresis phenomenon.

40 , : — @
L=>H
3496t @~ : — _). i 4
R
20,@ 10 20 30 40
g

Figure 3.2: Bifurcation diagram constructed from fixed points illustrating 2

stable branches and 1 unstable branch with L-H and H-L transitions.
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3.3 Locality effects on L-H transition and hysteresis

This part emphasizes on the locality effects on this bifurcation description of
L-H transition. In the previous works of Malkov et. al. [96], the neoclassical and
anomalous transports were assumed to be constant. Those assumptions made the
simplification suitable for analytical study, but they are not physically preferable. In
this section, localities of plasma transports are implemented into this bifurcation

picture of L-H transition. The changes and improvements are discussed.

3.3.1 Transition criteria
The bifurcation diagram shown in figure 2.2 can be used to explain L-H
transition only with non-monotonic behavior of the flux versus gradient curve.
Namely, it is required that local maximum and minimum must exist to represent
bifurcation regime. This requirement leads to a criterion that the ratio of anomalous
over neoclassical transport coefficients has to be greater than a certain value. The
criterion for constant transport coefficients was discussed in the work of [96] to be
either 8 or 16/9 depending on the strength of shear suppression. This is a
mathematical implication of the model. However it has a physical agreement where it
is known that anomalous transport is one (for ion) or two (for electron) order of
magnitude higher than neoclassical transport. Thus, the discussion on this work is
based on the plasma that behaves accordingly. In other words, L-H transition is
always possible for the plasma with relatively high anomalous transport. Therefore, if
a sufficient heat flux is provided to the system, the plasma will bifurcate to H-mode.
The ratio lower than the criterion implies that the stabilization is insufficient for such
a transition, which means that the plasma remains in L-mode because of no
discontinuity of the gradient profile. Experimentally, if this kind of low anomalous
transport can be achieved then the suppression is not even necessary and the plasma

can reach high performance L-mode.

This section shows that the similar but more complicated criteria for the
transition retain with more realistic models of anomalous transport used. Three
different models for describing anomalous transport yano, Which is the dominant term
in fusion plasma as opposed to the neoclassical term y;.0, are considered. Being much

weaker, yneo 1S assumed to be just a constant. For the first model, the anomalous
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transport is assumed to be just constant, which is similar to those previous works of
[96, 125]:

Xano = C1 . (36)
For the second model, the anomalous transport is assumed to be driven by the local

pressure gradient:

m

: (3.7)

similar to what explored in the work of [97] with additional parameter m representing

Hano = €20

the mode of the drive. The third model is a critical gradient model in which there
exists a critical point which turns on the anomalous transport [132-133]:

aro =C5(9-0.)0(9-9.). (3.8)
where g is a critical gradient point, 6 represents a Heaviside step function and c;
represent proportional constants. Based on these three models, the generalized form of

heat transport equation at steady state, i.e., for the fixed points of equation (3.5), is as

follows:

Zneog g <gc
Q: C -0, 3 k (39)
lilneo+M:|g ngQC

A plot of Q versus g from this equation is illustrated in figure 2.2, the neoclassical
regime represent the range where anomalous transport is minuscule. First of all,
equation (3.9) implies that #>m+1 in order for the plot to be non-monotonic. This
algebraic constraint is a limitation in which this model is applicable. Physically, this
means the mode of the suppression has to be greater than the mode of anomalous

transport. Algebraically, forg > g., the locations (g*) of the local maximum and

minimum exist where s Q =0, giving relation:
(1+ag* )2 +A(1+a(1-8)g*)(9*-9,)" +Am(1+ag* )g*(g*-g,)" =0 (3.10)
where 1 =c¢/y,,, . This can be rewritten to the form:

(1+ ag™*” )2

(31
(a((ﬁ—(m +1))g*—(ﬁ—1)gc)g*ﬁ —(m +1)g*+gc)(g*—gc)m7

A=
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This function 2(g*)has a notable feature in which, for g*>0, there exist a single local
minimum value. This minimum value can be calculated simply fromo 4=0. For

existence of non-monotonic curve in Q versus g space, it is required that A has to be

greater than this minimum value. The first model with m=0 and g, = 0 yields that:

Ay > Ay s . (3.12)
(1-5)
which agrees with what found in the work of [96] with £ equals to 2 and 4. The

second model with g, = 0 yields that:

LsA. =fa?, (3.13)
where
e (f,+pf, )% E(f;j;z:;)fz )fl (+2;f)j) ~2f,(m+1)] | e
f,= f,(8m) =4+ B(2m+1)-2m(m-+1), (3.15)
= 1,(8.m) =7+ 2p(2m+1)—dm(m+1)+1" (3.16)
f,= fa(ﬂym)—(ﬂmJ)(ﬂ(m”))' (3.17)

It is analytically not possible to find the criteria for the third model (m = 1) because of
the odd terms in equation (3.11). However, a numerical method can be applied to
show that there indeed exists a critical value like the previous two models. Before
showing the numerical results, it is worth noting here that equation (3.11) with m=1
can be rewritten as:

(1+ ag*’ )2

2 +29*—a(f-2)g*"

l1-a(B-1)g*

Apparently, the graph of g, versus g* has a local maximum within the applicable

(3.18)

9. =

region. This limitation is shown as example in figure 3.3 where the non-monotonic
behaviour of the bifurcation diagram vanishes if g. reaches its threshold value gc .
Physically, g. represents critical gradient value where the anomalous transport is
turned on. Therefore, if this critical gradient is too high, then the anomalous transport
will be too small relative to the neoclassical transport. Consequently, the system

enters the ineffective stabilization regime or the high performance L-mode with no
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possibility of L-H transition. Figure 3.4 (top panels) also shows that as the critical
gradient value is higher, the heat flux required for the transition is reduced but the
gradient value at the transition is increased. This makes sense because, when the
anomalous transport is reduced, it should be easier to reach the heat flux requirement
(Qu_n). Furthermore, the bottom panels of this figure shows that the threshold of
critical pressure gradient gcu IS increased if either the anomalous transport is
increased or the neoclassical transport is decreased. In summary, this analysis shows
the existence of a critical ratio of anomalous to neoclassical transport coefficients
above which the L-H transition becomes a bifurcation. This critical ratio is dependent

on variables m, £, the suppression constant o, as well as the critical gradient g.
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Figure 3.3: Bifurcation diagram at different values of critical gradient.

3.3.2 Backward transition and hysteresis properties

It was found that H-mode plasmas can be retained even if heating power is
reduced below L-H transition threshold. This hysteresis characteristic in fusion
plasma has been found in various experiments and the reduction of heating power was
found to be even as high as a factor of two [44, 134]. The bifurcation diagram, figure
2.2, also captures this hysteresis loop behavior. The question of which mode the
plasma resides, depends on the direction of heat ramping. If it is ramped up, the
plasma makes an abrupt jump to H-mode as heat flux exceeds Q. . From H-mode

plasma, if the heat flux is reduced below Qg . it transits back to L-mode. In this

sh
section, analytical study on hysteresis depth is discussed based on this bifurcation
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picture. Definition is given here for hysteresis depth study which consists of the heat
fluxes and pressure gradients at L-H transition (Qr_n, g._n) and back H-L transition
(Qu_L g as well as their differences (AQ, Ag), respectively. This part analyzes
the effects of neoclassical and anomalous transports and parameter m on the hysteresis
depth. This study can be used to further optimize plasma performance versus heating

with respect to H-mode sustainment.
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Figure 3.4: Effects of critical pressure gradient on the pressure gradient (top left)
and threshold flux (top right) at L-H transition and effects of anomalous (bottom
left) and neoclassical (bottom right) transport coefficients on the threshold limit

of the critical pressure gradient.

x©

% neo neo

Figure 3.5: Hysteresis depth as a function of neoclassical transport.

Hysteresis depth as a function of neoclassical transport is illustrated in figure

3.5. First of all, the heat flux reduction ratio (QLéH/ QH9L) is ranged from around 4 to
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1 depending on the values of yneo. AS Yneo IS INCreased, both heat flux thresholds are
increased because more heat is needed to compensate the increment of the transport.
The interesting part here is that the rate of thresholds increase is not the same.
Consequently, it causes AQ to reduce non-linearly to zero or the reduction ratio
becomes unity as neoclassical effect is higher. This is where the plasma reaches
ineffective stabilization regime. Similarly, the difference in pressure gradient Ag is
also reduced with higher neoclassical effect. It can be seen that g, ju is increased
while gy is decreased.

Figure 3.6 shows hysteresis depth as a function of anomalous transport. The
heat flux reduction ratio is ranged from around 1 to 2 as c is higher. As anomalous
effect is increased, Q_n is increased almost linearly whereas Qu_ is also increased
but at lower rate. Both heat flux thresholds are increased because more heat is needed
to compensate the increment of the transport. As a result, AQ is enlarged at a non-
linear rate as the plasma moves away from the ineffective stabilization regime. This
result tells us that at higher value of anomalous transport the hysteresis in heating
becomes more prominent. Similarly, the difference in pressure gradient Ag is also
increased with higher anomalous effect. It can be seen that g, H is decreased while

g _L Is increased.
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Figure 3.6: Hysteresis depth as a function of anomalous transport.

Figure 3.7 shows hysteresis depth as a function of the mode m of pressure
gradient driven anomalous transport for f=4. The heat flux reduction ratio is ranged

from around 2 to 1 as m is higher. As m is increased, both QLéH and QH9L are
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increased, the same trend as effects of ¢ as expected. Both heat flux thresholds are
increased because more heat is needed to compensate the increment of the transport.
AQ is initially increased but its increasing rate is reduced, as the limit m=£+1 is
reached, and is eventually decreased. This is because f starts to take over at the limit.

The behavior is the same in 4g and OH_L while gL _H keeps increasing with m.

55

T 4
M
o 25
1,

90
£ 70
150

¢ 30

Figure 3.7: Hysteresis depth as a function of m.

3.3.3 Stability diagram

Figure 3.8 summarizes the discussions in this work with stability diagram. It
shows the plot of ratio of anomalous over neoclassical effect 1 with the heat flux Q
representing different regimes in the plasma. When the criteria like those in equations
(3.12) and (3.13) are not satisfied L-H transition is not possible and the plasma
remains in the ineffective stabilization regime (L-mode). Above the horizontal line in
the regime where the transition is possible, the mode of the plasma is determined by
the heat flux. So the plasma regimes are separated into four regions: neoclassical, L-
mode, H-mode and the bifurcation regime where the plasma can either be in L-mode
or H-mode. However, the plasma can only exist in one equilibrium state which is
determined from the dynamics of the heat flux variation. If the heat flux is increased
from lower value, then the plasma stays in L-mode in this coexistence regime.
Whereas, if the heat flux is decreased from higher value, the plasma remains in H-
mode until it enters the L-mode regime. At low heat flux, the anomalous transport

becomes intrinsically stabilized so the plasma is in neoclassical regime. Moreover, it
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can be seen that as the ratio is increased the region of bifurcation regime is also
enlarged. It appears that the enlargement is nonlinear which will have significant

implication on the sustainment of H-mode plasma in the high heating regime.
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Figure 3.8: Fixed points for each value of heat flux and its stability.

3.4 Conclusion

An analytical study based on bifurcation and stability of fixed points shows
that at low value of heat flux, the plasma is governed by neoclassical regime and at
higher heat flux the anomalous transport dominates with a range of bifurcation regime
existence. As a result, a sudden increase of local pressure gradient can be achieved,
which exhibits the L-H transition. This transition depends on the direction of heat
ramping, where a backward H-L transition can occur at lower heating power than that
for a forward L-H transition during ramping down phase, implying hysteresis
phenomena. An analytical study of bifurcation shows that two conditions are
necessary for plasma to make an L-H transition. Firstly, the ratio between anomalous
and neoclassical transport coefficients must reach a critical value which is found to be
a function of flow suppression and anomalous forms, in which locality effects on
anomalous transport appear to stringent the requirement. This criterion persists even
with more realistic choices of anomalous transport models. Secondly the source heat
flux injected into the system must be higher than a threshold. The hysteresis depth is
found to be proportional to anomalous transports and inversely proportional to

neoclassical transport and suppression strength except near marginal point.
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Chapter 4
Study of L-H Transition and Pedestal Width Based on 2 Fields

Bifurcation and Fixed Point Concepts

4.1 Introduction

Previously, some research works based on bistable s-curve bifurcation models
[96-97, 125-129] have been developed, which result in understanding of the
qualitative aspects as well as gaining considerable insight into L-H transition physics.
However, the dynamics of the transport barrier with respect to intrinsic property of the
plasma has not been fully understood. In this chapter, two-field bifurcation models are
used to analyze formation of ETB as well as its evolution. Using numerical method to

solve the coupled transport equations, the time evolution results can be illustrated.

4.2 Bifurcation model and fixed points analysis

The focus of this section is to introduce the two-field bifurcation model and
conceptually and visually discuss local stability of a plasma and dynamics of L-H
transition as well as its locations on bifurcation diagram [131]. Simplified version of
heat and particle transport equations, in slab geometry, can be expressed respectively

in the form:
3op O V4 op
. N 20— — H(x,t), 4.1
2 ot ax[lnec’ 1+av'E2}8x (x.1) @0
N _Olp, 4+ P | Mgy, (4.2)
ot ox 1+avy | O

where Dy, represents particle neoclassical transport coefficient, Dy, represents
particle anomalous transport coefficient, and the thermal H and particle S sources are
localized at plasma center and edge, respectively. The main ingredient for the

stabilization of the anomalous transport is the flow shearvg, which accounts for the

known reduction of turbulent transport by sheared radial electric field [45]. It couples
the two transport equations according to the force balance equation as showed in the
work of Malkov et.al. [96]:
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E’ c
V. =C—L=— n', 4.3
5 B eBn? P (43)

Note that the curvature, the toroidal and poloidal rotation contributions are neglected

here. Equations (4.1) and (4.2) can be rewritten as time variation of the pressure and

density as:
op G { Hano }
= —=| Xneo 12 gp
8’[ 6X 1+ aVE (44)
_an = _i|:Dneo Dano,2 :| gn
ot 1%) 1+ O!VE (45)

where g, =-p'andg, =—n'. Integrations of these two equations with respect to x

yield the followings:

W=Q_|:lneo +ﬂ:|gp

1+6{V|'52 (46)
ﬁ:r_|:Dneo+D$oy2:| n
1+aVE (47)

where Q =_[de andl“:J'de are the heat and particle fluxes given to the plasma.

These two equations represent the time variation flow of energy and particle contents
through a flux surface withw=ow/dtandz = on / ot defined as follows:

Ipdx=z P.AX, =Z%Axi =Z%:Zwi =w> (4.8)

Indx:ZniAxi =Z%Axi =Z&=Zni =n> (4.9)
where F; is the total force acting on a flux surface area A; due to the plasma pressure
pi, Wi is the work done by the pressure, w is total work done per surface area or the
energy density of plasma within the flux surface and #nis the particle surface density
of plasma. They are coupled through the shear term of equation (4.3). In a transient
limito=7=0, a simple decoupling technique can be applied as
D, 9 % (6) = Zanod, X (7) resulting in:

1—‘//Jf,/.’:\nogp . (410)
QDano + Dneolanogp ~ Zneo Danog p)

"

This can be substituted in equation (4.6) to decouple the two fields.
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Figure 4.1: Fixed points for each value of heat/particle flux and their stabilities:

solid dot for stable, open dot for unstable, and semi-open dot for half-stable fixed

points.

Analysis from this point on is based on the heat transport equation for L-H
transition. A similar discussion can be carried out for the particle transport equation as
the ASDEX team [38] has shown that there exists both heating power and density
thresholds for L-H transition. Equation (4.6) is similar to that of (3.5), so the

consequences are similar. It is plotted in figure 4.1 with each panel representing a
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graph of v versus g, (or versus 7 versus g, for particle field) at different values of Q
(or D).

Figure 4.2 illustrates where only fixed points are mapped onto fluxes versus
gradients spaces. The fixed point stability is also showed as closed circle for stable
and open circle for unstable points. This is a traditional bifurcation diagram, similar to
those showed in the works of Malkov et. al., Staebler et. al., and Jhang et. al. [96,
127-128], respectively. Evidently, QL n = Q2"crit, QL = Querit, 1Ly = 12" eric and
T, = ™. Even though each of pressure and density fields can have bifurcation
diagram with threshold fluxes for L-H transition and hysteresis loop they interact with
each other. This is illustrated in figure 4.3 which shows three bifurcation curves on Q
versus g, space at different values of particle flux (/1< 1< I73). As particle flux is
increased the suppression strength by the flow shear is also increased. Hence it is

physically relevant that the requirement Q. for the transition is less stringent.
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Figure 4.2: Bifurcation diagram illustrating 2 stable branches and 1 unstable

branch with L-H and H-L transitions.
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P

Figure 4.3: Bifurcation diagram of pressure field at different values of particle

flux.

4.3 Numerical results and discussions

In this section, the two transport equations (4.1) and (4.2) are solved
simultaneously using discretization method for partial differential equation. Heat and
particle sources are localized at plasma center and edge, respectively, and they are
constant in time. The numerical results yield time evolution of plasma profiles i.e.
pressure, density, and their gradients. The neoclassical transport coefficients are
simply set to be constant while the anomalous transport coefficients follows critical
gradient transport model similar to that described by Garbet et. al. [132]:

Xao=C_(P'=P)0(P' = p), (4.11)
D, =¢, (n'=n;)6(n'—n;), (4.12)
where c andc_are constants, p;andn;are the critical gradients for pressure and

density fields, respectively, and 6 represents a Heaviside step function.
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Figure 4.4: Plasma density (top) and pressure (bottom) profiles as a function of

normalized minor radius at times 200 ms apart.
4.3.1 Pedestal dynamics
This section illustrates the pedestal growth in the plasma. The crucial

assumption to be noted here is that the pedestal is allowed to grow without any
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constraint, like MHD instability, as the aim of this work is to study the intrinsic
property of this plasma system. Hence, these results presumably predict what would
happen to the plasma and its pedestal if loss mechanism like ELM can be controlled.
First of all, the two criteria (minimum flux and minimum diffusivities ratio) for
possibility of L-H transition according to bifurcation model are satisfied [135] so the
plasma is ensured to reach H-mode at steady state. Figure 4.4 demonstrates the time
evolution profiles of plasma density and pressure at time approximately 200 ms apart.
It shows that the plasma profiles make bigger increases early on. The change is slower
as the plasma reaches steady state. It can also be seen that the central pressure is
increased by almost two times from L-mode to H-mode. Similarly, the increase in
central density is around 50%. One other thing to notice here is that the density
profiles tend to be more flat in the plasma core. This makes sense because the density
flux is generated from plasma edge while the thermal flux comes from plasma core.

It appears that when plasma instability, i.e. pressure gradient driven instability
or current driven instability, is neglected, the pedestal is intrinsically able to expand
inward. This growth of the pedestal is showed in figure 4.5 which illustrates pedestal
width as a function of time for both pressure and density channels. The heat and
particle sources are assumed to be constant in time. Evidently, the pedestal is formed
first on the density channel. The growth of pedestal is initially fast, and then it slows
down and eventually reaches its steady state. It appears that the pedestal growth is

strongly superdiffusive (A o t®,b >0.5), agreeing with the turbulent nature of the

plasma because in this phase the suppression effect is still low, thus turbulent
transport plays a dominant role. Later, wider region of the plasma is suppressed so
only the neoclassical transport takes effect in the pedestal region resulting in slower
pedestal growth (subdiffusion or even lower). At some later time, the pedestal is also
formed for the pressure. Two interesting points are worth mentioning here. First of all,
even though the pedestals of both channels do not form at the same time, they have
the same width. This is likely to be explained by symmetry between both transport
equations. Secondly, the time it takes the plasma to evolve during H-mode or the
pedestal expansion time is around one order of magnitude slower than the time it

takes for the plasma to evolve from L to H modes. This characteristic of the model is
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doubtful because, in the real tokamak plasma, instabilities at the edge cannot yet be
controlled fully and efficiently. Moreover, one has to make sure that plasma loss via

transport is the sole mechanism in order to observe this behavior.

D.Z:
301
<
Gl - . L
0 0.1 02 0.3 0.4 05 06 0.7 08 09 1
Time (s)
0.2_—
: |
'_—%01 /"7
| /
J—_ -b - PP B PR P . . PR PR — — e
00 0.1 0.2 03 04 05 0.6 0.7 0.8 09 1
Time (s)

Figure 4.5: Pressure (top) and density (bottom) pedestal widths as a function of

time for constant sources (horizontal line) scenario.
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Figure 4.6: Pressure (top) and density (bottom) pedestal widths as a function of

time for heat ramping scenario.

Figure 4.6 shows different scenarios by having heat source no longer constant
in time. Plasma heating (blue line) is ramping up to a constant value, same as in
previous scenario, while the particle source (red line) is kept at constant at all time.
Once again, the pedestal is formed first in the density channel. In this case, the

expansion rate of the pedestal is slower than that in the previous case. It takes longer
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time for the plasma to reach steady state because the heat is being ramped up instead
of keeping at constant value like in figure 4.5. But eventually, the pedestal widths
become the same as in the previous scenario at steady state. This makes sense because
in the end the heat and particle fluxes given to the plasma are the same.

4.3.2 Pedestal width
This section focuses on the pedestal width analysis at steady state. The
relationships between the pedestal widths and various plasma parameters are shown in
figures 4.7-4.12. In these figures, the square bullets represent pedestal width for both
pressure and density channels. Note that the pedestal widths are the same for both
channels at steady state. The triangle bullets represent central plasma pressure
normalized to its value at the onset of L-H transition. The cross bullets represent

central plasma density normalized to its value at the onset of L-H transition.
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Figure 4.7: Pedestal width and central pressure and density at steady state as a

function of heat source.

Figure 4.7 shows the effects of heat source giving to the plasma. It confirms
that there exists an L-H transition threshold for heating. Below the threshold, there is
no formation of a transport barrier. As the heating is increased over the threshold, the
pedestal width gets wider. However, the enlargement rate is slower as the heat is

increased. Apparently, the change in heat source has higher effect on plasma pressure
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than plasma density. Numerically, the central pressure is increased to 3.76 times and
the central density is increased to 1.18 times as the heat source is increased by 10
times of the lowest value.

Figure 4.8 illustrates the effects of particle source giving to the plasma.
Similarly, this confirms that there exists also an L-H transition threshold for particle
flux. Below the threshold, there is no formation of a transport barrier. This result
qualitatively agrees with stability analysis of section 2. On the contrary to the
previous case, as the particle source is increased over the threshold, the pedestal width
is instead reduced. This can be explained by the suppression form of equation (4.3)
used in the simulations. As the particle source is increased, plasma density is higher
resulting in lower value of the suppression. Consequently, the plasma performance is
reduced and the pedestal width as well as pressure profile are decreased. Evidently,
the change in particle source has higher effect on plasma density than plasma
pressure. Numerically, the central density is increased to 3.31 times and the central
pressure is reduced to 0.69 times as the particle source is increased to 10 times of the

lowest value.
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Figure 4.8: Pedestal width and central pressure and density at steady state as a

function of particle source.

Effects of thermal anomalous transport are considered as showed in figure 4.9.

This study is carried out as variation of the proportional constant c,, appeared in
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equation (4.11), which controls the strength of thermal anomalous transport
coefficient. First of all, previous analysis by Malkov et. al. and Chatthong et. al. [96,
135], respectively, concluded that the L-H transition is possible only if a ratio of
anomalous over neoclassical transport must exceeds a critical value. Generally, this
value is in the order of 1 to 2. Physically, this condition always holds in the real
plasma because the anomalous transport is normally about 10 times higher in the ion
channel and can even reach 100 times higher in electron channel [60]. Figure 4.9
confirms the existence of this critical value for realization of an L-H transition. If the
anomalous transport is too low, there is no formation of a transport barrier.
Furthermore, as the strength of the anomalous transport is increased, the pedestal
width gets narrower, resulting in the reduction of the central plasma pressure and
density. This makes sense because the plasma loss through transport is enhanced so
plasma performance should reduce. The reductions of the profiles appear to be
stronger in plasma pressure than density. Numerically, the central pressure is reduced
to 0.71 times and the central density is reduced to 0.93 times as the proportional
constant c, is increased to 10 times of the lowest value.
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Figure 4.9: Pedestal width and central pressure and density at steady state as a

function of thermal anomalous transport.

Effects of particle anomalous transport are showed in figure 4.10. This study is

carried out as variation of the proportional constant cp, appeared in equation (4.12),
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which controls the strength of particle anomalous transport coefficient. Similarly, this
figure also confirms the existence of the critical value for possibility of an L-H
transition. If the anomalous transport is too low there is no formation of a transport
barrier. The results are similar to that of figure 4.9 in which as the strength of the
anomalous transport is increased, the pedestal width gets narrower and the central
plasma pressure and density are reduced. However, the reductions of the profiles
appear to be stronger in plasma density than pressure. Numerically, the central
pressure is reduced to 0.96 times and the central density is reduced to 0.78 times as

the proportional constant cp is increased to 10 times of the lowest value.
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Figure 4.10: Pedestal width and central pressure and density at steady state as a

function of particle anomalous transport.

Effects of thermal neoclassical transport can be seen in figure 4.11 where the
transport coefficient is varied. The critical ratio for possibility to obtain L-H transition
is also showed here because if the strength of neoclassical transport is greatly
increased, H-mode cannot be achieved. Also, as the strength of the thermal
neoclassical transport is increased, the pedestal width gets narrower and the central
plasma pressure and density are reduced. However, the reductions of the profiles
appear to be stronger in plasma pressure. Numerically, the central pressure is reduced
to 0.23 times and the central density is reduced to 0.98 times as the thermal

neoclassical transport coefficient is increased to 10 times of the lowest value.
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Figure 4.11: Pedestal width and central pressure and density at steady state as a

function of thermal neoclassical transport.
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Figure 4.12: Pedestal width and central pressure and density at steady state as a

function of particle neoclassical transport.

Figure 4.12 illustrates effects of particle neoclassical transport on pedestal
width and central plasma values. The critical ratio for possibility to obtain L-H
transition is also evident here. Moreover, as the strength of the particle neoclassical
transport is increased, the pedestal width is enlarged, the central pressure is increased

and the central density is reduced. These results seem to be strange comparing to
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those of figure 4.11. The explanation is that when strength of particle neoclassical
transport is increased, plasma particle loss is enhanced. Subsequently, the plasma
density is reduced, which increases the flow shear suppression resulting in increase of
pressure profiles as well as pedestal width. The changes of the profiles appear to be
stronger in plasma density. Numerically, the central pressure is increased to 1.32
times but the central density is reduced to 0.72 times as the particle neoclassical

transport coefficient is increased to 10 times of the lowest value.

4.4 Conclusion

A numerical method is used to analyze the 2 fields (heat and particle) transport
equations. The transport effect considered is a combination of neoclassical transport
which is assumed to be constant and anomalous transport which follows the critical
gradient transport model. The suppression mechanism is the flow shear calculating
from the shear of radial electric field equation. An analytical study based on
bifurcation and stability of fixed points shows that an abrupt increase of local
gradients occurs at the onset of L-H transition. This transition is also found to depend
on the direction of heat ramping, where a backward H-L transition can occur at lower
fluxes than that of a forward L-H transition, implying hysteresis phenomena.
Numerically, it is found that without gradient limiting instability, the pedestal width
can expand initially superdiffusively and later subdiffusively. The time the plasma
takes for pedestal expansion is about one order of magnitude longer than it takes to
transit from L- to H-mode. The pedestal tends to form first in the density channel but
at steady state both pedestal has the same value. Furthermore, the pedestal width at
steady state and central plasma pressure appears to be proportional to heat source and
particle neoclassical transport, and inversely proportional to particle source, thermal
and particle anomalous transports and thermal neoclassical transport. Central plasma
density appears to be proportional to heat and particle sources, and inversely
proportional to all plasma transports.
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Chapter 5
Analysis of Hysteresis Properties in Tokamak Plasma Based on

Bifurcation Concepts

5.1 Introduction

Hysteresis phenomena for L-H transition have been observed in various
tokamak plasma experiments[136]. It was found that once the H-mode plasma was
achieved, the heating power could be reduced below the L-H transition threshold
while retaining the H-mode characteristics. This hysteresis characteristic in fusion
plasma has been found with the reduction of heating power to be even as large as a
factor of two [44, 134]. Normally, hysteresis is associated with the controlled
parameters, for example heat flux/magnetic field, and dependent quantities, for
example the pressure gradient in plasma/magnetization in ferromagnetic materials. In
other word, the controlled parameters can facilitate calculation of the dynamical
changes of the system, which is generally interpreted using the dependent quantities.
As controlled parameters are varied, the qualitative information of the dependent
quantities can abruptly change, implying bifurcation behavior. Bifurcation nature of
the system often relates to hysteresis phenomena because it is often found that the
direction that the controlled parameters are varied affect the system differently. In
tokamak plasma, the controlled parameters are the injected heating, which can be in
any form of heat source, and particle source in the system, while the interested
quantities can be plasma pressure, density and temperature. The hysteresis phenomena
can be very important in tokamak. For example, in ITER hysteresis allows an
opportunity to reach H-mode at low density because it is easier to obtain. Several L-H
threshold power scaling laws tend to yield linear density scaling with acceptable
agreement with experimental results [44, 137-139]. Then, one can raise the density to
the desirable level while keeping the heating at constant[136]. This scenario is only
possible if hysteresis really exists.

In bifurcation approach of L-H transition modeling, one generally studies this
complex phase change behavior using flux versus gradient space graph[140]. The flux

is an integration of the source in the plasma so they are closely dependent. The non-
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monotonic behavior of the graph in flux versus gradient space allows possibility to
analyze the hysteresis behavior in the plasma. As described in chapter 3, the direction
of heat ramping can affect the plasma mode. For example, when the heat is ramped
up, the plasma makes a transition to H-mode when the heating power exceeds L-H
power threshold. Whereas, if the heat is ramped down from H-mode condition, the
plasma remains H-mode until the heat is below H-L threshold. Typically, the H-L
threshold is lower than that of the L-H threshold, allowing hysteresis existence. This
chapter attempts to explain hysteresis phenomena in tokamak plasma based on
bifurcation concept. Previous study analyzed weak hysteresis in the plasma using
simplified one-field model [141]. The results implied that the hysteresis strength is
weaker than that expected from the s-curve bifurcation model. In this chapter, thermal
and particle transport equations at steady state are solved simultaneously to calculate
heat flux versus pressure gradient and particle flux versus density gradient spaces.
These two graphs illustrate non-monotonic relation and thus form hysteresis loops.
The important quantities in hysteresis loop are analyzed as various parameters are

varied.

5.2 Transport equations and bifurcation diagrams

This section introduces the transport equations used in this work and illustrates
that the analytical solution implies bifurcation nature of the plasma. First of all, the
study is based on simplified version of thermal and particle transport equations as
showed in equations (4.1) and (4.2). In this study, the neoclassical transport
coefficients are assumed to be just constant. Whereas the anomalous transport
coefficients, which are the more dominant terms in the plasma, are calculated based

on critical gradient models [132-133] in the forms:
Xano:Cl(gp_gpc)e(gp_gpc)’ (51)

Dano :CD(gn_gnc)O(gn_gnc)’ (52)

wherec andc_are constants, g, :—?,gn :—?,gpc :(_Z_sj andg,, :(_Z_U
’ ° X X . .

are the critical gradients for pressure and density fields, respectively, and 6 represents

a Heaviside step function. At steady state, the two transport equations become:
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Zneogszv gp<gpc

c (g -9 c) (53)
Zneogp_*_wgp:Q’ ngpc
Dneogn =T, On <0y
- 54
Dneogn+wgn=h On > oo o9
1+avg

respectively. As in the previous chapters, the suppression mechanism on the

anomalous channel is the flow shearvg . It can be calculated from the approximated

force balance equation [96]:

A —CE; S
. B eBn?

with the curvature, the toroidal and poloidal rotation contributions neglected because

p'n'ecg,9,, (5.5)

their effects are smaller. Also, all the constants are allowed to merge into a.
Apparently, the flow shear term couples both transport equations in the range where
the gradients exceed their critical values. In general treatment of bifurcation picture of
transports, one often solves the system and express them in fluxes (thermal/particle)
versus gradients (pressure/density) space. The graph exhibits s-curve characteristic
which is used to represent the transition from L-mode to H-mode. The pressure
(equation (5.3)) and density (equation (5.4)) fields above the neoclassical regime can

be decoupled using a simple algebraic method. By subtraction of the multiplication of

equation (5.3) with ¢, (9, —d,.)d,and of equation (5.4) withc,(g,-9,.)g, the

following quadratic equation with g, as variable can be obtained as follows:

(Q_}(neogp)CDgn2 _[(Q_zneogp)cDgnc N DneoC;{gp (gp _gpc):|gn (5 6)
_ngp(gp_ng)rzo
The solution of this equation, which identifiesg,as a function ofg , is then

substituted into equation (5.5) to decouple the two transport fields. The only problem

is which of the two solutions of the quadratic solutions represents physical

interpretation of the system. Note thatQ > y, . g and the last term on the left hand

side of equation (5.6) is always negative. Only one of the two quadratic solutions

yields physical interpretation (g, is positive).The decoupling term can be written as:
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—b, +4/b%—4a.c,
g, = oa : (5.7)

Wherean Z(Q_Zneogp)CD’bn:_[(Q_Zneogp)CDgnc_Dneoczgp(gp_gpc)iland
Cn=—Clgp(9p—9pc)F- This yields possibility to plot Q versusg, with obvious

indication that the graph is affected by parameters from both pressure and density
fields. Similarly, the bifurcation diagram in the density field can also be calculated
using the substitution:

- —b, +, /bs —4a.c,
g, = - , (5.8)

p
where ap S (F_ Dneogn)cl ' bp N _I:(F_ Dneogn)clgpc _zneoCDgn (gn - gnc )] and
¢, =—Cp0, (gn —0,.)Q . Examples of bifurcation diagram resulting from this analysis

are showed in figure 5.1 with top panel representing pressure field and bottom panel
representing density field. All numerical results in this work are carried out using the
same set of chosen constants. The alteration of those will be specified accordingly.
The transport coefficients are defined such that both thermal and particle anomalous
diffusivities are around one to two order of magnitude over their neoclassical
counterparts. In addition, the particle diffusivities are set to be roughly a quarter of
thermal diffusivities [6]. Specifically, yneo = 1, ¢, = 10, Dneo = 0.25, cp = 2.5,

9o =9, =1,Qs = Q (maximum heat flux) = 20, s = I" (maximum particle flux) = 2

and a = 0.1.

In figure 5.1, the graphs of heat flux versus pressure gradient (top panel) and
particle flux versus density gradient (bottom panel) illustrate the non-monotonic
behavior which characterizes the bifurcation. As explained in the previous chapter
using stability analysis, this graphical interpretation can be used to identify the L-H
and H-L back transitions. One can imagine heat and particle fluxes as an independent
variable which can be increased or decreased. This figure characterizes the plasma
into four different regimes. At low fluxes, the plasma is governed by neoclassical
transport with low gradients. As the fluxes increase, the gradients also raise until the
critical values are reached and the anomalous transports start to grow. Once the
bifurcation ranges are reached, the plasma remains in L-mode according to stability
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analysis. It makes a sudden transition to H-mode when the heat flux exceeds L-H

transition threshold for heat flux Q. or the particle flux exceeds L-H transition

threshold for particle flux 77 _u, with p{_, andn/_, as their respective gradients. On

the other hand, if the fluxes are decreased from high value, the plasma remains in H-
mode in the bifurcation range. It makes a transition back to L-mode when the heat

flux is below Qu or particle flux is below 7y, withpj_, andn;_, as their

b
respective gradients. This dynamic implies hysteresis phenomena of the plasma. Next

section, the hysteresis properties are discussed in details.
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Figure 5.1: Bifurcation diagrams for pressure field (top) and density field
(bottom) illustrating L-H and H-L back transitions.
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5.3 Hysteresis depth analysis

Hysteresis phenomena was found in experiment [142]. In this section, the
depths of hysteresis properties in the bifurcation diagram shown in figure 5.1 are
explored. In particular, the study analyzes the effects on hysteresis depth from

variation of various model parametersi.e. c,,c , ¥ D ,g,,9,,Q; and .

5.3.1 Effects of thermal transports

Figure 5.2 illustrates the hysteresis depth of pressure field as a function of c

which indicates the strength of thermal anomalous transport. The top left panel shows
the pressure gradient at the onset of L-H ( p ,,,) and H-L back transitions ( p;, ),
while the bottom left panels shows the ratio of the two quantities. Note that the
gradient at the back transition is higher because the gradient is taken from pedestal
region of the H-mode prior to the transition. The top right panel shows the heat flux
needed to access H-mode (Q._n) and the minimum heat flux needed to maintain it
(Qn_1). The bottom right panel illustrates the ratio Q._n/Qu_y. This is an important
quantity because it describes how much the heating power that can be reduced while
maintaining the H-mode. As the thermal anomalous transport strength increases, both
heat fluxes required to obtain and maintain the H-mode also increase, but the effect on

Qv is stronger. As c increases to 250% of its lowest value, the values of Q. and

Qn_ increase to 205% and 140%, respectively. This is because higher heat source is
needed to compensate the loss by transport. As a result, the heat flux ratio is ranged
from around 1.3 to almost 1.9 asc, is higher. This is in the similar order as what found
in the experiments and what to be expected from ITER [136]. What the analysis

implies is that at higher value of anomalous transport the hysteresis loop becomes
more prominent. On the other hand, the pressure gradient ratio reduces from less than

0.6 to almost 0.45 asc, increases because py,_,, increases to 121% while p;_,, slightly

decreases to 96%. The pressure gradient at the onset of H-L back transition increases

withc, because in this state the plasma is still in the H-mode where the turbulent is

suppressed so the plasma is governed mostly by the neoclassical flux. Asc, is higher,
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the flux Qu_. is also higher resulting in the increase of py,_, (P =Q). The
pressure gradient at the onset of L-H transition slightly decreases withc, because the

plasma is in L-mode so it is governed by both neoclassical and anomalous flux. The

rate ofcl increase is a bit higher than the rate of increase in the responding Q.

resulting in the decrease of p| ;.

Effects of thermal anomalous transport on hysteresis depth of density field can
be seen in figure 5.3. The top left panel shows the density gradient at the onset of L-H
(n{_,,) and H-L back transitions (n;, ,, ), while the bottom left panels shows the ratio
of the two quantities. Note that the gradient at the back transition is higher because the
gradient is taken from pedestal region of the H-mode prior to the transition. The top
right panel shows the particle flux needed to access H-mode (/1 ) and the minimum
particle flux needed to maintain it (/). The bottom right panel illustrates the ratio
I 9H/FH L Similarly to the previous case, as the thermal anomalous transport
strength increases both particle fluxes required to obtain and maintain the H-mode

also increase but the effect on 77y is stronger. As c increases to 250% of its lowest

value, I _y and 7'y increase to 232% and 154%, respectively. This is because

higher particle source is needed to compensate the loss by transport. As a result, the

particle flux ratio is ranged from around 1.1 to almost 1.7 asc is higher. The density
gradient ratio is found to be reduced from 0.75 to a bit below 0.6 asc, increases
becausen,, , is increased to 161% whilen/ , increases to 128%. Both pressure
gradient at the onset of L-H transition and H-L back transition increase withc,

because their transports are only affected through the suppression term which can be

diminished in H-mode. When particle fluxes 7 and 7In increase, the

N0
corresponding density gradients enhance as well.
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Figure 5.2: Hysteresis depth in pressure field as a function of thermal anomalous

transport coefficient proportional constant.
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Figure 5.3: Hysteresis depth in density field as a function of thermal anomalous

transport coefficient proportional constant.

Figure 5.4 illustrates the hysteresis depth of pressure field as a function of y .,

which indicates the strength of thermal neoclassical transport. As the thermal

neoclassical transport increases, both heat fluxes required to obtain and maintain the

H-mode also increase. As y,., increases to 250% of its lowest value, the values of
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QLéH and QHéL increase to 120% and 176%, respectively. This is because higher heat

source is needed to compensate the loss by neoclassical transport. Consequently, the

heat flux ratio is ranged from around 1.9 to almost 1.3 as ., is higher. As oppose to

the anomalous transport, increase of neoclassical transport reduces the ratio. This
makes sense because the bifurcation behavior of the plasma only exists when ratio of
anomalous over neoclassical transport exceeds a threshold value as described in the
previous chapters and by Malkov et. al. and Chatthong et. al. [96, 135], respectively.
This means that at higher value of neoclassical transport the hysteresis loop becomes

less prominent. The pressure gradient ratio increases from around 0.45 to almost 0.6

as y.., increases because p;, ,, decreases to 82% while p; ,, slightly increases to
104%. This makes sense because as y,.,is higher, the flux Qu_ is also higher
resulting in the reduction of p;,, . Whereas, p/_,,,is a consequence of both
neoclassical and anomalous contribution. Even though, the increase rate of y,., is
higher than that of the responding Q. resulting in the decrease of p ;. But this
contribution is less than the anomalous term which yields increase in p; ., because

Jreo INdirectly reduces the suppression, see equation (5.9).

Figure 5.5 illustrates the effects of thermal neoclassical transport on hysteresis

depth of density field. As y,., increases to 250% of its lowest value, 71 and 7'y

increase to 118% and 139%, respectively. Consequently, the particle flux ratio

reduces from over 1.5 to below 1.3 as y,, increases. The density gradient ratio is
found to reduce from around 0.66 to 0.63 becausen;, ,, increases to 115% whilen;
increases to 1.09%. The reasons are because y,., only affects particle transport

through the suppression term which can be diminished in H-mode. When particle

fluxes I _ and /'y increase, the corresponding density gradients enhance as well.
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Figure 5.4: Hysteresis depth in pressure field as a function of thermal

neoclassical transport coefficient.
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Figure 5.5: Hysteresis depth in density field as a function of thermal neoclassical

transport coefficient.

5.3.2 Effects of particle transport
The model used in this work provides a lot of symmetry between pressure and
density fields. The effects of particle transports are similar to that of thermal
transports in the opposite fields. In this section, only numerical results are reported

because there still is a factor of 4 difference in defining transport coefficients. The
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explanations for the graph are similar to those in the previous section so they are
omitted here.

Figure 5.6 illustrates the effects of particle anomalous transport on hysteresis
depth of the pressure field. Asc,increases to 143% of its lowest value, the values of
Qu_n and Qu_ increase to 129% and 114%, respectively. Consequently, the heat flux
ratio increases from almost 1.5 to around 1.65. The pressure gradient ratio is found to
reduce from around 0.52 to 0.49 because p;, ,, increases to 119% while p; ,,, increases
to 1.11%.

Figure 5.7 illustrates the effects of particle anomalous transport on hysteresis
depth of the density field. Asc,increased to 1.43% of its lowest value, 7 H and 'y i
increase to 126% and 108%, respectively. Consequently, the particle flux ratio
increases from 1.3 to 1.5. The density gradient ratio is found to reduce from over 0.66

to almost 0.62 because n;, ,, increases to 1.05% whilen, , , decreases to 0.98%.
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Figure 5.6: Hysteresis depth in pressure field as a function of particle anomalous
transport coefficient proportional constant.
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Figure 5.7: Hysteresis depth in density field as a function of particle anomalous

transport coefficient proportional constant.

Figure 5.8 illustrates the effects of particle neoclassical transport on hysteresis
depth of the pressure field. As D, increases to 143% of its lowest value, the values of
QL_n and Qu_ increase to 110% and 126%, respectively. Consequently, the heat flux
ratio reduces from almost 1.7 to above 1.4. The pressure gradient ratio is found to
reduce slightly around the value 0.5 because pj, ,, increases to 108% while p;
increases to 106%.

Figure 5.9 illustrates the effects of particle neoclassical transport on hysteresis
depth of the density field. AsD,, increases to 143% of its lowest value, /1 4 and
Ty increase to 114% and 132%, respectively. Consequently, the particle flux ratio
decreases from 1.5 to 1.3. The density gradient ratio is found to increase from over

0.62 to over 0.66 becausen,, ,, reduces to 95% whilen, ,, increases to 102%.
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Figure 5.8: Hysteresis depth in pressure field as a function of particle

neoclassical transport coefficient.
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Figure 5.9: Hysteresis depth in density field as a function of particle neoclassical
transport coefficient.

5.3.3 Effects of critical gradient thresholds
The critical gradient thresholds can be considered as the reduction of
anomalous transport. The higher of the thresholds implies lower value of anomalous
transport. Thus if it is too high, the L-H transition will not be possible. In this regime,
the suppression by flow shear is ineffective in formation of a transport barrier. As a

result, increase of critical gradient threshold values can lead to less projection of
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hysteresis depth. In other word, the ratios of heat or particle fluxes asymptotically
approach unity and eventually the hysteresis phenomena are no longer present.
However, higher values of the thresholds also imply that L-H transition is easier to
achieve because the total plasma loss is reduced.

Figure 5.10 illustrates the effects of critical pressure gradient on hysteresis

depth of the pressure field. As 90 increases to 250% of its lowest value, Q. SH and

Qn_ decrease to 65% and 92%, respectively. The reduction rate of Qu_ is lower
because the plasma is in the H-mode where the anomalous contribution is much less
effective. Consequently, the heat flux ratio reduces from around 1.8 to around 1.3.

The pressure gradient ratio is found to increase from around 0.45 to almost 0.6
because pj,_,, decreases to 92% while p; _,,, increases to 118%. As mentioned already,
if the critical gradient is higher the hysteresis depth is reduced, so the ratio of the
pressure gradients approaches unity.

Figure 5.11 illustrates the effects of critical pressure gradient on hysteresis

depth of the density field. First of all, as g increases to 250% of its lowest value,

I _nand I'y_ decrease to 70% and 95%, respectively. Consequently, the particle flux

ratio reduces from 1.6 to 1.2. The density gradient ratio is found to increases from

around 0.63 to over 0.67 because n;, ,, decreases to 92% whilen, ,,, decreases to 98%.
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Figure 5.10: Hysteresis depth in pressure field as a function of critical pressure

gradient.
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Figure 5.12 illustrates the effects of critical density gradient on hysteresis
depth of the pressure field. As g, increases to 250% of its lowest value, the values of
QL_n and Qu_ decrease to 58% and 92%, respectively. Consequently, the heat flux
ratio reduces from almost 2 to a bit over 1.2. The pressure gradient ratio is found to
increase from below 0.5 to around 0.55 because pj, ,, decreases to 87% while p;
decreases to 97%.

Figure 5.13 illustrates the effects of critical density gradient on hysteresis
depth of the density field. First of all, as g, increases to 250% of its lowest value, the
values of 7 _y and /'y decrease to 51% and 88%, respectively. Consequently, the
particle flux ratio reduces from over 1.7 to almost 1.0, which is where the hysteresis
vanishes. The density gradient ratio is found to increase from below 0.6 to over 0.8

becausen;, ,, decreases to 88% whilen| _,, increases to 130%.
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Figure 5.12: Hysteresis depth in pressure field as a function of critical density
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Figure 5.13: Hysteresis depth in density field as a function of critical density
gradient.

5.3.4 Effects of sources
Analysis in chapter 4 shows that an increase of particle flux can reduce the
heat flux required to obtain and maintain the H-mode. This is also true in the opposite
case because the two fields are dependent of each other. They are coupled through the

flow shear term. This section demonstrates the hysteresis depth of pressure field as a
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function of particle flux and that of density field as a function of heat flux. First of all,

figure 5.14 illustrates the effects of particle flux on hysteresis depth of the pressure
field. AsTincreases to 156% of its lowest value, the values of Q. n and Qu_
decrease to 65% and 64%, respectively. Consequently, the heat flux ratio remains
almost constant close to 1.5. The pressure gradient ratio is found to increase from 0.48
to 0.54 because pj, ,, decreases to 74% while p, _,,, decreases to 82%.

Figure 5.15 illustrates the effects of heat flux on hysteresis depth of the density
field. AsQincreases to 156% of its lowest value, the values of /1 and 7'y
decrease to 61% and 69%, respectively. Consequently, the particle flux ratio reduces
from below 1.5 to 1.3. The density gradient ratio is found to increase from around

0.61 to over 0.68 because n;, _,, decreases to 74% whilen| _,, decreases to 84%.
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Figure 5.14: Hysteresis depth in pressure field as a function of particle flux.
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Figure 5.15: Hysteresis depth in density field as a function of heat flux.

5.4 Plasma gradients at the transitions

Other quantities of interest from the plasma regarding the hysteresis properties
are the changes of plasma pressure and density gradients at the onset of L-H transition
and H-L back transition. Typically, higher plasma gradients lead to higher plasma
core profiles (pressure or density), hence better fusion performance. Therefore, it is

also important to analyze how the variation of model parameters can affect these

changes. In this study, py, ,, represents the pressure gradient in H-mode at the
transition. Whereas, p| _,,, is the pressure gradient in L-mode prior to the transition.
Technically, it can be assumed that both occur at the same heat flux (see figure 5.1).

Similarly, p’L(H%L) represents the pressure gradient in L-mode at the back transition,

with p;,_,, as the pressure gradient in H-mode prior to the back transition. In density

fields, n, ., represents the density gradient in H-mode at the transition and n;,

represents the density gradient in L-mode at the back transition. The effects of model
parameters (¢,,C_,x_,D_,9,.,0,,Q, and IT';.) on these quantities and their ratios
(gradients of H-mode over those of L-mode) are showed in figures 5.16 - 5.29.

Evidently, the ratios of pressure and density gradients increase as both thermal

and particle anomalous transport coefficient proportional constants increase. On the
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other hand, the ratios decrease as both thermal and particle neoclassical transport
coefficients increase. This makes sense because the graph of hysteresis depth is
proportional to the ratio between anomalous over neoclassical transport. If this ratio is
lower than the threshold value, hysteresis vanishes. As this ratio is higher, the
hysteresis loop becomes enhanced. For this same reason, the increase of critical
pressure and density gradients reduces the gradient ratios because they reduce
anomalous transport effects. At last the increase of particle and thermal fluxes also
reduce the gradient ratios because they tend to reduce the requirements of L-H
transition which also decreases the change in pressure and density gradients across the
transition. Tables 5.1 and 5.2 summarized the quantitative information of figures 5.16
- 5.29. They show the changes of pressure and density gradients and their ratios at L-
H transition and H-L back transition as a function of model parameters illustrated as
ratio to the lowest value of model parameters in the range. Note that value above 1

means that the ratio is increased and value below 1 means otherwise.

Table 5.1: Changes of pressure gradients and their ratios at L-H transition and

H-L back transition as a function of model parameters illustrated as ratio to the

lowest value.
Model ratio to the lowest value of model parameters

parameters pl'_—>H plr-{(L—>H) M pI’_(H—>L) pI’-|—>L M
PLm PLinoy

C, 2.50 | 0.96 2.06 2.15 0.82 1.21 1.49

C. 143 | 111 1.34 1.21 1.02 1.18 1.15

250 | 1.04 0.48 0.46 1.21 0.82 0.68

1.43 | 1.06 1.00 0.94 1.11 1.08 0.98

9 250 | 1.18 0.59 0.50 1.60 0.92 0.57

J0c 2.50 | 0.97 0.52 0.53 1.15 0.87 0.76

T, 1.56 | 0.82 0.70 0.85 0.86 0.74 0.86
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Table 5.2: Changes of density gradients and their ratios at L-H transition and H-

L back transition as a function of model parameters illustrated as ratio to the

lowest value.
Model ratio to the lowest value of model parameters
parameters r]I’_aH nll-i(L—>H) nf’-l(L%H) nI,_(H—>L) nl’-|»L n*"|%|-
nIl_aH nI'-(H_“-)
c, 250 | 1.28 2.55 1.98 1.02 1.61 1.58
C. 1.43 | 0.98 1.26 1.28 0.94 1.05 1.12
X 250 | 1.09 1.06 0.97 1.13 1.15 1.01
1.43 | 1.02 0.79 0.78 1.06 | 0.95 0.89
e 2.50 | 0.98 0.67 0.68 1.09 | 0.92 0.85
9, 2.50 | 1.30 0.45 0.35 193 | 0.88 0.46
Q, 156 | 0.84 0.62 0.73 093 | 0.74 0.80
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Figure 5.16: Pressure gradient changes at L-H (left) and H-L (right) transitions

as a function of thermal anomalous transport coefficient proportional constant.
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Figure 5.17: Density gradient changes at L-H (left) and H-L (right) transitions as

a function of thermal anomalous transport coefficient proportional constant.
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Figure 5.18: Pressure gradient changes at L-H (left) and H-L (right) transitions

as a function of thermal neoclassical transport coefficient.
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Figure 5.19: Density gradient changes at L-H (left) and H-L (right) transitions as

a function of thermal neoclassical transport coefficient.
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Figure 5.20: Pressure gradient changes at L-H (left) and H-L (right) transitions

as a function of particle anomalous transport coefficient proportional constant.
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Figure 5.21: Density gradient changes at L-H (left) and H-L (right) transitions as

a function of particle anomalous transport coefficient proportional constant.
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Figure 5.22: Pressure gradient changes at L-H (left) and H-L (right) transitions

as a function of particle neoclassical transport coefficient.
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Figure 5.23: Density gradient changes at L-H (left) and H-L (right) transitions as

a function of particle neoclassical transport coefficient.
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Figure 5.24: Pressure gradient changes at L-H (left) and H-L (right) transitions

as a function of critical pressure gradient.

87



R 25 -
41— ,H ' S— —
= ===l = 2 H-» L
£ () = —
& M iHos L
T S
0 1
33 2.4
3 X
:
€ 7 d22
< e
i €
125 .
- I - I
= o
1. ;
E 1 15 85 1 15
9 g

pc pc

Figure 5.25: Density gradient changes at L-H (left) and H-L (right) transitions as
a function of critical pressure gradient.
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Figure 5.26: Pressure gradient changes at L-H (left) and H-L (right) transitions

as a function of critical density gradient.
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Figure 5.27: Density gradient changes at L-H (left) and H-L (right) transitions as

a function of critical density gradient.
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Figure 5.28: Pressure gradient changes at L-H (left) and H-L (right) transitions

as a function of particle flux.
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Figure 5.29: Density gradient changes at L-H (left) and H-L (right) transitions as

a function of heat flux.

5.5 Conclusion

In this chapter, a coupled 2-fields transport equations (pressure and density)
are analytically solved to study hysteresis properties of the tokamak plasma. In this
model, the neoclassical transport coefficients are assumed to be constant while the
anomalous transport coefficients assume the form of critical gradients relation. It is
assumed that only the anomalous channels are suppressed in the transport barrier
region by the flow shear, which is calculated from the force balance equation.
Analytical results show that with simple form of flow shear suppression, the two
fields can be decoupled to illustrate bifurcation diagram of each field. It is found that
the heat and particle flux ratios are increased with anomalous transports, but
decreased with neoclassical transports and critical gradients thresholds. On the other
hand, the heat flux ratio is increased with particle flux while the particle flux ratio is
decreased with heat flux. The heat and particle fluxes required to reach and to
maintain H-mode are increased with transport strength but reduced with the increase
of critical gradient thresholds. It also appears that the changes of both pressure and
density gradients at the onset of L-H transition are increased with anomalous
transports, while decreased with neoclassical transports, critical gradient thresholds

and magnitude of the sources.

90



Chapter 6
Analysis of Transport Barriers Formation and Properties in

Tokamak Plasma Using Bifurcation Concept

6.1 Introduction

The work in this chapter aims to investigate formations of transport barriers,
including their locations and properties for both ITB and ETB and interactions
between them, using bifurcation concept. In this work, the suppression part of the
transport is modified to include the magnetic shear effect. The new transport
suppression function results in possibility of both ITB and ETB formation,
simultaneously or individually. In addition, the effect of bootstrap current is also
included. Various effects such as thermal and particle sources, and transport strengths

are analyzed on their effects toward the transition as well as barrier widths.

6.2 Modeling of plasma transport based on bifurcation concept
ETB and ITB in tokamak plasma are studied based on a coupled 2-fields
bifurcation model. In this work, simplified heat and particle transport equations can be

written, in slab geometry, as:

3_0 op

5 ar o LA T e fu (Ve 9)] == H(X) 6.1)
on
- [Dneo S(VE,S)] —S(X) (6.2)

where f_is a suppression function which is assumed to depend on the flow shear v¢

and the magnetic shear s. Both thermal and particle sources are assumed to have
Gaussian shape, with their distributions are defined such that over 90% of the total
source is located within +0.1 of normalized minor radius unit (r/a) from the peak of
the shape, which is localized near plasma center for thermal source and plasma edge
for particle source. Furthermore, it is assumed that only the anomalous channel is
suppressed by the two mechanisms with the suppression function of the form:

Bls| 1

f.(ve,s
+(Ve.9) = 1+av? 1+ys®’

(6.3)

where a, £, and y are arbitrarily chosen constants representing strengths of the
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suppression. This function is based on assumptions that the transports can be
quenched or reduced by the flow shear and magnetic shear. Furthermore, the flow
shear strength is also affected by the magnetic shear that is the magnetic topology also
influences the flow in the plasma. This form of magnetic shear suppression is inspired
by those used in the previous works [143-144]. The novel form of magnetic shear
suppression effect used in this work is based on experimental evidences that the
transport barriers can form in the region of large (ETB) and low (ITB) magnetic shear
[43, 145]. In particular, the numerator term governs the core transport suppression,
while the denominator term governs the edge transport suppression. The flow shear
couples the two transport equations according to the force balance equation showed in
equation (4.3). The magnetic shear s is calculated from the g-profile as follows:

L Y

. 6.4
o (6.4)
x B,
oo Ay 6.5
N B, (6.5)

A large aspect ratio tokamak of circular cross section approximation is assumed
throughout the work. The toroidal magnetic field is assumed to be constant; while the
poloidal magnetic field is calculated from the current using Ampere’s law with

current density of the form:
j(x)= jo(l—(x—xo)z/az)u+jb, (6.6)

where X is the location of current density peak, a is the plasma minor radius and j, is

the bootstrap current which is locally proportional to pressure gradient( j, o< —Vp)

[146]. At steady state, the two transport equations can be rewritten into the forms:

~[Zneo * Zano T (V'E,S)]Z—E =Q(x) (6.7)

neo

;19N
_[D + Dano fs(VE,S)]&—F(X), (68)

This condition is valid both at steady state and at transient state providing that the
plasma evolves slowly. The flow shear term is calculated as in equation (5.5). These
two equations can be decoupled using the method similar to that used by Malkov et.
al. [96]. Then using the given current density and sources profiles the plasma
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pressure/density and their respectively gradients can be numerically solved. Note that
this phenomenological approach of study ITB and ETB may have disadvantages
comparing to theoretical based models like GLF23 [105], Multi-Mode [107] or TGLF
[147], which use integrated predictive modeling code to simulate tokamak plasma
profiles. This approach allows possibility to investigate and understand better the
bifurcation nature of the plasma with respect to both ETB and ITB. As will be shown
in sections 6.3 and 6.4, some interesting phenomena arise and are worthwhile for

discussion.

6.3 Plasma profiles and bifurcation behavior

This section shows numerical results from consistently solving the two
transport equations (6.1) and (6.2) with suppression function as explained in the
previous section. It is worth mentioning again that the effects of instabilities, like edge
localized mode, neoclassical tearing mode, or sawtooth oscillation, are not included,
in which these instabilities can influence the results. Accordingly, the results obtained
can be treated as an optimistic scenario with no instabilities. All numerical results
obtained are carried out using the same set of chosen constants; otherwise it is
specified promptly. The transport coefficients are defined such that both thermal and
particle anomalous diffusivities are around one order of magnitude over their
neoclassical counterparts. The assumption is valid for ions, while for electrons the
order of magnitude can be as high as two. In addition, the particle diffusivities are set
to be roughly a quarter of thermal diffusivities [6]. Specifically, yneo = 1, xano = 10,
Dneo = 0.25, Dano = 2.5, @ = 0.1, p =1, and y = 0.1. These values of transport
coefficients are in a typical range of transport predicted by simulations using
integrated predictive modeling codes using predictive core transport models [107-
108]. Additionally, the model parameter « is theoretically proportional to square root
of the turbulence correlation time, which has the value in the order of tens to hundreds
of milliseconds [96, 148]. The other model parameters (f, and y) are selected for the
suppression to be reasonable for these range of transport coefficients. Sensitively, if
their values are changed by 10%, the simulation results of central plasma pressure and
density as well as the pedestal width can change around 50% for £ and 5% for y.
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Figure 6.1: Plasma pressure (top left) and density (top right) as a function of
normalized minor radius x/a for setup scenarios 1 (thick line) and 2 (thin line),
and the results mapped onto heat flux versus pressure gradient (bottom left) and

particle flux versus density gradient (bottom right).

Figures 6.1, 6.2 and 6.3 illustrate profiles of plasma pressure and density as a
function of normalized minor radius x/a (top panels) for 6 different setup scenarios.
Scenarios 1, 3 and 5 are setup with the same heating which is less than the critical
value required for L-H transition (Qu = 0.92Q. ), but with different location of
current density peaking; at xo = 0 (plasma center), xo = 0.2 and X, = 0.1, respectively.
On the other hand, scenarios 2, 4 and 6 are setup with the same heating which is more
than the critical value required for L-H transition (Qu = 1.06QL9H), but with different
location of current density peaking at; x,=0 (plasma center), Xo = 0.2 and x, = 0.1,
respectively. It can be seen that each scenario yields the plasma with different
performance. Firstly, there exists a heating threshold Q. _ in which the plasma makes
a transition from L-mode to H-mode with formation of an edge transport barrier near
plasma edge. In scenario 1, the plasma is set up with low heat source and no reverse
shear profile (current profile peak at plasma center). This plasma remains in L-mode
with central pressure and density equal to 0.69 and 0.77, respectively. Scenario 2 is
setup with heat source greater than the critical value required for L-H transition (Qy >
Qv_n) and no reverse shear profile. In this scenario, the plasma makes a transition to

H-mode with a pedestal width of 0.038 and central pressure and density of 1.24 and
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1.42, respectively. Numerically, the heating in scenario 2 increases from that of
scenario 1 by 15% but the central plasma pressure and density are almost doubled.
The increase of plasma performance by around a factor of two as a result of H-mode
transition has been observed in tokamak experiments [31, 44]. This is a very
significant enhancement which is why the H-mode is preferred for tokamak operation.
The bottom panels illustrate bifurcation diagram which mapped numerical results of

each scenario into heat flux Q versus pressure gradient p’and particle flux 77 versus

density gradientn’ spaces. So, each location on the curves is a different location in the
plasma. Theoretically, an example of a tradition s-curve bifurcation diagram can be
found in Ref. [96] which shows a non-monotonic behavior. In figure 6.1, there appear
discontinuities in pressure and density gradient profiles for scenario 2. They identify

the locations of top of ETB.
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Figure 6.2: Plasma pressure (top left) and density (top right) as a function of
normalized minor radius x/a for setup scenarios 3 (thick line) and 4 (thin line),
and the results mapped onto heat flux versus pressure gradient (bottom left) and

particle flux versus density gradient (bottom right).
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Figure 6.3: Plasma pressure (top left) and density (top right) as a function of
normalized minor radius x/a for setup scenarios 5 (thick line) and 6 (thin line),
and the results mapped onto heat flux versus pressure gradient (bottom left) and

particle flux versus density gradient (bottom right).

Scenario 3 is setup with low heat source (Qu < Qr_n) and current profile
peaking at x/a = 0.2 (Xo = 0.2) representing reversed shear profile. In this case, the
plasma is still in L-mode but there is a formation of ITB near plasma core (see figure
6.2). The central pressure and density are around 1.23 and 1.36, which are increased
from L-mode plasma without ITB by 78% and 77%, respectively. This implies that
appropriate control of current profile in the plasma can lead to enhancement of plasma
performance as well. In various tokamak experiments, the desired reverse shear
profiles can be obtained using different schemes of current control, such as off-axis
lower hybrid current drive, which can results in off-axis current density peaking [149-
151]. The simulations in this work assume a form of current density distribution [6]
with possibility to change the current peak location and with addition of bootstrap
current effect (equation (6.6)). Scenario 4 is setup with high heat source (Qn > QL_n)
and current profile peaking at x/a = 0.2. As expected based on the previous results,
ETB and ITB formations can occur simultaneously. Note that the top of ITB appears
to be closed to the location of current drive peak, detailed results on this will be
showed in a later section. The central pressure and density are increased to 1.94 and

2.06 which are 181% and 168% enhancement over L-mode performance, respectively.
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In this particular scenario, the jump in the gradients at lowest value of Q corresponds
to the top of ITB, next jump corresponds to the foot of ITB and the jump at highest
value of Q corresponds to the top of ETB. The magnetic shear and suppression
function profiles for all scenarios are showed in figure 6.4. It can be seen that the
suppression function reduced to zero or almost zero within the barrier regions. Also,

the magnetic shear has a very small negative value within the region of ITB.
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Figure 6.4: Profiles of magnetic shear (top) and suppression function (bottom) as
a function of normalized minor radius x/a for setup scenarios 1 to 6; the heat

source profile is also shown as dashed line.

The results of scenarios 5 and 6 illustrate another type of ITB called “weak
ITB” as shown in figure 6.3. They are corresponding to the setup where the current
density peak is given near plasma center (xo = 0.1). It is called weak ITB because the
top of ITB is not so clearly identified as opposed to the foot of ITB. This can be seen
more clearly in figure 6.5 which illustrates the pressure gradient profiles of all
scenarios. First of all, in this work the formation of transport barriers is identified as a
drastic change in gradient profiles. The locations of ETByop, ITBiop, and ITByeo are
defined as location in which the change in gradient of the vicinity plasma local points
is more than 10%. This number is arbitrarily chosen but it serves as a threshold for
transport barriers formation in this work. As this work only solves simple forms of
transport equations, the change in gradient is considerable and obvious that this
criterion can be used effectively. Based on this criterion, it can be seen, for example,

in the bottom left and right panels of figure 6.5 that only the change in pressure
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gradient at the foot of ITB is clearly visible (near x/a = 0.2). In this weak ITB regime,
the suppression by magnetic shear is not sufficient at the top of ITB because the
region is close to plasma core where the profiles tend to flat out resulting in parabolic
plasma profiles. In scenario 5, the central pressure and density is increased to 0.93 and
0.98, respectively. On the other hand, in scenario 6 (with ETB), the central pressure
and density is increased to 1.55 and 1.65, respectively. The increases are less than
those from the scenarios with full ITB. Figure 6.5 also shows that the jumps in
gradients are higher in ETB than ITB for both pressure and density channels.
Moreover, the jump in the gradients is around one order of magnitude higher. This
weak ITB behavior was also found in experiments. For example, in the work of
Neudatchin et. al., the heat diffusivities associated with weak ITB are 5 to 10 times
higher than that of the stronger or regular ITB counterpart [152]. Figure 6.4 also
confirms that the area of negative magnetic shear for weak ITB plasma is smaller than

that of regular ITB plasma resulting in smaller suppression strength.
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Figure 6.5: Comparison of plasma pressure gradient as a function of normalized
minor radius x/a for setup scenarios 1 and 2 (top left), 3 and 4 (top right), 5 and 6

(bottom left) and 3 and 5 (bottom right).

6.4 Sensitivity analysis
6.4.1 Effects of heat and particle sources
The effects of both heat and particle sources are investigated in this section.

First of all, the heat and particle fluxes are varied across the critical points Q.+ and
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I'Ln, in combination with the variation of current density peaking. The location of
current density peak is also varied, so that the cases with no-ITB, weak-ITB and ITB
formation, altogether with and without ETB formation are present. The summary of
results is showed in figure 6.6 as pressure (top panel) and density (bottom panel)
contour plots. The x-axis represents location of the off-axis current peak and the y-
axis represents the ratio over transition fluxes. Different regimes are categorized in
these plots. The horizontal line separates L-mode and H-mode regimes. The two
dashed lines separate the graph into 3 regimes; no ITB (left), weak ITB (middle) and
ITB (right). Previously, the authors of reference [152] used somewhat ambiguous
definition to categorize ITB type. In this work, weak ITB are differentiated from
regular ITB when the top ITB is not clearly identified as already discussed in section
6.3. This graph qualitatively and quantitatively captures plasma performance and
operation mode. For example, one can imagine that there are three possible scenarios
to achieve the same central plasma pressure (contour line 1.5124); L-mode with ITB,
H-mode with weak ITB or H-mode without ITB but with higher heating required. The
latter case comes with more operational cost. The figure also shows us that the
location of off-axis heating can affect the plasma pressure and density less in L-mode
than in H-mode, illustrated with a bigger gap between contour lines. This makes sense
because in the previous section, the results showed that the gradients in ETB region
are stronger than that of ITB. As a summary, this figure implies that accessing the
regime with simultaneous ETB and ITB formation is the most desirable with respect

to plasma performance.

99



| oITB WeakITB ITB
. ': X : ¥ \‘_‘_‘3-2_2;5:
A i %3506y
12§ ' 1 224, 9045, S Eeada
1 1
z 1.1 “‘Ea = E""@es “4as
O 1 M 1‘. - “"‘\_.\H Il; 5 .
B “‘—-___\\*i:""‘“-—.______\l Tm— “--__\\.I-”- vy
] S,
&y \ ‘:l‘\\ ¥ __|t-mode
0.8} Vo 4w
2 PR O T ;
0 0.1 0.2 [ 0.4
X0
1 éVo ITB WeakITB ITB
. . i i T
- H 3. s
) i NN
1 2 i ‘l : 2 <, '{‘B‘S “~.1H-mode
I‘ : ')o{f &
— i 2
T 1.1 “r Ee,q?? %
=1 RN
= = S _
\.ﬂ \‘;\ M ™
. 1 i} 2, .
N\ - L 's\, B L-mode
] 18 \
0.8 e Y
0 0.1 0.2 0.3 0.4
X0

Figure 6.6: Central pressure (top) and density (bottom) contour field plots with

x-axis as location of current density peaking and y-axis as heat/particle flux over
critical threshold ratios.

Table 6.1 illustrates the effects of plasma heating. Clearly, it shows that the
heating increases both plasma central pressure and density, which is known in many
experiments [38]. From L-mode to H-mode, the central values are increased by
around a factor of two, while the heating power is increased only by 26%. So, the H-
mode plasma performs significantly better than L-mode plasma with not much
increase in the heating. It also confirms here that if the heat flux is below the
threshold value, ETB formation does not exist. Further increase of heating power
results in increases of ETB and ITB widths. It is worth noting that ETB is more

sensitive to an increase of heating power than ITB. For example, the results show that
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when the heating is increased by almost 15% (from 1.01 Q4 to 1.16Q,_y), ETB
width is increased by 107% and ITB width is increased by 15%. It is also found that
the ITBo Mmoves outward, whereas the ITB, moves slightly inward but still within
the vicinity of current drive location which is equal to 0.2. This is because the region
of low magnetic shear is close to the plasma center where the plasma profiles tend to
be flat, thus preventing ITB, to expand as much as its foot. Even though there is no
threshold heat flux for ITB formation, the reduction of heat flux lessens the jump in
discontinuity of the pressure gradient. This can be observed in the top right panel of

figure 6.5, which compares the pressure gradient between scenarios 3 and 4.

Table 6.1: Heating effects on plasma pressure and transport barriers

Heating Po No AETB ITBtop ITBfoot AITB
(x/a) (x/a) | (x/a)
0.92Q. 1 | 1.233 | 1.357 2 0.211 | 0.347 | 0.136
0.96Q. 4 | 1.318 | 1.384 - 0.209 | 0.351 | 0.142
1.01Q. w | 1.727 | 1.888 | 0.028 | 0.206 | 0.355 | 0.149
1.06Q. n | 1.941 | 2.062 | 0.037 | 0.204 | 0.36 | 0.156
1.11Q, w | 2.17 | 2.243 | 0.047 | 0.196 | 0.363 | 0.167
1.16Q. y | 2.422 | 2.444 | 0.058 | 0.194 | 0.366 | 0.172

The variations both ETB and ITB widths as a function of heating are shown in
figure 6.7. In this figure, the diamond, square, triangular, cross and circular bullets
represent the numerical results from current peak location at x/a = 0, 0.1, 0.2, 0.3 and
0.4, respectively. It can be clearly seen that as heating surpassed the L-H threshold,
the pedestal is formed and gets wider as the heating is further increased. Note that
throughout this work, the investigation focuses on intrinsic properties of the plasma so
instabilities are neglected. This can result in the pedestal width be wider than what
measured in H-mode experiments. This operation regime is called VH-mode where it
was found that combination of ELM avoidance and extensive suppression by radial
electric field could lead to a factor of two improvement over that of H-mode
confinement [153]. Also, the location of current drive does not affect ETB width.
Whereas, both heating and current drive location appears to increase the width of ITB.
The bottom panel of this figure illustrates the effects. Figure 6.8 shows the bootstrap

current fraction () per total current. It can be seen that as the heating increases the
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bootstrap fraction is also increased because the transport barrier width is wider. Also,
ITB formation appears to further enhance bootstrap fraction. For example, at 1.3Q.
the bootstrap current fraction is increased from 15% to almost 25% with ITB forms
near x/a = 0.4. The pressure and density profiles at various heating, shown in the
bottom panels of figure 6.8, exemplifies the fact that the heating affects the plasma
stronger in H-mode than in L-mode, similar to the early results from ASDEX study of
H-mode [38].
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Figure 6.7: Pedestal width (top) and ITB width (bottom) as a function of heat

flux.

102



2D rpmmessneeess TR S e R AR )

: : : o ;

20 _L-#H ..... ® |

| | | e X |

] e xa

S N G MY

= S L X
id e A

5 ; X }(X mam o AP G & TN

R
0 . i i . . i
0.7 0.8 0.9 1 L 1.2 1:3 14
Q/QL-->H
4 4
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heating and driving current peaking at X, = 0.2.

103



01 0.25
0.00 W =
0.08 i ety L 02 ™ i H vty L
0.07 L
Eo.oa pe : : 20.15 LN B ] ; + 4
0.05 g L™
0.04 u 01
0.03 * =
0.02 0.05
0.01 * ]
0 + ¥immmmnsm 0
[ r | 2 9 10 11 12 13 [ 7 - 9 10 11 12 13
}l’ﬂll‘ xﬂ"ﬂ
9 5
8 45 -
, [ H ot L i Lone=]
i
g =] 35 1
s @ )
A i o 25
= 5 :
g 4 @ - 77
£ 3. B B ey g - Yono—I2.5
a 15
1=} 3 4
o
1
bR B S [ S S 05
0 0 ; ;
3 7 g 9 10 11 i 13 0 1 2 3 4
Ko el

0 02 04 06 08 1 0 02 04 06 08 1
x/a x/a

Figure 6.9: Pedestal width (top left), ITB width (top right) and central plasma

values (middle left) as a function of thermal anomalous transport strength

(diamond is for pressure and square is for density), heat flux versus pressure
gradient (middle right) and radial profiles of pressure (bottom left) and density

(bottom right) at different values of thermal anomalous transport.

6.4.2 Effects of transport strength
This section investigates impacts of transport strength on the plasma,
including the central plasma pressure and density, plasma profiles and the widths of
both ITB and ETB. The transport strength is assumed in the form of thermal and
particle neoclassical and anomalous transport diffusivities, ¥ano, Dano, ¥neo @Nd Dpeo,
respectively. Figure 6.9 illustrates the effects of thermal anomalous transport

diffusivity. In this figure, diamond bullets represent results of pressure field and
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square bullets represent results of density fields. As the transport strength increases,
the central pressure and density (middle left panel) are reduced as expected because of
higher loss. The reduction rate appears to be stronger in H-mode than that in L-mode.
Note that the changes in pressure are not so clear in this panel because the values are
small relative to that of density. Nevertheless, the evolution of pressure (bottom left
panel) and density (bottom right panel) profiles piloted by the variation of thermal
anomalous transport parameter are also shown, which illustrates the different
reactions to the transport in L-mode and H-mode. Evidently, there exists a critical
value of thermal anomalous transport diffusivity where the plasma no longer remains
in H-mode. This is illustrated as the reduction of pedestal width as the transport is
stronger and eventually the pedestal collapses. This behavior agrees with earlier
works of bifurcation concept in which there exists a threshold ratio of anomalous over
neoclassical transport where L-H transition is possible [96, 135]. In other word, if the
ratio is lower than this threshold value, the plasma cannot bifurcate to H-mode. It is
also found that the pedestal widths for both pressure and density are almost the same.
The transport effect on ITB formation is rather interesting. First of all, as thermal
anomalous transport is increased, the ITB width in the density channel is reduced with
different rate in H-mode and L-mode. At low transport, there exists weak ITB in the
energy channel with parabolic pressure profile near the plasma center (bottom left
panel). As the transport is increased over certain value, the weak ITB turns into a
regular ITB. The mapping on bifurcation diagram is shown in middle right panel
where at low value of thermal anomalous transport (yano=7) there is no discontinuity
in the pressure gradient at top of ITB. Whereas, at high transport (yan.=12.5),
identification of ITB is more clear. The interesting point here is that once yano reduces
to comparable value to yneo (Same order of magnitude), the suppression by magnetic
shear to the energy channel is reduced, especially near plasma center. Meanwhile, the
magnetic shear suppression strength is more effective in the particle channel, resulting
in larger ITB. The reason for this behavior is not clear, but it is possible to be a result
of correlation between transport diffusivities. As discussed in details by Malkov and
Diamond, the ratio of yanoDano/xneocDneo Plays significant role in determination of the

transition and the suppression [96].
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Figure 6.10: Pedestal width (top left), ITB width (top right) and central plasma
values (middle left) as a function of particle anomalous transport strength
(diamond is for pressure and square is for density), heat flux versus pressure
gradient (middle right) and radial profiles of pressure (bottom left) and density

(bottom right) at different values of particle anomalous transport.

Effects of particle anomalous transport diffusivity is showed in figure 6.10.
First of all, the central pressure and density is decreased as the transport gets stronger.
Again, the reduction is stronger in H-mode than in L-mode because the change in
pedestal width. There also exists a critical transport value where the plasma no longer
stays in H-mode. The pedestal width appears to be wider in the pressure channel in
this case, though its central value is much lower. As the transport is stronger, ITB

width of the pressure profile is also reduced. Similarly, it can be observed that if the
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transport is too low, the magnetic shear suppression is too weak to form regular ITB
in the particle channel, resulting in weak ITB. Effects of both thermal and particle
neoclassical transports are showed in figures 6.11 and 6.12, respectively. Similar to
anomalous transport case, the central pressure and density are reduced as the
transports get stronger. The reduction appears to be strongly nonlinear in the cases of
particle neoclassical transport, which also shows that ETB only forms in particle
channel, shown in figure 6.12. Furthermore, if thermal neoclassical transport
increases, the pressure ITB is reduced while the particle ITB is increased. The result is
opposite in the variation of particle neoclassical transport strength. This shows that
the increase of neoclassical transports cause the suppression to be less effective in its
own channel but enhances the suppression in the other channel. This is because the
assumption of the flow shear as shown in equation (5.5). First of all, it makes sense
that the increase of neoclassical transport (thermal/particle) causes ITB in its own
channel to be reduced because the loss is enhanced. In the opposite channel, it is clear
the profiles, especially near plasma core, quantitatively decrease (see bottom panels of
figures 6.11 and 6.12). The ITB appears to slightly expand even though the gradient

in the ITB region reduces, resulting in reduction of central density/pressure value.
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Figure 6.11: Pedestal width (top left), ITB width (top right) and central plasma
values (middle left) as a function of thermal neoclassical transport strength
(diamond is for pressure and square is for density), heat flux versus pressure
gradient (middle right) and radial profiles of pressure (bottom left) and density

(bottom right) at different values of thermal neoclassical transport.
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Figure 6.12: Pedestal width (top left), ITB width (top right) and central plasma
values (middle left) as a function of particle neoclassical transport strength
(diamond is for pressure and square is for density), heat flux versus pressure
gradient (middle right) and radial profiles of pressure (bottom left) and density

(bottom right) at different values of particle neoclassical transport.

6.4.3 Effects of current drive location
This section investigates the effects of current density peak location. The
summary of this study is showed in table 6.2 where the peaking location X, is varied
within the inner half of the plasma core from 0 to 0.1, 0.2, 0.3 and 0.4. The heat
source given to this study is equal to Qu to ensure that the plasma reaches H-mode.
The reason for this setup is to study the interaction between both transport barriers

and the effects of current peak location on them. First of all, it is found that the central
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pressure po and density ng are increased as the peak location moves outward. This is
not a surprising result because moving peak location away from plasma center or
magnetic axis can widen the zone with low magnetic shear, resulting in formation of
ITB and performance improvement. The increase is more than double when the
current peak is moved from plasma center to x/a = 0.4. Similarly, peak location
appears to only affect ITB formation. As showed in the table, ETB width (Agtg)
remains almost the same value, while ITB width (A7) is increased from 0.156 (x/a =
0.2) to 0.206. Note that on-axis current drive does not produce ITB formation and X
=0.1 produces weak ITB as already discussed in the previous section. The interesting
point to notice here is that the location of top of ITB (ITByy) appears to be in the
vicinity of the peaking location. The location of foot of ITB (ITBsy) also expands

outward as the current density peaking location moves outward.

Table 6.2: Effects of current density peaking location on plasma pressure and
transport barriers

Peak Po No Aetg | ITBiop | ITBfoot | At
location (x/a) | (x/a)
(x/a)
0 1.241 | 1.417 | 0.038 - -

0.1 1.546 | 1.653 | 0.037 - 0.207 -
0.2 1.941 | 2.062 | 0.037 | 0.204 | 0.36 | 0.156
0.3 2.233 | 2.473 | 0.037 | 0.329 | 0.499 | 0.17
0.4 2.569 | 2.976 | 0.037 | 0.437 | 0.643 | 0.206

6.5 Conclusion

In this chapter, a coupled 2-fields bifurcation model is used to analyze the
formation and properties of ETB and ITB in tokamak plasmas. The transport
equations for temperature and particle are self-consistently solved for the relation
between local plasma gradients and corresponding fluxes in order to examine the ETB
and ITB formations. It is found that the results can exhibit bifurcation nature when
mapped onto fluxes versus gradients space in which abrupt changes in the gradients
can be observed at plasma edge for ETB and plasma core for ITB. ETB formation
depends sensitively on the heat flux. On the other hand, ITB formation is possible

only with a presence of reverse magnetic shear profile with its width depends weakly
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on the heat flux. Weak ITB formation is also found when the reverse shear profile
happens close to plasma magnetic axis. ITB location and width are also found to be
correlated to the nature of current peaking. In particular, the top of ITB is in the
vicinity of where current density profile is maximum. Both ITB and ETB widths
appears to be proportional to heat source and off-center distance of current peaking.
Thermal and particle neoclassical and anomalous transport appears to affect plasma
profiles, ETB and ITB widths.

111



Chapter 7
Toroidal Rotation Effects on L-H Transition Based on Bifurcation

Concept

7.1 Introduction

Recently, there have been many reports on the prediction of ITER
performance in the standard type | ELMy H-mode using different integrated
predictive modeling codes [119, 154-158]. The core transport models used in those
simulations were Mixed B/gB [110], MMM95 [107], and GLF23 [105] running under
different predictive modeling codes such as BALDUR [50], JETTO [102], and
ASTRA [98] code. The performance of ITER was normally evaluated in terms of
central temperature, alpha power or total fusion power output. Those simulations
yielded a wide range of predictions depending on initial conditions like heating
power, plasma density, impurity condition, or even cross-section shape of the plasma.
Additionally, the differences were also dependent on the choice of transport model
and the code implemented in the simulations. Furthermore, in the recent work by
Onjun et al [106], the simulations of ITER with combined effects of ITB and ETB
were carried out by BALDUR code to predict performance of ITB H-mode plasma.
At later years, simulation works were carried out to study the impact of pellet
injection on ITB in ITER H-mode plasma [159] and on ITER plasma without 1TB
[160-161]. Moreover, behaviors of impurity in ITER plasma was studied and explored
by Pianroj et. al. [162]. The similar set of code was most recently extended to cover
core-edge simulations of H-mode plasma [163-164] as well as bootstrap current
projection in ITER [165]. The L-H transition investigation was also carried out using
MMMO95 transport model, which illustrates the threshold criteria in heating power
[166].

The reduction of anomalous transport is associated with the shear effects,
including both wvelocity shear and magnetic shear [43]. Even though another
mechanism like zonal flow [167] can also intrinsically generate the electric field
shear, its role is omitted in this thesis. Theoretically, the calculation of wgx flow

shear requires the information of pressure gradient, poloidal rotation, and toroidal
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rotation. There have been studies of momentum and velocity transport in poloidal
direction [168-171] but not much has been done on toroidal direction. Toroidal
rotation is found to play a significant role in the enhancement of plasma performance
because the rotation could generate the flow shear which results in transport reduction
and, consequently, formation of transport barriers [172]. It was found in the
unbalanced injection scenario that the toroidal rotation can be the main contributor to
the radial electric field and, consequently, the wexg flow shear [172]. It is expected
that external torque from NBI injection may not be enough to produce sufficient
toroidal rotation in ITER. However, the toroidal momentum can be potentially
generated from an intrinsic property of the plasma. As a result, it is interesting to
investigate the intrinsic rotation in ITER. Simulations of ITER by Onjun et. al. [106]
were carried out using the experimental data of toroidal velocity from some JET
optimized shear discharges, which demonstrated the importance of toroidal velocity
over the ITER performance. A simple empirical model for predicting toroidal velocity
was developed by Chatthong et. al. [120] based on 10 optimized shear discharges
from JET tokamak, which then was extended to predict ITER performance by
Chatthong et. al. [123]. However, there was a concern over the validity of these
works, especially when it is extended for ITER, due to a lack of sufficient theoretical
foundations of those models. M. Kikuchi developed a theoretical toroidal rotation
model based on Neoclassical Toroidal Viscosity (NTV) concept [124]. This NTV
model is based on the idea the symmetry breaking in the plasma can result in plasma
rotation in the toroidal direction. This breaking can be generated by an introduction of
a non axisymmetric field. Recently, the effect of NTV toroidal rotation has been
investigated in ITB ITER-like plasma using BALDUR code [173]. Even though there
is a concern over the validity of this application for ITER, it is still interesting explore
the results and the implication of this model for ITER.

In this chapter, a 1.5D BALDUR integrated predictive modeling code is used
to simulate the time evolution profiles of density and temperature of electrons and
ions. The ETB model used in this work is based on the report of Onjun et. al. [116]; in
this model the ETB is expressed in terms of a pedestal model. The pedestal
temperature is explained using the theory based pedestal width model combining with
pressure gradient limits by ballooning mode instability. The model for ITB used in
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this work is based on literature review of ITB (both theoretical work and experimental
work). It is called semi-empirical Mixed Bohm/gyroBohm (Mixed B/gB) core
transport model which proposes that formation of ITB is caused by the suppression in
anomalous transport due to wexg flow shear and magnetic shear [110]. In BALDUR,
data for weyg is either given to the code or calculated. The code can also use the data
taken from experiments. The first part focuses on the use of the NTV toroidal rotation
model. The second part focuses on the toroidal velocity based on toroidal current
density. The BALDUR simulations use toroidal velocity models to combine with ITB
and ETB models to simulate JET discharges and to predict ITER performance in
standard type I ELMy H-mode scenario. In the last part, the impact of toroidal
velocity model in the bifurcation picture of L-H transition is analyzed.

7.1.1 Simulation procedure

In this section, the simulation procedure follows closely to that described by
Chatthong, et. al. [120]. Namely, the integrated predictive modeling code used
throughout the work is a time-dependent 1.5D transport code called BALDUR [50].
The code simultaneously solves three sets of diffusion equations for number density,
energy density and poloidal magnetic field. Consequently, different plasma profiles,
including temperatures, densities, plasma current, can be self-consistently obtained.
The core transport is computed by BALDUR using a version of semi-empirical mixed
Bohm/gyro-Bohm (Mixed B/gB) transport model, which includes ITB formation
through the assumption that ITB is formed by the suppression of anomalous transport
due to the wexg flow shear and magnetic shear [110]. Mixed B/gB calculates both heat
and particle transports as a function of both Bohm and gyro-Bohm terms. The Bohm
term, which dominates the transport in plasma core, is suppressed by a Heaviside
function of the wg«g flow shear, magnetic shear, and the instability growth rate as
shown in the reports of Tala et. al. [110] and Chatthong et. al. [120]. The main
hydrogen species considered in this work are deuterium and tritium; while the main
impurity species are beryllium and helium, in which their transport coefficients are
assumed in this work to be equal.

In this work, the boundary condition of the plasma simulations is taken to be
at the top of pedestal. In general, the pedestal width is taken around 5% of the plasma
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radius which is considered to be somewhat significant volume due to large value of
the radius. However, the temperature in that region is very small, so small fusion
reaction can take place. That means only small fusion energy can be produced from
that region. Nevertheless, it should be noted that the large bootstrap current can be
generated in the pedestal region due to a strong gradient and it could strongly
influence the pedestal formation. This effect is already considered in the boundary
predictions separately from the rest of the code. More details on the development of
the pedestal model can be found in the report of Onjun et. al. [116]. The pedestal
temperature is calculated using the pedestal model based on the magnetic and flow
shear stabilization width model combining with the ballooning mode instability used
to set the pressure gradient limits [116]. On the other hand, the pedestal density is
estimated empirically to be a fraction of line average density [119].

The focus of this part will be on applying the developed toroidal rotation
model to BALDUR in order to simulate ITER plasma and study its behavior including
ITB formation and its dynamics. The reason is that the toroidal rotation appears to be
one of the ingredients for calculation of the weys flow shear. The radial electric field
E, is derived from the force balance equation as shown in equation (2.9). This radial
electric field is then used to calculate the wgsg Shearing rate according to Hahm-
Burrell model [43, 72]:

(RB,)’ &(E, /RB,)
B oy

(7.1)

Wgyg =

where ¥ is the poloidal flux. Note that this form of wgyg shearing rate is slightly
different from that described in the reports of Onjun et. al., Chatthong et. al. and
Chatthong et. al. [106, 120, 123], respectively, and thus the absolute value of wgyg is
used in the mixed B/gB transport model. It is also noted that the poloidal flow is
determined based on neoclassical theory using NCLASS [174]. Descriptions of
BALDUR code, mixed B/gB model and pedestal model are described in chapter 2.
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7.2 Simulations of ITER with the presence of ITB using NTV intrinsic toroidal
rotation model
7.2.1 NTV toroidal rotation model

This model is based largely on the derivation by M. Kikuchi [124], in which
the offset toroidal rotation can be produced by neoclassical toroidal viscosity (NTV)
dissipation caused by symmetry breaking via application of a non-axisymmetric field
[175]. Kikuchi has further refined the formula for offset toroidal rotation by including
parallel flow effect on residual poloidal flow and impurity effect. It has the form:

v, = [350- Lk, Ly (7.2)
eZB, R dr
Yk Ao A2 nZ;
where Kle, D =i, (fhs+7)— i, y:\/§+a, and a= 7 where the
nz.

subscripts | and i represents impurity and ion species, respectively. In short, the model
implies that the toroidal rotation is driven by the temperature gradient. This calculated
toroidal velocity is then used by BALDUR to determine the flow shear by directly

substituting v, profile into the force balance equation (2.9) to find E,. Then E; is used

to find wexg, Which can affect the suppression of anomalous stransport. In the banana

regime, the elements of parallel viscosity matrix are estimated as follows [176]:

[zilzg(a+\/§—ln(1+\/§))

3 (7'3)
- [3a, 4 5in(1+V2)
Hi; =9 NG 5
1 (7'4)
p 13 39 25In(1+\/§)
Hiz =4 4 4\/5 4
, (7.5)
where g is defined as
f, 1-f,
A
c c (7.6)

here f; and f. are the average fractions of trapped and circulating particles,

respectively. The value of f. is approximated numerically to be [177]
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f =1-1.46c +0.466/c .7

where ¢ is is the plasma inverse aspect-ratio. It is worth to note one compatibility
issue of this model with BALDUR code. Since BALDUR is an axisymmetric
transport code whereas this NTV model is developed from non-axisymmetric field
basis, it is natural to question the validation of applying this model in this work.

However, the problem is omitted at present. This issue is left for future work.

Table 7.1: Standard type | ELMy H-Mode ITER design engineering parameters

Parameters | Simulation Values | Unit
R 6.2 m
a 2.0 m
I 15.0 MA
B, 5.3 i
K 1.7 -
0.33 -
RF 7.0 MW
NBI 33.0 MW
Nel 1.0x10% m?

7.2.2 Results and discussion

All simulations in this work are carried out based on standard type | ELMy H-
mode scenario of ITER design using BALDUR integrated predictive modeling code.
Some design engineering parameters used in this work can be seen in table 7.1, where
RF represents radio frequency heating scheme and NBI represents neutral beam
injection heating scheme. These values are kept the same throughout the work unless
otherwise stated. In addition, the duration of each ITER simulation running time is set
at 3,000 seconds, of which the plasma current and density are slowly ramped up to the
designated values within the first 100 seconds. This is similar to other previous
BALDUR works for ITER [106, 123, 159-162]. It is observed in all simulations that
the plasma reaches stationary state quickly after the plasma current reaches the

maximum value. In the stationary state, the plasma still varies with some degrees of
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fluctuations due to plasma instability, i.e., sawtooth oscillation.
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Figure 7.1: Profiles of ion (top left) and electron temperatures (top right), and
ion (bottom left) and electron densities (bottom right) at stationary state (t =
2,600 s). Each line represents simulation results using empirical model (solid),
model based on NTV (dash-dot), and no-value (dot) for toroidal rotation

calculation.

7.2.2.1 Plasma profiles and ITER performance

First of all, it is interesting to investigate how toroidal rotation affects ITER
plasma, focusing during stationary state. This can be seen in figure 7.1 which
illustrates simulation results for ion temperature (T;), electron temperature (T¢), ion
density (N;), and electron density (N¢) as a function of major radius at the time 2,600
seconds. This specific time is randomly chosen from after the plasma has already
reached stationary state condition. In this part, three different options of toroidal
rotation calculation are employed in the BALDUR code to simulate the ITER plasma:
the first option using the empirical model developed by Chatthong et. al. [120], the
second option using the model based on NTV in proposed by Kikuchi [124], and the
third option using zero toroidal velocity. The purpose of this task is to compare how
the difference in the toroidal rotation predictions for ITER can impact on the ITER
plasma. It is worth to emphasize that the first model was empirically developed based

on 10 JET optimized shear discharges. It has the formv, =cT,, where the constant ¢

equal to 1.43 x 10* is used in this work, which was obtained from the optimization
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with those 10 JET discharges. The details development can be obtained in the report
of Chatthong et. al. [120]. It is found in the simulation using the empirical toroidal
velocity model in the report of Chatthong et. al. [120] that optimistic plasma profiles
are obtained for both temperatures and densities, which was reported by Chatthong et.
al. [123]. It is also observed in the simulations using NTV model that there is a strong
temperature gradient in the vicinity of position r/a = 0.6, which demonstrates the
formation of ITB. The analysis on ITB’s location and dynamics will be discussed later
in more details. For the case without the presence of toroidal velocity, pessimistic
plasma profiles were obtained. To compare the plasma temperature between each
simulation in detail, the central values are evaluated. The simulation using the
empirical model yields extremely optimistic values about 49 keV for ion temperature
and 38 keV for electron temperature; whereas the simulation using the NTV model
yields modest optimistic results for ion and electron temperature about 36 and 35 keV,
respectively. It is worth mentioning that the fluctuation in the simulation using the
NTV model is higher than that using the empirical model. It is also apparent that
without the presence of toroidal rotation, the plasma central temperatures significantly
drop to 18 keV. This strong reduction in temperature profiles is not surprising because
of the absence of ITB. The possible cause of the fluctuation in NTV model
simulations could be the Heaviside function built in Mixed B/gB model as ITB
formation criteria. The function has the form:

H(—O.l4+5—%) (7.8)
Yite

where s is magnetic shear andy ;¢ is the linear growth rate. Figure 7.2 illustrates the

plot of Heaviside values and toroidal velocity profiles as a function of normalized
minor radius. It seems to be that the fluctuation takes place where the function
switches its value. However, it is not always the case as the fluctuation also appears
when the Heaviside profile is flat. Thus, it is not certain if the marginal points in the
step function causes the fluctuation in the toroidal rotation profile.
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Figure 7.2: Toroidal velocity (solid) and the value of Heaviside step function
(dash) profiles at 2600 s obtained from the simulation using NTV toroidal
velocity model.

Note that the temperatures at the boundary remain roughly the same for all
three simulations, so with regard to different toroidal rotation profiles the plasma
performance is independent of boundary values. This also illustrates that the gradient
of toroidal rotation can enhance plasma confinement. In the bottom panels of this
figure, ion and electron density profiles are shown. The central electron densities from
three simulations differ by less than 5% while the central ion densities differ by less
than 6%. It is worth mentioning that the line average electron density is kept at the
same value. Also, the ion density is set to be the combination of deuterium and tritium
densities i.e. N; = Np+Nry. Profiles from simulations based on the empirical toroidal
velocity model and based on zero toroidal rotation show that the densities are high at
the center and decrease outward. On the other hand, different profiles can be observed
in the case of simulation with the NTV model. There is an off center peak near the
location of the high temperature gradient. This characteristic can sometimes be
observed from BALDUR simulations like those from the report of Onjun et. al. [106].

The strong temperature gradient can be related to the large toroidal velocity
(~10° m/s) and the flow shear profiles (figure 7.3). The characteristic of toroidal
velocity profile in the NTV model shows that there is a profile peaking near position

r/a = 0.6-0.8. This peak results in the peak of flow shear profile as well which
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evidently coincides with the location of strong gradient in the plasma. So, the shear

profile of toroidal velocity can lead to the flow shear and hence ITB formation.
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Figure 7.3: Toroidal velocity (top left), flow shear (top right), and ion and
electron thermal diffusivities (bottom) profiles at stationary state (t = 2,600 s)

obtained from the simulation using NTV toroidal velocity model.

It is also found in these simulations that the average alpha power during the
stationary state are 194.4 MW, 166.7 MW, and 35.3 MW for the simulations using
empirical model, NTV model, and zero toroidal rotation, respectively. The alpha
power in the both cases with the presence of toroidal velocity is much higher than that
without the toroidal velocity. In this work, the total auxiliary power is set to be equal
to 40 MW (7 MW RF and 33 MW NBI). Without toroidal rotation, the predicted
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alpha power is less than the auxiliary power. The large alpha power production in the
simulation with the presence of toroidal velocity is quite importance for the success of
ITER. However, it remains to be evaluated in the future whether the intrinsic toroidal
rotation based on NTV can be generated in ITER (as well as strong toroidal velocity
based on the empirical toroidal velocity model). It is not clear whether the torque
caused by NBI heating, as implied by the empirical model, would be enough to rotate
the plasma in ITER, in the same way that it apparently did at JET [120]. It is worth
noting that the fluctuations in the alpha power production using the NTV model (10.2
MW) is relatively high compared to that using the empirical toroidal velocity model
(3.3 MW) and zero toroidal rotation (0.4 MW).

7.2.2.2 I'TB analysis

It was found in the previous section that the presence of toroidal velocity in
ITER is expected to result in ITB formation. It is observed that the ITB location
seems to be correlated to the plasma toroidal velocity profile. This is demonstrated in
figure 7.4. In the top panel (at 2,600 sec), there exists a strong peak of toroidal
velocity near r/fa = 0.6 which is also at the same location of a strong temperature
gradient. While in the bottom panel (at 2,900 sec), the strong peak observed is much
weaker in magnitude resulting in a smaller temperature gradient. Figure 7.5 illustrates
the time evolution profiles of ion temperature gradient demonstrating that the strong
gradient starts to develop after the plasma has reached stationary state (t > 100 s) and
fluctuates near the vicinity of position r/a = 0.6. It is worth mentioning that in these
simulations, the temperature scale lengths in these simulations are found to be close to
or larger than the length of the simulation mesh scale. This assures that the physics of
ITB is adequately and correctly captured in these simulations. In addition, the size of
spatial grids used is found to be sufficient for the results to be grid independence. The
sizes of spatial grids as well as time-steps used by BALDUR are enough for the
simulations to be reliable as showed in previous ITB simulation work by Chatthong
et. al. [120].
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Figure 7.4: Toroidal velocity (dash) and ion temperature (solid) profiles at
stationary state; 2600 s (top) and 2,900 s (bottom) obtained from the simulation
using NTV toroidal velocity model.
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Figure 7.5: lon temperature gradient image plot, darker region implying higher

gradient obtained from the simulation using NTV toroidal velocity model.

It is known that strong temperature gradient (similar to the ITB formation)
results in large bootstrap current formation. This intrinsic current is crucial for steady
state tokamak operation in the future fusion machine. Figure 7.6 shows the profile of
bootstrap current density which illustrates the spike of the current at the point of ITB
formation. The peak is around 1.01 MA/m? with average value of 0.21 MA/m?. The
total generated current density has average value of 1.41 MA/m? The generated
bootstrap current are about 4.98 MA in the simulation using the empirical toroidal
velocity model, 4.35 MA in the simulation using the NTV model, and 0.09 MA in the
simulation without toroidal rotation which account for 33%, 29%, and 1% of the total
plasma current, respectively. Also in the same figure, safety factor g and magnetic
shear s profiles are shown. The g-profiles exhibit non-monotonic behavior in the
simulation with both empirical and NTV models suggesting the improvement of
plasma confinement. Through the simulation with the NTV model, it can be observed
that the ITB forms where the magnetic shear has small negative value. This is similar
to the weak negative magnetic shear experiments with the presence of ITB [60, 86,
151]. In addition, the value of q, at the time, at the top of ITB is around 1.14 and that
at the foot of ITB is around 1.42 which is close to the rational g-surface (3/2). This
agrees with the report in by Wolf et. al. [60].
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Figure 7.6: Total current density (top left), bootstrap current density (top right),
safety factor (bottom left) and magnetic shear (bottom right) profiles at
stationary state (t = 2,600 s). Each line represents simulation results with
empirical model (solid), model based on NTV (dash-dot), and no-value (dot) for

toroidal rotation calculation.

To investigate the dynamic of ITB, the plots of ion temperature profiles at
various times from the simulation with NTV model are shown in figure 7.7. The lines
t = 10 seconds represents earlier time where the plasma is not fully heated yet so the
plasma is still in L-mode. After 100 seconds, the heating is full and the plasma
reaches stationary state. At this stage, the plasma makes a transition to H-mode with
central ion temperature close to the simulation result with zero toroidal rotation. At
later times the plasma temperature is increased even further with the formation of
ITB. As mentioned earlier, the central temperature is fluctuating considerably. Here it
is shown that the ITB location also fluctuates around adjacent position. Nevertheless,
at some times it can also be transiently collapsed and then later it is formed again.
This observation implies that once the plasma has reached full heating state, the ITB
is not so stable. It does move in and out and its gradient varies up and down. Further
investigation has shown that the ITB circulation period (collapse and recovery) does
not appear to be regular or predictable in these simulation results. The mechanism of
this ITB dynamics is very complicated. There is no clear conclusion on the circulation

period of ITB because its collapse and recovery are irregular. This particular issue is
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interesting for future study which requires more details investigation. However, it
appears that this ITB tends to forms near the point where the flow shear component of
the radial electric field is maximum which mostly happens in the vicinity of r/a = 0.6.
Also, the strong gradient is reduced (collapsed) when the shear is also reduced. The
radial electric field is related to the toroidal and poloidal rotations as shown in
equation (2.9). Since both rotations are dependent on the temperature gradient, the
radial electric field must relate to the gradient as well. Figure 7.8 shows the time-
correlation between the toroidal velocity and temperature gradient near the position
r/a = 0.62. The times of each profile peaking appear to be highly correlated as implied
by the model. Since the pressure gradient, the toroidal and poloidal rotations are
components for a radial electric field according to the force balance equation, it is
interesting to investigate how each term contributes to the flow shear profile. This is
illustrated briefly in figure 7.9 where it evidently shows that the toroidal rotation term
dominates significantly. It can be observed that the pressure gradient and the poloidal
rotation terms tend to cancel out each other because they are comparable in magnitude
with opposite sign. As a result, the radial electric field is determined mainly by the
toroidal rotation term. Based on this simulation, the toroidal flow appears to be

dominant for the flow shear in the plasma

rfa

Figure 7.7: lon temperature profiles as a function of normalized minor radius at
various times illustrating the dynamic of ITB obtained from the simulation using

NTV toroidal velocity model.
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Figure 7.8: Toroidal velocity and temperature gradients evolution profiles near

location of ITB obtained from the simulation using NTV toroidal velocity model.
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Figure 7.9: Radial electric field, its components, and flow shear profile as a

function of normalized minor radius from the simulation using NTV toroidal
velocity model.

The other indicator for an ITB formation is the reduction of transport
diffusion. At the bottom panel of figure 7.3, the radial profiles of both ion and
electron thermal diffusivities are shown for the time that the plasma reaches its steady
state. It can be seen that the transport reduction is occurred in the region close to the

center up to r/a=0.7. This region is also the region where the flow shear is strong.
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Thus, it can be concluded that the transport reduction strongly correlates with the
presence of toroidal velocity, which is in agreement with the explanation in the
previous paragraph. Note that according to the Mixed B/gB model, the transport
diffusion coefficients (both thermal and particle) are functions of Bohm and gyro-
Bohm terms as described by Gryaznevich et. al. [22]. Thus, their profiles should be

somewhat similar.

7.2.2.3 Sensitivity study
In this part the plasma simulations using the NTV model are studied in further
detail. The sensitivity of plasma profiles and performance is analyzed by varying the
three plasma engineering parameters: line average density (n;), auxiliary power (Paux),

effective charge number (Z¢), and the magnitude of the rotation.

(a) Line average density

Line average density controls the total electron density inside the plasma.
Three different values of n, are considered for ITER simulations: 0.8, 1.0, and 1.2 x
10%° m™. Figure 7.10 shows the plasma profiles at time 2,600 seconds. The average
values of central ion temperature and central electron density are shown in table 7.2.
Note that the density values yield to those which are roughly similar to their
respective engineering values. The average values of central ion temperature are
found to be increased with line average density. The alternate indication of plasma
performance is to monitor the alpha power production, in which its average values are
shown in table 7.2. Here, it can be concluded that the plasma fusion power is

increased with line average density.
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Figure 7.10: lon temperature (top left), ion density (top right), toroidal velocity
(bottom left), and flow shear (bottom right) profiles at stationary state (t = 2,600
s) obtained from the simulation using NTV toroidal velocity model. Each line

represents simulation results with different values of line average density.

Table 7.2: Average values of central ion temperature, central electron density

and alpha power for each simulation during stationary state.

Simulations | Tio (keV) Neo (x10° m?) P, (MW)
n=08x10"m>| 32.72 8.34 87.44
n=10x10°"m?| 34.92 10.27 166.70
n=12x10"m?| 37.34 12.39 242.27

ax = 30 MW 32.61 10.26 156.97
Paux = 40 MW 34.92 10.27 166.70
Pawx = 50 MW 36.82 10.36 176.10
Zett=1.4 34.92 10.27 166.70
Zett = 1.8 30.66 10.59 120.89
Zett = 2.2 22.76 10.89 64.57
Zett = 2.6 14.40 11.44 18.46
0.1Vnrv 14.80 10.56 28.97
0.5VnTv 28.85 10.32 123.06
1.0Vnrv 34.92 10.27 166.70
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It can also be observed in this work that in all three simulations the positions
of strong temperature gradient coincide with the highest peak of toroidal velocity
profile. In the case of n, = 0.8 x 10% m™, there is a second high peak near plasma edge
which causes another strong temperature gradient there. Near the center of each
profiles, there is also another toroidal velocity peaking. A degree of curvature can be
observed there but the strong gradient, though it exists, is not visibly clear in the
profile plot. The possible explanation is that there is a large neoclassical diffusivity
near the plasma center which reduces the ion temperature gradient and hence the flow
shear. Furthermore, the values at the toroidal velocity peaking appear to be correlated
with the level of line average density. This is because higher line average density
results in higher alpha power and thus temperature. Consequently, greater gradient is
obtained and eventually leading to high toroidal velocity peaking. In summary, higher
line average density results in higher toroidal velocity peaking and alpha power, and

hence higher plasma performance.

(b) Auxiliary power

It is interesting to analyze how the plasma performance can be changed at
various auxiliary heating powers since it is not realistic to keep increasing the heating
power forever in order to improve the plasma performance. In fact this is unnecessary
because once the supplied heating is too high, the plasma performance is actually
diminished. In this study, three heating powers are used: Py« = 30, 40, and 50 MW
(only NBI heating is varied, RF heating is kept at 7 MW). Figure 7.11 shows the
plasma profiles. Also, the average values of central ion temperature and central
electron density are shown in table 7.2, along with average alpha power. The values
show that as the heating power is increased, the alpha power is also enhanced but the

plasma performance is decreased since the fusion gain appears to be reduced.
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Figure 7.11: lon temperature (top left), ion density (top right), toroidal velocity
(bottom left), and flow shear (bottom right) profiles at stationary state (t = 2,600
s) obtained from the simulation using NTV toroidal velocity model. Each line

represents simulation results with different values of auxiliary power.

The toroidal velocity profiles in figure 7.11 are consistent with the earlier
conclusion that their highest peak locations are coincident with their respective
positions of strong temperature gradients. The peaking of toroidal velocity are also
located near the center which results in the high curvature at those respective
positions but the strong temperature gradients are not clear as well as the results from

the previous case.

(c) Effective charge number

In this part, the effect of effective charge number is studied. It is an average
charge of the plasma over all ion species. This effect simply increases the impurities
density inside the plasma. Four Z values are used: 1.4, 1.8, 2.2, and 2.6. Figure 7.12
shows the plasma profiles. The average values of central ion temperature, central
electron density and alpha power are also shown in table 7.2. The results are as
expected that as Zg is increased the plasma performance is reduced because higher
charge means higher plasma loss through radiation. The drop is rather significant
compared to the previous two variational studies. The radiation model used in this

work is based on the coronal equilibrium radiation model [178]. In ITER-like
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temperature regime, the main radiation is a bremsstrahlung process.
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Figure 7.12: lon temperature (top left), ion density (top right), toroidal velocity
(bottom left), and flow shear (bottom right) profiles at stationary state (t = 2,600
s) obtained from the simulation using NTV toroidal velocity model. Each line

represents simulation results with different values of effective charge number.

The toroidal velocity profiles can be seen in the same figure, bottom panel.
The results are also consistent with earlier remarks with regard to location of ITB.
Some strong temperature gradients may not be visibly clear in this plot but they form
at the same position as their respective toroidal velocity peaking. Note that in this case
the magnitude of the peaking is highest in the simulation of Z equal to 1.4 then 2.2
and 1.8, not in the same order as plasma performance. So the correlation is uncertain
in this case. The possible explanation is because in the simulation of Zg = 1.8, the
ITB appears to be transiently collapsed during this certain time along with the lower
value of toroidal velocity peaking. However, the transient collapse does not notably

contribute to the plasma loss so the plasma energy still remains higher.

(d) Strength of the toroidal rotation
It is still a question whether the NTV model is applicable for ITER since ITER
IS an axisymmetric system. So, the strength of toroidal rotation might not be as much
as that predicted using the NTV model. Therefore, in this part, the strength of the

NTYV toroidal rotation is investigated. This is done by comparing the previous result
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with new results when toroidal velocity calculated from equation (7.2) is multiplied
by 0.1 and 0.5. The results are shown in table 7.2. In summary, the magnitude of the
NTV toroidal rotation is found to significantly affect the plasma profiles and,
consequently, the plasma performance. When the rotation is reduced to 10% of those
predicted using NTV model, the plasma central temperature is decreased to around
40% and the alpha power is decreased to around 17%. When the rotation is reduced to
50% of its value in the original model, the plasma central temperature is decreased to
82% and the alpha power is decreased to around three-quarters. Thus, the strength of

the toroidal rotation is quite crucial. Further investigation is needed.

7.2.3 Conclusion

Simulations of standard ITER ELMy H-mode are carried out using BALDUR
integrated predictive modeling code. These simulations are computed with the
presence of both ITB and ETB together with the prediction of toroidal rotation. The
core transport is predicted with Mixed B/gB model, while the boundary condition is
computed using a pedestal model based on magnetic and flow shear stabilization
width scaling and an infinite-n ballooning pressure gradient model. The toroidal
rotation is calculated using a theoretical model based on NTV concept. It is found that
the intrinsic toroidal velocity predicted by the NTV model is sufficient for a formation
of an ITB. In term of plasma performance, if the plasma can be toroidally rotated, its
performance can be significantly improved. The simulations obtained here shows that
the ITB forms in the vicinity of position r/a ~ 0.6-0.8, which is not clear why such a
particular position is favored by the plasma. The model yields very strong fluctuations
in space and time. Additionally, once the barrier is formed, its position and magnitude
appears to vary only slightly. The dynamics of the barrier cannot clearly be clarified,
except that the barrier has a strong relationship with the temperature gradient, the
shear of toroidal velocity and radial electric field profiles. Furthermore, the sensitivity
study concludes that the plasma performance is increased with line average density
and is decreased with auxiliary power and effective charge number. The location of
toroidal velocity peaking is coincident to that of the strong temperature gradient and
the magnitude of the peak is correlated to plasma performance.
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7.3 Comparison of H-mode plasma simulations using toroidal velocity models

depending on plasma current density and ion temperature in presence of an ITB

7.3.1 Models for predictive toroidal velocity
7.3.1.1 Current density dependent approach
This model is based on the current density flow of charge, in which, for
simplicity, it is assumed to be in term of drift velocity of plasma flow.
J

¢
vV, = ) 7.9
’ en Z (7.9)

i,e —eff

where J represents the current density flow in toroidal direction which can be

calculated in BALDUR via Ampere’s law and n;. is ion and electron density. Figure

7.13 shows normalized minor radius (r/a) comparison profile of experimental v, of

JET discharge 40847 with current density in toroidal direction from the diagnostic
simulation (simulation using toroidal velocity from experiment to construct the
current profile) at the diagnostic time. It can be seen that the profiles are similar in
which the values are high near the centre and low near the edge with relatively flat

profiles at the regions close to both boundaries.
40847 (46.0 s)

x 10*

12

v, (m/s)

rfa

Figure 7.13: Profile plot of toroidal velocityv, (solid) together with toroidal

current density J, (dashed) as a function of r/a for JET 40847 discharge at the

diagnostic time.

134



7.3.1.2 lon temperature dependent approach
This model describes that the toroidal velocity is linearly proportional to the

local ion temperature (T;), the exact form is as follows:
v,[m/s]=1.43x10°T, [keV ]. (7.10)

It was developed and used to simulate JET data [120]. Then later it was used to
predict ITER performance [123], which illustrated that during plasma quasi-steady
state the anomalous transport was suppressed over a wide region. The problem is that
this model is empirically built based solely from data from JET tokamak. So the
projection problem is rather questionable. Moreover, the set of experimental data used
in the model development is mainly NBI (neutral beam injection)-heated plasma. In
other words, the plasma is rotated toroidally by the external torque caused by NBI
heating. This raises an important issue because ITER will be much larger (840 m®
plasma volume compared to 100 m® of JET) so that the torque from NBI should not

be enough to rotate it toroidally.

7.3.2 Results and discussion

7.3.2.1 JET simulations
In this work, 10 JET optimized shear H-mode discharges with ITB formation
(40542, 40847, 46123, 46664, 51599, 51976, 52009, 53521, 53532, and 53537) are
chosen from the International Profile Database [179]. Table 7.3 shows the summary

of parameters from all 10 discharges used for the simulations.
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Table 7.3: Summary of plasma parameters for 10 JET optimized shear

discharges during their diagnostic time.

JET | Time(s) | R(m) | a(m) | 1,(MA) |Bs(T)| « S | n@o®m?

40542 47 2.93 0.94 3.22 349 | 1.64 | 0.35 2.41

40847 46 2.92 0.96 2.85 3.50 | 1.56 | 0.20 2.33

46123 46.5 2.89 0.98 2.50 254 | 1.52 | 0.17 2.24

46664 45.7 2.92 0.94 2.95 3.50 | 1.71 ] 0.20 2.27

51599 46 2.89 0.96 2.21 2.64 | 1.66 | 0.23 1.90

51976 46.3 2.92 0.95 2.40 349 | 1.69 | 0.26 2.45

52009 21.6 3.01 0.88 2.49 270 | 1.72 | 0.47 7.30

53521 49 2.89 0.97 2.00 354 | 163 | 0.21 2.99

53532 46.5 2.89 0.96 2.22 264 | 1.67 | 0.23 2.52

53537 46.5 2.90 0.96 2.22 264 | 1.67 | 0.23 2.15

(a) Comparison

In this part, the predicted toroidal velocitiesv, from two models are compared.

Examples of v, profile are shown in figure 7.14. Each demonstrates v, as a function of

r/a, the closed circles represent experimental data, the solid line with triangle markers
represents simulation result of ion temperature dependent model, and the solid line
represents simulation result of current density dependent model. Note that diagnostic
time for each discharge is selected based on ITB and H-mode considerations. From
this figure, it can be observed that the simulation results tend to over-predict the
experiments. This is almost always the case for all 10 JET discharges. Furthermore,

the general profile shape of the current density dependent model is rather unsmooth
near the edge of the plasma where thev, values abruptly spike up and then decrease to
zero right at the edge. This strange behaviour is a result of numerical procedure
according to how BALDUR computes the current density. BALDUR assumes that the

current is zero at the edge, the value at the next grid is high to conserve overall current

flow.
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Figure 7.14: Comparison of toroidal velocityv, between experimental values

(dots) and simulation results using ion temperature T; dependent (solid-triangle)

and current density J ,dependent (solid) models for JET discharges 40542 (top)

and 40847 (bottom) during their diagnostic time.

Quantitatively, the root mean square error (RMSE) values between simulation

results and experimental data are computed for comparison according to:
N 2
Z(In (vmexpi )— In (V¢7modi ))

RMSE(%)\/il . x100, (7.11)

wherev, ., is the experimental value,v, .. is the value calculated from the models,

and N is total number of data points. The summary results are shown in figure 7.15.
The RMSE ranges from 16.99% to 200.5% for the current density dependent model,

whereas it ranges from 18.58% to 55.50% for the ion temperature dependent model.
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The best agreement is found in the current density dependent prediction of discharge
51976, while the worst agreement is ironically found in the prediction using the same
model of discharge 46664. The average RMSE of all 10 discharges is found to be
73.02% with the standard deviation of 60.81% for the current density dependent
model, and found to be 37.09% with the standard deviation of 13.04% for the ion
temperature dependent model. The average values imply that the prediction by ion
temperature dependent model is better. However, if one observes discharge by
discharge and also from the high standard deviation, one can see that it is possible that
this current density dependent model can only capture a limited regime of the plasma.
So for the applicable discharges, it can predict the profile rather adequately. While in

some other discharges additional physics or models are needed.
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Figure 7.15: RMSE deviations of 10 JET discharges and their average for

toroidal velocityv,using current density J,dependent (solid bars) and ion

temperature T; dependent (striped bars) models.

(b) Simulation profiles
For simulations of each JET discharge, the time-evolution profiles of ion

temperature (T;), electron temperature (T¢), and electron density (n.) are calculated
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and predicted by BALDUR. Figure 7.16 illustrates example profiles of JET
discharges 40847 and 52009; note that the dots represent experimental data, the
dashed line represents simulation results using current density dependent model, and
the solid line represents simulation results using ion temperature dependent model.
First of all, the figure shows that the simulation results over-predict both the
temperatures and the density at the edge while they tend to under-predict the values at
plasma center. In other words, the pedestal model yields higher predicted values and
the Mixed B/gB model yields lower predicted values than the experimental data.
Furthermore, it can be observed that when comparing to experimental data the general
features of this discharge profiles are retained. However, when observing the general
features of the profile plots for all 10 JET discharges the brief summary can be
discussed as follows. Firstly, the simulation results of T;, Te, and n. are in agreement
within one order of magnitude with experimental measurements. Secondly, the
general trend of the profile such as the inclination is similar in some results and

different in others. This can be due to the limited availability of some experimental

parameters and incompleteness of thev, model. And lastly, n. profiles are usually in

better agreement with experimental data than the others. This is because in BALDUR,
the boundary condition for density equation is empirically determined from line
average density (n;) according to equation (2.53). On the contrary, the pedestal
temperature (Tpeq) IS theoretically calculated according to equation (2.52) so the
prediction accuracy should be less than that of empirical approach. This also can be
seen in figure 7.16, in which the temperatures for both ion and electron at the edge are
predicted much higher than that of the experiment, while the densities are predicted

roughly closer to the experimental values.
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Figure 7.16: JET 40847 (left) and 52009 (right) time-evolution profiles of ion

temperature T; (top), electron temperature T, (middle), and electron density n

(bottom): experimental data (dots) simulation results using current density J,

dependent (dashed) and ion temperature dependent (solid) models at the center

(dark) and edge (gray) of the plasma.

Quantitatively, the three physical quantities profiles are compared with

experimental data using the following normalized RMS comparison:
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2
N —
RMS(%) = \/%Z(MJ x100, (7.12)

i=1 expo

where X represents interested physical quantities (Te, Ti, and ne) and Xxo represents
experimental data at the centre of the plasma. Note that in these comparisons, data of
all grid positions in the plasma are included and of the entire duration that the
discharge remains in H-mode. These results are shown as bar plots in figure 7.17. For
T; comparison, the maximum of 41.48% is found in discharge 53532 of current
density dependent model and the minimum of 18.14% is found in discharge 53521 of
ion temperature dependent model. The averages of all discharges are 28.13 + 7.71%
standard deviation for the current density dependent model, and 25.47 + 7.10%
standard deviation for the ion temperature dependent model. For T, comparison, the
maximum of 63.74% is found in discharge 53532 of current density dependent model
and the minimum of 14.88% is found in discharge 40847 of the same model. The
averages of all discharges are 31.78 + 14.51% standard deviation for the current
density dependent model, and 30.19 + 13.64% standard deviation for the ion
temperature dependent model. For ne comparison, the maximum of 21.54% is found
in discharge 52009 of ion temperature dependent model and the minimum of 9.66% is
found in discharge 46664 of the same model. The averages of all discharges are 15.00
+ 3.23% standard deviation for the current density dependent model, and 15.15 +
3.50% standard deviation for the ion temperature dependent model. On average, it
cannot be concluded which model is better because they are within the standard
deviation of each other. This conclusion is different from the toroidal velocity
prediction where it can be clearly seen that the ion temperature dependent model
predicts better. This shows that the simulations profiles are not so much sensitive to
the toroidal velocity profile. Nevertheless, if one observes the performance of each
discharge simulation individually, one can find that on some discharge like 46664 the

difference is significant in which the empirical model performs better.
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Figure 7.17: RMS deviations of 10 JET discharges and their averages for ion
temperature T;, electron temperature T, and electron density n. simulation

results using current density J,dependent (dark) and ion temperature T;

dependent (gray) models.
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(c) ITB formation

One physical phenomenon that is important to explore in this work is the

ability of this suite of code to simulate ITB formation. Thisv, model is developed to

explain the velocity in toroidal direction which is used to calculate the shearing rate
o®exs, the cause of ITB formation. ITB formation can be found in either ion or electron
channel, or both channels at the same time depending on heating method. Since the
main heating in JET is either NBI (neutral beam injection) or ICRF (ion cyclotron
resonance frequency) or both, ITB formations are found mainly in ion temperature
profile so the work on ITB identification will be in T; profile plots. ITB is defined as a
local region of steep temperature gradient. So, the gradient will be used in order to
identify ITB location and time of its occurrence.

Figure 7.18 illustrates the contour plot of ion temperature gradient
spatiotemporal profiles with darker area representing relative higher temperature
gradient area, showing examples for JET discharges 46664 and 53532. Only ion
temperature profiles are shown here because BALDUR simulations yield similar
qualitative behaviour for ion and electron profiles. Moreover, there is no ITB
formation in the particle channels from these experiments. In this sense, the figure can
be used to trace the location and the time evolution of the ITB. The top panels are
experimental data, the middle panels are the simulation results from current density
dependent model and the bottom panels are simulation results from ion temperature
dependent model. In discharge 46664, ITB forms around the time of 45.5 seconds
near the position r/a= 0.4. It appears that the empirical model predicts almost the
exact time of formation with a location slightly shifted toward r/a = 0.5. On the
contrary, the current density dependent model predicts a wider ITB from r/a = 0.4 to
0.8 with formation time as early as 45 seconds. In discharge 53532, ITB forms around
the time of 46 seconds near the position r/a= 0.4. Similar to the previous discharge,
the empirical model predicts ITB formation better for both its time and location.
Current density dependent model predicts softer ITB but for wider region. As a
summary, from this qualitative observation, the empirical model predicts formation of
ITB better. These results are as expected because, as mentioned earlier, the empirical

model was derived from these discharges so they should fit the experimental results
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better. However, it is more interesting to see how it projects into a larger machine like

ITER.
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Figure 7.18: Contour plots of ion temperature gradientVT, profile of JET

discharges 4664 (left) and 53532 (right): experimental results (top) and

simulation results using current density J,dependent (middle) and ion

temperature T; dependent (bottom) models.
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7.3.2.2 ITER predictions
ITER is an international collaboration with the main goal of demonstrating
scientific and engineering feasibility of nuclear fusion machine [28]. In this work, a
standard type | ELMy H-mode ITER is chosen. Its design parameters are shown in

table 7.1, the details of the operation scenario can be found in Onjun et al. (2009).

(a) ITER performance and ITB effect

Time =2700s

2 “
s S
R A 2 20
S I ELLT TP
10 [ e e SR

0 0
& 5 o D s e o e e z
an g mE g oy
R = —ITB(v «J)
601- ?_‘r_1 L] o

< 0 = 0 . —-—ITB(v¢rz.Ti) d
$ 5 10 ---No ITB
noE 4 oc.E 8 :
213 - =

=41 =, 2[TommmmAAn e, —————

w L I AR R ELLEEN]EL R T v | .- iy | i
= 00 02 04 06 08 1 = 00 02 04 06 08 1

r/a rfa

Figure 7.19: Comparison of ITER performance (for ion temperature T;, electron
temperature T,, deuterium density np, tritium density nt, beryllium density nge,
and helium density nye) between simulations with ITB (both current density and
ion temperature dependent models) and without ITB effect during steady state (t
= 2700 s).

Figure 7.19 illustrates simulations of ITER for ion temperature (T;), electron
temperature (Te), deuterium density (np ), tritium density (nt), beryllium density (nge),
and helium density (nye) as a function of normalized minor radius r/a at the time of
2,700 seconds. Note that at this time, the plasma has reached quasi-steady state
condition as observed from figure 7.20 that the plasma becomes relatively steady after
200 seconds. In both figures, the solid line is for simulation using current density
dependent model, the solid line with bullet is for simulation using ion temperature
dependent model, and the dashed line is for simulation without ITB. It can be seen in
figure 7.19 that both temperatures are high near the center and lower toward the edge

(from 3 to 10 times reduction), while the densities of all species remain roughly the
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same throughout the plasma (around 2 times or less reduction) except helium density
in ITB simulation which accumulates more toward the plasma center (at most 4 times
reduction). The beryllium is an impurity that comes from the wall of the tokamak. It is
found to accumulate in the plasma.

The temperature profiles indicate the existence of ITB formations which is
shown by significant improvements of plasma temperature over those results without
ITB. It can be seen that when ITB effects are included in the simulation, the central
temperature for both ion and electron increase significantly, from 12 keV to 38 keV
(current density dependent) and 49 keV (ion temperature dependent), and from 13
keV to 33 keV (current density dependent) and 39 keV (ion temperature dependent),
respectively. Yet, the temperatures near the edge of plasma remain approximately the
same. This implies that ITB formations indeed result in better plasma confinement for
the plasma temperature, hence energy. This also shows that the empirical model
predicts higher values for ITER by around 20% for ion and 15% for electron
temperatures at plasma center.

The bottom right panel shows that helium impurity accumulates more in the
plasma core for simulations with ITB included, also in the ion temperature dependent
model more than in the current density dependent model. This agrees with the trend in
central temperatures which results in higher fusion reaction. Additionally, it means
that ITB formations also prevent transport of impurity species especially helium.
Beryllium is an impurity from the first wall outside of the plasma, the concentration is
slightly higher in plasma with the ion temperature dependent model run as expected
because there are more beryllium trapped in the core. However, the current density
dependent model appears to show similar beryllium accumulation to that of
simulation without ITB. The situation is similar for helium species, except that the
concentration in the run with ITB effect is much higher than the run without ITB
effect. As stated earlier, transport barriers improve plasma energy confinement and
power production, which mean the fusion reaction rate is enhanced as well. This is
confirmed by figure 7.20 in the bottom panel which shows the time-evolution profile
of alpha power. During quasi-steady state, the alpha powers of ITB simulations are
almost 10 times higher than that without ITB formation. These alpha particles are not
neutral so they are trapped by the magnetic field inside the tokamak. The energy is
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used to reheat the plasma, transferred back to deuterium and tritium by way of
collision. More alpha power means more alpha particles produced from fusion
reaction so higher helium density is observed. This result is further confirmed by
deuterium and tritium density plots in figure 7.19. Since both species are starting
particles of the fusion reaction, a higher reaction rate implies more fuel burnt and
hence less density accumulated for both. As observed from the figure, ITB simulation

shows lower tritium and slightly lower deuterium concentrations.
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Figure 7.20: Time-evolution plots of central ion temperature T; (top), total fusion
power output Wy (middle), and alpha power P, (bottom) for simulations with

ITB (both current densityJ,and ion temperature T; dependent models) and

without ITB effect during steady state (t = 2700 s).

In summary, to see what is happening at the center of the plasma, the central
ion temperature is plotted as functions of time (Figure 7.20) along with total fusion
power output and alpha power of the plasma. As expected, they are higher in
simulations with ITB formation. Initially, during current ramp-up phase the profiles
increase steeply and reach maximum around 100 seconds before dropping down
because of the high radiation power to reach quasi-steady state. During this latter
state, the average values of central ion temperature are 36 and 49 keV, of the total
power outputs of the plasma are 492 and 800 MW, and of the alpha powers are 159
and 218 MW for the current density dependent and ion temperature dependent

models, respectively. Note that the ion temperature dependent model provides more
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steady plasma profiles while the results from current density dependent model are
much rather fluctuated.

It is interesting to observe how ITB forms in ITER using the two toroidal
rotation models. Figure 7.21 illustrates the contour plots of the ion temperature
gradient profiles. The top panel shows that the current density dependent model
predicts ITB to be locally located around r/a = 0.7 with some slight fluctuations. Once
formed, its location is moving in and out around the position. It also appears to
collapse and reform. However, the period of collapsing and reformation is not regular
or deterministic; future investigation is required. On the contrary, the ITB region from
empirical model appears to be much wider, from r/a = 0.5 to 0.8. This agrees with
what could be observed in the top panels of figure 7.19, in which the strong gradient
from the current density dependent model can be easily identified at r/a = 0.7 but not
so for the ion temperature dependent model because it covers a wider region. This
also explains why the empirical model yields higher temperature profiles, as it has a
wider region of ITB, the transport reduction is much stronger. The toroidal velocity
and the flow shear profiles are shown in figure 7.22. It can be observed that in the
simulation using current density dependent model, there exists a spike feature
representing strong shear of the profiles at the vicinity of the ITB location. So there is
a correlation between the location of the strong shear of toroidal velocity and wexg
flow shear profiles with that of temperature gradient or ITB. Moreover, the plasma
appears to be rotated much faster, toroidally, in the simulation using empirical model.
This will be physically quite challenging in ITER since NBI, as implied by the

empirical model, should not be able to rotate the bigger machine that fast.
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Figure 7.22: Toroidal velocityv,and flow shear wexs profiles of simulations

results for current density J ,dependent (solid) and ion temperature T; dependent

(dashed) models during steady state (t = 2700 s).

(b) Test for plasma ignition
Plasma reaches an ignition condition if the auxiliary heating (NBI plus RF
heating) is shut down but the plasma is still able to self-sustain. It is very important to
study this issue for ITER because self-heating leads to possibility of long duration
operation for fusion reactor. In this study, BALDUR code is used to simulate the
similar ITER performance as before but the auxiliary heating is turned off after 2000
s, at which point the plasma has reached a quasi-steady state. After that, the plasma is

solely heated by ohmic heating and alpha heating.
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It is found in figure 7.23 that ion temperatures, total powers and alpha powers
drop as soon as the external heating is shutdown. Nevertheless, the plasma adjusts to a
new quasi-steady state shortly after with lower temperatures and powers. In
simulation without ITB effects included, the operation continues for about 400
seconds longer before reaching disruption because alpha heating diminishes as soon
as auxiliary heating is off and then ohmic heating carries on the operation until the
operation stops. Note that ohmic heating is small compared to other heating modes.
With ITB effects included, the plasma achieves a new quasi-steady state at central ion
temperatures of around 30 and 40 keV, total powers of 400 and 650 MW and alpha
powers of 110 and 180 MW, for current density dependent and ion temperature
dependent models, respectively. Note that ITB formations are still maintained even
after auxiliary heating is turned off as shown in figure 7.24 but the values of

temperatures are slightly lower.
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Figure 7.23: Time-evolution plots of central ion temperature T; (top), total fusion

power output Wy, (middle), and alpha power P, (bottom) for simulations with

ITB (both current densityJ,and ion temperature T; dependent models) and

without ITB effect during steady state (t = 2700 s), auxiliary heating is turned off
after 2000 s.
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Figure 7.24: ITER performance simulations (for ion temperature T;, electron
temperature T,, deuterium density np, tritium density nt, beryllium density nge,
and helium density nye) with ITB (both current density and ion temperature
dependent models) and without ITB effect at time after auxiliary heating is
turned off (t = 2400 s).

7.3.3 Conclusion

Self-consistent simulations of ITER with the presence of both ITB and ETB
are carried out using the BALDUR code. The combination of Mixed B/gB transport
model together with pedestal model based on magnetic and flow shear stabilization
pedestal width scaling and an infinite-n ballooning pressure gradient model, and with
two toroidal velocity models based on ion temperature and current density of the
plasma, is used to simulate the time-evolution profiles of plasma temperature, density,
and current for JET optimized shear discharges and ITER standard type | ELMy H-
mode operation. It is found that the simulations with the ion temperature dependent
toroidal velocity model yield better agreement with JET experimental data. For ITER
prediction, the ion temperature dependent model yields more optimistic predictions
but the current density dependent model predicts a rather narrow region of ITB. The
presence of ITB is very crucial for ITER because it results in greater plasma energy
confinement over standard run without ITB effects. The presence of ITB causes both
ion and electron temperatures to be higher, especially at the center. However, it only
slightly affects the densities of deuterium, tritium, and beryllium. Helium

concentration is higher in ITB simulation because of larger fusion reaction rate.
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Therefore, this is a critical issue for ITER. In addition, when the auxiliary heating is
turned off, it is found that the core temperature, total power and alpha power are
decreased slightly. However, significant fusion energy still retains. The ignition
condition cannot be achieved without the formations of ITB.

7.4 Investigation of toroidal flow effects on L-H transition in tokamak plasma
based on bifurcation model

The setback of the original bifurcation model was the assumption that both
neoclassical and anomalous diffusivities to be constant. Also, in calculation of radial
electric field the toroidal and poloidal rotation terms are neglected. In this section, the
anomalous diffusivities are calculated based on profiles stiffness model, which means
that in the low gradients regimes, the plasma transport is governed solely by
neoclassical effect, while in the high gradients regimes, the dominating anomalous
transport is driven by the gradients [132]. Moreover, it was found that in some
regimes of the plasma, toroidal rotation can significantly dominates the calculation of
radial electric field as can be seen in the report of Chatthong et. al. [173]. In addition,
it is known that the toroidal flow can play significant role in plasma performance
improvement[120]. So in this part, effects of toroidal rotation are included for
investigation [130].

The pressure and density transport equations are numerically solved
simultaneously for spatiotemporal profiles of plasma pressure and density, L-H
transition, pedestal width and its dynamics. Each equation is composed of
neoclassical and anomalous transports, source term and the flow shear as suppression
mechanism. The suppression only affects on the anomalous channel for the reason
mentioned previously. Three calculations of toroidal velocity are used; the first one is
based on empirical observation in which toroidal velocity is proportional to plasma
temperature [120], the second one is based on neoclassical toroidal viscosity (NTV)
physics [173], and the last one is based on empirical approximation [180]. The three
models are based on different physical regimes in the plasma which are not necessary
mutually exclusive so they can partially coexist. The effects of each model toward this
bifurcation picture of L-H transition are studied and results are compared.
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7.4.1 Bifurcation concept and toroidal velocity models
This section introduces the models used in the work which include bifurcation
and toroidal velocity models. The main transports equations are solved numerically
using discretization method. The code is developed in MATLAB environment based
on the built-in “pdepe” function which is appropriate for solving initial-boundary

problems for parabolic-elliptic partial differential equations in one dimension.

7.4.1.1 Two-field bifurcation model

The model used in this work is based on the framework of bifurcation concept
introduced by Malkov et. al. [96]. It conceptually explains that the L-H transition is an
intrinsic property of the plasma where its confinement mode can abruptly change
providing that some criteria are satisfied, i.e. ratio of anomalous over neoclassical
diffusivities and heat or particle fluxes must exceed threshold values [135].
Graphically, the model is depicted as bifurcation diagram illustrating an s-curve shape
graph of pressure/density gradients against heat/particle fluxes, respectively. A jump
of pressure and density gradients in the graph indicates that the plasma has entered H-
mode. The model consists of coupled pressure and density transport equations which
are expressed in slab geometry as shown in equations (4.1) and (4.2), respectively.
Essentially, these two equations represent conservation of energy and mass,
respectively. Note that throughout this work, the thermal and particle sources are

estimated to be localized at plasma center and edge, respectively, using Gaussian

distribution. The stabilizing mechanic for anomalous transport is the flow shearvg,

which accounts for the known reduction of turbulent transport by sheared radial
electric field [45]. It couples the two transport equations based on force balance
calculation:
V'ocE'—(p,—VB+VBj 7.13
E r— F 0= p-0 | - ( : )
The poloidal rotation term, which is a result from neoclassical calculation, is
neglected in this work. Whereas, the toroidal rotation term was found to be
dominating in some plasma regime as illustrated by Chatthong et. al. [173] so its
effect will be studied in this work because it was ignored in previous bifurcation

related works. Models for toroidal velocity prediction are discussed in the next
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section. The neoclassical transport coefficients are simply set to be constant while the
anomalous transport coefficients follows critical gradient transport model similar to
that described by Garbet et. al. [132], shown in equations (4.11) and (4.12). This local
anomalous transport model realizes the physical plasma transport in which at low
gradient, near plasma center, the neoclassical effect dominates the transport, while at
high gradient, near plasma edge or transport barrier location, the anomalous transport

is driven by the gradient itself.

7.4.1.2 Toroidal velocity models

This section discusses the toroidal velocity models used in this work. Four
different toroidal velocity models are employed, each governs different physics in
tokamak plasma. These models provide explicit calculations of toroidal velocity
which means the toroidal momentum equation is not included. This requires extensive
modelling and analysis, and is left for future work. Model a) is based on an empirical
observation which assumes that the toroidal flow is proportional to local plasma

temperature T [120]:
Vy,ocT. (7.14)

This model is applicable in tokamak which is directly driven by on-axis neutral beam
injection (NBI) heating, for example JET. Model b) is based on neoclassical toroidal
viscosity (NTV) physics which applies to plasma with symmetry breaking via the
application of a non-axisymmetric field [173]. It has the form:

oT
V,, oc—. 7.15
s % (7.15)

So, the toroidal velocity in this model is proportional to the gradient of local plasma
temperature gradient. Model c) is an empirical estimation discussed by Chatthong et.
al. [180], where the toroidal velocity is assumed to be proportional to plasma toroidal

current density:
o 2

where j4 and jo are toroidal current density and its value at plasma center, r/a is
normalized minor radius and v is a constant to control current shaping. This form of

plasma current is a typical estimation for on-axis current drive system [6]. Model d) is

155



similar to model ¢) except the extra bootstrap current j, term. This bootstrap current is

an intrinsic current generated in the plasma it has the form [6]:

) on
=-T—. 7.17
I P (7.17)
So, the last model has the form:
Vyg  Jy+ Jps (7.18)

7.4.2 Numerical results and discussions
The numerical simulations in this work are results of solving transport
equations (4.1) and (4.2) simultaneously and self-consistently. In accordance with
physical observations, the anomalous transports are assumed to be one order of
magnitude over the neoclassical transports, while particle diffusivities are assumed to
be one third of the thermal diffusivities. The heat and particle sources are assured to

be large enough so the plasmas can access the H-mode.

7.4.2.1 Plasma response on profile and pedestal width

Effects of toroidal rotation on plasma profiles are investigated in this section.
This can be seen in figure 7.25, which shows the simulation results for plasma
pressure and density at plasma core and edge as a function of normalized minor radius
(r/a) at steady state. The four toroidal velocity models are used for simulations in
order to compare with results without toroidal flow included (v40). In general,
inclusion of toroidal flow tends to increase plasma pressure and density except at its
edge where transport barrier is formed. This is not surprising because the plasma in
the edge region is governed solely by neoclassical effect, which remains unaffected
by the toroidal term. Moreover, the toroidal term facilitates the enhancement of
transport reduction, thus higher plasma profiles. The top panels show plasma profiles
near its center, it can be estimated that the increases are approximately 0.04%, 1.72%,
3.09% and 3.96% of center pressure, and 0.03%, 1.58%, 2.60% and 3.39% of center

density for simulations using model a), b), ¢) and d), respectively.

156



26

2 4F—

o 2.2

1.3

N

Ofss 080 09 091 092 Ofss 080 09 091 002
ria rfa

Figure 7.25. Plasma core profiles for pressure (top left) and density (top right),
and plasma edge profiles for pressure (bottom left) and density (bottom right) at
steady state. Each line represents simulation results without toroidal flow (thin
solid), using model a (thin dashed), model b (thick solid), model ¢ (thick dashed)
and model d (dotted).

The toroidal effects yield somewhat different results at pedestal area (area
with high gradients) as seen in the bottom panels of figure 7.25. First of all, the results
show that the pedestal width remains unchanged from simulation without toroidal
effect when using model a) and c) with pedestal width of 0.105. On the other hand,
the simulations using model b) and d) yield pedestal widths of 0.110 and 0.108,
respectively. Note that the pedestal with appears to be the same for pressure and
density channels regardless of the model used. The values at the top of pedestal (Pped,
Nped) are also increased by inclusion of toroidal flow. The increases are approximately
0.09%, 4.40%, 0.04% and 2.29% of ppeq, and 0.08%, 4.07%, 0.04% and 2.12% of Npeq
for simulations using model a), b), c) and d), respectively. The reasons for the

increase being difference from model to model at plasma center and edge can be seen
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in figure 7.26 which shows radial electric field, pressure gradient and toroidal flow
contributions as a function of normalized minor radius. First of all, equation (7.13)
implies that the shear or gradient of toroidal velocity profile is an essential ingredient
for transport reduction calculation. It can be see that in model a), the profile is
relatively flat throughout the whole plasma so it does not affect the flow shear much.
In model b), the profile appears to have slight gradient at plasma center and strong
gradient at plasma edge. Model c) has somewhat high gradient near plasma center and
becomes flat near plasma edge. And model d) has both high gradients at plasma
center and plasma edge. These results agree with the increase of plasma values at its

center and pedestal.
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Figure 7.26. Profiles of radial electric field (solid), pressure gradient term
(dashed) and toroidal rotation term (dotted) at steady state for simulations using
model a(top left), b (top right), ¢ (bottom left) and d (bottom right).

7.4.2.2 Pedestal dynamics
This section illustrates the pedestal dynamics once L-H transition occurs.
Figure 7.27 demonstrates the change of pedestal width after it is formed. Initially, the
transport barrier only forms at pressure channel. After forming, it starts to expand. It

appears that the pedestal growth is categorized as superdiffusive behaviour (

A e oct?,b >0.5), agreeing with the turbulent nature of the plasma because in this

phase the suppression effect is still not too high, especially at the particle channel

suppression, thus turbulent transport still plays a considerable role. The speed of
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pedestal width expansion appears to be related to the gradient of toroidal velocity
profile near pedestal area. Left panel of figure 7.27 shows that the barrier expands
fastest for simulations using model b) with expansion rate of 2.9 s*, then model d)
with rate of 1.4 s™, their toroidal velocity gradients near the pedestal are 3.2 and 2.4,
respectively. The correlation is not clear in model a) and ¢) which yield very small
negative value of toroidal velocity gradients while the expansion rate is slightly less
than that of model d). At some time later, the transport reduction effect becomes large
enough to suppress the density channel so the transport barrier in density channel
starts to form. Note that the pedestal width of both pressure and density channels are
about the same regardless of the model used. The onset of transport barrier formation
in density channel also improves density profiles significantly. This actually reduces
the first contribution in the radial electric field calculation of equation (7.13) resulting
in the flow shear being less effective. As a result, both barrier widths slowly decrease
or collapse until the plasma reaches steady state. The decrease is slower than the
width expansion because now the plasma is governed solely by the neoclassical
transport which is a slower process than turbulent transport. In this process the width
dynamics becomes subdiffusive or even slower. There is an interesting point worth
mentioning here, which is the time it takes the plasma to evolve during H-mode is
around one order of magnitude slower than the time it takes for the plasma to evolve

from L to H mode.
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(bottom) channels.

7.4.3 Conclusion

Numerical method is used to solve the coupled pressure and density transport
equations based on bifurcation concept. The transport effects included are
neoclassical transport which is assumed to be constant and anomalous transport which
is inspired by the critical gradient transport model. The suppression mechanism is the
flow shear calculating from the force balance equation which includes toroidal flow
effect. Four simple toroidal velocity models are considered in the calculation of radial
electric field based on the force balance equation. It is found that inclusion of toroidal

velocity can substantially increase the plasma pressure and density, mainly due to an
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increase of the pedestal width. It is also found that the pedestal for pressure tends to
form first. After the pedestal forms, it expands inwards with the characteristic of
super-diffusive nature in initial state and become sub-diffusive nature in final state
before reaching steady state. The expansion speed depends sensitively on the strength
of flow shear effect. It is also found that the time required plasma to reach steady state

after the L-H transition is much longer than that for L-H transition.
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CHAPTER 8
SUMMARY AND RECOMMENDATIONS

8.1 Summary

In this thesis, formation and dynamics of an ETB and ITB in tokamak plasma
are studied based on bifurcation concept. There are two main types of bifurcation
model used in this thesis; one-field and two-field bifurcation models. Analytical study
and stability analysis on both models shows that the bifurcation behavior in the
plasma is intrinsic and hysteresis nature can be found in this plasma system. Certain
criteria are required in order for the plasma to exhibit bifurcation resulting in an
abrupt change in pressure and density gradients. The formations of ETB and ITB are
characterized by the discontinuous in the gradients and the reduction of the transport.
Numerical method is used to solve for the time evolution of the plasma profiles. In the
two-field bifurcation model, it is found that the ETB width can expand initially
superdiffusively and later subdiffusively. Eventually, it stops expanding. Also, the
time the plasma takes for pedestal expansion is about one order of magnitude longer
than it takes to transit from L- to H-mode. ETB appears to form only if the critical
flux (heat/particle) is reached regardless of the magnetic shear profile; while ITB
formation is possible only with a reversed magnetic shear profile. Weak ITB
formation is found when the reverse profile happens close to plasma magnetic axis. In
addition, with a suitable magnetic shear profile, the minimum flux criterion is not
needed for ITB formation, though the abrupt jJumps in the gradients become smoother
at lower flux. ITB location and width are also found to be correlated to the nature of
current peaking. In particular, the top of ITB is in the vicinity of where current density
profile is maximum. Both ITB and ETB widths appears to be proportional to heat
source and off-center distance of current peaking. Thermal and particle neoclassical
and anomalous transport appears to affect plasma profiles, ETB and ITB widths. In
addition, it is found that inclusion of toroidal velocity in the calculation of the flow
shear can substantially increase the predicted plasma pressure and density, mainly due

to an increase of the pedestal width. Ultimately, simultaneous formation of ETB and
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ITB can lead to significant improvement of central pressure and density, and hence

enhancement of fusion energy production.

8.2 Recommendations for future work

Further improvements for the models used in this thesis can be carried out in
different ways. First of all, one can include the third transport equation which solves
the momentum conservation in toroidal direction. This third field will yield
information of toroidal velocity which can be used in the calculation of the radial
electric field and the flow shear. Previous work suggested that the toroidal momentum
transport equation is also coupled with the pressure and density transport equations
[128]. Thus, all three equations must be solved simultaneously. Another
recommendation is to apply the bifurcation concept in this thesis to use with an
integrated predictive modeling code, for example BALDUR code. The code can be
used to solve for the local neoclassical and anomalous transport coefficients, which
then is assumed to be suppressed by the suppression function based on flow shear and
magnetic shear. With more realistic thermal and particle sources and sinks calculated
by the code, the transport equations can be self-consistently solved for the plasma
profiles. This way, the investigation of the formations of ITB and ETB and their
dynamics can be related and compared to the real tokamak experiment. Recently, an
intermediate confinement mode (I-mode) occurring during the transition was
discovered and it has been extensively investigated [181]. The mechanism of this

intermediate mode is still not clear and subjected to future investigation.
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Appendix A

Abbreviations and Notations

Symbols | Units | Descriptions
a m Plasma minor radius
B T Plasma magnetic field
By T Poloidal magnetic field
Bg T | Toroidal magnetic field
c ms’ | Speed of light
Do, Dneo - Particle neoclassical transport coefficient
D1, Dano - Particle anomalous transport coefficient
DD - Deuterium-deuterium fusion reaction
DT - Deuterium-tritium fusion reaction
ECRH | MW | Electron cyclotron resonance heating
ELM - Edge localized mode
E, V m* | Radial electric field
ETB - Edge transport barrier
g, Op - Pressure gradient
Jes Ipe - Critical pressure gradient
OH_L - Pressure gradient at the onset of H-L back transition
gL _H - Pressure gradient at the onset of L-H transition
On - Density gradient
Onc - Critical density gradient
H i Heat Source
H-mode - High confinement mode
Iy - Bootstrap current fraction
ICF - Inertial confinement fusion
ICRH MW | lon cyclotron resonance heating
lp MA | Plasma current
ITB - Internal transport barrier
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Symbols | Units | Descriptions
ITG - lon temperature gradient
ITER - International Thermonuclear Experimental Reactor
j - Current density
Jb - Bootstrap current
J, Am? | Current density flow in toroidal direction
L-mode - Low confinement mode
LHCD - Lower Hybrid Current Drive
LHRH | MW | Lower hybrid resonance heating
Lt - Gradient scale length
M amu | Hydrogenic mass
MCF - Magnetic confinement fusion
MHD - Magnetohydrodynamics
m; kg lon mass
NBI MW | Neutral beam injection heating
n - Plasma density
No - Central density
Ne, Ne m™ | Electron density
Nel, N m™ | Plasma line average electron density
ni, N m™ | lon density
Nped m* | Pedestal density
NIF - National Ignition Facility
NTM - Neoclassical tearing mode
NTV - Neoclassical toroidal viscosity
p - Plasma pressure
Po - Central pressure
Pped - Pedestal pressure
Paux MW | Auxiliary heating power
P MW | Power threshold
Pror MW | Total heating power
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Symbols | Units | Descriptions
P, MW | Alpha power
q - Plasma safety factor
Q - Heat flux
QH9L - Heat flux at the onset of H-L back transition
QL_H - Heat flux at the onset of L-H transition
Qs - Source heat flux
Jos - Edge safety factor
Qi - Minimum safety factor
R m Plasma major radius
RF MW | Radio frequency heating
RMSD - Root mean square deviation
RMSE - Root mean square error
r/a - Normalized minor radius
S - Magnetic shear
S - Particle source
Sa m® | Plasma surface area
Te keV | Electron temperature
Te crit keV | Critical edge electron temperature
Te.edge keV | Edge electron temperature
T; keV | lon temperature
Tped keV | Pedestal temperature
Vg ms’ | Poloidal velocity
Vs ms™ | Toroidal velocity
A s | Radial velocity shear
W - Energy content per surface area
x/a - Normalized minor radius
VA - lon charge number
Zett - Effective charge number
a - Suppression term proportionality constant
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r - Particle flux
Symbols | Units | Descriptions
I - Source particle flux
Vit st ITG mode dominant linear growth rate
Yiin s | Linear growth rate
7 s | Maximum linear growth rate
d - Plasma Triangularity
A - Pedestal width
AE J Energy generated in a reaction
Am kg | Mass difference in a reaction
£ - Plasma inverse aspect-ratio
n - Particle surface density
K - Plasma Elongation
Prs - ITB normalized Larmor radius threshold
Ps m Larmor radius
pT* - Normalized Larmor radius
X0, Xneo - Thermal neoclassical transport coefficient
X1, Yano - Thermal anomalous transport coefficient
v - Poloidal flux
WexB s | Flow shear
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