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Abstract

Nuclear fusion is a promising candidate for the generation of clean energy in future societies. This
is an exciting research area which shares an intersection with other fields of academia, including
but not limited to engineering, computer science and environmental science. The method to
achieving fusion of primary interest to us is known as magnetic confinement fusion (MCF). In
particular, we will focus on a certain branch of toroidal MCF devices, known as stellarators. These
are lesser known but quickly catching up to the more ubiquitous tokamaks. A problem still
facing all MCF devices is plasma heat loss due to particle and energy transport from the hot core
to the cold edge. This reduces confinement, which inhibits our plasma reaching the necessary
fusion-temperatures. A primary cause of transport is turbulent behaviour due to plasma micro-
instabilities. The instability mode of interest to this project is the trapped-electron mode (TEM).
This mode has a critical threshold for when it first becomes manifest, and it subsequently becomes
problematic. For the TEM, this threshold is known as the critical density gradient. The nature
and behaviour of this instability mode is heavily dependent on the geometry in which it exists,
and thus, it is desirable to create an optimal geometry that extends this threshold. This would in
turn delay the onset of unwanted TEM-driven turbulence. Technically, gyrokinetic simulations
could be run for a myriad of different geometries which vary in configuration space. This would
involve starting with a simple tokamak geometry and gently deforming it until the optimum
configuration was found. However, this approach is easier said than done, and would be far too
costly in terms of time and money to be realistically feasible. Thus, we turn to the theoretical
framework which describes these micro-instabilities, and seek to find an analytical expression
predicting their behaviour. This expression will be dependent on the geometrical characteristics
of the stellarator configuration. In particular, we require a geometry-dependent expression for
the critical density gradient of the mode - which we wish to maximise. This is the end goal of
the project. Beyond this work, our results would be utilised in a stellarator optimisation code
(STELLOPT) to see if an optimal geometry can be found in configuration space which maximises
the critical density gradient. Further investigation would then be required to see if turbulent

transport is indeed reduced by this newly TEM-optimised geometry.
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Part 1

Introduction, Background,

and Mathematical Framework



Chapter 1
Introduction

Nuclear fusion has the potential to revolutionise energy production in our societies worldwide. It
is projected to be a clean, safe and high-yield form of energy generation, if it is successfully put into
operation. The method of operation we will focus on here is called magnetic confinement fusion.
Specifically, the magnetic confinement fusion device of interest to us is the stellarator, which is
the modest toroidal sibling of the better-known tokamak. All toroidal magnetic confinement
fusion devices aim to confine the fusion plasma within a magnetic cage, which follows a (twisted)
toroidal geometry. Sustaining this confinement is the main aim of this field. More specifically, we
are trying to maximise the confinement time of the plasma within this cage. Longer confinement
times should then improve the probability of enabling a self-sustaining fusion reaction in our

devices.

A major challenge to this effort is unwanted energy and particle transport from the hot and
dense plasma core to the cold thin edge. This leads to unwanted mixing and the subsequent
reduction to the core plasma temperature. A major cause of such transport is known as turbulent
transport. The turbulent behaviour that leads to this transport is driven by micro-instabilities
in the plasma. These micro-instabilities take place at orders of magnitude comparable to the
particle gyro-radius (Larmor radius). They feed off of the free energy supplied by the inevitable
temperature and density gradients in the plasma. The instability mode of interest to this project
is the trapped-electron mode (TEM), which exists and grows due to the density gradient. This
mode has a particular starting point at a certain critical density gradient, which is determined
by the geometry under consideration. Beyond this point, the mode grows increasingly unstable,

leading to turbulence and eventually to energy transport.

This project aims to delay the onset of the TEM by increasing the value of this critical density
gradient. The strategy for doing this is to develop an analytical proxy for the critical density gra-
dient, which depends on the wavenumber of the mode, the mode frequency, and the geometrical

characteristics of the toroidal configuration being considered. In the end, we would like to utilise



5 CHAPTER 1. INTRODUCTION

this proxy in an optimisation code, so as to maximise the value of this critical density gradient by

manipulating the geometry into some optimal configuration.

A necessary step to getting to this end point is to find a suitable analytical expression for the
mode frequency, which depends on the structure of the instability mode. Thus, we implement a
variational principle technique to obtain a proxy for this mode frequency, with the trial function
input being the mode structure. In order to be able to work independently of costly simulation
data, we predict the shape of this mode structure based on the geometry the mode exists in,
and use this prediction as our trial function input for the variational principle. This variational
principle then yields a proxy for the mode frequency, which we then insert into our proxy for the
critical density gradient. This then means that our only remaining inputs are the wavenumber of
the mode and the geometric quantities of the configuration at hand - both of which are known to

us without any need for costly simulations.

With this ultimate goal in mind, we now provide an overview of what this project report contains.
The contents of this thesis have been compartmentalised into three distinct parts. This structure

will be discussed in the next section.

1.1 Thesis Structure

In this section, we provide a guide to the overall structure of this thesis report. The report consists

of three main parts.

Part 1 gives a very basic introduction and some background to the field of nuclear fusion,
including the physical process itself and how it may be put into practice in future. We also discuss
the structure of fusion plasma, and the nature of particle motion in such a system. These are
important concepts to grasp in order to fully appreciate and understand the later work of the
project. This is followed by the introduction of the essential mathematical framework that the
main body of this project will be built upon. This includes the use of gyrokinetic theory and the
derivation of the gyrokinetic equation. The results of this framework form the building blocks for

the original work carried out later in Part 2.

In Part 2, we provide the full methodology of this project, including all of the relevant analytical
derivations needed to obtain the original results of this work. The methodology consists of
two main derivations. Both derivations are carried out to obtain useful proxies for certain key
quantities possessed by the instability mode we are interested in. The first of these proxies, known
as the mode frequency proxy, is a necessary ingredient for evaluating the second proxy, known as

the critical-density-gradient proxy.
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Finally, Part 3 of this project comprises the full set of results for the various different components
of the project. Specifically, we provide the numerical results which are based upon the analytical
proxies derived in Part 2. We end each set of results with a discussion of their interpretation,
and means to improvement. Following this, we come to the final conclusion of this report,
accompanied by a brief outlook of what the next steps should be beyond this thesis project.

Additional analytical derivations which were carried out, but not utilised or needed in the main
body of work, have been relegated to the Appendices. All work contained here is purely surplus

material, with the exception of section B.2, which supports the results of section 5.2.

1.2 Research Question

The research question that motivates this project can be broken into two consecutive parts:

1. Is it possible to accurately predict the critical density gradient of trapped-electron modes

(TEMs) by analytical means for stellarators, using only geometric information?

2. If yes, can this analytical prediction be utilised in geometrical optimisation to then delay the
onset of turbulent transport caused by the TEM instability?

Only the first of these two questions will be addressed directly in this project, as answering the
second requires the use of stellarator optimisation software (STELLOPT), and this goes beyond
the scope of this work. However, this latter question has been stated here to give some broader
context in as to how the results of this project could be further developed and investigated, in

order to determine the overall efficacy of this work.



Chapter 2
Background

In this chapter, we will discuss the motivations, mechanisms, and challenges of nuclear fusion,
as they stand today. The sections covered in this chapter are as follows. We start by briefly
describing the motivation behind researching nuclear fusion in the first place. This motivation is
tfollowed by a look at the physics of fusion, and in particular, magnetic confinement fusion, which
is the method of fusion we are concerned with in this project. We will conclude this chapter
with a description of one of the main obstacles encountered in magnetic confinement fusion, that
being energy loss due to transport in the plasma. To put this into context, the overall aim of
this project is to find a means to reducing the levels of transport in the plasma, by investigating
one of the mechanisms that cause it. It is the goal of this chapter to provide some background
knowledge of nuclear fusion as a whole, and to help contextualise the work of this project in the

wider framework of fusion research.

2.1 Why fusion?

In this section, we will briefly discuss the fundamental motivation behind researching nuclear

fusion as a potential means to providing sustainable and clean energy.

Fusion is projected to be an invaluable source of energy production, once successfully put into
operation. There are numerous significant incentives for researching this field of physics and
technology, some of which will be mentioned here briefly. Four main factors that should be

considered are the energy yield, fuel reserves, environmental impact, and safety.

When considering the energy generated from a nuclear reaction (fission or fusion) compared to
a fossil fuel chemical reaction, the former produces an order of one million times more energy

per elementary particle than the latter [1]. Regarding fuel reserves, and taking into account
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our current rate of electricity consumption, nuclear fusion would be able to sustain our energy
demands on the earth for over a billion years [1]. When it comes to environmental impact,
fusion reactions do not produce any carbon dioxide or other greenhouse gases, and no harmful
chemicals are emitted into the atmosphere. The main product of a fusion reaction is helium gas,
which is safe and chemically inactive. The fusion process is also very safe. A meltdown, as can
occur in a fission power plant, is physically impossible in a fusion device. At any given time,
a fusion reactor contains only a very small amount of fuel, and is gradually fed to sustain the

reaction. And so, the possibility of a runaway chain-reaction is non-existent [1].

2.2 Physics of Fusion & Magnetic Confinement Fusion

In this section, we first discuss the physical mechanism of fusion in general, as can be found
in nature. Following this, we adapt the process to how it can be made achievable on earth as a
practical form of energy generation. The method to be focused on here is magnetic confinement

fusion.

Thermonuclear fusion is a naturally occurring process, which takes place in environments of
extremely high temperature and pressure, such as at the core of stars like our sun. In simple
terms, light nuclei - such as hydrogen - fuse together due to their very close proximity, which
is a result of these extreme conditions. To do this, they must overcome their intrinsic repulsive
response due to the Coulomb force. The nuclei have to collide with a large kinetic energy, which
must in principle exceed the maximum of the Coulomb barrier, that being at a value of 415 keV
[2]. Fortunately, due to the quantum tunneling effect, the energy required for a collision to take
place is substantially reduced. This means that there is a finite probability of penetrating the
Coulomb wall, even if a particle’s energy is actually smaller than the barrier energy. With this in
mind, necessary collisions can occur, and due to the short-range strong nuclear force, the original
hydrogen nuclei combine to form the larger nuclei of helium. When such a fusion reaction
takes place, a large amount of energy is released as a result. The released energy corresponds to
the difference between the total masses of reactants, and the reaction products. This follows in
accordance with Einstein’s famous relation E = mc?, describing the conversion of mass to energy.
The energy released is in the form of kinetic energy, which is distributed between the reaction
products (~ 80% goes to the neutron due to conservation of momentum). The newly formed
nuclei can then also fuse to form even larger nuclei, and this process continues along the periodic
table of elements. At the centre of stars, the end point of this fusion-chain tends to be iron - our
most stable element in the periodic table. For elements lighter than iron, these fusion reactions
often involve an energy release, since the binding energy of their products is larger than that of
the initial nuclei, as can be seen in Fig. 2.1. On the other hand, nuclear fission works by splitting
heavy atoms into lighter ones, which also leads to a release in energy. This can be easily seen
from the peaked shape of the binding energy curve.

8
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Figure 2.1: Graph depicting energy obtained by fusion and by fission due to different nuclear binding energies.
Source: [3]

The form of fusion we will focus on takes a slightly altered process than how it occurs in stars. As
already mentioned, the fusion reactions in the sun are occurring under conditions of extremely
high temperature, density and gravitational force, and are fuelled by basic hydrogen - or protium.
On earth, however, this extremely large system with enormous gravitational force and plasma
pressure is absent. This means that alterations have to be made to the standard fusion reaction.
And so, the reaction with the highest cross section under the achievable circumstances on earth is
as follows [1]:

D% + T} — Hej + nj + 17.59Mev 2.1)

This D-T reaction involves the fusion of a deuterium nucleus with a tritium nucleus. It is the
easiest of all the fusion reactions to initiate (although its initiation is still much more difficult
than that of U?® fission reactions) [1]. For ground-based fusion to work, we will need this
higher rate of reaction to take place to meet our needs of a continuous, sustained form of energy

production.

Although the above D-T reaction gives the highest chances of a fusion reaction occurring, the
average temperature of the plasma is still required to be on the order of 100 million Kelvin [1]. This
is gargantuan when one considers that the temperature of the core of our sun is approximately
15 million Kelvin. This is obviously far too high a temperature for any containment vessel
to withstand. In addition, we want our reactor to work in a self-sustaining manner, so as to

eventually have a greater output energy than input energy. Achieving this can be aided in
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the following way. Once the plasma has been initially heated to the required thermonuclear
conditions, helium is being produced, which possesses a certain amount of kinetic energy. If the
helium is kept within the plasma, as desired, then this energy can be distributed to the rest of
the plasma particles through collisions. These collisions cause extra heating of the plasma from
within, without external energy input. Thus, when sufficient plasma confinement conditions are
met, it is possible to reach a point where the temperature of the plasma is maintained due to this
internal helium-heating, despite some energy losses [4].

The confinement conditions we need to consider depend on the density of the plasma (1), and the
length of time that the plasma particles can be confined for, also known as the energy confinement
time (7g). To understand exactly what conditions are required, we will introduce an extension of
the Lawson criterion [4]:

nteT > 3 x 10°'keV-s:m >

This is a modification of the original criterion given by Lawson in [5]. This above expression
tells us that when the triple product of our plasma density, confinement time and temperature is
above a certain critical threshold, then the energy output is equal to energy losses for the required
plasma temperature of ~100MK. This defines the minimum bound for a self-sustaining fusion
setup. For a fixed required temperature, this minimum threshold can be achieved by having
low density and high confinement times, or vice versa. The former strategy is used in magnetic
confinement fusion, whereas the latter is applied in inertial confinement fusion [6]. This leads us
to our discussion of magnetic confinement fusion, which aims to maximise confinement times in
order to achieve the Lawson criterion. A limiting factor to long confinement times in a fusion
reactor is the presence of transport. The details of this phenomenon will be described in the

following section.

As the name would suggest, magnetic confinement fusion is a method of thermonuclear fusion
whereby a plasma is confined and controlled by a shaped magnetic field. This method allows
for control of the plasma’s motion without any direct contact between the plasma itself and the
containment vessel walls, which is necessary due to the extremely high temperature of the plasma.
To confine the plasma, two directions of confinement must be considered. This consideration is
what determines the general geometry of our magnetic confinement fusion devices, i.e., their
toroidal shape. When using a magnetic field to control the motion of a plasma, it must be
confined both perpendicular and parallel to that magnetic field. Fortunately, the former is mostly
guaranteed due to the Lorentz force. To see this, let’s consider a single charged particle entering a
magnetic field B, moving with some velocity v. Assuming the particle’s velocity has components
both parallel (v”) and perpendicular (v, ) to the magnetic field, then the particle will move along
a magnetic field line with a speed equal to v, and it will orbit that field line due to the Lorentz
force:
Fi =gqvxB=gqu, B

10
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The charged particle then follows a helical path due to this combination of v and the Lorentz
force. The particle is confined to the field line within a distance of its orbiting radius, known as
the Larmor radius p. This can be clearly seen in Fig. 2.2.

Figure 2.2: Perpendicular confinement of a charged particle to a field line. Source: saburchill.com

For parallel confinement, we need to ensure that the field lines do not end abruptly by meeting
the walls of the containment vessel. Thus, roughly speaking, the field lines are bent around
such that they form a ring. This enables the plasma particles to follow the field lines indefinitely,
so long as they remain in the magnetic field region. This requirement leads us to designing
toroidally-shaped devices (see Fig. 2.3). Magnetic confinement fusion is the method used for
both the tokamak and stellarator designs of fusion reactor - both of which will be introduced in a
later section. The ultimate goal of magnetic confinement fusion is to maintain the plasma at a
sufficiently high temperature and density to enable particle collisions - and subsequent fusion
reactions - to occur. Thus, it is vital to prevent the particles in the hot plasma core from drifting
outward continuously in the radial direction, as this would lead to unwanted particle loss and
heat loss. Such losses would reduce the density and temperature of the plasma core, leading to a
lower probability of fusion reactions occurring. The level to which the fusion device can minimise
these losses helps to determine the allowed confinement time for the plasma, which we wish to
maximise. The loss of energy or particles from the plasma core is described by different transport
phenomena. This brings us to the topic of the next section.

11
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Figure 2.3: Parallel confinement ensured by toroidal shape. Source: wikipedia.org

2.3 Transport

In this section, we will give a very brief description of two important forms of transport in
magnetic confinement fusion. The first of these is neoclassical transport, which will not be
discussed further in this report. The second is known as turbulent transport, which is of primary

interest to this project.

Transport is the term given to energy or particle losses in a fusion plasma. The two types of
transport to be briefly discussed here are neoclassical transport, and turbulent transport. The
former has been optimised for in contemporary fusion devices, lowering its negative effects to a
tolerable level [1]. Thus, with neoclassical effects rendered relatively low, turbulence has become
the main limiting factor to increasing confinement times. It is for this reason that turbulence is

the primary focus of transport optimisation today.

Neoclassical transport theory combines the model of classical diffusion with effects of the toroidal
geometry. Classical diffusion describes how particles orbiting adjacent magnetic field lines can
collide and scatter, leading to a random walk process, and possibly to a loss of particles to regions
outside of the magnetic field. These Coulomb collisions can occur in a simple cylindrical geometry.
However, in our toroidal fusion devices, we have to account for extra effects that alter this classical
process. These effects take the form of particle drifts, which are due to the curvature of the device,
and also, due to an inhomogeneity of the magnetic field [1]. The field inhomogeneity can occur
due to the magnetic coil arrangement. For instance, the coils at the centre of the torus are closer

together than on the outer side of the device, which leads to a gradient in the magnetic field (VB)

12
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pointing toward the central toroidal axis. The radial drifts due to curvature and VB lead to an
increase in the step-size after a Coulomb collision. This increases the overall level of transport

when compared to classical diffusion alone.

Turbulent transport is very different in nature to neoclassical transport. Turbulence is caused by
micro-instabilities in the plasma, which are induced by a density or temperature perturbation to
the plasma profile. These perturbations can be caused by ambient vibrations in or near the device,
and so they must be expected. The micro-instabilities can then cause turbulent eddies to form,
which can transport heat from the hot core of the plasma out to the cooler edge, reducing our
levels of confinement. The two main mechanisms of instability are the ion-temperature-gradient
mode (ITGM) and the trapped-electron mode (TEM). Both of these modes will be discussed in
detail later in this report. Several approaches for potential optimisation of these turbulent modes
will also be described.

13



Chapter 3
Fusion in Practice

In this chapter, we will take a look beyond the fundamental physics of fusion, and discuss how
this process is attempted in practice. The sections covered in this chapter are as follows. We
first discuss the main magnetic confinement fusion devices relevant to this project, those being
the toroidally shaped designs known as the tokamak and the stellarator. This is followed by
a discussion of some relevant concepts for understanding the plasma structure and particle
motion within the plasma. With this knowledge of the fusion plasma at hand, we are better
able to understand the challenges occurring within it. This takes us to discussing the problem
of turbulence, and the negative impacts it has on our efforts to confine the plasma. We follow
this with a more detailed explanation of the different mechanisms underlying this turbulent
behaviour, which in turn leads to turbulent transport. We conclude this chapter with an overview
of how this unwanted turbulence could potentially be optimised for, which is of primary interest
to us in this project.

3.1 Toroidal Magnetic Confinement Fusion

In this section, we describe the nature of toroidal magnetic confinement fusion, and the two
different types of devices that aim to utilise this method of nuclear fusion. These devices are
known as the tokamak and the stellarator, and both are of interest to the main body of work in
this project.

In a toroidal magnetic confinement fusion device, a balancing of forces must be maintained to
ensure magneto-hydrodynamic (MHD) equilibrium. The details of MHD is not within the scope
of this project, but we will mention the importance of establishing a stable plasma equilibrium,
and the method to achieving this. We will then see how this requirement significantly influences

the design of our fusion devices in different ways. To produce this desired equilibrium, there are

14
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two different types of forces to be considered. Firstly, there are radial expansion forces, which
naturally occur due to the tendency of hot gases (and plasma) to expand [1]. These radial forces
can be balanced sufficiently by the toroidal and poloidal magnetic fields of the reactor. Here,
the toroidal and poloidal directions refer to going the long and short way around the torus,

respectively (see Fig. 3.1). Secondly, there are forces arising exclusively due to the toroidal

Figure 3.1: Toroidal direction in blue and poloidal direction in red, with major radius R and minor radius a. Source:
wikipedia.org

geometry, which cause the ring of plasma to expand and have a gradually increasing major radius.
In this case, only the poloidal magnetic fields can counteract this expansion. The magnetic field
must then possess a critical property to account for the toroidal force balance: a poloidal twist.
This twisted property is known as the rotational transform (z) [1]. It is sometimes better known

by its inverse value, g, which is called the safety factor. This is defined as follows:

m Number of toroidal turns
n  Number of poloidal turns

q:

In words, it is the ratio of the number of times a particular magnetic field line makes a complete
journey the long way around the device (toroidally), to the number of times it completes a journey
the short way around (poloidally). This twisting of the field lines can be achieved by different
means, and we will explore those differences now when discussing our two main fusion devices

of interest.

Stellarators and tokamaks are both toroidal magnetic confinement fusion devices, whose plasmas

are topologically equivalent. However, the tokamak’s plasma possesses axisymmetry about the

15



16 CHAPTER 3. FUSION IN PRACTICE

central axis through the centre of the torus, whereas the stellarator loses this axisymmetry. A
stellarator plasma can be visualised externally as a helically-twisted torus in shape, analogous to
a 3D Mobius strip. The stellarator’s twisted shape leads to a more complex magnetic coil - and
magnetic field - configuration than the tokamak. Both the stellarator and tokamak must aim to
confine the plasma sufficiently, and maintain the adequate force balance, as already discussed.
The stellarator relies primarily on external superconducting magnetic coils to confine the plasma,
and it manages to twist the field lines purely by its intrinsic contorted 3D-geometry. In contrast,
the tokamak relies on external magnet coils along with an additional internal toroidal current
within the plasma, to produce a sufficient confinement field. This induced current adds a poloidal
magnetic field to artificially twist the field lines in the plasma, which helps to maintain adequate
force balance [1]. In present tokamaks, this plasma current is driven by a toroidal electric field,
induced by transformer action. This transformer has its primary coil in the centre of the torus, and
the plasma itself acts as the secondary coil. The plasma current is then induced by continuously
increasing the current in the primary coil. This is an inherently pulsed process, as there is an
upper limit to the allowed magnitude of current through the primary coil. Tokamaks must

therefore operate for only brief periods, or rely upon alternative means of current drive [1].

Stellarators have both advantages and disadvantages when compared to the tokamak. For one
thing, due to the aforementioned transformer action and its inherently pulsed nature, tokamaks
cannot run in steady-state which prevents continuous operation. This poses a substantial problem,
as continuous operation is likely to be an inevitable requirement for a practical reactor. The
stellarator, however, is an inherently steady-state device, which has several advantages from an
engineering standpoint. Moreover, the large plasma current induced in tokamaks can disappear
due to disruptive plasma instabilities, which lead to an immediate loss of confinement, and can
sometimes cause severe damage to the plasma-facing components in the device [7]. This issue
is absent in stellarators. For stellarators, the lack of an internal current eliminates some of the
instabilities of the tokamak, meaning the stellarator should be more stable at similar operating
conditions. On the downside, the absence of this internal current means that the stellarator
must compensate by using more powerful external magnets to reach the same confinement
levels achievable by the tokamak. The stellarator has one main disadvantage compared to the
tokamak. The coil system needed to generate a stellarator magnetic field is substantially more
technologically complicated than the tokamak coil system. This leads to an increased cost and
possibly also to stricter limitations on the maximum achievable magnetic field [1].

The axisymmetry which tokamaks possess is lost in stellarators, which have an inherently 3D
geometry. This led to the first stellarator experiments performing poorly compared with tokamaks
when it came to confinement. However, stellarator designs have since been optimised to account
for these initial issues, such that their confinement performance is now comparable with modern
tokamaks. The details of these issues, and the optimisation that was introduced to counteract

them, will be discussed later.

16



17 CHAPTER 3. FUSION IN PRACTICE
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Figure 3.2: Comparison of plasma/magnetic-coil geometries between the Tokamak and the Stellarator. Source:

Economist.com

3.2 Plasma Structure and Particle Motion

In this section, we describe the overall structure of a fusion plasma, and the motion of par-
ticles within that structure. We also introduce an important coordinate system for toroidal

configurations, which we will depend on in later chapters.

An important feature of the plasma structure to understand is the nature of a flux surface.
Following from [1], if one considers a magnetically-confined plasma at equilibrium, flux surfaces
can be easily visualised as nested contours of constant pressure, as shown in Fig. 3.3. Clearly, for
a contour of constant pressure p, which is nested between other contours of different constant
pressure, Vp must be perpendicular to that original contour everywhere on its surface. This Vp
can then be related to a normal vector of the constant pressure surface: Vp ~ n. Here, we have
ignored a potential minus sign, which would arise due to the direction of the pressure gradient
(pointing radially inward) being opposite to the normal of the surface (pointing radially outward).
Neglecting this sign detail, a magnetic flux surface can be defined as a surface satisfying the
following property:

B-Vp~B-n=0 (3.1)

This expression then implies that the magnetic field lines, which are aligned with the vector B,
must lie within a surface of constant pressure. The field lines then do not traverse from one
surface of constant pressure p; to another distinct surface of constant pressure p;, for i # j. Now,
with the concept of a flux surface solidified, let’s describe the different possible types of flux

surface. Specifically, we will make the distinction between rational and irrational flux surfaces.
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Figure 3.3: Nested Flux Surfaces: Defined by contours of constant pressure in toroidal-plasma equilibrium. Source:

[1]

This is most easily understood when considering the safety factor g, which we have already
established to be:

m Number of toroidal turns

17 % T Number of poloidal turns

Every flux surface has its own value for 4. For a flux surface to be rational, the value for 4 must
be a rational number. In other words, after a finite number of turns toroidally and poloidally
around the torus, the field line will end up where it started and eat its own tail. In contrast, for
an irrational flux surface, 4 must be an irrational number, and so it cannot be written as a fraction.
This implies that for this case, a magnetic field line will never close back on itself, but rather, it
winds around the torus infinitely many times until the entire flux surface has been covered by its

path.

With these concepts in mind, we can describe different features of the plasma concisely with the
help of a convenient coordinate system, in terms of (¢, ¢, ). The conventions shown here are
analogous to those in [8]. ¢ denotes the flux surface label (or minor-radial coordinate),  is the
toroidal angle (about the central axis through the torus), and 6 is the poloidal angle. A particular
point on a chosen flux surface can then be described by the angular coordinates { and 6. See Fig.

3.4 for a clear visualisation.

Now, we will discuss the nature of particle motion in our fusion devices of interest, and how
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Figure 3.4: Nested flux surfaces in a stellarator plasma, with coordinate system (1, C, 6). Source: [9]

the specific design of these configurations influences this motion. Due to the toroidal shape of
tokamaks and stellarators, there exist regions of high and low magnetic field density. The field is
stronger on the inside curve than the outside simply due to the magnets being closer together in
that area. This inhomogeneity of the magnetic field - as well as other field inhomogeneities, to be
described later - leads to the plasma particles being divided into two classes. These classes are
commonly referred to as trapped and passing particles [1, 4]. Trapped particles are those that
are periodically reflected between regions of high magnetic field with a characteristic frequency;,
known as the bounce frequency. This occurs when particles enter a region of low magnetic
field strength, and do not have sufficient parallel velocity to escape the region. Such a region
can be thought of as a magnetic-field well, bounded by regions of higher magnetic field. This
reflective motion of trapped particles is also known as the mirror-effect, which will be qualitatively
described in more detail later. Passing particles, on the other hand, are those whose parallel
velocity is large enough that they can overcome these barriers of higher magnetic field, and so,
they mostly follow a magnetic field line around the torus without being reflected - or trapped in
a well [1].

This concept of the mirror-effect can be more precisely described by introducing the first adiabatic
invariant, u. This quantity can be thought of as the gyro-averaged magnetic moment of a charged
particle moving in a helical path [1]. This can be clearly seen if we think of the standard definition
of the magnetic moment, when describing some current I moving through a wire loop of area A,
such that 4 = IA. Now, in our case, for particles undergoing gyro-motion in a magnetic field, the
averaged current over one period of this motion can be expressed as:
po 4w
T, 2

where 7. and w, are the cyclotron (gyro-motion) period and angular frequency, respectively. Also,
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the area of the motion can be expressed as:

2
mo |
A = 0% = =
e ( qB )
The expression for p that we have inserted here can be obtained from equating the Lorentz force
with centripetal force, shown below. With these expressions for I and A, this then leads us to the

mo% B mo%
2B - 2B

where we have made use of the fact that the Lorentz force and centripetal force are equivalent,

following form for u:

= () [ ()] - ()

combined with expressing the Larmor radius in terms of cyclotron angular frequency:

and p:v—L = wcm = (4B

We

2
mo
1-“L:quB:—L

According to [1], when averaging over the gyro-period, i can be taken as a constant of the motion,

ie.,

= constant

The invariance of y can be interpreted as follows. As the B field changes along a particle’s motion,
its perpendicular velocity v; and corresponding gyro-radius p must changed accordingly to
maintain a constant y. More accurately, u is an approximate constant of the motion, since its
derivation involves averaging over the gyro-period of the particle, under the assumption that the
magnetic field is varying slowly, i.e., adiabatically [1]. This concept of having a conserved quantity
of the motion will now enable us to describe the mirror-effect, which was roughly discussed

earlier.

A magnetic field inhomogeneity, leading to a VB effect, can be induced by the magnetic coil
arrangement shown in Fig. 3.5. In such an arrangement, and in the limit that the Larmor radius p
is small compared to the field variation length, y is an adiabatic invariant, and a gyro-averaged
force acts parallel to V) B. This force can have a significant impact on the guiding-centre motion in
the direction parallel to the magnetic field, and this force leads to the aforementioned mirror-effect.
The derivation of this force is carried out in full in [1], and only the result will be stated here for

bre\/ ity:

Let’s now discuss how this force can lead to the mirror-effect, which causes a total reversal of

the guiding-centre’s parallel motion. This can also be clearly visualised in Fig. 3.6. In (a) of the
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Small B
z

Magnetic
line

Figure 3.5: Toroidal direction follows z-axis. Magnetic coils here are coming out of screen above z-axis, and entering
into the screen below this axis. Field strength is stronger inside coil region, and weaker between separate

coils. Source: [1]

figure, a particle starts in a region of lower B, possessing certain values of v and v|. The particle
undergoes its gyro-motion and its guiding-centre travels parallel to B into a region of higher field

strength. Remember,
mo? (t)

U= 2B(1) = constant

which means that v; must also increase as B increases. Note, that in a static magnetic field, a
particle’s kinetic energy is also an exact constant of the motion:
2 2
m(v7 + v”)

E (Kinetic) = — s = constant

Due to this, as v, goes up, v| must go down accordingly. If the magnitude of B increases
sufficiently, then there will come a point when v = 0. This defines the mirror point, as can
be seen in (b) of Fig. 3.6. Once reaching this point, the parallel velocity of the guiding-centre
is reversed, and the particle moves to the left in our graph. The force causing this behaviour
is Fj = —uVB. As shown in (c), this forces slows down the particle’s parallel guiding-centre
motion [1]. This concludes our explanation of how mirroring can occur to charged particles in an

inhomogeneous magnetic field.

The plasma particles can also experience a radial drift that is due to the inhomogeneous toroidal
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Figure 3.6: Mirroring effect experienced by charged particles due to inhomogeneous magnetic fields along the toroidal
axis. (a) shows the particle trajectory, (b) shows the guiding-centre motion at the mirror point, and (c)

shows the parallel force acting on the guiding-centre. Source: [1]

magnetic field. As will be seen later during our derivation of the gyrokinetic equation, the drift
velocity arising due to the gradient of the magnetic field strength and the curvature of the field,
can be expressed as follows:

—ix iw B+ vix (3.2)

where x = b - Vb indicates the curvature present, and Q, = % is the gyro-frequency, where the
subscript a refers to the different particle species. The details of how to arrive to this result will be
seen in Chapter 4. The level of drift a particle experiences depends heavily on its position, and so

the overall net drift depends on the particle’s path around the device. The radial drift for passing

particles is almost negligible, as any drift experienced at a given point in the device is eventually
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averaged out over the full path taken. Trapped particles, on the other hand, can experience a finite
net radial drift [1]. This finite drift is what led to particles being lost in classical stellarators, which
are those that preceded our current geometrically-optimised design. These losses are described
by the aforementioned neoclassical transport theory. Recent optimised stellarator geometries,
however, promise to reduce the neoclassical transport down to the level of tokamaks. This can
be achieved by different geometrical optimisation designs. One such way is by ensuring that
the trapped particles precess around the torus poloidally and do not experience any net radial
drift. These types of magnetic fields whereby the time-averaged radial drift vanishes are known
as omnigeneous fields. More specifically, the example that has been described here is a quasi-
isodynamic field, which is omnigeneous and has poloidally, but not toroidally, closed contours of
the magnetic field strength B. In these optimised stellarators, the neoclassical transport becomes
small enough so that turbulent transport may limit the confinement instead [1]. An example of a
fusion device that as been optimised with such a geometry is the Wendelstein 7-X (W7-X). This is
an experimental stellarator device, located in Greifswald, Germany. It was developed and built
by the Max Planck Institute of Plasma Physics (IPP), and is currently the flagship for stellarator
tusion devices today.

Figure 3.7: Schematic diagram of the superconducting stellarator device Wendelstein 7-X. The 50 non-planar (red)
and the 20 planar (orange) superconducting coils are operated in an evacuated cryostat volume between

the plasma vessel and the outer vessel. Source: [10]
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3.3 Turbulence and its Negative Impacts

In this section, we give a brief overview of the nature of turbulence in fusion plasmas, and the

negative impacts such behaviour has on magnetic confinement fusion devices.

When levels of neoclassical transport are at a low and tolerable level, turbulence is the dominant
mechanism for heat loss in the plasma. Small fluctuations in the plasma lead to turbulence, and
turbulent eddies can very effectively transport heat from the hot core across confining magnetic
field lines out to the cooler plasma edge, degrading the plasma performance. This lowers our
confinement time, which is a quantity we wish to maximise. The turbulence is driven by small-
scale instabilities, also known as micro-instabilities. These micro-instabilities grow by tapping into
the available free energy supplied by the density and temperature gradients in the plasma [11].
Some of these instabilities are driven by the trapped particles and therefore depend strongly on
the magnetic geometry. With this in mind, we then have to consider how the chosen geometrical
optimisation of the system is affecting the over stability of the fusion plasma. While large scale
instabilities should not be a major problem in geometrically optimised stellarators, the small scale
instabilities do threaten successful fusion experiments. These so-called micro-instabilities are
on the scale of the Larmor radius, O(p). The transport they tend to cause - known as turbulent
transport - is expected to play a major role in stellarators where the neoclassical transport is
rendered small by the optimisation [12]. With this overview of turbulence in mind, we will now

look closely at the mechanisms of instabilities that cause it.

3.4 Mechanisms of Instabilities

In this section, we introduce two important modes of micro-instabilities relevant to magnetic
confinement fusion plasma. These are the trapped-particle mode (TPM) and the ion-temperature-
gradient mode (ITGM). Specifically, we will describe the underlying mechanisms governing
the manifestation and subsequent behaviour of these modes. Trapped-particle modes and ion-
temperature-gradient modes cause most of the turbulent transport in toroidal fusion devices
[13, 14]. Before describing the causes of these instabilities, however, the concept of the drift
wave must first be understood. Only electrostatic instabilities will be focused on here, meaning
that perturbations to the magnetic field are neglected [13]. The descriptions of the following
mechanisms follow directly from [4, 12]. To end this section, we will give a brief but important
introduction to the mathematical description of these modes, in particular, regarding their
frequency w. This will aid us in explaining the concept of marginal stability, which is crucial to

understanding the primary goal of this project.
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3.4.1 Drift Waves due to a Density Perturbation:

For drift waves to occur, we require that the plasma has a background density gradient, which we
will call Vng. Ambient vibrations or disturbances to the plasma can cause a density perturbation
to be induced. This perturbation to the density, up to first order, can take the following form:
n = ng + ny. This perturbation can lead to a periodic increase and decrease in the plasma density
along the poloidal direction (when looking at a cross section of the torus). The electrons, which
are significantly lighter than the ions, are then free to move on the time scale of the perturbation.
They move along the field lines in the toroidal direction. They respond adiabatically to this
change in density of the plasma, and they move from a higher density region to fill the lower
density regions. This relocation of the electrons creates an electrostatic potential, as the regions
with more electrons become negative, and the regions where electrons have moved away from are

now more positive. This potential continues to build until the Boltzmann level is reached:

where T is the temperature and e is the electron charge. These potentials are in phase with the
initial density perturbation, as seen in Fig. 3.8. Hence, an electric field E is established. This
tield E is perpendicular to the magnetic field B, and an ExB effect develops. This then causes
the so-called ExB drift in the plasma. This drift has a maximum which is a 7 shift away from
the maximum of the initial density perturbation. The periodic wave form - seen in the density
gradient - then shifts to the right (positive y-direction) due to the location of the ExB drift
(which points in the +x directions, midway between the regions of positive and negative electric
potential). A drift occurs, but the amplitude of the density perturbation remains unchanged.
This means the perturbation does not grow, but oscillates in a steady-state. With the drift wave
mechanism now explained, the main two modes of turbulence can now be understood. Rather
than discussing the TEM specifically, the more general case of the trapped-particle mode (TPM)
is described. Following this is an explanation of the ITGM.

3.4.2 Trapped-Particle Mode (TPM):

The TPM can be regarded as a drift wave that is driven unstable, but they are both initiated in a
similar way. Once again, a density perturbation is induced. This time, however, both ions and
electrons react kinetically, not adiabatically. Both particles experience a magnetic curvature drift,
and thus a drift velocity given by Eqn. 3.2. We can restate that expression here:
b 0% )
v, = Q. X <7V1nB + v (3.3)
where (), = %, and the subscript a refers to the different particle species. This species depen-

dence indicates that the ions and electrons drift in opposite poloidal directions (+y directions)
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E xB

Vn

Figure 3.8: Drift Waves. Source: [12]

due to their opposite charge. We can see that in our example schematic, Fig. 3.9, the electrons
drift to the right (+y direction) from the higher density region (dark blue), and the ions behave
oppositely. In a tokamak, trapped particles spend most of their time on the outboard side where
the magnetic field is weakest, which leads to the magnetic curvature drift of these particles
having a preferred net direction [4]. Having this preferred net direction leads to these particles
experiencing a finite net drift over the course of their bounce motion. In contrast, passing particles
circulate the full torus and therefore are not constrained to only experiencing the outboard side.
This leads to them having negligible net drift, as any drift they experience averages out over time.
Returning to our schematic, we see that a charge separation occurs due to the congregation of
oppositely charged trapped particles in the £y directions. As before, this charge separation leads
to the emergence of an electric field, and thus an ExB drift develops. Note, however, that in
this case, there is a phase shift between the potentials (positive and negative) and the density
perturbation. This is seen clearly in Fig. 3.9. The maximum of the ExB drift coincides with the
maximum of the density perturbation, and thus the perturbation is enhanced and the instability

grows. A temperature gradient can also lead to a trapped-particle instability.

For a more detailed review of TPMs, and trapped-electron modes (TEMs) in particular, the
following literature is recommended. On the stability properties of the TEM, see [15, 16]. On the
resilience of quasi-isodynamic stellarators to the TEM, see [17]. For an analytical and numerical
analysis of TPMs in stellarators, see [18, 19]. Finally, for TEM turbulence optimisation and
suppression, see [20, 21]. It should be noted that this selection of literature is by no means

exhaustive.
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Figure 3.9: Trapped-Particle Mode. Source: [12]

3.4.3 Ion-Temperature-Gradient Mode (ITG Mode):

In this case, only the kinetic response of the ions is considered, while the electron response is
neglected. Again a perturbation - this time in the temperature - is induced. If we now assume a
negative y-directed drift velocity proportional to the temperature, it can be observed that this
drift will be larger in regions of high temperatures than in regions of low temperatures. An
electrostatic potential will thus build up, as the ions leave the regions of higher temperature
faster than they can stream out from the lower temperature regions to the other side. See Fig.
3.10 for clarity. Analogous to the TPM, the resulting ExB drift is in phase with the temperature
perturbation, and the instability grows. If the direction of the drift velocity were reversed with
respect to the underlying temperature gradient, for example on the inner side of the torus, the
perturbation would be reduced and there would be no unstable mode. If there is a density
gradient as well as an ion-temperature gradient, which is expected in a fusion device, the drift
wave mechanism will compete with the ITG mechanism. The phase between the perturbation
and the ExB drift will be changed, so that the ITG mode is stabilised if the density gradient is
high enough. The roles of ions and electrons could also be reversed if electrons but not ions are
considered kinetically. This would happen for instabilities with frequencies so high that the ions
are practically non-magnetised. In this case, and if the underlying temperature gradient is in
the electron temperature, an analogous mode arises, which is called the electron-temperature
gradient mode (ETG).
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For a more detailed review of the ITGM, the following literature is recommended. A general
discussion on the ITGM and the turbulence caused by it can be found in [22, 23, 24]. A gyrofluid
description of turbulent transport in tokamaks, including transport caused by the ITGM, can
be found in [25, 26]. The threshold of destabilisation of the ITGM is described in [27]. Finally,
a study of the geometric stabilisation of ITG-driven instabilities in nearly axisymmetric and
non-axisymmetric configurations is discussed in [28] and [29], respectively. It should be noted
that this selection of literature is by no means exhaustive.

Figure 3.10: lon-Temperature-Gradient Mode. Source: [12]

The Mode Frequency and Marginal Stability

Let’s consider some plasma perturbation which varies in space and time, Q(x, t). We can extract
the time dependence of this perturbation by means of a normal mode expansion [1, 4, 30]. This

means that our perturbed quantity can be written as

Q(x t) = Q(x)e ! (3.4)

where Q(x) is the time-independent amplitude, and w is the frequency of the perturbation, which

may be complex. In the case that w is complex, and takes the form
w = wy + 1y (3.5)
then the time-dependent exponential term in our perturbation becomes

—iwt _

e e—iwrt-i—’)’t (36)
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Thus, our perturbation can be written fully as

Q(x, ) = Q(x)e it (3.7)

whereby w, determines the real frequency of the perturbation in question, and the sign of 7
determines the stability. If y > 0, the system is rendered unstable since the perturbation grows
exponentially in time. If y < 0, then the system either remains stable as the perturbation decays
exponentially, or it oscillates in a steady-state with no growth [1]. This imaginary component 7y of

the mode frequency is thus known as the growth rate.

It is desirable to know when a perturbation is on the brink of becoming unstable, and so this
threshold of interest where v — 07 is defined as the point of marginal stability. In the case of the
TEM, which is of primary interest in this project, this point occurs for a particular density gradient
value known as the critical density gradient. For density gradients below this critical value, the
growth rate <y is less than or equal to zero, meaning we either have a decaying perturbation or
a steady-state drift-wave. When 7y becomes finite and positive, the drift-wave has been driven

unstable, and continues to grow [1].

Thus, if one were to maximise the value of this critical density gradient, then this would delay
the onset of the TEM instability, and with it any subsequent turbulent transport caused by its
behaviour. This method of optimisation is the ultimate goal of this project. In the following

section, we will give a brief overview of turbulence optimisation strategies in stellarators.

3.5 Turbulence Optimisation

In this section, we provide a brief overview of some different approaches to turbulence optimisa-

tion in magnetic confinement fusion devices.

Turbulence optimisation is a pressing issue in magnetic confinement fusion research today. With
the optimisation of neoclassical transport achieved to a tolerable level in contemporary fusion
devices, transport driven by turbulent behaviour is now the main obstacle that limits plasma
confinement times [14]. Evidence of this is clear from experimental measurements of turbulent
transport levels in magnetic confinement fusion devices. Results have shown that these transport
levels surpass those predicted by neoclassical transport theory by approximately a factor of 10
for ions, and up to a factor of 1000 for electrons [11]. As stellarators possess many degrees of
freedom when it comes to their geometrical design, optimisation can potentially be achieved
by manipulating the magnetic field configuration of the device to influence the level of stability
[31, 32]. Being able to manipulate the field means having more control over drift levels in the
plasma, which are due to the VB and curvature effects mentioned earlier. If not regulated,

these effects can lead to unwanted plasma instabilities. If successful manipulation of the fields
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is achieved, this could then heighten the stability properties of the plasma, reduce transport
from turbulence, and improve confinement overall [33]. The primary aim is then to analyse the
behaviour of turbulent modes, and extrapolate an optimum geometry from the analysis. There
are certain important characteristics of the instabilities that we can investigate in order to gain

this insight, which we will now discuss here.

As already mentioned in the previous section, the two main modes of instabilities that lead to
turbulence (TPM and ITGM) are dependent on having a gradient in either the plasma density
or plasma temperature. An important characteristic of the TEM and ITGM, in particular, is that
they both possess a critical instability threshold [13]. The existence of such a threshold was
foreshadowed at the end of the previous section, when introducing the concept of marginal
stability. As stated there, this critical threshold is defined as the density/temperature gradient
value beyond which instabilities begin to grow. Growth occurs as the instabilities tap into the
free energy made available by these plasma gradients [11]. This, of course, means that the modes
possess a certain positive growth rate (y > 0). The higher the growth rate, the more quickly the
instability becomes an issue. This then gives rise to the current research directions of turbulence
optimisation. Two such approaches will be described briefly here. First, is to lower the slope of
the growth rate of the mode past the critical gradient, as was investigated for the TEM in [20].
See Fig. 3.11 for a graph of TEM linear growth rates present in different stellarator devices. The
point of this strategy is to slow down the rate at which energy is lost from the plasma, and thus,
improving its performance by increasing the confinement time. Second, would be to extend the
critical gradient value to a higher density/temperature gradient value, such that transport due
to the turbulent mode is not a significant factor for a larger part of the stellarator’s operational
parameter space. This would delay the overall onset of turbulence, and allow the reactor to run
for a longer time before the effects of turbulent transport become too high. This then would
also improve the plasma’s performance by increasing the confinement time. The latter strategy
described here is precisely the goal of this project, with the TEM being the instability mode of

interest.

For a more detailed review of turbulence and its optimisation, the following literature is rec-
ommended. A general introduction to turbulence can be found in [13]. For a discussion on
improving confinement in stellarators, and a study of the geometric dependence of turbulence in
stellarators, see [33, 34]. The means to controlling such turbulence in stellarators is also discussed
in [31, 32]. Finally, further material on the suppression and optimisation of turbulence can be
found in [35, 14, 36, 21]. It should be noted that this selection of literature is by no means

exhaustive.
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Figure 3.11: Linear growth rates of density-gradient-driven TEMs in different types of simulated flux tubes in
NCSX, HSX and W7-X. At each simulated density gradient {-, where a is the minor radius of the
device and L,, the density-gradient scale length, the growth rate of the most unstable mode is displayed.
Source: [20]
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Chapter 4
Gyrokinetic Theory

In this chapter, we give an introduction to gyrokinetic theory, and some motivation for why we
need to rely on this framework. The sections covered in this chapter are as follows. We begin
by discussing why kinetic theory is chosen as our starting point to describe turbulent behaviour
in fusion plasma. This leads us to formulate a kinetic description of a plasma. As we will see,
this description will lead to some difficulty, which is partially alleviated by the implementation
of gyrokinetic theory. The benefits of using this gyrokinetic theory are described, before we
tackle the complete derivation of the gyrokinetic equation. We end the chapter by deriving the
quasi-neutrality condition, which completes our set of equations required for the remainder of

this project.

4.1 Kinetic Theory

In this section, we will first motivate our efforts to understand turbulence by explaining why
kinetic theory is used for describing this phenomenon. With this motivation in hand, we will
then formulate a mathematical description of the plasma using kinetic theory, leading to a kinetic
equation. Finally, we will discuss the necessity of introducing gyrokinetic theory, along with the

accompanying benefits of this advancement.

4.1.1 Kinetic Theory to Describe Turbulence

There are several different approaches to take when dealing with the many-particle problem of
magnetic confinement fusion. When considering large scale phenomena, such as plasma waves
with wavelengths on the order of the plasma device dimensions, a fluid approach can be practical.

This works on the basis that the plasma, being composed of charge-carrying particles, behaves
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like an electrically conducting fluid due to its collective behaviour.

The plasma can be described by the following fluid quantities: the particle density n,(x,t) at
the position x and time ¢, the macroscopic fluid velocity V,(x,t), and further tensor expressions
related to the kinetic energy of the plasma and fluxes of energy and momentum. Once again,
a denotes the particle species of interest, which can be e for the electrons, i for the hydrogen
ions, and other subscripts for impurity species. Equations linking these quantities are derived by
employing conservation laws for the total number of particles and the total momentum. However,
the fluid description has its limitations, as some phenomena - in low-collisionality plasmas
especially - are not easily described. A kinetic treatment of the problem is therefore required
[30].

4.1.2 Kinetic Description of a Plasma

The formulation presented here follows from [12, 30]. We begin by noting that each particle
species a can be described by a particle distribution function f,(x, v, t), where x and v are the
3-dimensional position and velocity vectors, respectively. In particular, the zeroth moment, with
respect to which the other moments are normalised, yields the particle density of each species
a:

na(x, ) = / Falx, v, )dP0 4.1

where we have integrated over velocity space here. The quantity f,(x, v, t)d>xd®v can therefore be
interpreted as the number of particles of species a in the volume element dxd%v surrounding
the position (x, v) in the phase space of position x and velocity v. Other fluid quantities can be
obtained by taking higher orders of the distribution function. For instance, by taking the first

moment, we obtain the macroscopic fluid velocity

fvfa(x, v, t)d% _ 1
T o, B0~ malx1)

In the 6-dimensional phase space, particle numbers must be conserved. So we can use the

Va(x t) = / Vfa(x, v, )d%0 4.2)

continuity equation to describe the evolution of the distribution function.

Let’s now focus on a particular element in phase space surrounding the point (x,v) = z. As in

hydrodynamics, the change in the number of particles in z can only occur through fluxes into

and out of z, or because of collisions, which reults in the following 6D continuity equation

d

Ue 4 9u(2f) = Calf) @3)

where C, denotes the collision operator describing small-scale Coulomb interactions between the

particles, and z = (X, V) denotes the flow velocity of particles in phase space. By neglecting other

forces, such as gravity, the acceleration of the charged particles is given by the Lorentz force
v=""(E+vxB) (4.4)

My
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where m, and e, denote the particle mass and charge, respectively. By inserting this expression

into Eqn. 4.3, and focusing only the second term on the left-hand side, we obtain

VZ(Zfa) = (Z : VZfa> + (sz fa)
= (X Vxfa+V-Vyfa) + (Vxx- fa+VyV- fa)

e e
— (V'fog_‘_m_aa(E_‘_va)'vaa)_‘_ VXV‘fa—}_m_aavv(E_iva) 'fa

=0 =0
a
We thus obtain the kinetic equation
afa eﬂ _
§+V'vxfa+m_(E+VXB)’vvfa—Ca(fa) (4-5)
a

Depending on which type of collision operator C, is used here, we obtain different equations.
For describing a gas, the Boltzmann operator is suitable, and we get the Boltzmann equation. In
plasmas, the dominant collision processes are Coulomb interactions, which are described by the
Fokker-Planck operator, and the resulting equation is called the Fokker-Planck equation. In very
hot plasmas, however, the collision frequency is very small. This is due to Spitzer resistivity, which

shows that the electrical resistance in a plasma decreases in proportion to the particle species

_3
temperature as T, * [37]. Therefore, neglecting collisions altogether can be a valid approximation.

The equation with C, = 0 is called the Vlasov equation.

Obtaining a complete and exact solution to Eqn. 4.5 is not practically feasible. The reasoning for
the difficulties behind this will be further explained in the next section. Due to these difficulties,
approximations are needed in order to simplify the problem. The key approach in kinetic theory
is to utilise a suitable ordering scheme, which, if successful, makes it possible to distinguish the
relevant terms for the problem at hand from those small terms that don’t affect the solution in a
significant way, and that we can ultimately neglect. Determining which ordering assumptions to
make depends on the phenomena one wishes to study. In this report, the ordering scheme we
will implement is the gyrokinetic ordering scheme, which is particularly beneficial and frequently

used in magnetised plasma research [7].

4.1.3 Benefits of Gyrokinetic Theory

Turbulence is driven by pressure gradients, which results in a change in the distribution function
of particles. These changes can affect the particle density, temperature, momentum, and flux
within the plasma. In order to predict plasma turbulence, the 6D Fokker-Planck equation (Eqn.
4.5, for C, representing Coulomb collisions) needs to be solved for each species. This 6D equation,

as it stands, results in a major practical issue when it comes to the simulation of fusion plasmas.
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The spatio-temporal scales in fusion plasmas span an enormous range of orders, and this makes

it impractical to simulate all phenomena in a realistic time-frame [7, 2].

Gyrokinetics aims to solve the this issue by reducing the Fokker-Planck equation to a 5D problem,
which is much more manageable to solve when compared to the previous 6D problem [38]. It
achieves this by eliminating the fast cyclotron time scale, as most interesting turbulent phenomena
occur at much slower time scales [7, 38]. This transform, which is essentially a change of
coordinates, is licit when the frequency of fluctuations is smaller than cyclotron frequencies. This
ordering is well justified in most fusion devices [2, 39]. The remaining 5 dimensions are allocated
as follows: three coordinates to describe the gyro-centre position, one parallel velocity or energy
coordinate, which is aligned with the magnetic field, and one for the magnetic moment y, an
adiabatic invariant which effectively describes the velocity perpendicular to the magnetic field
[39]. This procedure eventually leads us to the generalised gyrokinetic equation, which will be

derived in the next section.

guiding-centre coordinates
6D phase space

Figure 4.1: Applying the gyro-centre transform to reduce the problem from 6D to 5D. This transformation reduces
the trajectory of the particle to charged rings centred about the gyro-centre of radius p. Source: [39]

4.2 The Gyrokinetic Equation

The content of this section, which includes the full derivation of the gyrokinetic equation, follows
primarily from [12, 2, 7]. Throughout the derivation, assumptions about the magnitude of various
quantities are implemented. These assumptions are motivated by experimental observations,
as well as by some basic properties of plasmas. For instance, our equations will consider small
perturbations of the distribution function about a Maxwellian background, and potential energy
perturbations that are small compared to the background temperature, which we will characterise

by an expansion parameter denoted by ¢ [2]. With this in mind, we will introduce the assumed
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the gyrokinetic ordering

where w and L denote the typical frequency and length scale of the perturbation, respec-
tively.

In a magnetic field, the charged particles gyrate around the field lines with the gyro-radius, given
by
_V2m,T,
Pa = e,B

(4.6)

where T, is the temperature. In magnetic confinement fusion, the plasma is usually highly
magnetised, so the gyro-radius is much smaller than any macroscopic scale length L, i.e., i <
1.

For magnetised plasmas we choose convenient variables. We define the energy £ that consists
of kinetic energy and electrostatic potential energy, the magnetic moment y and the gyro-centre

R

myv*

€= 0 +ea (4.7)
2
mav7
= 4.
bxv
R = 49
g 49)
where Q, = %8 is defined as the gyro-frequency (or cyclotron frequency) and b is the unit vector

pointing in the direction of the magnetic field. Additionally, we use 0 to represent the gyro-angle.
Then the gyrokinetic equation (Eqn. 4.5) becomes

afu afll afﬂ afa f _
o TR Gr T0%9 TE5g Tr5, =G (4.10)

Now note that the gyro-angle varies as § ~ —(),. The change of energy can be derived by noting
that m,;v = ¢,(E + v x B), such that

.4 99 op dr
g_dt<2> (a >+“rdt

>¢

= MyV - v-|—eu( eav-Vo

5 +
= —€,V - V¢+€a( )—FeaV‘VCP

- (%),

where in the third step, we inserted the above expression for m,v, and we used E = —V¢.
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We now decompose the distribution function into

fa = faO + Za,

where f,o denotes the equilibrium distribution function including adiabatic responses to small

electric fields <o< —%), and g, is the small non-adiabatic part of the perturbed distribution

function, g, < fa0 (J% ~ (5). If we assume that the equilibrium distribution function varies
slowly in time compared with the perturbed part

aga afaO
ot~ o

but allow

Vo (8a) ~ VL(fa0)

where p and L denote scale lengths that g, and f,o vary on, respectively - we obtain in lowest

order % = 0. That is, the equilibrium part is independent of the gyro-angle.

In next order, we obtain

I S PN e T
o T or TR grUw0 &) — Qg Feqrae Ty = Co (411)

where we assumed that 3 9
98 _ 0fa0
e < o

As mentioned at the beginning of this section, we choose the equilibrium distribution function to
be represented by a Maxwellian distribution

fao = na(9) (27_[;1—;(1/))) i e Tﬂf‘l])

3
- e\ (1o G
~ na(¢) (ZNTa(w)) e 1 T, (4.11)
In the final step, we have inserted Eqn. 4.7 for £. Here, n,(¢) is the density and T,(y) is the

temperature, and both of these quantities are assumed to be constant on a flux surface with the

flux surface label 1. The approximation in the exponential term is only possible if we assume the

potential to be small, i.e., % ~ 6 < 1, which will result in the extra term containing the adiabatic

response. Noticing that Eqn. 4.11 is independent of both t and , it follows that

dfa0 _
ot =0
afaO o
T
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and also

dfa0 _ fao

o€ T,

Anticipating that the velocity will largely follow the magnetic field lines,
R = U”B + (9(5?)T)
where v represents the thermal velocity, we obtain

agﬂ aga ea a(P .
o +R- R(faO‘i‘ga)—Qaﬁ—Ta (g rfao—Ca (4.12)

Before continuing, we will need to introduce gyro-averaging.

ASIDE

We can now perform the gyro-averaging, which allows us to describe the motion of the
gyro-centre R. When carrying out the following integral, 4 and £ are kept constant. What we
are essentially doing, is taking an average over the charged ring (shown in Fig. 4.1), which is
centred about R

1 21
<f(V, 1‘/i'L/---)>R — E 0 f(V, r,t,...)dB

We will now return to Eqn. 4.12. Neglecting the 5 term for now, we can estimate the order of the

remaining terms as follows:

9ga o N o (9fa0  fao) . (98 8a
(Br~aw) o Reorng o (FR~l0) o (SRS

(% (5) f~ FQu)fn)

To make things clearer, we can multiply each of these terms by a factor of #fm, which leaves the
approximate ordering of the left-hand side of Eqn. 4.12 as follows:

a a a a
[Qaga + Qan ° + QaP 0 Qai - e_(Qa‘P)faO}

1
Qafaﬂ

8a
— IS -
{fao faO faO 20 Ta}

Here, all terms are of order O(4), except for -+ T ae , which is the largest term. We can thus expand
Sa = §a0 + §a1 + ..., yielding in the lowest order

ag a0

o0 0
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Keeping this in mind, we return to Eqn. 4.12. In the next order, after gyro-averaging while
keeping the gyro-centre constant (denoted by (...)r)

a§ZO+<R> R a0 £ 8a0) — <<aa(f> > fao = (Ca)r. (4.13)

We have therefore eliminated the aa—g term. The gyro-averaged velocity can be split into different

contributions: .
<R>R = E%Rd@ = UHB + VE +Vy

where the E x B drift vg is

vp = DX VPR (4.14)
B
and the magnetic drift v, is
b 02
Vi = g X (%va + v|21<> (4.15)

where the latter arises due to the gradient of the magnetic field strength, and the curvature is

given by x = b - Vb.

Using the fact that f, is a flux function and thus does not vary along the magnetic field lines,

b-V fao = 0, and sorting terms containing g,o onto the left-hand side, Eqn. 4.13 becomes

944 - o
(v oo i (s ) s (), oo
B

A

where the term A is nonlinear in the fluctuations, which means it can be neglected when focusing
on a linear stability analysis. The term B gives the neoclassical response in g,9, which simply

adds to the fluctuations driven by the other two terms on the right.

It is common convention, as can be seen in [40, 41, 42, 43, 44], that when fluctuations are slowly
varying parallel to the magnetic field lines, but vary rapidly across them, it is natural to separate

these components and write the perturbation in the following way:
N N -
$(r,1) = )0 = e 417)

where ¢(r) is the slowly varying amplitude of the perturbation, which is assumed to vary on
the long spatial scale (O(L)) parallel with the field, and the fast variation is found in the phase
factor <¥ - wt), which varies on the short spatial scale (O(p)) perpendicular with the field.

This phase factor can be obtained as follows:

(k-x):(kyx”):(—\kg/ﬂr?&):(—wtqt?r): (?—wt)

w T
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—
Here, we can think of the spatial component of the wavevector k comprising parallel and

perpendicular components, k| and k |, respectively.
%
k =k +k,

If we take a spatial derivative (V) of Eqn. 4.17, we can see that

VS
?:E 1<V|S+VLS) - (k|: ” ) and <kL:vLS> (4.18)

5 o 5 5
It can be seen from utilising the work of [8, 40, 41, 42, 45, 46, 47, 48, 49], that the ballooning

transform allows us to assume VHS ~(,ie.,

and so,
k| ~—. 4.19)

where k| p = O(1), as the perturbations perpendicular to the field lines are on the order of the
Larmor radius, p. The ballooning transform is a highly non-trivial mathematical tool widely used
in magnetic confinement fusion literature, but it will not be discussed further in this report. A

detailed explanation of this abstract concept can be found in [50].

Then we can write

where

so that

(), o (e

Here, we have used the integral defining the Bessel Function of zeroth order

2 27 2
/ ezxsm(-)dg — / cOS (xsing)d9+/ sin (xsinG)dG = 27‘[]0(3().
0 0 0

J/

-~

=0

Now consider the remaining terms on the right-hand side of Eqn. 4.16

ve V= 22 TWR g,

V<¢>R X B

=5 Vo

= V<Z>R B X Vqu
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Here

bR) () o]
R

)

R e iS®) VS kv Vs V(f)(R)
ngwfs““_(M)b Vs ¥

Sb( )(P(‘th) i Jo ) ecause  — > (R

kﬂu)
~ ik R,t
ﬂo( Q, $(R,t)
Thus, we obtain
, kv 1 .
— VE " Vfao = Z]() ( B L) gb(R,t) (E) kJ_ -b x Vfao (4.20)
a

Also, we can see that

(kg?) — k. p=0O(1).

Since the equilibrium distribution function f,o is a flux-function, the spatial derivative can be

expressed as
af a0

I

where 1 is a radial coordinate within the plasma, which indicates which nested flux surface we

vfaO = Vi

are considering. We can think of ¢ as a flux surface label, and so V¢ points in the direction of

increasing minor radius.
If the magnetic field has the form
B=B-b=VyxVa

where « can be thought of as a field line labelling coordinate (with Va pointing tangential to the
flux surface, and perpendicular to the magnetic field lines), the perpendicular wave vector can be
written in terms of the two components perpendicular to B
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Accordingly, Eqn. 4.20 can be simplified further

—vE -V = i]o‘Pb (V9 k) Ofao

Now, focusing on the partial derivative of the equilibrium distribution function, we can insert the
first line of Eqn. 4.11 for f,o here

dfa . d My : ~ Ty Ma : ) g%ﬂ
a¢0 = ﬁ (”a(ﬂb) (27TT—11(¢)) > e W+ <na(¢) (27TT—11(¢)) > e (Tu(J)z)

foo
3 3 —2rm 3L £
=5 Ger) +0|2 Gere) ™ (@emne ) |77+ |
op \2nT(y) 2 \2nT,(y) 2rTa(y)) Ta(y)
~- - ————
_ m dInTy E JdnTy
L *_(mm(lp)) o i Ta(y) ¢

Now simplifying the term in square brackets, including the exponential outside it, we obtain

w5 (" (i) )0 (F57) (0 (i) )

NN J

dlnng

P fao fao

Finally, this gives us our expression for 8

o
dfw  [dinn, (€ 3\dInT,
p _[ dip (ﬁ_§> dy }f”o

where we have replaced the partial derivatives with full derivatives, as n and T are functions of

only. We can now return to our simplified form of Eqn. 4.20, inserting this result for aaflzo,

iy dInn, E 3\dInT,
—VE - Vfa = iJopks { v + (Tu - §> W} fa0
.. €g
- Z]OwaIafaO
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where we define the velocity dependent diamagnetic drift frequency w?, as follows

E 3
oh=walten (53]

_ ThkydInn,
Wig = e dp (4.21)
_ dInT, /dInn,
Na = ap ap

For the remaining terms, we Fourier transform g,0 and separate the slow and fast variation

] m—wt)

gaO(R/ Sl ]’l/ t) = gﬂ(Rl g/ ]’l)el( 0 (4:22)

Hence

J . o . VS | i(s®_
g:o + (UHb +Vda> V& = | —iwda + 0V 8a+ Vas - — & el( g “Jt)
~~
k.
i(S(R)_
= [o9)s = e = )] 5

where we define the magnetic drift frequency as
waa =K1 - Vyq

and we also used the fact that

VHS =0 and ? > VAga(R)

With the terms A and B introduced in Eqn. 4.16, the gyrokinetic equation becomes

—_i(5®) H(S®) ey .
0V 180 — il — wi)ga — ¢ CF) <Ca (&J(S&R)» =~ lop (0 —wla) fuo
R

a

In fact, collisions can be neglected, since the collision frequency is usually small compared with
the frequencies of the observed instability modes. So we can set C; ~ 0. Also the hats will
be omitted from both the perturbed distribution function and the electrostatic potential. The
dependence on the frequency w and the slow variation in space will be implied. Therefore, the
gyrokinetic equation can be written in the following form:

ie,

~g I (@ —wl) fu (4.29)

v”V”ga — i(w — wda)ga =
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This concludes the derivation of the gyrokinetic equation. In the next section, we complete our set
of equations by implementing the quasi-neutrality condition. This will conclude the establishment
of our mathematical framework, which will be built upon to perform the main derivations of this

project in Chapters 5 and 6.

4.3 The Quasi-Neutrality Condition

In this section, we formulate the quasi-neutrality (QN) condition, which is based on the principle
that our plasma has a net charge of zero. The derivation carried out here is taken directly
from [12]. This condition will prove very important in later chapters, as it completes our set of

equations required for further derivations.

We start with the Poisson equation

€0
where 7, and n; denote the electron and ion densities, respectively. Assuming a typical plasma
temperature Ty, we can define a dimensionless potential
e
S (4.24)
¢ Ty
hence
e*(n, — n;)

2
Vig= )

We will now assume that the ion and electron densities are approximately equal to the common

value ng, but each having a small deviation of én,

ne = Ny + on,

n; = ng+ on;

The Poisson equation then becomes

V2 noe? (6ne — on;) _ (6n, — on;)
€oTo no noA2,

where we have inserted the Debye length, given by

T
Ap =20
npé

which is a shielding parameter that denotes the length after which the electrostatic potential of
a point charge has dropped to % of its Coulomb value. In fusion plasmas, the Debye length is

usually one of the smallest length scales in the system.
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Noting that ¢ < O(1) and that the potential varies on a length scale L, such that Vo ~ 1, we

find )
One =0m) _ 2 g2, (A—D> (4.25)
no L
Therefore, we have two options presented to us. Firstly, we can think of the deviations from
ON being large, which means that the two increments in particle density differ by a substantial
amount (i.e., Adn, is large), which means that the resulting electric potential needs to vary on
length scales comparable to Ap, in order for the above equation to be satisfied. On the other hand,
if the length scales of the potential are large compared with Ap (i.e., L > Ap), then the density

increments must cancel (Adn, L 0). Thus, we obtain the QN condition

Z eq,0n, = €;0n; + e.0n,

a=i,e
= +edn; — edn,
= e (dn; — on,)
=0
=0
which we will state more concisely as
Y eabng, =0 (4.26)

a=i,e

The density perturbations can be calculated as follows

ong(r, t) = /r_const(fao + 40)dv — 114(r)

where
e
/qudV =Ny ( - ;_Zb)
nye
= Tla - uT:4)
and

i(SR) _
/gaodv :/ gAa(R,g,y)e( g wt>dv
r=const

(50 1, e
= / gol®, &, (5 7y o goa0

(S(r)
= el(sT_“’t) /ga(R, E,m)o (kg@) 27tv dv, do)

a

where in the intermediate step, we applied the following

bxv
R =
r+ Qa
_ e oL
= Qa
:r—p
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and inserted this into

S(R) _ S(r—p)
0 )
S S(o)
0 )
EECHP

With all of this now expanded, let’s insert everything into the QN condition (Eqn. 4.26)

Z e 0N, = Z €a / (fao + ga0)dv — ”a(r)}
a=i,e a=ie  L/r=const
I nge
— L[ (v = " (o) 427)
a=ie |/ r=const a
[ (50 _
= Z es el< 0 wt) /ga(R, E, Mo (kﬂu> ZﬂdeUJ_dUHdV _ Naad
a=i,e L 0, T,

where in the final step, we used the following expression for g,o

i(SR) _
gaO(ngl,u/ ) g(,z(R g ;l) ( Wt>

Now, as in accordance with Eqn. 4.26, the result of Eqn. 4.27 must equal zero. With this in mind,

and using the fact that ¢ can be expressed using

plrt) = (e ()

Eqn. 4.27, becomes

Y n;_eg(i)(r) i(5Fwt) _ Y e { i(%5 ) /ga (R, €, y)]o( ) >2ndede0|dv]

a=ie 4 a=ie

. i}-)_
Now, we can see that the fast variation captured by the exponential terms el< 0 wt)) will

cancel on both sides, and we will subsequently drop the hats for the slowly varying amplitudes

of ¢ and g,, giving us our final result

Y

a=ie

T = L e [ 8u(® o (km) v (4.28)

a=ie Oy

making our set of equations complete.

This result will be essential for the upcoming analytical derivations in this report, whereby we
use Eqn. 4.28 as the starting point for deriving approximations to the TEM w proxy (Chapter 5),
as well as for developing a proxy for the critical density gradient (Chapter 6).
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Methodology
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METHODOLOGY OVERVIEW

We begin this part of the report by first providing a brief overview of our strategy for obtaining
a suitable proxy for the critical density gradient of the TEM. This will concisely describe our
methods for achieving the main goals of this project, and thus will help to motivate the following
chapters. Our methodology from here relies on the results of our gyrokinetic framework, which
was established in Chapter 4. From this starting point, we wish to find an analytical expression
for the dispersion relation w(k), and calculate this relation at the point of marginal stability. This

point of marginal stability occurs for
w = wy + iy when ¢ — 07 (4.29)

where w is the mode frequency of the instability, w;, is the real part of this frequency, and v is
the growth rate of the mode. This is carried out for two separate approaches in sections 6.1 and
6.2. The relevant results from those sections are Eqn. 6.66 and Eqn. 6.71, respectively. It should
be noted that the latter of these results needs to be combined with Eqn. 5.105 in order to be
meaningful. We find that these results are dependent on the geometric quantities (magnetic field
strength B and curvature profile «), the perpendicular wavenumber (k| ), and the density gradient
(ﬁ) This implies that for a particular geometric configuration and chosen wavenumber, our
results at marginal stability can only be satisfied by the critical density gradient. If the density
gradient is above or below this value, then we are no longer considering the point of marginal

stability.

We also see that our results, Eqn. 6.66 and Eqn. 6.71, depend on the real part of the mode
frequency w;, which is not immediately known to us. Therefore, we make use of a variational
principle technique in section 5.2, which allows us to develop an analytical proxy for this quantity.
However, developing this approximation requires knowledge of the mode structure, given by
¢. To first test the validity of our mode frequency proxy, we can utilise ¢-data output from
gyrokinetic simulations. Specifically, we utilise data output from the GENE code (Gyrokinetic
Electromagnetic Numerical Experiment). This GENE software carries out 5D gyrokinetic su-
percomputer simulations to obtain data on micro-instabilities [13]. Although turbulence is an
intrinsically non-linear phenomenon, GENE can be run in a linear and non-linear way to simulate
the behaviour of the underlying micro-instabilities [12]. For this project, only a linear investigation
is undertaken. Ideally, we would like to be able to complete this procedure without any depen-
dence on such simulation data. Thus, we can attempt to predict the mode structure profile, based
on our knowledge of the TEM instability and its dependence on the geometry at hand. When this
has been achieved, we insert our proxy for the mode frequency into our aforementioned results,
Eqn. 6.66 and Eqn. 6.71, and subsequently, we extract our proxy for the critical density gradient.
All numerical results produced from our analytical methods are presented in Chapter 7.
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Chapter 5
The Mode Frequency Proxy

In this chapter, we explore how the mode frequency w of our TEM instability can be estimated
analytically by use of a variational principle technique. This exploration is carried out in
consecutive stages. To begin, we foreshadow the use of the variational principle by looking at
a very general case, which is explained heuristically for now. A more rigorous and detailed
approach is given later in the chapter, when we need to actively put this procedure into practice.
This is followed by our full analytical derivation for the mode frequency w, whereby it is assumed
that the ions and electrons are behaving as passing and trapped particles, respectively. The
resulting expression for w is to be used in Chapter 6 as a proxy function for the actual mode
frequency of the TEM instability. The accuracy of this proxy function is measured qualitatively by
comparing the analytical results with gyrokinetic simulation output from the aforementioned
GENE code. The mode frequency proxy procedure has already been shown to work sufficiently
well in the simpler tokamak geometry [18, 19, 12], yet it has not been tested hitherto for the more
complicated stellarator geometries. The results of this investigation will be presented for various
geometrical configurations in Chapter 7. An alternative mode frequency proxy derivation can be
found in Appendix A, whereby both particle species are treated solely as trapped particles. This
alternative derivation is not utilised in the remainder of this body of work, but has been included

in this report for completion’s sake.

5.1 Understanding the Variational Principle

In this section, we will give a brief heuristic argument of why and how the variational principle
is used in our analytical procedure. This argument is taken primarily from [18]. A better
understanding of this principle will be gained in later sections when we implement it directly
during our upcoming derivations - in particular, see section 5.2. However, we will foreshadow its

later use in this section, to help familiarise ourselves with the concept before engaging with it in
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practice.

We start by looking at the following general integral equation

Flw,Dp(h) = B [ 3w, \F) o 61

Bmax

which will be explored in greater detail later in this report. For now, all we need to know is that
the left-hand side corresponds to the ions in the system, whilst the right-hand side corresponds
to the electrons. It should be noted that in this particular example, the ions are being treated
as passing particles and the electrons are being treated as trapped particles [12]. It seems that
this integral equation is not solvable by analytical means. However, it can be reformulated as a

variational principle, whereby the variational quantity is the mode frequency w [18].

To reformulate Eqn. 5.1 as a variational principle, we first obtain a real expression by multiplying

across by %, and subsequently we integrate along the field line [ dI, giving

| fanioprt = /

We can rearrange this slightly and write it as a functional as follows:

sig.el = [ flw.Dlgl% / v sl 1) pPr = 0 53

which is a quadratic equation for the mode frequency w when the mode structure ¢ is known.

/ ﬁgw ) [gPdA (5.2)

We can now vary this functional with respect to ¢ to give

e [ Of ) dl (B (> dl L —— B
(55[4),w]—/_00 <@5w|¢y +2f¢(5¢)§ /B1 /_w—m ((5w(5w|4>\ +2g4>5¢> A =0

(5.4)

where some intermediate steps have not been shown, but will be detailed later in section 5.2. This

varied expression can now be rearranged to give

b (/ AL

L atmte)

(5.5)
o [ s (% [T s
—c0 B pi J—co \/1 — AB §
and this can be rewritten to obtain an expression for dw:
1
0 g dl Buin __8¢
_Zf—w5¢_ (f‘P_Bf 1 ﬂd)\>

(o ok = 75 I, %%m)
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We can now see that the expression in parenthesis in our numerator here is simply the integral
equation we started with, Eqn. 5.1. Thus, we obtain dw = 0 when Eqn. 5.1 is satisfied by the
correct inputs for (¢, w). Conversely, if dw = 0 for all variations é¢, then Eqn. 5.1 is fulfilled
[18]. This latter case is then somewhat equivalent to a variational principle. And so, instead of
needing to solve Eqn. 5.1 - which cannot be done analytically, as already mentioned - a decent
approximation to the value of w should be obtainable by inserting an appropriately chosen trial
function for ¢ into Eqn. 5.3. If one utilises the Rayleigh-Ritz optimisation technique, then the
systematic way of finding a suitable mode structure ¢ is to create a trial function containing one
or more free parameters p;, such that our trial function becomes ¢(I, p1, p2,...) [51]. This trial
function would then be inserted into our functional expression S[¢, w], which then becomes a
function of w and the free parameters p;. The aim would then be to minimise this functional with

respect to these free parameters, such that our system of equations becomes:

Slw, p1,p2,.] =0
5.7
L 52
ap;

Completing this procedure would then yield an approximate solution for the eigenvalue problem,

Eqn. 5.1, by generating sufficient approximations for ¢ and w.

This very useful technique means that we circumvent the need to solve the difficult integral
equation we started with, Eqn. 5.1, and also, we obtain the eigenvalue w with enhanced precision.
This is due to the fact that if there is an error of order € made in the trial eigenfunction ¢ (where

€ < 1), then the resulting error to the eigenvalue w is of order €?.

5.2 Developing the Mode Frequency Proxy

In this section, we derive a proxy for the mode frequency w of the TEM instability in stellarator
geometry, where it is assumed that the ions are behaving as passing particles and the electrons
are behaving as trapped particles. The approach taken here is a rederivation of the work carried
out in [18, 12, 52], with some steps expanded for clarity. In those works, this procedure was
applied to the simpler tokamak geometry only. In this project, however, the results of this section
are applied to the more complex geometry of stellarators.

We begin our derivation by reminding ourselves of the QN condition result:

2
nge, .
Z Ta 4) -

a=ie

) € / 8a(R, &, 1)Jo ("g&) dv (5.8)

a=ie
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52 CHAPTER 5. THE MODE FREQUENCY PROXY

Expanding the sum over each particle species a gives

)dv—i—ee/ge (R, &,1)]o (kg?) v (59)

niez

Cgp g~ [ aim e (K2

Now, using that

(5.10)

changes the equation to

2 2 )
%%L%(P - (+e)/gi(R,5,y)]0( 0 )d‘”r /86 (R, &, m)Jo < LUL) dv  (5.11)

€

and subsequently multiplying across by & gives

Te . Te ' kJ_Z)J_ _E kJ_UJ_
Ti‘l’—i-(l?—n—e/gz(R,c‘:,]/l)]o( 0, )dv ne/ge(R,g,,u)]o( 0, >dv (5.12)

As done in [12], the following distinct expressions for g; and g, are used, which correspond to
the non-adiabatic portion of the distribution function for the ions and electrons, respectively. At
this point, it is important to mention again that the ions are treated solely as passing particles,
and the electrons are treated solely as trapped particles. There are, in reality, both passing and
trapped portions of both particle species, but this assumption is suitable for the purpose of this

derivation. The g, expressions are as follows:

, , ei¢p (w (w *T) .
8i(passing) = T, (w — wdi) ]OfIO 5.13)
Se d) ]ofP( C(]Ie)f 0
e(trapped) ( wde) e
Inserting these expressions into Eqn. 5.12, and using ¢; = —e, = ¢, gives
T, e (w — wl) (kﬂu) T, (w = w) <kﬂu)
1 *7 d - *e d
<T + > ¢ = (w wdl)fofzofo + tmpped Te]ofP (= wde)feofo v
(w—wl) (w—wl)
d + Jop— L d 5.14
(C(J )]OfZO \4 trapped 0 ((U )f€0]0 \4 ( )

To simplify matters, the Bessel function Jy for the electron part of this equation can be set equal to
one [12]. This approximation is suitable for long perpendicular wavelengths, k| p, < 1. Making
this change to Eqn. 5.14 then gives

Te ) 1 (w—wl) -
(T +1) =T, / ]ofzodV+ 7 Jrapped m‘l)feodv (5.15)
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53 CHAPTER 5. THE MODE FREQUENCY PROXY

Now, care must be taken in treating the passing ions and trapped electrons differently. In the
main body of our derivation, we will only present how the ion result is obtained. For the electron
part, we will simply state the end result here, as the full derivation for treating trapped particles

can be found in Appendix A. Thus, we can rewrite the electron part of Eqn. 5.15 as follows:

1 (w—wl)— /Bnlu-” — dA
— dv = Ue (W, M) p——= 5.16
/trapped ((JJ wde) (PfeO V= 1 e(w )(P 1—-AB ( )

Bmax

where we have used the method described in Appendix A leading to Eqn. A.50. To be explicit,

we are using the following expression for U, (w, A):

1 «  3EG(A) e
ue(w,A)=§[1—‘” += w()(1 “; [1+7]) (5.17)

w 2

For the ion term in Eqn. 5.15, we take the same approach as carried out in [12], which will differ
considerably from the trapped particle derivation seen in Appendix A. As done in [12], we will
be assuming that we have a vanishing plasma pressure gradient, Vp = 0, which then enables the

curvature vector to be written as the perpendicular derivative of the magnetic field strength:

V.B

K=b-Vb = B

=V,InB (5.18)

This allows us to transform the ion magnetic drift expression as follows:

wgi =k - vy
1

A

l

\_/v
—_

=k, |bx (Lv1nB+v

xi 2
where we have used for the ions:
2 .22
= e (5.20)
2 2.2 )
U] =0UnXx |
and we have defined )
k| v5. A B
O = # (b x Vg ) (5.21)
1
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We can once again make the assumption of having a small magnetic drift frequency, which means

that wy; < w, such that we can write

(w—w]) _w(l_%> N wl Wi w2
(w—ws) w (1-%a) — i Gl O (5.22)

w

which can be expanded to first order in wy; to give

(w—wl) ~(1_ W +@_M (5.23)
(w — wai) w o w w?

This then allows us to rewrite the ion part of Eqn. 5.15 as

T Wi wg  @hw
nT / foszdV—(PTj (1——1+—1 w—l J2 fiodv (5.24)

w w

We can insert the following expression for our equilibrium ion Maxwellian distribution

1 : 2
[ ) e (5.25)
fO [Tl (7’(’0%-1-> e ]

and also use the fact that, for the ions:
v =0rx = dv = ovpdx = dv = d°v = (vg)°d°x (5.26)

These changes then transform Eqn. 5.24 as follows:

T T , T
¢T. (1 @l wa _wwm> 1 fodv

nT; w w
3
PT. (“)3:1' Wi “’Iz Wi 1 \° . 343
— 1 — g A — | e o) d x
nT; w T o Jo "\ ez, (or:) (5.27)
(PT;/(“%L*%—% ‘“)J e dx
772
I

Now, using of the definition of the temperature-dependent ion diamagnetic drift frequency

wfi = Wy {1 +7; (% — g)} (5.28)
and also & ma? i
T = 2T = U_ZTZ =x (5.29)
then Eqn. 5.28 becomes
wT = Wy {1 + 7 (x — ;)} = {w*i + w*imxz — gw*mi (5.30)
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For the ions, we will switch to cylindrical velocity coordinates, such that

/d3x527r/ dx|/ X dx
—o 0 (5.31)

xzzxﬁ-i—xzL

This changes Eqn. 5.30 to

T 2 2 3
W, = {W*i T Wyil]iXj| + WsiliX] — Ew*ﬂ?z} (5.32)
which we can now insert into f from Eqn. 5.27, as follows
T T
L@ @ whwa) _
w  w w?
, 112 7:x2 — 3o . 2772 7:x2 — 3o ,
1 Wyi + w*zﬂzx” + WyiliX | — 5Wxil]; Wi Wyi + w*zﬂzxu + WyiliX — 5Wyili | Wyj
— + — — =
w w w?
Y2 2 X2 () 1 2
] Wi WailliX| _ WalliX n Bw,iN; N Whi  WiiWgi WiiliX) Wai | WaliX] Wai | 3wsil]iwy
w w w 2w w w? w? w? 2w?
(5.33)
We will now also insert the following expression for the ion magnetic drift frequency
2 2
x x
— o Lo, 2) o L a2
Wy = Wgj (7 + X”> = wdi? + wWajX|| (5.34)
such that the result of Eqn. 5.33 becomes
C wynix? 2 Bwen o xE O e X2 O
1— Wyj TR WyliX| I Wil 4 Wi X7 + ﬁxz | Wyigi X7 WyiWgi o
w w w 2w w 2wl w? 2 w?
2,2 -~ 4 . 2,2 n . a2
WwilfiX| X Wi WailliX[Ddi wmixt Qg WHlliXTX|Odi Bw, gt SWxili@aiX|
2w? w? 2w? w? 4w? 2w?
(5.35)

Let’s attempt to organise this verbose expression based on the different degrees of x| and x in
each of the terms. When we eventually carry out the integration, we will first calculate those
integrals pertaining to x| before working out the x| integrals, so we will prioritise our groupings
here with this in mind.

1 Wi | 3wt
w 2w

> Wyilli | @gi  Wyi@gi | 3Wyil]iWg;
+oad (-

2w 2w? 4?2
4 [ Wail]i@g;
N N 2 A N
2 [ Wailli | Wai Wsi@gi  3Wiil]iX| Wgi | 3wiil]iWgi
X < w + w w? 2w? * 2w? >
4 [ Wailli@4i
I\ T2
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56 CHAPTER 5. THE MODE FREQUENCY PROXY

If we now consider the final line of Eqn. 5.27, and take into account our switch to cylindrical

coordinates as outlined in Eqn. 5.31, we can see that our integration looks roughly as follows:

T

Wy | Wi * Wi 2 fx 3 / / —(x2+x2)
1— — 4 =2 i d (R | d
/ < > X = ]0 ax XHX X

N

-~

1
—/ / 1) J3 (ax)) _xﬁe*xidxHdexL (5.37)

where we have left out the following prefactor for neatness:

T, 20T,
P 2m = \/4’_; (5.38)
7'(2T1~ Cylindrical Tt

Also, the argument of the Bessel function will be explained quickly in the following aside.

ASIDE

Our Bessel function usually has an argument as follows:

kivog
(") 5:39)
We can make use of the following relation:
x:i:>v:vTax:>vL:vTaxL (5.40)
UTa

and reinsert this into the Bessel function to give:

k k,op
Jo( M) =Jo | =5 x0 | = Jolax) (541)
\[;a_/

We can now evaluate our x| integrals line by line for the terms in Eqn. 5.36, using the follow-

ing:

/ €_x|2‘dx“ = ﬁ

oo 2

| te My = 2T (5.42)
o0 .2 3 /

/ xﬁe x”dxH = Tﬂ
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With this done, Eqn. 5.37 becomes

—x2 .2
/ / 1) J5 (ax ) e e Hldxxpdx; =

Wyi | Wyl 2 [ Wailli | Wai  Wii@gi | 3WyilliWai \ 4 [ WsilliWdi
‘/_/ [( T 2w )JFXL( w 2w 207 T 4a? L\ T 202

X ]ge_xLdexL

. 2 A .
/ w*zﬂz @i _ WsiDi _ SWwiliX] Dai. | 3wyif]i@ai PRe*x,dx
w w? 2w? 2w? 0 L

BUTT [P [ w0t o
= (-—*;’Zs ) e s,

(5.43)

Before evaluating the remaining x,; integrals, let’s reorganise our result by grouping terms
together with a common degree of x . To start, we will gather together all the terms containing a
x, of degree one:

Wyi | Wil Wyilli | Wi Wyi@g; | 3WyiN]i@g;  3WyiliWg;
1 - 1 1 _ 1 _Z _ 1 1 1 1 . 1 5.44
= ( T 2w 20 2w 2a2 T 4a? 4w? (.44)
which simplifies to
Wyi | Wyilli | @gi  WsiWgi
1- Wuilli | Dai  Wxidi 4
+ ( o T Tw T 22 ) (6.45)

Now, we will gather together all the terms containing a x| of degree three:

3 Wailli | Wai  Wyi@Wgi | 3Wyil]iWgi  3Wyil]i@g;
L < w 2w 2w? 4w? 4w? > (5.46)
which simplifies to
3 ([ Wailli | @ai  Wyi@gi
_wdli ) di | e 5.47
1 < w T2 2w? ) (47)
Finally, we have only one term left unaccounted for, which contains a x| of degree five:
5 Wsilli@i
5 (_7) (5.48)
Let’s now gather everything together, which gives us our simplified version of Eqn. 5.43
°° Wyi | Wylli | Wgi  Wyi@Wyj
1— packid/ L W Wi e’ 1
\/E/O xL( w T Tw T 2w2>
3 Wailli | @ai  Wsi@gi
= — — 5.49
T ( w 2w 2w? ) (49)

+x7 (——w*;z;;udi>] x J3(ax | )e “idx,
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To evaluate our final integrals here, we will make use of the following;:

1
2
o0 5 1 2 2 2 2 2
/o xS e M3 (ax )dx, = 56_7 {— (% — 1) Iy (%) + %11 <%)} (5.50)
[ 2 (a 2 (2 a*
Ze {(a —2) Iy (7>—a <a —3) L (7)1

where Iy(x) is the modified Bessel function. If we make use of the following convenient redefini-

tion
=" 551
= 551)
then our integral results in Eqn. 5.50 can be more neatly written as
/ xLe_sz]%(xL\/Z_b)de = %e‘blo (b)
0
o 1
/O e B (x Vab)dx, =S¢t [— (b= 1) Io (b) + by (b)) (5.52)

/0 Y et 2(x, V2b)dx, = }le_b (20— 2 1o (b) 26 (20— 3) 1 (8)]

Furthermore, we can tidy up our result even further by making use of the following defini-

tion:
T,(b) = L(b)e (5.53)

which changes our integrals as follows:

/0 xLe_xi]g(xL\/%)de = %Fo(b)

7 e B VB, = 3 [To(b) — b (To(b) — T1(0)] (5.54)
/0°° e R (x, V2b)dx, = % [z (b—1)2To(b) — 2b (b - g) Fl(b)]

Using these results, we can now finally evaluate Eqn. 5.49 to give us the following

- + 2 -

ﬁro(b) (1_6:;@ Wyilli | WD w*idjdi)+

2 w 2w 2?2
VT Wil | Qg Wsi@gj
TN [To(b) — b (To(b) —T1(D))] “w 2w 202 )T (5.55)

? {z (b—1)2To(b) — 2b (b - g) rl(b)] (_wzydgdd)

For now, we will leave out the prefactor of \/T% for neatness, so we can more easily tidy up the

remaining result. Let’s group our result based on the different I',,(b) terms. Starting with I'o(b),
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we have

w 2w 2w? w?

Fo(b) 1— Wi + d)di wLi% —b (_M + % . w*id)di . (b . 1)2 w*iﬂid)di
w w w

(—b2+2b—1)
_ L wsi | Wai (L 17wy Wyilli Wi | Wxi@Wgi | 20Ws4il]iWqi 2 Wxil]iWai
= To(b) {1 w W w? e T T T R
_ L wyi | @ai (14 1) wsi@gi wyilli ~ @gi (1 + 41)w,i@g; 2 Wiil]iWgi
= To(b) {1 w0 w w? +b w 2w T 2w? -0 w?
= YO
(5.56)
For I (b), we have
Wyilli | @gi  WyiWg; 3\ ([ W«illi@ai
_ Wil Mdi o) _ 2 (| Zdittdi
rae [p (=5 5 -5~ (v3) (%557
Wyilli | @Wgi  Wyi@gi  3Wsil]iy 2 Wil]iWg;
=T4(b) |b * — — — b-—————
1(0) { < w + 2w 2w? 2w? ) + w? 1 (5.57)
wiilli | @ai (1 +31;) Wi 2 Wiil]iWyi
_r _Wsilli | Wdi Wsil]iWdi
1(b) {b ( w 2w 2w? b w?
= Yl

With all of this complete, we have finally obtained the ion part of Eqn. 5.15,where we will now

reintroduce our prefactor from Eqn. 5.38, and the newly found factor of \/TE:

20T,
o fleel, gt

Te
=& 1

Looking at the full expression of Eqn. 5.15, we have

T, / wl) , 1 (w—wl)—
1 *Z d + N e/ d
(T * ) ?= nT (w—wy )]Ofl v trapped (W — Wde) Pty
_ 9T, Ik P = dA
Yo+ Y]+ B W, A)p——rou=
T [Yo + Y1) o Ue(w, A)¢ B
which can be rearranged slightly and more neatly written by using 7 = %’
(t+1)¢p— ¢t [Yo+ Y1] —B/B’ii” U (w A)@d—)\
0 1 Br;ax e 7 m
p dA
— M=o )]e=B [ 77 Udw V==
Bmax ‘ 1-AB

(5.58)

(5.59)

(5.60)

where the left-hand side describes the ions, and the right-hand side describes the electrons. This

integral equation can now be rewritten in the following more general form:

1

Flw, (1) = B [ 7 glw, )F(N)

Bmax

dA
1—-AB

59

(5.61)
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In the next subsection, we will show the variational property of this general integral equation,

before applying it to our specific result in Eqn. 5.60.

Variational Property of General Integral Equation

We now take a brief, but relevant, detour from our main derivation to prove the variational

property of the general integral equation, given by the following expression:

Flw, Do) = B [ 8w, NF) o 5:6)

Bmax

The Variational property of this general equation can be demonstrated if we multiply Eqn. 5.62

by _and integrate along the entire field line. The left-hand side is straightforward and looks as

[ L i@ nemia= [~ swnioPs 663

follows:

The right-hand side is slightly more complicated, but can be clearly seen to work as follows:

/’%[/ﬁ”wwwwfgﬁpb/%i &/¢ 500 Go

Bmax Bma

where for trapped particles, it should be noted that [ fooo = Y wells $- On the right-hand side of

this expression, we can make use of the following bounce-averaging procedure:

(5.65)

fmf"’ JI- 1B 7{\/1_7 7{"’¢1_7

such that

I R I B e o v T

wells wells
Thus, we can rewrite the right-hand side of Eqn. 5.64 as follows:
1

/ S glw / iy Vi b = / Bl"i"" g(w, M)P(1)§*(A) / O:O %M (5.67)

Bmax Bmax

60



61 CHAPTER 5. THE MODE FREQUENCY PROXY

Combining Eqn. 5.63 and Eqn. 5.67 then gives

[ fwnior = / " e P 568

where on the right-hand side, we have used (¢)(¢*) = |§|>.

Now, in order to show how the variational principle can be applied to our general integral

equation, we must vary our new expression with respect to ¢. Noting that we have:

w=w(@) (5.69)
f=flw] = flw(g)]
such that 5 55 ey
d=ie — o= o= Lo (570)

we can vary Eqn. 5.68 with respect to ¢ to obtain

© /5 dl I
I (£5w|¢lz+2f¢5¢) == /Bl

min ° dl 5g -2 - —>
— [ ==/ 29000 | dA 5.71
I h_w(éw [P + 255 571)

which can be rearranged to give

5w</_ g% // \/1_7 W)

=2 /_oof(P(S(PE +2/:1m /_oo ﬁg@ﬁﬂ

(5.72)

Let’s look more closely at the second term on the right-hand side. We can rewrite d¢ using the

familiar bounce-averaging procedure once again:

¢ (5.73)
o

where once again, we will note that | jooo = Y wells $- Using this then changes the relevant term in
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Eqn. 5.72 in the following way
f_

L o2 [ gt o s

/’”’”g¢2%¢¢1_7

Bmax wells

min

/B e [ —— ?
) / (qudlB / \/1_7 (5.74)

where in the final step, we pulled the J¢ outside of the A-integral, as it only depends on the field
line . We also multiplied and divided by B. Returning now to Eqn. 5.72, we can now see we

5w</ éfl |2 /m/ \/1_7 |‘P|2 )
=2 / fqb(Sgb L2 / 54>dlB / \/1_761 (5.75)

_ (. Bizn gqb
R ()

have

We can now clearly see here that we obtain dw = 0 when the general integral equation (Eqn. 5.62)
is fulfilled, as this leads to t+ = 0. This means that the correct mode structure solution ¢ to the
integral equation minimises the expression obtained for the mode frequency w, and inserting a
suitable trial function for the mode structure should then give a decent approximation to the true
value of w.

Final Mode Frequency Proxy

Let’s take a moment to remind ourselves of what we have achieved so far, and of what we would
still like to show. Up to now, we have established that our w proxy derivation result, given by
Egn. 5.60:

1+ 70— Mo+ Do =B [ 7 Ul NF—— e 576)

Bmax

can be written in the form of a more general integral equation, given by Eqn. 5.62:

1

B, — dA

Flw () = B [ 77 gl () = :77)

Bmax
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such that we have

flw, ) =1+7(1-[Yo+Y1])]

e(w, ) = U (w,1) = % [1 — +§ (1 — 1 —|—17€]>

w w w

As mentioned in the previous section, we can make use of the variational property of Eqn. 5.77

by multiplying by % and integrating along the entire field line, to give the following:

1
min

/Zﬂ“”wﬁ}ffi/iiféﬁg

Bmax

(w,1)|p|*dA (5.79)

We would now like to use this property to find our final w proxy expression for passing ions and
trapped electrons. This can be achieved by inserting our definitions given in Eqn. 5.78 into Eqn.
5.79:
o odl
[ =+ )] eP% =
1

Binin
_1

Bmax

Wye  3F ()\) (1 _ Wse

1_w+§ w [1—“78])

(5.80)

o 4l 1 _
/_oo V1—AB2 I

When inserting our expressions for Yy and Y3, this expression will become very verbose, so we

will consider Eqn. 5.80 line by line. Considering the first line to start with, we can expand this
out to obtain

[T - nDlglRE = [T v oo )lpls

N /_o; (1+7) \¢|2% - /_ZT Yo + Y] |4>\2% (5.81)

Before continuing, let’s work out the [Yp + Y] term separately. Instead of using the fully expanded
individual terms for Yy and Y7, we will rely on the more compact form written earlier in Eqn.
5.55, but we will ignore the prefactors of \/TE as we know they cancel later. So we have

Yo+ Y1] =
L Wai | Wyil]i % _ Wi Wy;
ro(b)<1 g ol S )+
. A Ny 5.82)
_ B _w*lm % o WyilWg; (
Falb) = b (To(6) ~ Ta(o)] (~ e+ 2 i)

i {2 (b —1)*To(b) — 2b (b - g) Fl(b)} <—%)

Let’s now do some relabelling to aid the process of grouping terms together. We will use the

following redefinitions to keep our calculations tidy:
Z1 = ro(b)
Zy = [To(b) — b (To(b) — T4 (8))] 589
Zz=n; |2(b—1)*Ty(b) —2b <b - ‘%’) Fl(b)}
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So these redefinitions transform Eqn. 5.82 as follows:

Yo+ Y1] =
7 (1 _ Wai | Wuilli | @i _ w>ki¢2di> L
w w 2w 2w
7. (Wil +% | WyiWg; n (5.84)
2 2w 2w?

WyiWgj
7 | — xitdi
(-5

Now grouping based on the degree of w gives:

[Yo+Yq] =
1 04 1 W4 (0
Z1+—|:Z1 (—w*1+w*l;71_|_ Zdl):|+_2|:zl (_ 12 d1>:|+
1 @i 1 Wi @i (5.85)
o 72 (e )+ G 2 (-95) [+

1 Wi Wg;
~ \7z. =
w? { 3( 2

and continuing to group in this way gives

Yo+Y1] =

A,

1 Wi Wi
Z1+ o [Zl (—W*i + Wyt + T) + 7 (_w*iﬂi + 7)} + (5.86)

1 Wi Wg; Wy Wgj W4iWg;
|\ Z. | =4 Iy | ———= Z3| ———

which can be tidied up further as follows

Yo+ Y] =
1 & Wy;
Zi+—~ [Zl (—w*i + waitgi + %) + 2 (—w*i’?i T %)} + (5.87)
1 w*id]d'
(e

Now, we can insert our result into Eqn. 5.81 to give

© dl o dl
[ a+nelPg - [ rvmllels =
0 o dl
[+ ePg-

[ cizlor%- 5:8)

A,

®T @gj @i dl
/oo 5 [Zl (_w*i + Wyilli + %) + 7 (_w*iﬂi + %)} ’(P|2§—

/oo T K_w*,-zwdi) " (Z1+ZZ+23)] |4>|2%

—00 w2
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So Eqn. 5.88 is the full expansion of the first line in the following equation:

/ [1+r<1—[yo+m>1|¢|2ﬂ=

| Wee 3FG(A) (1 | Wse

(5.89)
1 +1.))

Wllﬂ

Bmux / "1_ 2

We now need to work out the second line. Let’s focus on expanding and reorganising the terms

[pI*dA

w 2 w

in the square brackets:

[1 L +§Pe? (1-=1+n)

w 2

{1+l(—w +§Pm>+i(_§l:mw - (5.90)
w\ T2 W2 \ T e e ﬂe])]

Now, the second line in Eqn5.89 becomes

. _
Bin o dl 1 We SFQG(A) W*e
/Bmlax /—oo\/l—)\Bill © 2w (1 1+ ]>
1

, a1,
min = dA+
/Bmlax /_oo vi—ap2?

Be [ dl 11 3
/1mm/ \/1?5 [—< w*e+2FeG( ))] "P|2d/\+

// \/1—7; [;2( 35@@)%6[””6])]@2@

Thus, putting everything together into Eqn. 5.89 gives
o0 dl o0 dl
bt 27
[ a+n el - [ cizliePg
© T Wgj dl
/ {21 (_w*i + Wil + i) + 22 (_w*ﬂ?i )} |<l>|2
oo W 2
© T W40 g; dl
/ — K—lel) X (Z1+ 2, +Z3)} |<P|2

Bniax N 1-AB

|p|2dA =

(5.91)
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66 CHAPTER 5. THE MODE FREQUENCY PROXY

Now, let’s rearrange our result so that the w-independent terms are all on one side of the equals

sign, and the remaining terms are on the opposite side:

i dl dl
[ asniers - [ cizlerg / e
/_0:0(;() [Zl (—a)*i + wyin; + %) ) (_w*iﬂi )} ‘¢|2dl
o (© dl 11 3 )
[ | Aasga [ (et 3760 )| Rars 5.99)
T L

oo(,L)2

/m/ 3 | (3RO 1+l )| B

We can pull out the w terms also, to give
o dl
1+T 2__/ 7 __/mzn/ 2d/\_
[ a+n % - [ tizle 3l

1 o Wy Wi dl
5{/_00T [Zl (_w*i+w*i77i+ %) + 7> <_w*i77i + zdl)] |q>|2§+

1
Binin «© dl 1 3 T~/ -2

/Bmlax /_oo VI AB2 ( Wee + 2F3G(A)) g dA}+ (5.94)

1 oo W, g dl

o

/"“”/ 1( 3 G wse [1 + ]) ®2dA

\/1_72 e xe e
We will now make use of the fact that:
Wyi = w,:e

B E (5.95)
T

such that we obtain
© dl © a 1._
147 2__/ 2] P2 // — 5P =
[Lasnleig - [ tmllefg - [ [ il
l *® Wye  Wxe Wy Wse CDali 2ﬂ
w{/mT{A(T T171+ 2)+Z2( it 2)]|4)| B+

w*e"‘iFe ( )) |q>|2dA} (5.96)

[ [t (-

J{/OOT [(Tl) X (Zl+ZZ+Z3):| |47|

/ min

Bmux / ”1_ 2

(—§PEG<A>w*e 1+ m]) WdA}
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and now, if we multiply out the terms involving 7, and pull out the wy, terms, we get
[T asawps - [ cizers / / Ligiar =
o B )& \/1—- B2
Wie *© o Wy T o Wit 2dl
@ {/w [Zl (1 ”l+2w*e>+zz (771+2 ﬂ i
min 1 3 FEG( ) 2
1 +t5 ar
/ / \/1 — 2 < Wie ) ‘4)' (5:97)

/0:0 {(2“’7‘*) X (Zy+ 2y +Z3)} |4>|2%+

g [ dl 1( 3EG(A) s
B 1+ dA
[ ] TW( v m]) )

Now, if we multiply everything by > and tidy up some of our terms, we finally obtain:

J—
= —— 2

w?

wze{/2(1+r[l—z1 DIoP% /"“"/ =30 }

w © Wyt wdl o dl
ww{ e (1 1t B8y (g4 ) g

min 3F€G( ) 5.98
/B /. = 2( Ly )wm} (5.98)
/Oo [(%) (Z1+ 2y + Zs3) ] |4’|2dl

1 3EG(A
/:";"/ 2 2( Wy ]) A

We can now complete our derivation by reinserting our Z, expressions. Let’s look at expanding

the following term from the second line of Eqn. 5.98:

(1o gt) v (08 -

;To (1 i+ wj*e) + Lo —b(To—1T1)] ( ;ﬁ;)] )

oo (5.99)
_1“0 — 1—'0171 + FQZ -+ F02 0 — 171 (r() — 1“1) —b (ro — 1_'1) 2£l*e:| —
[ @y T
Fo = ib (Fo = 1))+ 2T — b (o ~ 1)) 7
L w*e
Let’s now expand the following term from the fourth line of Eqn. 5.98:
L1+ 2o+ 23 =
3
To+To—b(To—T1)+n; {2 (b— 1)2 To(b) —2b (b — E) Fl(b)] = (5.100)

2T — b (To—T1) +77; [2 (b —1)°To + b (3 - 2b) T4
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Let’s insert everything into Eqn. 5.98:

ccuuzzg {/Z(1+T[1_r0])|¢‘2ﬂ——/ m’"/ \/1_7|¢|2 }

w*e{/_oo [[ro i (To — T1)] + 200 — b (To — T1)] Zw*e] P25
1 B,,lu-n i dl — 1 B,,ll,-,1 o dl 3FG( ) 2 (5.101)
5/1 /—oo m‘(ﬂ d/\+§/1 /—oo v/1—AB (2 Wixe ‘(P‘ a
dl
+/ 2r0—b (To — Ty) +;71[ 2T +b(3— 2b)r1H(wd1>| 25

SE [t (0 W) oo

We have now obtained an expression that is quadratic in -, which can be solved numerically by
inserting an appropriate trial function ¢, or GENE simulation data for ¢. We have also already
shown how the variational principle is appropriate for this w proxy result by looking at the more
general integral equation, Eqn. 5.77. However, in Appendix B.2, it is shown explicitly how Eqn.
5.101 possesses the required variational property for this principle.

Before concluding this section, let’s look at how Eqn. 5.101 can be solved as a quadratic equation.
We will label the distinct terms that make up this equation as follows:

o a— [, (1+7[1—Tg)) |¢p[*4

1

1 B”lln 0
a2 =5 ) 1 f—oo V1-\B

Bmax

[@[2dA

2Wse

by +by— [T [[To —nib (To — 1)) + [2Tg — b (g — I'1)] M] o124

1

b3 - 2 W fjooo \/1d,ZAB (gFew*e ) |¢|2d)\

Bmax

e1 = % [2T0— b (To=T1) + 7 |2 (6= 1)*To+b (3—2b) 11 | (52 ) 9%

1

2 =by (14 = 3 [T [, Al (%Fz,f?) [1+ne1)|$|2cm

Bmax

This allows us to rewrite Eqn. 5.101 in the following concise form:

2
w
5 {m —ax} = — 02} (5.102)
Wi —~—— xe ~ ~—
B C
We will abbreviate this even further to give:
2
AL B _c=0 (5.103)
Wie Wie
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such that we can use the standard quadratic formula:

S ax’+bx+c=0

—b+ Vb2 — 4ac (5.104)
X =

2a

to obtain
B+ +VB2+4A
w _ +4AC (5.105)
Wie 2A

It is important to note that only the positive and real quadratic solution here corresponds to
the physically relevant results. This solution can be numerically calculated in a straightforward
manner to obtain results for w%e’ and thus, for the mode frequency w. In fact, to be more accurate,
we are only calculating the real part of the mode frequency w,. We can then use these results

when evaluating our proxy for the critical density gradient.
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Chapter 6
The Critical-Density-Gradient proxy

In this chapter, we analytically derive a proxy for the critical density gradient. We will follow
a procedure similar to that found in [12], but with some modifications due to the fact that we
are considering geometries more general than quasi-isodynamic configurations. This analysis
looks at how resonance can occur in the system, and both ions and electrons will be considered

as co-contributors to this resonance.

6.1 Developing the Critical-Density-Gradient Proxy

In this section, we derive our analytical proxy for the critical density gradient of the TEM.
The procedure carried out here shares a common starting point as our mode frequency proxy
derivation in section 5.2. The primary difference between these two derivations involves the
ordering of the magnetic drift frequency w,. In order to be able to carry out our variational
principle approach in section 5.2, we needed to assume a small ordering of this drift frequency
compared to the mode frequency (w;, < w), so as to avoid encountering resonance when
wg, ~ w in the denominator of our integral expression. In this section, however, we directly
account for resonances between wy, and w, with the hope that this will allow us to calculate the

critical density gradient when this resonance becomes manifest.

As with our mode frequency proxy derivation, we begin by inserting the bounce-averaged solution

of the gyrokinetic equation, given by the following expression for g,,

()
(=T eV

8a(Trapped) = ]04)
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71 CHAPTER 6. THE CRITICAL-DENSITY-GRADIENT PROXY

into the QN equation, given by

2

. k
)3 nTj ¢= 2 ea/ga(R,&u)]o( :”) dv (6.2)

a=i,e a=i,e

This substitution results in

> T i <P =) e / (e“ ]o<P *“%fao) Jodv (6.3)

a=i,e a=ie w Wia

where once again, the Bessel function ]y for trapped particles can be set equal to one [12]. In
order to obtain a purely real left-hand side, we multiply across by ¢* and subsequently integrate
along the field line. This gives us

nae wI
LT /|4>|2dl LYe f 700 —w;fuodv

a wells
tos —wl) . 2nBv3dudA
“L Y afs =
a wells trapped Ta — Wa) ol
_ T
=Y Y eu/ i d)\/ 27w3dvf w—f*”)fao
a wells | ||| Tﬂ - du)
min —_— ((U — (JJIH)
= e d)\/ 2mvd )Ty () ————42 10
~L ) / @@l 2 f
Py / " an [ 2 e—”W%(A) =) o (6.4)
a wells Bmar Tu (CU - wdﬂ)
where we have used
/_oo B wells?{
A —
7{ TP = ¢ T (6.5)
9
dl dl
bal2) |U\|\ xorvV1—AB
as well as -
dv = 2mv dv, dv| = Z—Bm} odA (6.6)
= oyl
with
UU|B ¢ (6.7)
o= —
&

The left-hand side of Eqn. 6.4 is purely real and the right-hand side consequently has to be

purely real as well. We now use the normalised velocity coordinate x = ;- and express the
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72 CHAPTER 6. THE CRITICAL-DENSITY-GRADIENT PROXY

bounce-averaged magnetic drift in terms of this normalised velocity and a factor that depends on
the pitch angle A and the particle species a,

G =k, bx [Dving o]
Wi, = K| - X 7 n +UHK Q_a

. AB©?2 1

—k, - 2(1 - AB)® | —

N AB 1
— [ 2,2 . .= — 2
— (x vTa) Kk, {b x ( 5 VInB+ (1 )\B)K) QJ
= x*D, (M)

such that D;(A) is defined as
D,(A) = v}k - {B X <)‘2—Bv1nB + (1 - /\B);?) Qi} (6.9)
a

where ¥ = b - Vb. In the following aside, Eqn. 6.9 is parsed further such that its species-
dependent and A-dependent components can be defined separately.

ASIDE
Looking more closely at Eqn. 6.9, let’s expand our species-dependent terms as follows
2T,
OTa =\
‘ B (6.10)
0, = (Q) _ B
my myg
Now, going back to our expression for D,(A)
D,(A) = v}k - {B X <)‘2—Bv1nB +(1— /\B)k’) Qi} (6.11)
a
we can insert our expressions from Eqn. 6.10 to obtain
2T, .\ AB 2\ my
2T, \ (my - AB ) 1
=|—(— ) k.- —VInB+ (1-AB)X ) =
(20) (%) [bx (G vinB+ - am)) o
2T, - AB )\ 1
=|— k- —VInB+ (1-AB)X ) =
(5 ) ke [bx (59 mB+ (- aB)E)
= F,G(A) (6.12)
where in the final step, we have split D,(A) into a species-dependent part F,, and a A-
dependent part G(A).
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Let’s take a moment to discuss a crucial point in our derivation. Reminding ourselves of where

we left off:
(w - wza)

DL VTS b ol MW RE LA OV I IR
a Tﬂ —0oo B 1 0 Ta “ “

a wells ¥ Bmax (w - wda)

we can see that when w = @;,;, we are going to run into a divergence in our integral expression

due to the following term:

1 B 1 1 1
(W—Wg,) (w _ szaw> "~ EG(A) (F% B x2> (6.14)

Now, if we approach the point of marginal stability, where w = w, + iy with v — 07, we can

write

1 1 . w

44 Wy iy A2
FQW%OJF FEG(/\) + F,;,G(/\) X FgG(A) FaG(A)

where P denotes the principal value of the integral. Therefore, we will have an imaginary part on
the right-hand side of Eqn. 6.13 only when w; has the same sign as Fum, i.e., when there is a
resonance between the frequency of the mode and the bounce-averaged magnetic drift. If the
opposite was true, and these signs differed, then the argument of the delta function in Eqn. 6.15

would be negative, which would make the imaginary component of this expression zero.

And so, for resonance to be present, we can concisely state our required criterion as

(sign)w, = (sign)F,G(A) (6.16)

or, in terms of the frequencies
!

(sign)w, = (sign)wy, (6.17)

Alternatively, if w;, = 0, then resonance cannot occur and so the imaginary component would
once again vanish. Eqn. 6.16 and Eqn. 6.17 will become important later when we need to

determine which A-values correspond to resonance occurring.

Before continuing, let’s consider what implications this criterion (Eqn. 6.17) has on the particle
species in our system. Firstly, it is important to note that the bounce-averaged magnetic drift
frequencies have opposite signs for ions and electrons. Next, it is for now assumed (but later
confirmed by numerical simulation) that G(A) can change sign, meaning that it has a role to play
in the overall sign of @w,. This then implies that a fraction of both species can be in resonance
with the mode, as each species has at least some finite number of particles which satisfy 6.16
and Eqn. 6.17. In other words, both species distributions are composed of particles with either
positive or negative bounce-averaged magnetic drift frequencies, £w,,, meaning that there will

always be some portion of each species which fulfils the resonance criterion, Eqn. 6.17.
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Now, we return to our main derivation. Restating Egn. 6.13

a % ~ dl min *a
;nTi /_oo"f’|2 =) Z/ d"/ 2r0do !<P|2Tba( NWZ @) 6.18)

a wells Bmax (w wda)

we will focus on the following part of our main expression for now
2
o0 €5 — (w—wl)
2 3d ~a 2 A *a
| 2o #P () (= fo

which can be rewritten as

(w — wza)

/ m2”(”3 <) (”Tdﬂﬁ@l%b (A) ey, (= I
0 e U N (W — 22EG(M)) s,

where we have made use of the normalised velocity x = .

a

Simplifying further gives

0T [ Tpg (/\)eg o (w— wza) 3 —x2
o), el YT (2%x) e (6.19)

For reasons that will become clear in a moment, let’s briefly relabel x?> = y, such that

d, o, d dx
@(x ) = @(y) — 2x ay =1 = 2xdx =dy (6.20)
and multiplying across by x? gives
2x%dx = xX?dy = 2x%dx = x?d(x?) (6.21)

Inserting this into Eqn. 6.19 then gives

a0y [ Tpg ()\)6% |—’2 (w _ wz:”) (x2d(x2)> e_xz

Vi b T (@ - 2EGM))
L R et (W=-wl) 2,
ﬁTaFam/O |¢| Tba()\) <x2 B FC‘;J(/\)>6 X d(x ) (6.22)

If we approach marginal stability, such that w = w, + 10", and use the following approach to
deal with the pole arising in Eqn. 6.22

o0 xZ
/o (xzf( 3) 2/ )d(xz)

FuG(A FgG(A)
1 f(Z) 1)
2 Wy
(Z - FgG(A)>
_ Wy oo f(x2) d 2
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we see that we pick up a residue when resonance is present (w,;, = w), giving us an imaginary
component in our derivation. However, we know from earlier that the left-hand side of Eqn.
6.18 is real, such that the right-hand has to be real also. We therefore require, for the resonating
portion of each species, that the total imaginary part of Eqn. 6.18 vanish

2
Im)_ ) / AN / 2mv3d eT—‘;|$|2rba(A)E—_*ﬂ) fao =0 (6.24)

a wells Bmax

Utilising Eqn. 6.22 and Eqn. 6.23 in Eqn. 6.24 then gives us

A
Z ngaoT,€ 11\/— Z Binin |2 Tba( ) (C(J o wzﬂ) e—x2x2|x2:é ; 0 (625)
a Ta wells ! Bz F,G(A) F2G(A)

Note, that although we are approaching marginal stability (w = w, +i0"), we are using the full
w in the remainder of our derivation, instead of w,. This is done to keep our work clean, but it

should be noted that we are only considering the point of marginal stability from here on.

Let’s return to our main derivation. If we now use our definition for the bounce time 7, (A)

Tb %
’ )] (6.26)
|'0H| = X013V 1—AB
such that i
Tpa(A) = jl{ _— 6.27
ba( ) X071, 1_ B ( )

and insert this into Eqn. 6.25, we obtain

Nga0T,€ u\/_ / min 2 dl T —x2 2 L
Z TEI Z |(P| ( ) ( vaa\/l_i ( w*a) e X |x2:Fa% — 0

a wells Bmm.
(6.28)

such that the thermal velocities cancel, giving

dl T —xz L
/\) (7{ TAB) (w w*a> e x]xz:Fa% =0 (6.29)

We can now neaten our work by making use of the following expression for the species-

Y

wells Bmux

independent bounce time:

dl
N=f 6.30
) T8 (6.30)
which makes our expression more concise as follows:
naeg\/_ / min i 2 T —x? !
TA) (w—wy, e " x| 0w =0 6.31
L L [ P b (0 ) e e e (631)
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Evaluating Eqn. 6.31 using our expression for x> now gives us

Z ”aea\/_ Z / min d)\|¢|2

a Ta wells Bmax a (

(6.32)

pal
=
/N
&
|
e
x4
N———
m|
I
Q‘z
=
RS
!
Qe
=
N——
NI—
[|-=
o

which is then equivalent to

naea\/_ min 2 w T _Fgé])\ ;
; T, W;S/Bm dA|g| PaG(A) (FQG(A)> T(A) <w w*a>e W =0 (6.33)

We can now expand our sum over the particle species a in Eqn. 6.33, which gives

”eee\/_ Z / min |$|2 1 ( w ) T(A) (CU _wz;) e_FgT)\)
wells Bmax FeG(A) FeG(A)
B nie?ﬁ Z

T;

(6.34)

2 w

min w TEG) L
/ || IG(/\) (PI-G(A)> 7(A) <w—wfi> e FCM =

wells anx

Let’s now consider how we can analyse what happens when G(A) approaches zero, but doesn’t
ever equal zero. As we will discuss later, we will not be concerned with what happens when

G(A) =0, and this conveniently helps us to avoid a divergence occurring in Eqn. 6.34.

ASIDE

As we have already stated, we are going to allow G(A) to change sign in our derivation. This
means that it must equal zero at some critical point. For instance, we can say that

G(Aci) =0 (6.35)

for some Ac,;;, which is an intermediate A-value between its minimum and maximum values.

More concisely,

1 1
B < Acrit < B (6.36)
max min
so that we can split the A integral as follows
Acrit—0 B
/ min g7 ~ lim / A+ [T gy (6.37)
Bmux 6—0 %M Acyit+6

where § < 1 is an arbitrarily small non-negative quantity.

76



77 CHAPTER 6. THE CRITICAL-DENSITY-GRADIENT PROXY

This then allows us to split our electron and ion integrals in Eqn. 6.34 as follows

Acrie—0 2 @
— BV iy | Y / AR o T(A) (w_wfe)e FeG
T, 450 1 E.G(A) \EG(A)

wells * Bmax

2
N5/ TT . / in > 1 w e
— ———— lim dA TA) (w —w,y, ) e FCW
T -0 w;'s Acrit+6 9 F.G(A) (FEG(A)> ( )( e> )
1 (6.38)
nie>\/m Acrit—0 w )

HEV I -2 1 w - . T’ _Fim
(B o ) -

wells * Bmax

wells

.p2 __w
g VT lim Z / min dA|4’|2 w 7(A) <w _ wL) e Fom | Lo

Let’s now make some stronger assumptions to simplify our expression slightly. Firstly, noting the

definition of the temperature-dependent diamagnetic drift frequency

E 3
T _ a O
Wiy = Wia [1 + 1a (Ta 2)} (6.39)

we can see that if we make the assumption that the temperature gradient is flat, such that

_ dInT, /dInn,
Na = g ap

=0 (6.40)

then we can see that
Wiy = Wia (6.41)

Making the further assumption that the species temperatures are equal, and also that the species
densities are equal

T.=T;
(6.42)
1’13 - 1’11
and using the definition of the temperature-independent diamagnetic drift frequency
= 4
Wiq e, dy (6.43)
then we can also see that
A further consequence of the equal species temperature assumption is that
S
€e e
2T, 2T, (6.45)
e; e
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such that

F,=—F (6.46)

Implementing this into Eqn. 6.38 gives

1
2 Acyi 2 _w

S Ty |y [ anlar ) (1) (0= g T
Te 6—0 wells Bnlm FEG(A) PEG(/\)

nee;\/%]im Z/ dAI(PF( 1_)( W_>ZT(A) (w—w*e)epeéﬁ@)

1
2 Acrie—8 1 2 L w
M VT i y / AP | —— Y ) (M) (w+ wee) e EGW
Te 0=0 \ ells Bmax _FEG(/\) —FG A)

1
2 2
Ne€°y\/TT .. / e 5 1 w w )
lim E dA — —— | TA) (w4 wye)e —“FGH) | =0
T, ! (—FeG A <—FeG A ) A % )

ACrlt+5

\/

wells

~—
N——

0—0 wells Acrit+0 )
(6.47)
Now that the prefactors are all identical, so we can multiply across by — 62 N which gives
2
Acrit—=6 1 w _w
lim / MG [ —— | [ =2 ) t(0) (0 — wie) e Fom | +
oo (& e (acw) (ac@)) ) )
1
lim () / " dAlgf? 1— “’— ) (@ —w.)e B | 1
070\ wells / Acrit+0 ) /\)
(6.48)

lim
0—0

lim
6—0

Acrit—=0 1 w 3 .
dA|¢l? —— — A e “EG(N)
(515 ) ) o)

i ) 1 w 5 PR
(Z/ L (—a@) (—a@) ) (@ + wie)e ) 0

For now, the only behavioural information we have given about G(A) is that we have allowed

it to change sign, and so it must equal zero at some point. We have already defined the critical

A-value corresponding to this point as follows:

G(Acrit) =0 (6.49)

The A-range for which G(A) is positive or negative has been determined from numerical simula-

tion using Mathematica. As it turns out, for all geometries considered, G(A) is > 0 for A < Ay,
and G(A) is < 0 for A > A¢,. By considering the F,G(A) values for different A-ranges, and for
each particle species, we can display these values of interest in the following table:
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Species A-Range
A < Acrit A = Acrit A > Acrit
Electrons F.G(A) <0 F.G(A) =0 F.G(A) >0
Ions FEG(A) >0 FEG(A) =0 EG(A) <0

Table 6.1: F,G(A) values for different A-ranges, for each particle species.

Now, let’s consider a specific case relevant to Table 6.1. Let’s assume for now that the sign of w;
is positive. Then, for resonance to occur, the sign of w;, would need to be positive also. Note that
Wa = ¥*Dy(A), and so x? is automatically positive. Thus, we require that D,(A) = F,G(A) > 0
for resonance to occur. Thus, for the full range of A-values, there are always at most two cases
where this is satisfied, one for each particle species. Note, the ions and electrons will resonate
with w;, for different A-values. For example, if the ions resonate for A < A, then the electrons

will resonate for A > Ac,jt.

When we remind ourselves of our criteria for resonance occurring, given by Eqn. 6.16 and Eqn.
6.17

(sign)w, = (sign) .G (M) (6.50)

' —

— (sign)w, = (sign)wy,

we can see that w,, = 0 violates these conditions, as there would be no finite bounce-averaged
magnetic drift frequency present for the finite mode frequency to resonate with. This reasoning
will help to simplify our A-integrals, as only parts of our domain are relevant for resonance
occurring. To clarify this, let’s consider the following. By splitting our A-integrals around the

Acrit value, for a given species, we would ignore the A-integral domain corresponding to

(sign)F,G(A) # (sign)w; (6.51)

such that @y, is not resonating with w,. We would also ignore w ,(Ac,it) = 0, for the aforemen-
tioned reasoning. The remaining domains of relevance would differ for electrons and ions, due to
Wge = —Wgi-
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Let’s now return to our derivation. We will restate Eqn. 6.48 here:

Acrit—0 — 1 w S —
li 2 _ IR — Wi FG(A
im | 5 S (acm) (Fecm) ez ))+
. min 2 1 % 7Fg((;7/\
(lslir(l) Z /)\Crzt“v‘(s dA|(P| (P ﬂ) ( —)> T(A) (w—w*E)e )) +

wells

lim Z Alcm dA |4’|2< >< w—> T(A)(w+w*e)eF:éW>+

N|—

6—0 wells ¥ Buax

1
1 w 2 e,
lim / min dA 2 — T A w + Wi e —FeG(A) - O
78 | B s P (—Fec@) (—Pec A)) A )

We will now modify this result so that it can be used for any given geometry without needing to

know in advance what the sign of w, will be. We can achieve this by implementing two Heaviside

functions, one for each species, which ensure that the integration is being carried out only when

the sign of F,G(A) matches the sign of w,. We will create these functions as follows:

Ho=H | —2
| F.G(A)
1) —EG(M)

We will insert these Heaviside functions into Eqn. 6.52, giving

Acyit—6 _ 1 w 2 .
lim Z / dA|p|? — —— | T(A) (W — W) Hee FCN | +
020\ wells % FeG()\) FeG(/\)
1
1 : _w
i / min A |p|? S B A — W) Hee FCH
55% Z Acritt+9 ’¢| (P )) ( )) T( ) (w w ) € ) +

wells

lim 2 fm |<P|2( )( w—> 7(A) (w+w*e)HieF:éA>)+

60 wells Bmax

1
1 w : T
lim /"”” dA| g2 — —— | T(A) (W~ wye) Hie FCA) | =0
6—0 L Acrit+6 d (—FeG(/\)> (—FeG A)) M ) )

wells

(6.53)

The presence of these Heaviside functions prevents the exponential terms from blowing up, as

these exponential terms will always decay for H,,; = 1, and the given integral vanishes otherwise.

These Heaviside functions also ensure that the quantities in parenthesis to the power of 1 5 are

positive, thus making those terms real.
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Now, let’s expand the (w £ wy.) terms in Eqn. 6.54 as follows:
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We can also pull out the remaining w and w;, terms to reorganise our result as follows:

1
Acrit—=6 2 _w
w4 lim Z/“ AMBPR [ ——— ) [ =)t () "o | +
00 wells % FeG()\) FeG(/\)
T 1 w 3 w
lim / mr A [ — —— | T(A)H.e ESH
1
Acrit=0 2 __w
lim | ) / - dA|¢|? 1 ©__ T(A)He R | +
0—0 wells % —FEG(A) _FeG A

1
. )
m E ' ¢ 1 w L w
i /Bmm A 2 w (A H'e i _
o (Weﬂs ters ™7 (-FeG()\)) <—FEG(A ) o )}

_|_

~—

1 (6.56)
Acrit—06 . 2 L w
wed tim [ [ (o ) )t W ) +
00 wells % FeG()\ F.G /\)
B1 1 w % w
lim /””" dr|o|? _— TN H.e Ech | —
0=0 W;;S Acrit+6 9 (FgG /\)) (FEG )\)) (A)He
1
Acrit=0 — 2 -
tim | T [0l () [ ) e e |
6—0 wells % _FeG(A) —FeG )\)
Bl- 1 w % __w
lim |} / " dA|gl? — —— | t(A)Hie “FCW
6—0 wells Acrit+6 _FeG()\) —FEG()\
If we make the following abbreviations:
1 w 2 _w
P=pf (o | [ ) T 0
F.G(A) F,.G(A)
(6.57)
— 1 ? e
M= |(P|2 — w— T(/\)Hie —FG(A)
then we can write our result more concisely as:
Acrit—0 Bl,
wlim (¥ [ TaAp ) +tim [ ¥ [ dap )+
00 \ wells Bn}ﬁ 020 \ yells / Acrit+6
Acrit—0 -
im (Y [ M) +lim (Y [77 dam
020 \ wells / Fouax 070 \ wells / Acrit +6
(6.58)

Acrit—0 1,
= Wy lim E /f t dAP | + lim E /B"”" dAP | —
5—0 1 020 \ wells Y Acrit+0

wells Bmax

A ri —0 14
lim ( /" dAM) ~lim (Z I dAM) }
020 \ \ells ¥ Brax 60 \ wells ¥ Acrit+6
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And rearranging further gives:

1 1

w

Wy 1
" limy Zweus{ (f)‘f”t_é dAP) + ( A d)‘M) + (fAcm_(s dAM) + (fA s dAP) }

Bmgx BmﬂY

(6.59)
which can be tidied to give:
lim§—>0 Zwells { (f:?rit—é d)\[P — M > + (f/\cmjn-l-5 d/\[P — M]) }
w max
o = (6.60)

lims 0 Y wens { (f)f”té dA[P + M| ) + (fA min sdA[P 4 M| }

max

Let’s look at how we could further simplify the following terms:

=12 1 w %’H _Feg)\

= loeA) (PEW) (PEW> o
. (6.61)
—n 1 w ’ 7 —_FE“’G—A
=lofrd) (—FeG—A)> (—PEW> e

When looking at the full result

Bmax

lims_g zweus{ ( [rerit =0 gA[P — M]) + ( i s dA[P — M])}
“ o (6.62)

Wie

1
lim§—>0 Zwells { (f)\fmé d)\[P —+ M]) + ( /\mm_'_(s d/\[P+ M]) }

Bmax

we can see that all four integrals share a common factor of ( ) which is unaffected by the
integration. Let’s simplify our expressions in the following way:

= |¢|? 1 w : _Fegi)\— l
=0 (i) () e = (2)m

= o] 1 «w : .e_fF;éT _ (1
= |p|"T(A) (—B@) (—5@) H,; ™ = (Fe) M;

(6.63)

where

(6.64)
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Thus, we can rewrite our result as follows

1
: Acrit—0 Biin
lims_g Zwells{ (f % t d/\[Pl — Ml]) + < Acrit 46 d/\[P Ml])}
w

Bmax

_ (6.65)
Wxe Acri—5 -
lims_,0 Ywells (fl” dA[P + M1]) + < y ’“’”M dA[Py + M1]>

Bmax

where the (%) terms common to the numerator and denominator have been pulled out and

cancel.

We can avoid dealing with a vanishing denominator by simply rewriting Eqn. 6.65 as follows:

“ )i Mot NP+ M i gALPy 4+ M
(W*e>5l—>r%z /1 [P Ma] |+ /)\Criﬁ-(5 P M

wells Bmax

Acrit—0 4L
/1 AP — M | + / AP —ml) Y=o
wells Bmax Acrit+0

(6.66)

L

Before we can evaluate this result numerically, we first need to note how our variational principle
result comes into play. For the /= term in Eqn. 6.66, we insert our analytical expression Eqn.
5.105 directly - which we know is compatible with the variational principle. We also insert a
modified form of this result for when we have w on its own. From here, we can numerically
evaluate this quantity on the left-hand side of Eqn. 6.66, and gradually adjust the value of /-
(which is found in the ws, term, and also within our w proxy expression) until this equation is
satisfied, i.e., when the left-hand side equals zero. The lowest value of Lin which satisfies this
equation is the critical density gradient. The numerical results of this procedure are presented
in section 7.2.2 for various geometrical configurations. This will include a discussion on some

possible interpretations of the results.

In the next section, we describe an alternative method to deriving an analytical proxy for the
critical density gradient. This alternative approach is significantly simpler and shorter than the
one derived here, and it was investigated to serve as a potential backup in the event that our
results here failed to successfully approximate the critical density gradient.

6.2 Alternative Derivation of the Critical-Density-Gradient Proxy

In this section, we will discuss an alternative approach to obtaining an analytical proxy for the
critical density gradient of the TEM. As stated before, this alternative approach is significantly
simpler, and much shorter, than the derivation carried out in the previous section. This idea was
investigated to serve as a potential backup in the event that our original method failed to produce

satisfying results.
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If the mode frequency is defined as:
w = wr+ iy (6.67)

then we can easily find w?

w? = (wy +i7)? = w? — 9 + 2iw,y (6.68)

Now, we know from the theory of magneto-hydrodynamic (MHD) instabilities that in the idealised
case, w? is always a real expression [1]. However, we are interested in the smaller scale behaviour
of plasma micro-instabilities. Nevertheless, w? being real is also ostensibly true for trapped

particle micro-instabilities, as seen in [4]. This then implies that
(6.69)

Thus, our expression for w? can be positive, zero, or negative in the following scenarios:

W >0 = w?=w? = wr=+tVw?
wzzO:>wr:'y:O (6.70)
W <0 = w?=—9 = y==+V—-uw?

From these different cases, we can ascertain the following information about the stability of the

mode:

e When w? > 0, the system is stable since y = 0 and w, = £V w?. The modes are oscillatory,

but not growing or decaying.

e When w? < 0 the system is unstable since w, = 0 and ¢ = +v/ —w?. Thus, there always

exists one mode with a positive growth rate.
e The point of marginal stability clearly must then occur for w? = 0, i.e., when w, = v = 0.

Thus, the point of marginal stability which corresponds to when v — 0% should then also
correspond to w; — 0. In reality for a general physical system, the transition to marginal stability
can occur at a finite value of the real frequency, i.e., w, # 0 as y — 0. However, for the ideal MHD
system, the transition occurs precisely when w, = 0 [1]. Thus, we will make use of this idealised
case for our purposes in investigating trapped-particle micro-instabilities also. This theoretical
case may then guide us toward finding a suitable proxy for the critical density gradient, which is
found at marginal stability.

Given that our variational principle approach is capable of finding a decent approximation for w;
(which we will refer to as w,(yp)), we can use our result to investigate what happens when we
set:

W (ypy =0 (6.71)
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According to our theoretical argument above, this should then occur at the point of marginal
stability. Now let’s look at how we obtain an expression for the critical density gradient explic-
itly. Remember that we are only interested in the real part of the plus quadratic solution to

w .
Wre J VP

VB2
Re[(w) }:Re B + v B=+4AC 672)
Wxe ) yp 2A
Where we recall that our full quadratic equation is
- Cz} =0 (6.73)

B C

and

o a — [, (1+7[1—Tg)) ¢4

|p[2dA

a, — Zf min f_ \/ﬁ
Bimax

by +by — [, [[To —1ib (Lo —I'1)] + [2Tp — b (To — I'1)] %:] 01>

1

by — [T [, s (3EEAL) g

Bmax

a = [T [21"0 —b([To—T1) +n; [2 (b—1)*To+b (3 —2b) I‘1H <“’dl ) |2l

min G 5
¢ =bs [1+7]— zf J% \/1 /\B (% Wre S@) [1+77€])|47|2d/\

To simplify our situation further, we know from our numerical work that the critical density
gradient always occurs before the discriminant in Eqn. 6.72 becomes positive. This implies that
the square root term is not relevant in the region of parameter space we are considering, as it

only contributes an imaginary part. Therefore, since we are only interested in the real part, all we

w B
ke Kw*)wj T 24 (6.74)

Thus, if we want to know where w, = 0 we simply set Eqn. 6.74 equal to zero, giving

need is the following:

B

57 =0= B=0 (6.75)

To clarify, we are aiming to find the density gradient value corresponding to B = 0, which should

be equal to the critical density gradient. We can now use
B = (bl +by —ap + b3) (6.76)
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Then B = 0 implies

(b1+b2—a2—1—b3):0
= bi+by+b3=ua;

(6.77)

which gives us

[ [[To—’?z (T = Ta)) + 250 — b (o — I1)] S0 | jgp L+

min 3FgG—/\ —
2/3 L. ﬁ(z wfe)>"’”'2‘“ (6.78)

min -2
= _ —|p|7dA
2 /Bnim /_oo Nievvid

Using our assumption of equal species temperature then sets T = % = 1. We can also use our
1

species-independent bounce time expression:

dl o dl
= ¢ = TA:/ — (6.79)
%\/1—/\B W%s *) —o0 /1 —AB
Rearranging to get the terms containing wy. on one side of the equals sign gives
1 o @ dl i
. { [ pro-biro 1) Ggptd 4 1 [ 5 ) (3rGm0) rcpm}
xe —00
Bmax wells (680)
min 0 dl
Ly e maa— [ - b (ro— 1) oY
Bmux wells -

Then isolating w., gives

1

{fiio 20 = b (To = T} S 10PF + 5 S 71" Eyens 7V (JRG)) |¢|sz}
Wie = f (6.81)

f nin Y wells T(A)[@12dA — [ [To — yib (To — T1)] |p[2%

Now, if we note the definition for w,., we see that it contains the density gradient:

_  Tekydlnn,  T.dlnn, _ kaTedInne
Wee =77, dp ~—  eB dr —(b < V_/r) k= eB dr (6:82)
ka

We can substitute this into Eqn. 6.81 as follows:

keT,dInn {fo; [2Fo = b (o — )] “’dl!4>|2d’+2f 1 Y wens T(A) (3RGOA)) rgbm}

B dr _ o0
o 1 f P Y vetts TOA)[B2dA — [, [T — b (To — Ty)] | p[2%

Bmax

(6.83)
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Rearranging to isolate the density gradient leads to

(ki%){fi, 2T — b (To — T1)] % |p[24 + 1 f P Cats 7A) (FRGV)) \¢|sz}

dlnn, Bnax
dr _ ~
2 f P Lowetis TA)[@PAA =[5, [To — b (To — T1)] |92
o (6.84)
If we now multiply across by the minor radius coordinate 4, and also make use of the definition
for the density length scale: 1
Ly = — (dlzi‘r”“) (6.85)

then our result becomes

(,ffﬁ){ff‘; 209 — b (Tg — T)) ‘%|¢12‘”+2f 1 Cwens T(A) (3EG(A) ) |¢,sz}

Bmax

3 f v Ywets T(A)[@2dA — [, [To — i (To — T1)] 2%

Bmax

(6.86)

This is then our analytical prediction for the critical density gradient:

(£)e
Lne Crit

Note, in the remainder of this report, we simply use - instead of -

Ne

Bmax

(&%) {fﬁ‘; [2T = b (T — T'1)] ‘”dl!4>|2d’+2f 1 e T(A) (3RG(Y)) !4>|2dA}

3 f W Yowelis T(A)[@I2dA — [ [To — ;b (To — T1)] ¢4

Bmax

(6.87)

Beyond the work of this project, the next steps would be to insert Eqn. 6.87 into an optimiser
(STELLOPT), and instruct it to search for a geometry in configuration space such that the left-hand
side of Eqn. 6.87 is maximised. This should then delay the onset of the TEM instability, along
with the subsequent transport caused by it.
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Chapter 7
Results and Findings

In this chapter, we discuss the numerical results and findings of this project. All numerical work

and analysis was carried out using Mathematica and Python.

We begin by looking at the w, proxy results obtained using the variational principle in Chapter 5,
in comparison with GENE simulation output. As already discussed, the w; proxy corresponding
to trapped ions and trapped electrons is not modelled in this report, but is left for future
investigation (see Appendix A for the derivation of this alternative proxy). Instead, the w;, proxy
corresponding to passing ions and trapped electrons was modelled here. This choice was made
for the following reason. The latter w, proxy has already been shown to work when applied to the
simpler case of a tokamak [12, 18]. However, it was not known before this project whether this w;
proxy would be applicable to the more complicated stellarator geometries. Thus, a contingency
plan was developed in the event that this w, proxy failed to model the stellarator case to a
sufficient standard. This is what led to the development of the w, proxy dealing with trapped
particles only (see Appendix A). This particular choice was made because destabilising resonance
from the TEM instability is predicted to be caused solely by trapped-particle behaviour, so only
trapped particles were considered. As it turned out, the w, proxy developed to model passing
ions and trapped electrons turned out to work sufficiently well in most stellarator geometries
considered, and so, only it was used throughout the remainder of the project when developing

the proxy outlined in Chapter 6.

For the w, proxy component of the results, two separate methods were undertaken for the
simulations. Each method considered a different level of dependency on preexisting data output
from GENE. Firstly, the w;, proxy obtained using the variational principle was simulated using
geometrical inputs and GENE data inputs. The geometrical inputs included the magnetic field
strength profile and the curvature profile, whilst the GENE inputs consisted of mode structure
data for the ¢-profiles. The results of these simulations were then compared with the w; output

given purely by GENE, which acts as our most accurate control case. This allowed us to see
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whether or not the variational principle approach was indeed suitable for stellarator geometries.
Once this was proven to work, the second level of investigation to be carried out involved relying
only on the geometrical information as an input. In this second case, the magnetic field strength
profile and the curvature profile for a given geometry were used directly as before, but they
were also utilised in predicting the mode structure ¢. The motivation behind investigating
whether such an approach works lies in the following fact. If the mode structure can be predicted
successfully based purely on geometrical information, then this would mitigate the need to
procure data from costly and time-consuming 5D gyrokinetic supercomputer simulations. Of
course, use of a predicted mode structure is not ideal and was never expected to be as accurate
as using GENE simulation data. However, if a proof-of-principle can be presented successfully
here, then it would act as a preliminary - but promising - sign that this method could be further

refined and improved in future for more accurate results.

For the critical-density-gradient proxy component of the results, a similar procedure was un-
dertaken as described for modelling the w, proxy. In this procedure, however, the w, proxy
results from before were inserted into this critical-density-gradient proxy as an input. Following
this, the predicted mode structure was then inserted into both of these nested proxies where
necessary. No GENE data was used for this part of numerical work, as it did not make sense to
use data pertaining to the mode’s behaviour beyond the point of marginal stability. Our analytical
work underlying this part of the project is predicated on what happens precisely at the point of
marginal stability - not before or beyond this point. Thus, we were heavily reliant on the efficacy

of our analytical prediction of ¢.

Before presenting the results, we must first briefly describe what the simulation data - and
therefore, our proxy - is actually modelling. As discussed in section 3.2, the plasma structure
can be understood as comprising concentric layers of constant pressure [1]. These 2D surfaces
of constant plasma pressure are known as flux surfaces. We can think of these flux surfaces
as being composed of magnetic field lines confined to the surface. In this work, we consider a
tield line within a flux surface that has a normalised toroidal flux given by s = % = 0.5, where
Yy is the toroidal flux at full plasma radius. The simulation domain in our results is that of a
flux-tube [25, 34], which corresponds to a small annulus around one given field line - where the
field line is considered as a one-dimensional structure [34]. This annulus moves along the path
taken by the field line and forms a tube. The relevant physical information contained within
this tube is simulated, and the background density and temperature profiles are assumed to
remain constant over the simulation domain. In fact, in our cases here, we simplify matters by
assuming a constant background temperature gradient for all simulations, such that for both

particle species, we have:
_ dInT, /dInn,

= Tay ) Tay

Using flux-tube simulations greatly reduces the computational cost compared with simulating

=0 (7.1)
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the full 2D flux surface [12]. When carrying out such simulations in an axisymmetric geometry,
such as a tokamalk, all flux-tubes are equivalent. However, in the non-axisymmetric geometries
of stellarators, this luxury is lost. Thus, we must take care to specify which type of flux-tube
simulation we are utilising. For this report, only one type of simulation will be considered. These
are known as "bean" flux-tube simulations. This type of simulation gave the clearest results for
our proxy output, so only these will be discussed here to exhibit the proof-of-principle of our
technique. These bean flux-tubes are those with their center located in the outboard midplane
of the so-called bean-shaped plane. These bean-shaped planes can be seen from the poloidal
cross-sections displayed for each stellarator geometry (see Figures 7.7, 7.13, 7.19, 7.25 and 7.31).
Although other flux-tube simulations will not be presented here, they can be investigated using
precisely the same methods in this report. These may be of more interest in future after further
improvements have been made to other components of this work, such as our procedure for
predicting the mode structure. For the qualitative approach taken in this project, which aims
to simply prove the principle of our methods, using only the bean flux-tube simulations will
suffice.

We must also note some important conventions used in our results, regarding the perpendicular

wavevector k | , and the units of certain GENE outputs. Firstly, we recall the definition of k , :
k| =kyVip+k,Va (7.2)

For reasons we will not go into here, the nature of our flux-tube simulations allows us to set
ky = 0 [12]. Therefore, we only end up working with k,. As a reminder, a is known as the
binormal coordinate, or the field line labelling coordinate. The binormal wavenumber can be
expressed as k, = gkya, where g is the safety factor defined in Chapter 3, and a is the minor
radius of the torus being considered [12]. In our numerical results, the simulations are carried out
using the poloidal wavenumber normalised by the ion-sound gyro radius, k,0s [12]. From here
on, this normalised wavenumber is simply denoted by k,p. Other quantities being plotted here,
such as the real mode frequency w, and the growth rate <, are given in terms of the gyro-Bohm
units used by GENE, [‘;—S] , where ¢; = \/% is the ion sound speed and a is once again the minor

radius.

7.1 Proxy for the Mode Frequency

In this section, we present the numerical results and findings for our proxy of the mode frequency
w. More accurately, our proxy solely models the real part of the mode frequency w,. Our proxy
will be calculated using different levels of dependency on GENE data. The analytical work that
led to this proxy can be found in section 5.2.

In the first case - dependent on GENE data - we show how the w, proxy performs using our
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variational principle result (Eqn. 5.101 and 5.105), and inputting GENE data for our mode
structure ¢. We will compare the results of this approach with the direct GENE output of w;,
in section 7.1.1. In the second case - independent of GENE data - we once again utilise our
variational principle result (Eqn. 5.101 and 5.105), however, we no longer rely on GENE data for
¢. Instead, we use a prediction for ¢, which is developed using geometrical information only. We
will discuss the development of this ¢ prediction separately in section 7.1.2, before we present the
results of the w, proxy which relies on this predicted mode structure.

As is expected, a heavier reliance on GENE data yields a stronger agreement between our w,
proxy and the GENE output for w,. This validates the function of our proxy, even though we
would prefer to have less dependency on such GENE data. This is why we have our second
case which relies on a predicted mode structure in place of GENE data. By showing, at least in
principle, that we can approximately predict the mode structure by using geometrical information
only, we are freeing ourselves of the dependency on preexisting GENE data. This GENE data
is not simple or quick to obtain, as it requires the computation of complicated 5D gyrokinetic
supercomputer simulations [13]. Avoiding such a requirement would mean that optimisation of

stellarator geometry could, in principle, be achieved more quickly and conveniently.

7.1.1 Using Variational Principle and GENE Data

We now present the results of our mode frequency proxy for various toroidal configurations.
For our trial function ¢, we insert preexisting GENE simulation data, whereby distinct profiles
are used for every pair of (kyp, ) values, in each geometric configuration. We start with
the simplest geometry of the DIII-D tokamak, before considering the more complex stellarator
geometries of the NCSX (National Compact Stellarator Experiment), the W7-X (Wendelstein 7
Experiment) and the HSX (Helically Symmetric Experiment). For W7-X, we have three distinct
variants of its geometry. These are known as the standard configuration (SC), the high mirror
(HM) configuration, and the low mirror (LM) configuration. Each variant has its own magnetic
tield profile, the form of which dictates the "high/low mirror” in its name. For all toroidal
configurations, we show the 3D geometry under consideration, whereby we look at a poloidal cut
in each case (see Figures 7.7, 7.13, 7.19, 7.25 and 7.31). These colour coded images indicate the
strength of the magnetic field in different regions of the geometry. Blue represents the minimum
of the magnetic field strength, whilst red represents the maximum. For the stellarator cases,
we are solely considering results of the bean flux-tube simulations. For all geometries, we also
present a plot of the geometric profiles (see Figures 7.2, 7.8, 7.14, 7.20, 7.26 and 7.32). This consists
of the magnetic field strength and the curvature experienced by the field line for the journey of
the flux-tube simulation. We follow this up with presenting the mode frequency results, where
we compare the output of our proxy in comparison with GENE simulation data. In these plots,
our proxy is denoted by VP(¢para), which is shorthand for: variational principle result, with
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¢-data as the trial function input.

DIII-D Tokamak

Figure 7.1: Magnetic field strength B of the DIII-D tokamak, where red indicates the maximum of the field, and blue
indicates the minimum. the Source: [12]

Geometric Profiles
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Figure 7.2: Magnetic field strength B and curvature x along the magnetic field line in the DIII-D tokamak. Source:
GIST data from [12]
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Figure 7.3: Real mode frequency versus density gradient in the DIII-D tokamak. GENE simulation data in blue and

variational principle proxy in red. Source: GENE data from [12]
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Figure 7.4: Real mode frequency versus density gradient in the DIII-D tokamak. GENE simulation data in blue and

variational principle proxy in red. Source: GENE data from [12]
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Figure 7.5: Real mode frequency versus density gradient in the DIII-D tokamak. GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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Figure 7.6: Real mode frequency versus density gradient in the DIII-D tokamak. GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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NCSX

Figure 7.7: Magnetic field strength B of NCSX, where red indicates the maximum of the field, and blue the minimum.
The open slice shows the bean-shaped poloidal cross-section. Source: [12]
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Figure 7.8: Magnetic field strength B and curvature x along the magnetic field line in NCSX. Source: GIST data
from [12]
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Figure 7.9: Real mode frequency versus density gradient in NCSX. GENE simulation data in blue and variational
principle proxy in red. Source: GENE data from [12]
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Figure 7.10: Real mode frequency versus density gradient in NCSX. GENE simulation data in blue and variational
principle proxy in red. Source: GENE data from [12]

98



99 CHAPTER 7. RESULTS AND FINDINGS

wr [kyp = 1.0]
T e B S
]
]
0.5 1
]
]
]
-1.01! o
L | ]
8 l
»n-—1.5 !
S
3201 ?
i ®
-251 >
.o © GENE
® VP(¢para)
—357 i 2 3 4 5 6
a
Lp

Figure 7.11: Real mode frequency versus density gradient in NCSX. GENE simulation data in blue and variational
principle proxy in red. Source: GENE data from [12]
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Figure 7.12: Real mode frequency versus density gradient in NCSX. GENE simulation data in blue and variational
principle proxy in red. Source: GENE data from [12]
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W7-X (SC)

Figure 7.13: Magnetic field strength B of W7-X (SC), where red indicates the maximum of the field, and blue
indicates the minimum. The open slice shows the bean-shaped poloidal cross-section. Source: [53]
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Figure 7.14: Magnetic field strength B and curvature x along the magnetic field line in W7-X (SC). Source: GIST
data from [12]
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Figure 7.15:
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Real mode frequency versus density gradient in W7-X (SC). GENE simulation data in blue and

variational principle proxy in red. Source: GENE data from [12]
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Figure 7.16: Real mode frequency versus density gradient in W7-X (SC). GENE simulation data in blue and

variational principle proxy in red. Source: GENE data from [12]
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Real mode frequency versus density gradient in W7-X (SC). GENE simulation data in blue and

variational principle proxy in red. Source: GENE data from [12]
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Figure 7.18: Real mode frequency versus density gradient in W7-X (SC). GENE simulation data in blue and

variational principle proxy in red. Source: GENE data from [12]
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W7-X (HM)

Figure 7.19: Magnetic field strength B of W7-X (HM), where red indicates the maximum of the field, and blue

indicates the minimum. The open slice shows the bean-shaped poloidal cross-section. Source: [53]
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Figure 7.20: Magnetic field strength B and curvature x along the magnetic field line in W7-X (HM). Source: GIST
data from [12]
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Real mode frequency versus density gradient in W7-X (HM). GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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Real mode frequency versus density gradient in W7-X (HM). GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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Real mode frequency versus density gradient in W7-X (HM). GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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Real mode frequency versus density gradient in W7-X (HM). GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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W7-X (LM)

Figure 7.25: Magnetic field strength B of W7-X (LM), where red indicates the maximum of the field, and blue
indicates the minimum. The open slice shows the bean-shaped poloidal cross-section. Source: [53]
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Figure 7.26: Magnetic field strength B and curvature x along the magnetic field line in W7-X (LM). Source: GIST
data from [12]
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Real mode frequency versus density gradient in W7-X (LM). GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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Real mode frequency versus density gradient in W7-X (LM). GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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Real mode frequency versus density gradient in W7-X (LM). GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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Figure 7.30:

Real mode frequency versus density gradient in W7-X (LM). GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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HSX

Figure 7.31: Magnetic field strength B of HSX, where red indicates the maximum of the field, and blue indicates the

minimum. The open slice shows the bean-shaped poloidal cross-section. Source: [54]
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Figure 7.32: Magnetic field strength B and curvature k along the magnetic field line in HSX. Source: GIST data
from [12]
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Figure 7.33: Real mode frequency versus density gradient in HSX. GENE simulation data in blue and variational

principle proxy in red. Source: GENE data from [12]

wr [kyp = 0.6]
00— g g e e ® & e T e
| ®
0.5 1 L ° °
: o °
]
-1.0/! e o
1
~ 1
B 151 °
w0 ]
8] f
=201
3 i °
-2.5{1 °
]
' °
-3.0 ® GENE
® VP(¢para) °
3.5/,
0 1 2 3 4 5 6
a
L,

Figure 7.34:

Real mode frequency versus density gradient in HSX.
principle proxy in red. Source: GENE data from [12]
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Figure 7.35: Real mode frequency versus density gradient in HSX. GENE simulation data in blue and variational

principle proxy in red. Source: GENE data from [12]
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Figure 7.37: Real mode frequency versus density gradient in HSX. GENE simulation data in blue and variational
principle proxy in red. Source: GENE data from [12]
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Discussion

We now discuss these results, which arose from utilising a variational principle technique to
approximate the real mode frequency w; of the TEM. The trial function input for the variational
principle technique is the mode structure ¢. In this case, this input took the form of GENE
simulation data. This is the idealised case, as we are relying heavily on simulation data to
know the nature of the mode structure. Regardless, this idealised case allows us to validate
our approach by showing how we can accurately model the TEM behaviour, given that the trial

function input sufficiently approximates the actual mode structure ¢.

As can be seen from the plots of the real mode frequency, there are varying levels of agreement
depending on the geometry under consideration. The strongest agreement between the GENE
simulation data and our proxy is manifest in NCSX, and in each of the W7-X configurations.
In these cases, for most wavenumber values (perhaps excluding k,0 = 0.6 for each W7-X
configuration), sudden drops and jumps in the GENE data are tracked quite accurately by the
proxy.

In DIII-D, the general trend and magnitude of the GENE data is mirrored somewhat well by the
proxy, but is less compelling than the aforementioned stellarator cases. This is quite an interesting
observation, given that the DIII-D tokamak is by far the simplest geometry, with the smoothest
geometric profiles. This may indicate that geometrical complexity does not play a significant role
in the efficacy of our variational principle technique for predicting the mode frequency. Other
underlying factors may be at play which have a greater effect on the outcome of our model’s
predictions.

The weakest agreement between simulation and proxy is found in the HSX case. Here, it looks
as if the proxy amplifies subtle inflections in the GENE data, such that the magnitudes are
over-exaggerated. Examples of this can be seen in the final data points of Figures 7.36 and 7.37.
A potential reason for this weaker agreement in HSX could be due to the presence of more
subdominant modes, which could be interacting with the TEM we are modelling [55].

It is also worth noting that in most of the stellarator cases - in particular, in NCSX, W7-X (SC)
and W7-X (HM) - we notice that the GENE data for w, has a distinct drop-off after some density
gradient value. In these cases, the magnitude of w;, seems to remain close to zero for lower
density gradients before suddenly dropping to a relatively larger negative value. According to
[56], which investigated the ITGM, such a discontinuity in the mode frequency may indicate a
transition between two different branches of micro-instabilities. Our data may then indicate that
such a transition between two trapped-electron modes is taking place in these stellarators. It is
mentioned in [56] that such behaviour may manifest itself in axisymmetric configurations also,

but only in the long wavelength limit.

As mentioned earlier in this report, previous research has shown that this mode frequency proxy
procedure works quite successfully in the simpler DIII-D tokamak geometry [18, 12]. However,
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the efficacy of this method in stellarator geometries had not been investigated prior to this project.
Thus, the proxy procedure has been replicated here in the tokamak case, and subsequently
expanded to the more complex stellarator geometries. As we have now seen, the proxy procedure
does successfully model the instability behaviour in various stellarator geometries, with varying
degrees of agreement. This indicates that the level of geometric complexity is not a pressing
issue for approximately modelling the TEM behaviour. However, as posited in the HSX case, the
presence of subdominant modes may threaten the validity of our analysis of the TEM.

Another potential explanation for the discrepancies between our proxy prediction and the GENE
output could be due to an ordering assumption made during our analytical derivation. This was
in regard to the magnetic drift frequency wy, and the mode frequency w. In order to be able to
carry out our variational principle approach in section 5.2, we needed to assume a small ordering
of this drift frequency compared to the mode frequency (w;, < w), so as to avoid encountering
resonance when wy, ~ w in the denominator of our integral expression. This is ultimately
because our variational principle procedure is only known to work in cases where the integral
expression is fully real. Thus, we had to avoid the manifestation of a pole in our calculation in
order to successfully implement this variational principle procedure. Despite this assumption,

our procedure here still managed to yield very promising results in almost all cases.

7.1.2 Using Variational Principle and Predicted Mode Structure

Once again, we present the results of our mode frequency proxy for various toroidal configurations.
For our trial function ¢ in this case, we insert our prediction of the mode structure, whereby
only one profile is used for each geometric configuration and is held constant for varying
wavenumber (k,0) and density gradient (ﬁ) values. The procedure for calculating this predicted
mode structure will be explained before presenting the mode frequency proxy results. As
before, we start with the simplest geometry of the DIII-D tokamak, before considering the more
complex stellarator geometries of the NCSX (National Compact Stellarator Experiment), the W7-X
(Wendelstein 7 Experiment) and the HSX (Helically Symmetric Experiment). For each geometric
configuration, we first show the predicted mode structure profile (see Figures 7.40, 7.46, 7.52, 7.58,
7.64,7.70), which relies upon the geometric profiles only (see Figures 7.41, 7.47, 7.53, 7.59, 7.65
and 7.71). We follow this up with presenting the mode frequency results, where we compare
the output of our proxy in comparison with GENE simulation data. In these plots, our proxy is
denoted by VP(¢p,eq), which is shorthand for: variational principle result, with ¢(p,,) as the trial

function input.
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Predicting the Mode Structure

Here, we show how the mode structure ¢ can be very roughly predicted using only geometrical
information. The inputs used here are the magnetic field strength profile B, and the curvature
profile k. As already mentioned, the benefit of being able to successfully predict the mode
structure is that we can circumvent the need to run costly and time-consuming 5D GENE
simulations [13]. The method carried out here is only a first approximation toward achieving the
mode structure, but it serves to prove the principle of this technique. Further investigation and

refinement of this prediction procedure is recommended for future work.

In order to predict the mode structure, we first need to know the relationship between the
mode itself and the geometry it exists in. We are, of course, concerned with the nature of the
trapped-electron mode, so it is helpful to remind ourselves of trapped particle behaviour in
toroidal geometry. This was discussed in some detail in section 3.2, but we will reiterate some
of the relevant details here for convenience. Trapped particles are those that are periodically
reflected between regions of high magnetic field with a characteristic frequency, known as the
bounce frequency. This occurs when particles enter a region of low magnetic field strength, and
do not have sufficient parallel velocity (parallel to the magnetic field line) to escape the region.
Such a region can be thought of as a magnetic-field well, bounded by regions of higher magnetic
tield. Due to the intrinsic toroidal nature of our geometrical configurations, the magnetic coils
that create the plasma’s magnetic cage are inevitably closer together at the centre of the torii than
on the outboard side. Thus, this leads to a magnetic field strength gradient VB, which points
toward the central toroidal axis. The magnetic field is then weakest at the outboard side, and so
this is where trapped particles primarily reside. This outboard side is also where the curvature
is negative, and this is known as a "bad curvature" region. More specifically, bad or negative
curvature occurs where the equilibrium plasma pressure gradient (Vpp) and the magnetic field
strength gradient (V B) are aligned. In this region, free energy can be released when a field line is
exchanged between two flux tubes [13]. Micro-instabilities feed from this supply of free energy

and grow as a result.

With this information at hand, we now know that our mode of interest is dependent on the
geometry in a two-fold manner. Firstly, the TEM must occur in regions of low magnetic field,
so the mode ought to peak where the magnetic field has a minimum. We also know that free
energy is supplied to the mode in regions of bad curvature, i.e., negative curvature (x < 0). Using
this information, we can impose that the mode structure is required to peak where the magnetic
field has a minimum, and where the curvature is negative (bad curvature region). We can then
use these requirements to approximate the mode structure. We will use the simplest case of the
DIII-D tokamak as an example to demonstrate how this can be done. We can start by simply
combining the the magnetic field strength profile with the curvature profile, giving us the second
plot seen in Fig. 7.38. It is worth noting that we are not concerned by the magnitude of the our
result, only the shape.
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Figure 7.38: Magnetic field strength B and curvature x along the magnetic field line in the DIII-D tokamak, and the
combination of these two profiles, B + x. Source: GIST data from [12]

After combining the magnetic field strength with the curvature, the next step is to invert this
result. We do this because we know our mode should have its maximum where these geometric
quantities both have their lowest values. We also normalise our result, due to the fact that we are
only interested in the mode shape, not its magnitude. Inverting and normalising the B + « plot in
Fig. 7.38 then gives us our final result for the predicted mode structure in Fig. 7.39. Clearly, our
approach is extremely simple and straightforward, but by no means rigorous. There is plenty
of room for improvement and refinement, and so some suggestions for how to go about doing
this will be mentioned in the discussion to follow later. With our method for predicting the
mode structure now described, we can present the results of this procedure in our geometric
configurations of interest, as well as the results of the mode frequency proxy which relied on the

accuracy of these predicted ¢ profiles.
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Figure 7.39: The predicted mode structure profile ¢(p,.q) along the magnetic field line for the DIII-D tokamak.
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Figure 7.40: The predicted mode structure profile ¢(p,.q) along the magnetic field line for the DIII-D tokamak.
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Figure 7.41: Magnetic field strength B and curvature x along the magnetic field line in the DIII-D tokamak. Source:
GIST data from [12]
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Figure 7.42: Real mode frequency versus density gradient in the DIII-D tokamak. GENE simulation data in blue
and variational principle proxy in red. Source: GENE data from [12]
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Figure 7.43:

Real mode frequency versus density gradient in the DIII-D tokamak. GENE simulation data in blue
and variational principle proxy in red. Source: GENE data from [12]
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Figure 7.44: Real mode frequency versus density gradient in the DIII-D tokamak. GENE simulation data in blue
and variational principle proxy in red. Source: GENE data from [12]
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Figure 7.45: Real mode frequency versus density gradient in the DIII-D tokamak. GENE simulation data in blue
and variational principle proxy in red. Source: GENE data from [12]
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Figure 7.46: The predicted mode structure profile ¢ p,eq) along the magnetic field line for NCSX.
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Figure 7.47: Magnetic field strength B and curvature x along the magnetic field line in NCSX. Source: GIST data
from [12]
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Figure 7.48:

Real mode frequency versus density gradient in the NCSX. GENE simulation data in blue and

variational principle proxy in red. Source: GENE data from [12]
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Figure 7.49: Real mode frequency versus density gradient in the NCSX. GENE simulation data in blue and

variational principle proxy in red. Source: GENE data from [12]
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Figure 7.50: Real mode frequency versus density gradient in the NCSX. GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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Figure 7.51: Real mode frequency versus density gradient in the NCSX. GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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Figure 7.52: The predicted mode structure profile ¢ p,eqy along the magnetic field line for W7-X (SC).
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Figure 7.53: Magnetic field strength B and curvature x along the magnetic field line in W7-X (SC). Source: GIST
data from [12]
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Figure 7.54: Real mode frequency versus density gradient in the W7-X (SC). GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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Figure 7.55: Real mode frequency versus density gradient in the W7-X (SC). GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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Real mode frequency versus density gradient in the W7-X (SC). GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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Real mode frequency versus density gradient in the W7-X (SC). GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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Figure 7.58: The predicted mode structure profile ¢(p,.q) along the magnetic field line for W7-X (HM).
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Figure 7.59: Magnetic field strength B and curvature x along the magnetic field line in W7-X (HM). Source: GIST

data from [12]
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Real mode frequency versus density gradient in the W7-X (HM). GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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Real mode frequency versus density gradient in the W7-X (HM). GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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Real mode frequency versus density gradient in the W7-X (HM). GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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Real mode frequency versus density gradient in the W7-X (HM). GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]

129



130 CHAPTER 7. RESULTS AND FINDINGS

W7-X (LM)

Predicted Mode Structure
1.00 ofo

0.95 .0 W -
0.90 . . . .
0.85 . -
0.80 ., S B L .
0.75 - . e

0.70 ° .

0.65 e o

Figure 7.64: The predicted mode structure profile ¢ p,.q) along the magnetic field line for W7-X (LM).
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Figure 7.65: Magnetic field strength B and curvature x along the magnetic field line in W7-X (LM). Source: GIST
data from [12]

130



131 CHAPTER 7. RESULTS AND FINDINGS

wr [k,p = 0.6]
Oo—l- ———————————————————————————————————————————————————————————————————
i Y 8ece o
-0.2 E ®e py
! o °
—0.41 ! °
L | ]
S | °
506/ | ° ® o
= :
308/ | ®
!
—1.071
® GENE ¢
-1.2 [ ] VP(¢Pred) ®
0 i 2 3 4 5 6
a
Lp

Figure 7.66: Real mode frequency versus density gradient in the W7-X (LM). GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]

W, [kyp = 0.8]
0.0k~ mgmmgr b e e e e
| veee
l ¢ °
! [
-0.5 : PY
—_ | o
© ! °
En—l.o |
= |
3 !
151
]
|
® GENE ®
—-2.0 ® VP(¢Pred) o
0 1 2 3 4 5 6
a
L,

Figure 7.67: Real mode frequency versus density gradient in the W7-X (LM). GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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Figure 7.68: Real mode frequency versus density gradient in the W7-X (LM). GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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Figure 7.69: Real mode frequency versus density gradient in the W7-X (LM). GENE simulation data in blue and
variational principle proxy in red. Source: GENE data from [12]
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Figure 7.70: The predicted mode structure profile ¢(p,.q) along the magnetic field line for HSX.
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Figure 7.71: Magnetic field strength B and curvature x along the magnetic field line in HSX. Source: GIST data

from [12]
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Figure 7.72: Real mode frequency versus density gradient in the HSX. GENE simulation data in blue and variational
principle proxy in red. Source: GENE data from [12]
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Figure 7.73: Real mode frequency versus density gradient in the HSX. GENE simulation data in blue and variational
principle proxy in red. Source: GENE data from [12]
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Figure 7.74: Real mode frequency versus density gradient in the HSX. GENE simulation data in blue and variational
principle proxy in red. Source: GENE data from [12]
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Figure 7.75: Real mode frequency versus density gradient in the HSX. GENE simulation data in blue and variational
principle proxy in red. Source: GENE data from [12]
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Figure 7.76: Real mode frequency versus density gradient in the HSX. GENE simulation data in blue and variational
principle proxy in red. Source: GENE data from [12]
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Discussion

We now discuss these results, which once again arose from utilising a variational principle
technique to approximate the real mode frequency w;, of the TEM. As before, the trial function
input for the variational principle technique is the mode structure ¢. In this case, however, this
input took the form of a single predicted ¢ profile, which depended on the geometric information
of the configuration at hand (magnetic field strength B and curvature ). This approach no longer
relies on any simulation data from GENE, and so one expects a weaker agreement between the
proxy prediction and the GENE output for the real mode frequency. Nonetheless, our method for
predicting the mode structure was extremely simple, and serves only to prove the principle of the
procedure, which has much room for improvement. With this in mind, we first briefly discuss the
results shown in this section, followed by suggesting some means to improving our prediction
procedure, which may be implemented in future work.

Our mode frequency results here, which relied upon the accuracy of our ¢ prediction, predictably
showed a weaker agreement with GENE output in comparison to our previous set of results
which utilised ¢-data from GENE. In most configurations, there appears to be stronger agreement
between our proxy and GENE simulation for lower density gradient values, and increasingly
weaker agreement as the density gradient increases. This can be explained by the ¢ prediction
used in the proxy. When comparing our ¢ prediction with the ¢-data profiles from GENE
(which are not included in this report), it was found that the best agreement occurred when
considering the lowest density gradient values. The mode structure profiles from GENE change
as Lin increases, and this may be due to the presence of subdominant modes at these higher
gradients. Our ¢ prediction is solely dependent on the geometry of the configuration, so this
behaviour is not captured when ;- increases. This inevitably degrades the reliability of the mode
frequency proxy in these higher regions of parameter space. Thus, the overall trend of w; is
captured quite well by the proxy for low {- values, but sudden drops and jumps in the GENE
data are not tracked by the proxy. As mentioned in the previous section, these sharp drops in the
GENE data may indicate the transition to a new TEM [56]. Sudden changes in the simulation
data such as these are expected to be replicated by the proxy if the ¢ prediction is improved. We
can be confident of this as we have already seen that this variational procedure has the capability
to mirror such sudden changes when the idealised trial function is used, i.e., inserting GENE data
for ¢ directly.

We can now propose some potential improvements to be made to our mode structure prediction
technique. Firstly, more care could be taken when combining the magnetic field and curvature
profiles, which are the only inputs used to generate our prediction. This could take the form of
giving each quantity a certain weight corresponding to their level of influence on the mode. In our
approach here, we brutally added these quantities together without giving much consideration
for how significantly each one influences the mode on its own. It might be worth experimenting

with this linear combination by giving each geometric quantity a weighted coefficient, which can
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be varied to find the optimal value. This may look as follows:
c1B + ook (7.3)

where ¢ and ¢ are the adjustable weighted coefficients.

Secondly, we know that the mode structure varies with wavenumber and density gradient, and
not only with the geometric information (B and «x). Thus, realistically, there ought to be a distinct
¢ profile for each pairing (kyp, L%), for every geometric configuration considered. However, in
our procedure, we only use a first approximation for the ¢ profile prediction, and assume it is
not dependent on these plasma quantities. Our current prediction for ¢ can be thought of as
follows:

(P(Pred) = (P(B/ K) (7.4)

Therefore, an immediate improvement to be made to this procedure in future work would be to

find a prediction for the mode structure that functions as follows:

a
4)(Pred) =¢ (B, K, kyP/ L_n) (7.5)

In the end, despite our very rough method here, our results exhibit a clear proof of principle
for this technique. Our work indicates that with sufficient knowledge of the mode structure’s
dependence on geometric and plasma quantities, one can approximately predict the ¢ profile to a
reliable level.

7.2 Proxy for the Critical Density Gradient

In this section, we first present the values of the critical density gradient for the TEM - as obtained
from GENE data - in the various geometrical configurations considered. This provides our
benchmark, to which we compare the results of our proxy procedures in order to determine
their performance. Following this, we then look at the results of two separate approaches to
developing a proxy for the critical density gradient. We first consider our original approach,
pertaining to the analytical work carried out in section 6.1. We then consider a simpler alternative
approach, pertaining to the analytical work from section 6.2. Each set of results will be followed
by a discussion of their interpretation.

7.2.1 Critical Density Gradient from GENE Growth Rate

Here, we look at how to calculate the critical density gradient values from GENE data for each
geometrical configuration. We achieve this by looking at the growth rate 7 for each configuration

and wavenumber, and seeing where it approximately equals zero. Our procedure involves
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analysing GENE output data for 7y and fitting a polynomial to this data in order to find the root
(v = 0). The LL,, value found where v = 0 should then correspond to the critical density gradient.
The results of this section are displayed in Table 7.1.

It is worth noting that these values have been obtained using a limited amount of data, and the
polynomial fitting procedure is done by hand. The degree of this polynomial fit is manually
adjusted until the best possible match is found by eye. Therefore, this method is only able to
approximate the trend of the given data set. It is from this approximate polynomial that a root
was found, which gives us our supposed critical density gradient values. Therefore, we are more
concerned with the approximate neighbourhood of values obtained from GENE, and not the precise

values shown.
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Figure 7.78: Growth rate <y in the DIII-D tokamak.
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y GENE Output [k, 0 =1.2]
08 ® data points e o— 9
polynomial fit S '
06
B o4 //.
J .
= 4
0.2 s
0.0 r--;.; —————————————————————————————————————————————————————————————————
0 1 2 3 4 5 6
a
Ly

Figure 7.80: Growth rate -y in the DIII-D tokamak.
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Figure 7.82: Growth rate vy in NCSX.
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Figure 7.84: Growth rate 7y in NCSX.
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Figure 7.85: Growth rate -y in W7-X (SC).
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Figure 7.86: Growth rate -y in W7-X (SC).
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Figure 7.87: Growth rate vy in W7-X (SC).
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Figure 7.88: Growth rate vy in W7-X (SC).
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Figure 7.89: Growth rate -y in W7-X (HM).
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Figure 7.90: Growth rate -y in W7-X (HM).
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Figure 7.91: Growth rate -y in W7-X (HM).
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Figure 7.92: Growth rate vy in W7-X (HM).
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Figure 7.93: Growth rate -y in W7-X (LM).
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Figure 7.94: Growth rate vy in W7-X (LM).
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Figure 7.95: Growth rate vy in W7-X (LM).
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Figure 7.96: Growth rate vy in W7-X (LM).
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Figure 7.97: Growth rate 7y in HSX.
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Figure 7.98: Growth rate vy in HSX.
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Figure 7.99: Growth rate 7y in HSX.
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Figure 7.100: Growth rate 7y in HSX.

151



152 CHAPTER 7. RESULTS AND FINDINGS

y GENE Output [k,p =1.2]

1.0

® data points .
polynomial fit /
:
— 08 B
©
\u’ .
§0.4 .
@
P4
° .
&
/
0.0 L—-‘! __________________________________________________________________
0 1 | | | 5 6
a
Ln

Figure 7.101: Growth rate vy in HSX.
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7.2.2 Original Approach

Here, we will present the results of our original approach to finding a proxy for the critical
density gradient. The analytical work that produced these results can be found in section 6.1. The
final analytical result from that procedure, Eqn. 6.66 will be restated here:

1

(;) lim Y { (/Af’”_éd;\[ﬂ +M1]> + (/;Z:éd)\[PﬁMﬂ)}

Bmax

Acrit—0 1.
—lim ¥ / AP - My )+ /B dA[P — My | b =0
00 el % Acrit+0

(7.6)

where

N—=

P = 9 <G<1A>> (F gw) Mo F

My = [§PT(A) (_%) (_;ﬁ) Hie om

For the > term in Eqn. 7.6, we insert our analytical expression Eqn. 5.105 directly - which we

(7.7)

know is compatible with the variational principle. We also insert a modified form of this result
for when we have w on its own, which is necessary for both expressions in Eqn. 7.7. The input
for ¢ here is ¢ (p,eq)- We only use this predicted mode structure here as it does not make sense to
insert GENE data, which solely corresponds to the characteristics of the mode beyond the point
of marginal stability. This is not the region of parameter space we are concerned with here, as
we only want to find the point at which the mode first exists. This is precisely at the point of
marginal stability, which is where Eqn. 7.6 should be satisfied. Hence, we are not concerned with
the subsequent behaviour of the mode, which is precisely what GENE models.

The plots we are presenting here represent the left-hand side of Eqn. 7.6, such that we are
interested in where this result is approaching zero. The density gradient value corresponding to
where our result is approximately zero should then be our proxy for the critical density gradient.
Note, we are not concerned by the magnitude of our results - we are only interested in finding the
roots of our plotted functions. Note, for each plot, we only show the relevant section of parameter
space where a root was to be found. In some cases, no root was found in a realistic region of
parameter space, but an explanation for these outliers will be provided in our discussion to follow.

Also, our plots use the shorthand CDG for critical density gradient.
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DIII-D Tokamak
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Figure 7.102: Critical-density-gradient proxy in the DIII-D tokamak.
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Figure 7.103: Critical-density-gradient proxy in the DIII-D tokamak.
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Figure 7.104: Critical-density-gradient proxy in the DIII-D tokamak.
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Figure 7.105: Critical-density-gradient proxy in the DIII-D tokamak.
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NCSX
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Figure 7.106: Critical-density-gradient proxy in NCSX.
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Figure 7.107: Critical-density-gradient proxy in NCSX.
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Figure 7.108: Critical-density-gradient proxy in NCSX.
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Figure 7.109: Critical-density-gradient proxy in NCSX.
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W7-X (SC)
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Figure 7.110: Critical-density-gradient proxy in W7-X (SC).
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Figure 7.111: Critical-density-gradient proxy in W7-X (SC).
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Figure 7.112: Critical-density-gradient proxy in W7-X (SC).
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Figure 7.113: Critical-density-gradient proxy in W7-X (SC).
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W7-X (HM)
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Figure 7.114: Critical-density-gradient proxy in W7-X (HM).
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Figure 7.115: Critical-density-gradient proxy in W7-X (HM).
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Figure 7.116: Critical-density-gradient proxy in W7-X (HM).

CDG Proxy [k,p0=1.2]

.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
a
L,

Figure 7.117: Critical-density-gradient proxy in W7-X (HM).
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W7-X (LM)

CDG Proxy [kyp=0.6]

1000

800

CDG Proxy
£ o

N
o
o

1
1
1
—200—+
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
Ly

Figure 7.118: Critical-density-gradient proxy in W7-X (LM).
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Figure 7.119: Critical-density-gradient proxy in W7-X (LM).
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Figure 7.120: Critical-density-gradient proxy in W7-X (LM).
1006 CDG Proxy [kyp =1.2]
T
I .
1
1.
1
800/ i
1
1
1
> | .-"'/’_\
X 600/ 1
(@] 1 o
a I ~
| s.,..\
8 1 "’"-s.\\
400 1
(@] 1 \
1
: o,
200 1
1
1
1
1
e e o o o o o o o o o T S S S S S o S S S S S s e s e e ]
0 0.000 0.025 0.050 0.075 0.](.300 0.125 0.150 0.175 0.200

L,

Figure 7.121: Critical-density-gradient proxy in W7-X (LM).
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HSX
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Figure 7.122: Critical-density-gradient proxy in HSX.
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Figure 7.123: Critical-density-gradient proxy in HSX.
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Figure 7.124: Critical-density-gradient proxy in HSX.
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Figure 7.125: Critical-density-gradient proxy in HSX.
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Figure 7.126: Critical-density-gradient proxy in HSX.
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Discussion of Original Approach

We now discuss the results of this original approach to finding the critical density gradient. The
results show that there is sometimes one clear solitary root found in the region of parameter space
we are concerned with, but there is also sometimes multiple roots, or even no roots found. Some
explanation will be provided here to explain this behaviour, but it ought to be noted that the
discussion here will be somewhat trepidatious, and we will thus not draw any absolute or concrete

conclusions. We will, however, provide our most solid interpretation of these findings.

Starting with the simplest case of the DIII-D tokamak, we see that there is only a single root
to be found in the parameter space considered, for each wavenumber shown. At these points,
there is a sharp turning point in our curves, which may be indicative of a discontinuity. This
point corresponds to where w, = 0, as our proxy expression given in Eqn. 7.6 has an w; in all
terms. Thus, the proxy is automatically satisfied when the real mode frequency vanishes. For
higher density gradients, there are no other roots found for this configuration. Therefore, we will
assume that this solitary root, which occurs at the point of discontinuity in each of our curves,
corresponds to the point of marginal stability. If we assume this to be true in all of our remaining
geometries, then we need only focus on the roots corresponding to a discontinuity in our curves.
Following from this, we find that each of these roots are also due to where w, = 0. Interestingly,
this is precisely the requirement found in our alternative proxy approach described in section 6.2.
Thus, as we will see in the next section when we present the results of this alternative method, we
find that the numerical results of these root values (where a discontinuity occurs) are sometimes
in exact agreement (depending on the wavenumber) with the density gradient values found by

our alternative method, which simply considers where w, = 0.

We have some outliers in our results, whereby no root is found in the region of parameter space
considered. The two cases where this occurred were both for the W7-X (HM) configuration
(see Figures 7.116 and 7.117). This can be explained by a poor performance on the part of the
predicted mode structure. More specifically, the mode frequency proxy - which depended on this
predicted mode structure - was unable to adequately predict the behaviour of the actual mode
frequency. This is most clearly evident in the next section (see the lower plots in Figures 7.145
and 7.146). In these two instances, the critical density gradient is predicted to be approximately
12.1527 and -0.0159, respectively. The expected value is somewhere between 0 and 1. Thus, we
disregard these results as explainable outliers, which would not have occurred had our mode

structure prediction been more rigorous.

We shall now present and discuss the numerical results of this critical-density-gradient proxy
in Table 7.1. Here, we compare these proxy results with those found using GENE data. These
results are also presented more visually using scatter-correlation plots (see Figures 7.127, 7.128,
7.129 and 7.130). When considering the critical-density-gradient proxy plots presented earlier in
this section, it should be noted that the precise values of the roots are in exact agreement with
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evaluating our analytical expression, Eqn. 6.87. This should make sense, as both our proxy-plots
and Eqn. 6.87 have a solution for w, = 0, and both procedures rely on our predicted mode
structure ¢ (py4) as in input. Thus, this is how our proxy values were calculated in Table 7.1. We
can see from this table of results and the corresponding scatter-correlation plots that we do not
have a strong agreement between our proxy’s prediction and the results obtained from GENE. In
our scatter-correlation plots, perfect agreement between our proxy and GENE would be indicated
by having a one-to-one correlation, such that the line of best fit would have a slope equal to 1
with a y-intercept at the origin, and all data points would fall on this line. This is, of course,
the idealised case, and is never expected realistically. Our scatter-correlation plots all show a
weak-positive correlation, with the strongest result being at wavenumber ko = 1.2. Although
this may seem like a disappointing outcome, some potential reasons for these discrepancies in
values (and weak correlations) are important to keep in mind.

Firstly, the values obtained from the GENE growth rate data are by no means infallible or without
error. These values have been obtained using a limited amount of data, which has then been fitted
with a polynomial. The degree of this polynomial fit is manually adjusted until the best possible
match is found by eye. This method is only able to approximate the trend of the given data set. It
is from this approximate polynomial that a root was found, which gives us our supposed critical
density gradient values. Therefore, we are more concerned with the approximate neighbourhood of
values obtained from GENE, and not the precise values shown.

Secondly, it is important to remember that our proxy is reliant on the efficacy of the mode
frequency proxy, and thus, on the accuracy of the predicted mode structure. Therefore, there is
an inevitable propagation of error manifest here due to this heavy dependence on earlier steps.
And so, we may expect a better agreement between the proxy and the GENE output when these
earlier procedures have been further improved. If this is the case, then our analytical work carried
out for the critical-density-gradient proxy is still valid and potentially useful. Thus, we may only

need to improve the accuracy of our inputs for this proxy to yield more accurate results.

In relation to this second point, there is another potential explanation for the discrepancies
between our proxy prediction and the GENE values, which arises from the analytical work
underlying these results. As already mentioned in section 7.1, where we discussed the results of
the mode frequency proxy, an important ordering assumption had to be made in order to be able
to carry out our variational principle approach in section 5.2. Specifically, we needed to assume a
small ordering of the magnetic drift frequency compared to the mode frequency (wy, < w), so as
to avoid encountering resonance when wy, ~ w in the denominator of our integral expression.
This is ultimately because our variational principle procedure is only known to work in cases
where the integral expression is fully real. Thus, we had to avoid the manifestation of a pole in
our calculation in order to successfully implement this variational principle procedure. However,
in our analytical derivation for the critical-density-gradient proxy (see section 6.1), we do not
implement this assumption. Instead, we directly address this presence of a pole by assuming

an ordering of wy, ~ w in our derivation. This was necessary because the presence of a pole
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corresponds to the manifestation of our instability mode (the TEM in this case). Once our final
result from this procedure was obtained, we inserted our mode frequency proxy result into
this critical-density-gradient proxy expression. Thus, we end up calculating a single expression
which relied on a particular ordering scheme (w;, ~ w), but whose input relied upon a different
ordering scheme (w;, < w). This was an unfortunate, but ultimately necessary, course of action
for this very particular procedure. For future work, it may be worth investigating whether a
similar procedure can be carried out whereby there is greater consistency of assumption made

throughout the full analytical derivation.

Despite the aforementioned discrepancies and weak correlations in our results, we are still
seeing a positive correlation for all wavenumbers considered. This may indicate that our proxy
is working sufficiently well for optimisation purposes. In other words, our proxy seems to be
correctly indicating the approximate direction of optimisation, i.e., where a new stellarator geometry
should fall in these plots such that it possess a higher critical density gradient. Therefore, a perfect
one-to-one correlation may not be necessary for finding a stellarator geometry with increased
critical density gradient, and our proxy would provide a relatively fast means to achieving this,
which is totally independent of costly GENE simulation data.
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Geometry Critical Density Gradient Values
v GENE CDG Proxy

DII-D (kyp = 0.6) 0.3182 0.4470
DII-D (k,po = 0.8) 0.3051 0.1562
DII-D (kyp = 1.0) 0.3073 0.9259
DII-D (k,o = 1.2) 0.3080 0.6448
NCSX (kyo = 0.6) 0.2980 0.0157
NCSX (kyo = 0.8) 0.2961 0.0598
NCSX (kyo = 1.0) 0.2776 0.1428
NCSX (kyo = 1.2) 0.2495 0.5688
W7-X (SC) (kyp = 0.6) 0.1783 0.0159
W7-X (SC) (kyp = 0.8) 0.2014 0.0230
W7-X (SC) (kyp = 1.0) 0.2021 0.0367
W7-X (8C) (kyp = 1.2) 0.1617 0.1958
W7-X (HM) (kyo = 0.6) 0.1624 0.0382
W7-X (HM) (kyp = 0.8) 0.1472 0.0564
W7-X (HM) (kyp = 1.0) 0.1559 12.1527
W7-X (HM) (k,o = 1.2) 0.2265 -0.0159
W7-X (LM) (kyp = 0.6) 0.2975 0.0083
W7-X (LM) (kypo = 0.8) 0.3015 0.0133
W7-X (LM) (kyp = 1.0) 0.2858 0.0196
W7-X (LM) (kyp = 1.2) 0.2264 0.0326
HSX (kyp = 0.4) 0.2106 0.0860
HSX (kyp = 0.6) 0.1725 0.0917
HSX (kyo = 0.8) 0.2401 0.0930
HSX (kyo = 1.0) 0.2146 0.0980
HSX (kyp = 1.2) 0.2115 0.1919

Table 7.1: Critical density gradient values from GENE data and from our proxy.

170



171 CHAPTER 7. RESULTS AND FINDINGS

CDG Correlation Plot [k,p0 = 0.6]
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Figure 7.127: Scatter-correlation plot comparing our critical-density-gradient proxy results with GENE.
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Figure 7.128: Scatter-correlation plot comparing our critical-density-gradient proxy results with GENE.
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CDG Correlation Plot [k,p0 = 1.0]
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Figure 7.129: Scatter-correlation plot comparing our critical-density-gradient proxy results with GENE.
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Figure 7.130: Scatter-correlation plot comparing our critical-density-gradient proxy results with GENE.

172



173 CHAPTER 7. RESULTS AND FINDINGS

7.2.3 Alternative Approach

Here, we will present the results of our alternative approach to finding a proxy for the critical
density gradient. The analytical work that produced these results can be found in section 6.2. Very
simply stated, this procedure indicated that the critical density gradient is that which corresponds
to:

| !

wy=7=0 (7.8)

This implies that we can use our variational principle proxy for w, to approximate the critical
density gradient as follows:
!
(Ur(Vp) =0 (79)

The plots presented in this section are thus the real mode frequency results from various methods.
These methods are as follows: w; directly from GENE data; w, from our variational principle
proxy, where ¢-data from GENE was used as our input; w, from our variational principle proxy,
where the predicted mode structure ¢(p,,;) was used as our input. The critical density gradient is
then found from calculating the first root of these plotted functions, where w; = 0. The results of

this procedure are displayed in Table 7.2.

For the final case stated here, whereby we use the variational principle and the predicted mode
structure, the critical density gradient can also be calculated directly using the the final analytical

result from section 6.2 - Eqn. 6.87. This will be restated here:

( a”t?) 7

The input for ¢ here is ¢(p;,4), which is the same input used for our original proxy approach.

(lffﬁ) {foooo [ZFO —b (FO - rl)] %|¢|2% + % f;ﬁ Zwells T(A) (%FEG(A)> |$|2d}L}

max

- — I
% f? Zwells T(A)|¢|2d)L - f—oo [PO - Thb (TO - I‘1)] |¢|2%

max

Once again, we only use this predicted mode structure here as it does not make sense to insert
GENE data, which solely corresponds to the characteristics of the mode beyond the point of
marginal stability. This is not the region of parameter space we are concerned with, as we only
want to find the point at which the mode first exists. This is precisely at the point of marginal
stability. Hence, we are not concerned with the subsequent behaviour of the mode, which is
precisely what GENE models.
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DIII-D Tokamak
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Figure 7.131: Plots of the real mode frequency w, in the DIII-D tokamak from: (i) GENE, (ii) the variational

principle using ¢-data, and (iii) the variational principle using ¢ pyeq)-
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Figure 7.132: Plots of the real mode frequency cw, in the DIII-D tokamak from: (i) GENE, (ii) the variational
principle using ¢-data, and (iii) the variational principle using ¢ pyeq)-
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Figure 7.133: Plots of the real mode frequency cw, in the DIII-D tokamak from: (i) GENE, (ii) the variational
principle using ¢-data, and (iii) the variational principle using ¢ pyeq)-
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Figure 7.134: Plots of the real mode frequency cw, in the DIII-D tokamak from: (i) GENE, (ii) the variational
principle using ¢-data, and (iii) the variational principle using ¢ pyeq)-
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NCSX

w, GENE Output [k, = 0.6]

0.0 = B i —— @ TTTTTTTTTTTTTTTTTTTTTTT/TTe T T TTTTTTTrTT
-0.5
E 1.0
g o
=
3_,; °
201 o data points
polynomial fit
0 1 2 3 4 5 6
a
Ln

0 ""._'"_0_'6'5"".'_'_'6_'_'_'""'"""""""""""" _____________
-1
8
% ]
S}
= -2 /
3 o
-3
® data points
polynomial fit °
-4
0 1 2 3 4 5 6
a
Ly
Wy from VP(¢preq) [kyp =0.6]
0.0 e e e e e e
° ®
-0.2 o °
®
-0.4 ®
— L
B o6
1%}
O S
— -038
3
1.0 ]
-1.2 S
® data points
-l4 polynomial fit
0 1 2 3 4 5 6
a
Ly

Figure 7.135: Plots of the real mode frequency w, in NCSX from: (i) GENE, (ii) the variational principle using
¢-data, and (iii) the variational principle using ¢(preq)-
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Figure 7.136: Plots of the real mode frequency w, in NCSX from: (i) GENE, (ii) the variational principle using

¢-data, and (

iii) the variational principle using (preq)-
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Figure 7.137: Plots of the real mode frequency w, in NCSX from: (i) GENE, (ii) the variational principle using
¢-data, and (iii) the variational principle using ¢(preq).-
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Figure 7.138: Plots of the real mode frequency w, in NCSX from: (i) GENE, (ii) the variational principle using
¢-data, and (iii) the variational principle using ¢(preq).-
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W7-X (SC)
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Figure 7.139: Plots of the real mode frequency w, in W7-X (SC) from: (i) GENE, (ii) the variational principle using
¢-data, and (iii) the variational principle using ¢(preq)-
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Figure 7.140: Plots of the real mode frequency w, in W7-X (SC) from: GENE, the variational principle using ¢-data,
and the variational principle using @(pyeg)-
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Figure 7.141: Plots of the real mode frequency w, in W7-X (SC) from: (i) GENE, (ii) the variational principle using
¢-data, and (iii) the variational principle using ¢(preq).-
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Figure 7.142: Plots of the real mode frequency w, in W7-X (SC) from: (i) GENE, (ii) the variational principle using
¢-data, and (iii) the variational principle using ¢(preq).-
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W7-X (HM)
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Figure 7.143: Plots of the real mode frequency w, in W7-X (HM) from: (i) GENE, (ii) the variational principle
using ¢-data, and (iii) the variational principle using ¢(pyeq)-
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Figure 7.144: Plots of the real mode frequency w, in W7-X (HM) from: (i) GENE, (ii) the variational principle
using ¢-data, and (iii) the variational principle using ¢(preq).-

187



188 CHAPTER 7. RESULTS AND FINDINGS

wr GENE Output [k,p0 =1.0]

0.5
0.0F-8--008-0-—-8—-@-—cccc—r e _______ &
-0.5
—
M -1.0
~~
%]
O
—-15
3
-2.0
-2.5
® data points [ ]
_30 polynomial fit
0 1 2 3 4 5 6
a
Ly

wr from VP(¢para) [kyp =1.0]

0.01--8—©©-0-9--g---—g ————————- e N it
-0.5
® -1.0
~
%]
S
~-1.5
3
-2.0
. [ ]
o5l @ data points
polynomial fit
0 1 2 3 4 5 6
a
Ly
wr from VP(¢pred) [kyp =1.0]
0.004
0.002
—_ o eeeeo o ° .
Q ® hi L o
Q' 0,000 m
=
3
—0.002
~0.004 ® data poir'mts .
polynomial fit
0 1 2 3 4 5 6
a
Ly

Figure 7.145: Plots of the real mode frequency w, in W7-X (HM) from: (i) GENE, (ii) the variational principle
using ¢-data, and (iii) the variational principle using ¢(preq).-
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Figure 7.146: Plots of the real mode frequency w, in W7-X (HM) from: (i) GENE, (ii) the variational principle
using ¢-data, and (iii) the variational principle using ¢(preq).-
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Figure 7.147: Plots of the real mode frequency w, in W7-X (LM) from: (i) GENE, (ii) the variational principle using

¢-data, and (iii) the variational principle using ¢(preq)-
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Figure 7.148: Plots of the real mode frequency w, in W7-X (LM) from: (i) GENE, (ii) the variational principle using
¢-data, and (iii) the variational principle using ¢(preq).-
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Figure 7.149: Plots of the real mode frequency w, in W7-X (LM) from: (i) GENE, (ii) the variational principle using
¢-data, and (iii) the variational principle using ¢(preq).-
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Figure 7.150: Plots of the real mode frequency w, in W7-X (LM) from: (i) GENE, (ii) the variational principle using
¢-data, and (iii) the variational principle using ¢(preq).-
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Figure 7.151: Plots of the real mode frequency w, in HSX from: (i) GENE, (ii) the variational principle using ¢-data,
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Figure 7.152: Plots of the real mode frequency w, in HSX from: (i) GENE, (ii) the variational principle using ¢-data,
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Figure 7.153: Plots of the real mode frequency w, in HSX from: (i) GENE, (ii) the variational principle using ¢-data,

and (iii) the variational principle using @(pyeq)-
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Discussion of Alternative Approach

We now discuss the results of this alternative approach to approximating the critical density
gradient. So far, we have presented three separate forms of the real mode frequency w; for each
wavenumber in all geometric configurations considered. As already stated earlier in this section,
each of these plots of w, has been derived by different means - the first uses GENE directly,
the second uses our variational principle and GENE data for ¢, and finally, the third uses our
variational principle and the predicted mode structure ¢(p.4). The next step was to calculate
the lowest positive root for each of these plots. The results of this step are compiled in Table
7.2, where we compare these approximate critical density gradient values with those obtained
using the growth rates o from GENE directly. Following from this table, scatter-correlation plots
are presented comparing the critical density gradient values as obtained from the GENE growth
rates, 7, and those from setting w,geng) = 0. This is the idealised case for this proxy, as it relies
totally on GENE data for w,. Regardless, these plots should provide some insight on whether the
underlying basis for this proxy is correct, i.e., w, = y = = 0 at marginal stability. We do not provide
scatter-correlation plots for the remaining columns in Table 7.2, as they do not shed further light

on the basis of this alternative proxy.

As we can see in the last column of Table 7.2 (VP((PM ;) column), which corresponds to the case
of using a predicted mode structure as the input for our variational principle, we have exact
agreement between some of these results and those obtained by the original proxy (see Table 7.1).
More specifically, there is full agreement for all of the DIII-D tokamak values in both tables, and
partial agreement for the other geometric configurations. This is most likely due to the fact that
both of these procedures relied on the same predicted mode structure profiles, and both yield
their solution when w;, = 0. The discrepancies may be explained by the fact that the original
and alternative methods obtained these proxy results by different means. The former utilised
Eqn. 6.87 to find precise values for the proxy, which agreed with the plotted results in section
7.2.2. The latter method relied on finding the roots using fitted polynomials, which may have
been subject to some error in measurement. Despite these discrepancies, the overall similarity in
results may indicate that our alternative method for approximating the critical density gradient
- although more simplistic and arguably more expedient - may be just as effective as our more

laborious approach taken in our original method.

Looking again to Table 7.2, we see that the results from the growth rate 7 are often in the same
neighbourhood as those obtained from the GENE output of w,. This can be seen more visually in
the scatter-correlation plots (see Figures 7.156, 7.157, 7.158 and 7.159). These plots show that we
have moderate-to-strong positive correlations for all wavenumbers considered, which is a good
indicator that the basis for this proxy may be correct. Perfect agreement was not expected, or even
possible, due to the fact that both of these quantities (y and w, from GENE) are subject to error
in measurement from our polynomial-fitting procedure. However, the approximate agreement

here may indicate that our theoretical result in section 6.2 (w; = v =0 at marginal stability) is
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validated. To be clear, we are not claiming this to be true with full certainty, but we are proposing
that it may hold truth. A deeper investigation into this would be needed to see if this claim holds
under further scrutiny. A potential means to following through with this would be to obtain
more high resolution GENE data for lower density gradient values (closer to marginal stability),
in order to remove some of the uncertainty in our measurement procedure.

When looking to our results obtained using the variational principle and ¢-data from GENE as
an input (VP((PD 414) COlumn), we see some moderate agreement between these values and those
from the GENE growth rates. In particular, NCSX, W7-X (SC) and W7-X (LM) perhaps show
the best agreement for this comparison. For most geometries (with perhaps the exceptions of
DIII-D and HSX), the spread of values for different wavenumbers is relatively low within a given
configuration, which is consistent with our benchmark < column. This may indicate that there is
greater systematic error present, compared to random error. Our procedure in this case relied on
the idealised trial functions of ¢-data from GENE, so any discrepancies are most likely due to our
overall procedure as opposed to our mode structure input.

Finally, when looking to our results obtained using the variational principle and ¢(p,.s) as an
input (VPg,,,,) column), we see less agreement than in our previous two case with the y column.
This is most likely due to some systematic error in our procedure overall, but also due to our
heavy dependence on the mode frequency proxy, which in turn depended on the mode structure
prediction. Controllable random error could then be reduced if an enhanced prediction for
¢(preq) Was utilised, thus improving our mode frequency proxy. However, some systematic error
would still be present after this, as was found in the previous case where the trial function was

idealised.

If our work here is deemed to be valid and worth further investigation, the next steps to take
beyond these results would be as follows. In order to find an optimal geometry that maximises
the critical density gradient - thus delaying the onset of the problematic TEM instability - we
need an analytical expression for the critical density gradient, which depends on the geometric
quantities that we can manipulate. These are the magnetic field strength B and the curvature
k. From our alternative method of approximating the critical density gradient (section 6.2), we

found an expression that meets this criterion:

(#2) {fﬁ‘; (200 = b (To = T1)] FIPPF + 5/ 5 Lenis T(A) (3rGOV)) WdA}

a max
() T —
we) cri 2 J 1 Dovens TV @A =[5, [To = b (To — T1)] 19

Bmax

(7.11)
This expression can now be inserted into a stellarator optimisation code (STELLOPT), which is
instructed to generate a geometry in configuration space (i.e., manipulate B and «x), such that
the right-hand side of Eqn. 7.11 is maximised. The resulting geometry can then be tested with
GENE to investigate whether the energy lost due to transport caused by TEM-driven turbulence

is reduced. If this is achieved, then our research efforts here will be proven successful.
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Geometry Critical Density Gradient Values
v GENE wr GENE VP(¢DATA) VP(‘PPred)
DIII-D (kyp = 0.6) 0.3182 0.2208 0.4379 0.4470
DIII-D (kyp = 0.8) 0.3051 0.3002 0.3685 0.1562
DIII-D (kyp =1.0) 0.3073 0.2994 0.2052 0.9259
DIII-D (kyp =1.2) 0.3080 0.2999 0.0678 0.6448
NCSX (kyp = 0.6) 0.2980 0.2591 0.2743 0.0340
NCSX (kyp =0.8) 0.2961 0.2648 0.2960 0.2064
NCSX (kyp =1.0) 0.2776 0.2588 0.3138 0.1428
NCSX (kyp =1.2) 0.2495 0.2822 0.3128 0.5688
W7-X (SC) (kyp = 0.6) 0.1783 0.2758 0.2692 0.1970
W7-X (SC) (kyp =0.8) 0.2014 0.2171 0.2076 0.1992
W7-X (SC) (kyp =1.0) 0.2021 0.2244 0.2650 0.0367
W7-X (SC) (kyp =1.2) 0.1617 0.1459 0.1941 0.1958
W7-X (HM) (kyp =0.6) 0.1624 0.1746 0.2590 0.1921
W7-X (HM) (kyp =0.8) 0.1472 0.1747 0.2111 0.0564
W7-X (HM) (kyp = 1.0) 0.1559 0.3003 0.2975 12.1527
W7-X (HM) (kyp =1.2) 0.2265 0.2999 0.2737 -0.0159
W7-X (LM) (kyp =0.6) 0.2975 0.2070 0.2456 0.1407
W7-X (LM) (kyp =0.8) 0.3015 0.2363 0.2731 0.1929
W7-X (LM) (kyp =1.0) 0.2858 0.2930 0.2687 0.0814
W7-X (LM) (kyp =1.2) 0.2264 0.2140 0.2429 0.0326
HSX (kyp =04) 0.2106 0.1901 0.0985 0.1532
HSX (kyp = 0.6) 0.1725 0.2119 0.2489 0.1754
HSX (kyp = 0.8) 0.2401 0.2305 0.3051 0.0930
HSX (kyp =1.0) 0.2146 0.1847 0.3377 0.0980
HSX (kyp =1.2) 0.2115 0.2116 0.3448 0.1919

Table 7.2: Critical density gradient values from GENE data and from the real mode frequency w, using different
methods.
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Figure 7.156: Scatter-correlation plot comparing our critical-density-gradient proxy results with GENE. The proxy

here is based on finding the density gradient value corresponding to w,ceng) = 0.
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Figure 7.157: Scatter-correlation plot comparing our critical-density-gradient proxy results with GENE. The proxy

here is based on finding the density gradient value corresponding to w,cengy = 0.
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Figure 7.158: Scatter-correlation plot comparing our critical-density-gradient proxy results with GENE. The proxy

here is based on finding the density gradient value corresponding to w,ceng) = 0.
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Figure 7.159: Scatter-correlation plot comparing our critical-density-gradient proxy results with GENE. The proxy

here is based on finding the density gradient value corresponding to w,cengy = 0.
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Chapter 8

Conclusion & Outlook

We now arrive to the conclusion of this thesis report. We can summarise the work carried out

here very concisely into three main stages of results.

1. We showed that a variational principle technique can be utilised to accurately predict the
real mode frequency of the TEM plasma micro-instability in the complex geometries of
stellarators (see section 5.2 for the derivation). Prior to this work, this same technique had
only been known to work in the simpler tokamak geometry. Thus, this is an important
and highly useful finding. Perhaps in future, a similar technique could be applied to the
investigation of other micro-instabilities also, e.g., the trapped-ion mode, the ion-temperature

gradient mode.

2. We showed that the mode structure ¢ can be very roughly predicted based purely on the
geometrical characteristics of the stellarator or tokamak configuration. This prediction can
then be inserted as a trial function into a variational principle result, in order to calculate
the approximate real mode frequency. The significance of this would be that it alleviates the
dependence on procuring costly and time-consuming supercomputer simulation data. The
version of this technique presented in this thesis is only a first attempt so as to prove the
principle of the method - further modification and refinement is most certainly required

before this technique can be used reliably.

3. Finally, we presented two procedures for how a potential proxy for the critical density
gradient can be developed using the gyrokinetic framework which describes the nature
of plasma micro-instabilities. Our proxies were heavily dependent on the accuracy of the
mode frequency proxy, and thus, dependent on the mode structure prediction. Therefore, a
propagation of error is inevitably present. This is why we must emphasise, once again, the
importance of enhancing the procedure for predicting the mode structure. An improvement

in this effort will lead to a more accurate mode frequency proxy, and in turn, to more
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efficacious critical-density-gradient proxies.

With these results now concisely summarised, it is worth discussing the outlook of their utility
and future implementation. As stated already in this report, the work carried out here depended
heavily on the accuracy of a very early approximation for the mode structure of the TEM. We
should then acknowledge that use of such a prediction inevitably lead to a lower resolution
representation of the actual physical behaviour at play. Regardless, this compromise of losing
predictive power in exchange for gaining cheaper and faster means to geometrical optimisation
may prove to be highly useful once the method has been further developed. Thus, it may be the
case that strong predictive power is not necessarily essential for optimising stellarator geometries
against micro-instabilities, such as the TEM.

The efficacy of this work should then be tested as follows. Our analytical results (Eqn. 7.11,
in particular) should be implemented in a stellarator optimisation routine (STELLOPT), so as
to generate a new stellarator geometry in configuration space which seeks to maximise the
value of the critical density gradient of the TEM. Ideally, this would then delay the onset of this
problematic instability, and the subsequent transport caused by it. This strategy of optimisation
may provide our plasma with prolonged stability and thus, a higher confinement time, so that it

may eventually reach the necessary fusion-temperatures at its core.

It is worth noting that this project focused solely on one of a plethora of challenges facing
magnetic confinement fusion today. The expansive field of nuclear fusion research clearly still
has a long road ahead before it can hope to create efficacious, self-sustaining, and reliable fusion
reactors. However, despite the daunting nature of this task, progress is undeniably being made
and obstacles facing nuclear fusion optimisation are consistently being overcome. It is only with
this persistent and rigorous work ethic that we can ever hope to achieve our goals here in this
lifetime. It is thus my hope that the work carried out in this project will contribute in some small
part, directly or otherwise, to the wider effort being diligently made by the dedicated fusion

community.

Finally, we will conclude this report with one last note of optimistic motivation. With pressing
matters such as climate change and other negative environmental impacts occupying a large part
of our collective consciousness on a daily basis, the need for clean energy production has never
been stronger. Fusion may be the most cogent of means to a cleaner, safer, and more sustainable
future. And with the truly innovative design, combined with the huge potential, of the stellarator,

we may just hold the key to that brighter - and longer lasting - future.
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Appendix A

Alternative Mode Frequency Proxy

In this appendix, we derive a proxy for the mode frequency w of the TEM instability in stellarator
geometry, where only the trapped portions of each particle species (ions and electrons) are being
considered. This choice was made due to fact that the TEM instability arises in the system
purely because of resonance induced by trapped particle behaviour [12]. As already mentioned,
the proxy for w developed here is not utilised elsewhere in this project, and serves only as an
alternative to the proxy developed in section 5.2. Nevertheless, the procedure carried out here is
relevant to that section, and so is worth understanding in conjunction with the w proxy pertaining
to passing ions and trapped electrons.

To begin, we state the bounce-averaged solution (i.e., trapped particles only) of the gyrokinetic
equation, given by the following expression for g,

8a(Trapped) = ]OQDE *agfao (A1)

and we recall that this expression corresponds to the non-adiabatic portion of the distribution

function. We can insert this into the QN condition, given by

Z i <P )3 Ea/ga (R, €, m1)]o <kwl) dv (A.2)

a=i,e a=i,e Wa

This substitution yields

Z s (P Z /mpped( ]O(P(w w*“ifa0> Jodv (8-3)

a=i.e a=i.e ((U Wig

To simplify matters, the Bessel function ]y for trapped particles can be set equal to one [12]. This
approximation is suitable for long perpendicular wavelengths, k, p, < 1. Let’s now look more
carefully at how the bounce-averaging works, which is indicated by the presence of a ‘bar” over
certain terms. We will do this in the following aside.
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ASIDE

For some quantity Q which will be bounce-averaged, then

— 1 dl
— A4
Q Tpa(A) fQ\UH (A4
where
Tba
f e (A5)
0| = xv1, V1 — AB
such that
Q= e (A.6)
(f XUTH\/l AB vaa 1=

2

Remember, xvp, = v = 5 , which isn’t dependent on the field line coordinate /, so we can

pull these terms out of our mtegrals and they cancel:

Q=

()T

This shows that bounce-averaging doesn’t introduce any hidden or implicit species-dependence
to our quantities. We will end this aside by introducing a neat shorthand for this species-

independent bounce time expression:

dl
I A8
I VY (A.5)
such that the bounce-average procedure becomes
— 1 dl
= A9
Q A)}[Q\/l—AB(l) (A9)

For clarity during the derivations of this report, we will primarily use the more explicit
expression given in Eqn. A.7.
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Based on this aside, we can now see that the bounce-averaged term in Eqn. 6.3 can be expressed
as follows

_ 1 dl
WY %¢!U||

)%W

(’WW

In order to obtain a purely real left-hand side, Eqn. A.3 is multiplied across by ¢* and subsequently
integrated along the field line. Note, this step does not necessarily need to be carried out at this
point in the derivation, but we are mirroring the procedure carried in Chapter 6, which has some

overlap with this section. This gives

Zn”e {o[*) ZZeafdl Tq>4> (@ = wsy) faodv/j{

a a wells — Wia T 3
BRI T I
_;w%sea/ " d/\/ 203do |Zl||§f; ¢ E ey ;fu()/?{
- ;Wgsea /B mm dA / 2nv3dv— cp)(E)Tba(A)%ﬁo/ f %

T
=Y Y / i d/\/ 27rv’d %@FTM(A)%EO/%% (A.10)

a wells Bmax W=

where the following expressions have been used

()= j{..%/f%

_ *Tb .
fwcl? = 9" T (A.11)
. j'{ j'{ dl
balA |U\|| xvv1 — AB
as well as oy
dv = 2mv, dv doj =) % (A.12)
o |
with
oY
2
B & (A.13)
oo U
@

The left-hand side of Eqn. A.10 is purely real, and so the right-hand side consequently has to be

purely real also. By introducing the normalised velocity coordinate x = the bounce-averaged

U 7
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magnetic drift can be expressed in terms of this normalised velocity and a factor that depends on

the pitch angle A and the particle species a,

G =k, bx [Dving o]
Wi, = K| - X 7 n +UHK Q_a

. ABv2 1

— . 2(1 — 2

. AB 1
(2,2 _ Ab _AB)R) —
— (x vTa) Kk, {b x ( 5 VInB+ (1 )\B)K) QJ
= x*D, (M)

such that D;(A) is defined as
Di(A) = v}k - {B X <)‘2—Bv1nB + (1 - /\B);?) Qi} (A.15)
a

where & = b - Vb describes the curvature. In the following aside, Eqn. A.15 is parsed further
such that its species-dependent and A-dependent components can be defined separately.
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ASIDE

Looking more closely at Eqn. A.15, the species-dependent terms can be expanded as follows:

Now, going back to the expression for D,(A)

D,(A) = v,k - {B x <)‘2—Bv1nB +(1- )LB);?) Qi}
a

we can insert our expressions from Eqn. A.16 to obtain

A

AB L\ mg

k, - {13 X (/\Z—BVInB+(1—AB)1?> H

)
Z—T“> ’:—D k, - [B x (%VlnB—F(l—AB)%) H
)

(A.16)

(A.17)

(A.18)

where in the final step, D,;(A) has been split into a species-dependent part F,, and a A-

dependent part G(A).
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To prevent resonance from occurring in this derivation, an ordering scheme is assumed involving

the bounced-averaged magnetic drift frequency and the mode frequency, as follows:

@ (A.19)

This assumption is not too crude in some stellarator geometries, particularly those approaching
QI (W7-X and QIPC) [12]. This then facilitates carrying out a Taylor expansion of the following

e 0B ) (1 mo(E) am

which can be expanded to first order in wy, to give

term:

(w—wl,) _ 1 wl, n Wga W@ (A.21)
(w—1wg,) w w w? '
Using both Eqn. A.14 and Eqn. A.18 then changes this to
(w—wl) ~(1_ wl, n x?*F,G(A) B w!l x>F,G()) (A22)
(w—wg) w w w? '

Returning to Eqn. A.10

2 _ 5T
L o) = Y ¥ [ an [ oo gm0 e s f U (azy

a a wells Bmgx a (w - wdu)

inserting Eqn. A.22 then gives

2
T80 - L E [ [amot ?—“Wfba“)x

a a wells ¥ Brax ( A2 4)
T 2 2 ’
" (1 B waja L X F,G(M) w*ax Fa >fa0/%

w

Now, using the expression for the normalised velocity x = %, the result can be rewritten as

2
X (o) = ¥ ¥ [ ar [ (o, 2) (©ndx) 22 B 1a(1) x

a a wells TBmax 2p BTR ZF G (A.25)
X<1_w*a+x a () w*ax )fao/?{_
w w
The following expression for the equilibrium Maxwellian distribution
3
_ 1\ .
fao = |1a - e (A.26)
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can also be inserted, giving

2
L) = 5 T [ i [ 2 (53,) (o) a0

a a wells Bmux

T 2r ol T 28 () 2 (A.27)
o [1_ @ X FaG(A)  wiyx*FaG(A) " 1 — dl
w w w? o7, B
Furthermore, the following definition for the bounce time 7, (A)
Tb j{
’ )] (A.28)
0| = xv1, V1 — AB
which can be rewritten as i
Tpy(A) = ¢ ——— A.29
ba( ) xv“m ( )
can now be inserted into Eqn. A.27 to give
L o) = 3 X [ an [ (0, (ome) SR f —
a 7 wells ! B xv,V/1 —AB
. ) ) 3 (A.30)
o (1@ X F,.G(M) w*ax F,G(A) . 1 | dl
w w w? no3, B
Here, all of the thermal velocity terms v, cancel, which results in
nlle Biyin 2
y (gf?) = 2 dA/ xexdx|¢yjq§
a 3 wells Bmax 1-
wf ¥’LG(A)  wlx®F,G(A) dl (A.31)
1- + / b —
w w w? B

J/

-~

.l.

Using the following definition of the temperature-dependent diamagnetic drift frequency

wl = Wi ll + Ya <‘;Z — g)] (A.32)
and also £ ma? :
T.= or = v_?_m = x (A.33)
leads Eqn. A.32 to become
wl = Wi {1 + 14 <x2 — ;)} = {w*a + WealaX? — ;w*aﬂa (A.34)
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Implementing this expansion into t from Eqn. A.31 then gives

P <1 B [w*a + w*aﬂaxz - %w*aﬂa] I szaG(/\) [w*a + w*aﬂaxz - %w*aﬂa] xzpaG(A)>
n w w?

—[1— Wxa w*aﬂaxz 4 gw*ﬂ]a G()\) w*asza (/\)
N w w w w w?

Wialax*F,G (M) Zw*anux ’F,G )
w

(A.35)

This expansion, when inserted into Eqn. A.31, helps to reveal all of the x-dependent terms in the

derivation:

¥ o) =y Y

a

dl
D d)\/ x%e " dx|<p|2f X
wells Bmax V1—AB

1— Wi w*,ﬁux n %w*aﬂa n x?F,G(M) B WiaX?F,G(A)
w w w w?

(A.36)

Wealla¥*F,G(A)  3wialfax?F,G(A) 1
e )

Now, noting that all of the x-integrals are even, the integration limits can be modified as

2 / dx = / dx (A.37)
0 —00

such that the following integrals can be utilised:

follows:

2
/ xre ¥dx = Z\/E (A.38)
15

Now, the x-integration is calculated piece by piece. First, we can group together the relevant parts
of Eqn. A.36 based on the degree of x. For instance, the terms with no x component in the large

3
(1 _ Wxa + 2w*ﬂ77ﬂ> (A.39)
w w

such that, applying the x-integration gives

00 3 3
/ x2e % dx (1 — waja + Ew””“) = \/ZE <1 - W + zw*a%> (A.40)

parenthesis of Eqn. A.36 are

oo w
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2

Similarly, the terms with an x* component in the large parenthesis of Eqn. A.36 are

_(U*{,Znaxz + szaG()\) . w*aszaG(A) + %w*aﬂaszgG(A)
w w w?

- - (A.41)
xz _ Wxalla 4 PaG()\) . w*aFaG()\) 1 zw*aﬂaPa
w w w?
such that
/OO x4e_x2dx _w*aﬂa + FQG(A) N w*anG(A) + Zw*aﬂg
—o0 w w w?
o - (A.42)
w*gng PgG )\) w*aFaG()\«) zw*ﬂnﬂ
_\/_ < + w w? + w2

4

Finally, integrating the last remaining term, which has an x* component in the large parenthesis

of Eqn. A.36, gives

/ ¥ by (——‘“*“””F“G(A)> =N <——w*“’7”F”G()‘)) (A43)

—o w? 8 w?

Notice that the /7t terms common to these results can be pulled out, so as to cancel with the \/LE

term in the prefactor of Eqn. A.36. Thus, these terms are now dropped.

Combining the results from Eqn. A.40, A.42 and A.43 now gives

1(1_60 +2 *aﬂa>+
2 w w
- - 3 N
* * Wik PGA
g(_w a77a+FaG()‘)_waFa§(/\)+2w ﬂ”ﬂzﬂ ( )>+ (A.44)
4 w w w w

1_5 B wWsallaF2G(A)
8 w?

which can now be expanded fully as follows:

1 1w n Bwyalla 3 Wialla n 3FG(A)  3wwFG(A) n 9 wiaaFaG(A) 15 wianaFaG(A)

2 2w 4 w 4 w 4 w 4 2 8 w2 8 w2
(A.45)

which can be simplified somewhat to

1 1w B3FEGR) 3wwFEGA)  3wealF.G(A)
2 2w +4 w 4 w? 4 w? (A.46)

and pulling out a factor of %

1 1 Wi n §I-},G()\) B %w*aFaG()\) B %w*aanaG()L)

— AA47
2 w 2w 2 w? 2 w? ( )
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and tidying some more

1 W*a 3 PgG(/\) w*a w*&lnﬂ
2 [1 w +§ w (1 w w ) (A.48)

which can be written more concisely as

1 wya | 3FG(A) Wia
. [1 - S (1 2 1+ ) (A49)
Eqn. A.49 will be recalled again later, so it is convenient to define it as U,(w, A):
1 Wy 3 FG(A) Wia
Uy(w,A) = 5 [1 % t5 % <1 % 1+ 17,1]> (A.50)

Substituting this into Eqn. A.36 now gives

Zn“e (¢l*) = Z"ﬁ Y. / " AU, (w, A)|$]? %\/1—7/7{_ (A.51)

a a wells Bmax

Recalling that

(l¢l*) j{I lzﬂ/]{ (A.52)

we see that a common factor of —L; is present on both sides of Eqn. A.51. This term isn’t
B
species-dependent, so it can be dropped without affecting our species-summation. This means

that Eqn. A.51 can now be rewritten as

£ et -8 [ oo f iy o

wells ¥ Bmax

Now, expanding this expression for both particle species:

fwﬂ waﬂ
ne

n e
P AU, (o, A) |¢|2f B / " AU (w, M) [P 7{ L
Ti W%S Bmax 1 - Z ‘ 1 -

wells Bmax

(A.54)

We can assume equal species density and note the equivalence of the square of the ion/electron

charge as follows:
(A.55)
Using these then changes Eqn. A.54 to

ne? dl  ne? dl
—¢mh+—fW—:

Tle
ne” Pt AU (o, ) |2 7{ 2 / " AU (w, )| @2 jf 2
l W%S Bmax W;S Bmax 1-
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Multiplying across by -4 and rearranging slightly gives

T, 2dl
(f“)f"’" B

Te /mzndAuw/\|4)|%\/1_7—}—Z/mmd)xueW/\|4)|%\/l_7

! wells ¥ Bmax wells * Bmax

(A.57)

Now, we can inspect the U; and U, terms more closely. Noting the definition of the temperature-

independent diamagnetic drift frequency

0n, — Tk, dInn, (A58)
ex Ay
we can make use of Eqn. A.55 here to give
Wi
Wy = — Te (A.59)

where T = % Note, this T is not to be confused with the species-dependent bounce time

expression Tp,(A).

At this point, it is also useful to notice the following relation

2T
eﬂF (A.60)
— Fi = _-¢
T

Now, with these relations in mind, and recalling the definition of U,

1 Wy 3F,G(A) Wia
Uy(w, A) = 5 [1 " + T o <1 ” 1+ 17,1]> (A.61)
for the ions, this expression becomes
. . 1 Wy 3 E‘G()\) Wy '
Ul(w,)\)—z [1— % +§ " (1— " [1—1—171]) (A.62)
and inserting the relations from Eqn. A.59 and Eqn. A.60 gives
1 wse 3F.G(A) Wie
Uj(w, ) = 5 [1 + o 7 7w (1 + p— 1+ 171]) (A.63)
By fully expanding the content in brackets, we get
1 wse 3FG(A) 3FGA)wse 3FEG(A)ws
Ui(w, A) = 2 [1 T 2 1w 2w Tw 2 Tw Tw! (A-64)
Now, looking at U,
1 wse 3F.G(A) Wie
Up(w,A) = 5 [1 - + o (1 - 1 +’7e]> (A.65)
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and fully expanding the content in brackets again

1 wee 3EG(A) 3EG(A)wse 3EGA)ws
ue(w,A):§[1— o (A) _3EG) wre  3EG() ‘fqe] (A.66)

2 w 2 w w2 w w

Putting all of these expanded terms into Eqn. A.57 results in

dl
(t+1) 7§|¢|2

|, we BEG(A) 3FEGA)ws B3EGA) W | = ]4 dl
r 1l 2 _2 _° .
Z "d T 2 1w 2 tw Tw 2 Tw Twl g V1—AB +

WeHS Bmax

mm w*e 3F€G(/\) SFEG(/\) w*e 3F3G()\) (,U*e _2% dl
- All— d _2 _2
Z a w T2 w 2w w 2 w w'F 9| V1—AB

wells Bmax
(A.67)

Noticing that all terms and integrals outside of the brackets are equivalent in the middle and
bottom lines of Eqn. A.67, the bracketed terms can be combined as follows:

. [1 L @ 3EG(A) BRG(Nw. B3FEG() we ]

Tw 2 Tw 2w otw 2 Tw Tw
_ N - (A.68)
wse 3FG(A) 3FGA) wse 3FEG(A) wse
1- +5 -5 5 e
w 2 w 2 w o w 2 w w
where the T can be multiplied by the terms in the bracket of the top line, giving
T+ -5 -5 -5 il +
w 2 w 2 Tw w2 Tw w
(A.69)

1-— + = = - = e
2 w2 w w 2 w w

and merging these brackets then leads to the cancellation of the second and third terms in each

line, and the remainder gives

~2 ~2 +1-2 —2 A7
[TZTwaTwwl+2ww2ww”e (A.70)
which can be rearranged further to give
r+1— SO we (1+17 +1+'7i) (A71)
2 w  w

All of this transforms Eqn. A.67 into the following concise form

(T+1)f|¢!2ﬂ=1 Y /B"l“'" A [(T+1)—§FG(/\)CU*€ (1+17 Mi)} WfL
B 2wells Bnlm 2 w? ‘ T v/1—AB

(A.72)
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: . . 2, .
This result can now be rearranged to find an expression for - in terms of the remaining
*

quantities. Focusing on the right-hand side of Eqn. A.72, this is expanded as follows:

1 Z / dA{T+1)—gPeG(/\)% (1+;7@+

wells Bmux

1+771 —2 dl .
T >1|¢| ?{\/1—/\B_

T+1 /
min dA|¢’ %
2 W%S Bmux v 1-

W*e?) ( 1 —‘|_771> Bmm ——2 dl
1470 + AAE.GV)[P) j{—
4 e T w%s Wlax ‘ V1—AB

Now, inserting this expanded expression back into Eqn. A.72 gives

f|4>|2dl

(T+ ) / min 2% dl
aA _
2 w%s B 9 V1—AB (A.74)

w*e3 1+771) Bniin I\ EF12 dl
(14,41 IAEG(A 7{—
- ( et 1) T [T et f

(A.73)

which can be rearranged to give

w*es( 1+171) B g mr e 4
“(147.+ ARGV [P f—:
24 e T W%%s % ‘ ’ V1—AB

(T + 1) dl dl A7)
AR o — (r+ 1) § 18P
wgs /Bmux 1-AB B
and continuing to rearrange gives
min. 4\ 2 1 2dl
Wie _ meax ! f\/ﬁ SRRLAR. (A.76)
2 - .
% (1 +17e+ ) Lowells f " dAF, G |¢|2 f \/ﬁ
Finally, inverting this expression gives a form of the w proxy:
w2 3 <1 +17e+ ) Lowells f " dAF.G )\)|$|2 j; \/JJ—_IW ( )
= Smax A77
w* 1 min
‘ T+ Lwells mex d/\|¢|2f \/ﬁ T+1)§|¢|2%

With the w proxy for trapped ions and trapped electrons now fully derived, it is necessary to
verify that this expression is compatible for use with the variational principle before being utilised
turther. If Eqn. A.77 does not possess the required variational property that this principle relies
on, then the relation cannot be used to predict the mode frequency. The investigation of this
requirement can be found in Appendix B.1. In that discussion, it is shown that Eqn. A.77 does

indeed satistfy the variational principle requirement.
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Appendix B

Verifying Validity of using the Variational

Principle

In this appendix, we present the explicit compatibility of the variational principle with our
two proxies for the mode frequency w of the TEM instability. As before, our first w proxy
considered only the effect of trapped ions and trapped electrons in the system. Our second w
proxy considered the effect of passing ions and trapped electrons in the system. Both proxies
have proved to be applicable for use with the variational principle, but only the latter proxy was
utilised for the main results of this project.

B.1 Variational Principle for Trapped Particles Only

In this section, we investigate to see if the w proxy for trapped ions and trapped electrons is
applicable for use with the variational principle approach.

We will restate that w proxy here:

1
Lt Buin 11 7 BTN T
2 ?I <1 + e + ?7 ) Ywells f; d)\FeG()\)|]O¢|2§ \/% o
= max B.l

—— -
(T—ZH) Ewells fBBllin d/\|]04)|2 f \/ﬂW N (T + 1) j; ’¢|2%

max

As will become clear soon, we will use Eqn. A.74 as our starting point, instead of the fully derived
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relation in Eqn. B.1:

dl
+1) ¢ 95 -

(t+1) B,

wells Bmux

w*e 3 ( 1+ 771) Biin
147+ AAE.G(V)|$? ]{ 2
4 T W;S Bmax 1-

This can be rearranged slightly to give

j'{|4’\2ﬂ -1 ). / " dMG”F%%} =

WeHS Bmax

3( 1+111-> Buin 2 1 A =2 dl
{14y + AAF.G(V)[@] 7{—
4 e T wgs % ‘ )’(P Vl_)‘B

Let’s now vary this expression with respect to ¢:

fr4>\2dl—12/m’" L ]

wells ¥ Buax

7{24;54;_ -2y / min d)\zqy&pj{ ﬂ‘ﬁﬁ] —

wells Bmax

3 147 i —— dl
4(”’7 t ) Z/ dAEG (A)Z‘P‘S‘P}’{m

wells Bmux

T+1

— Wsxe

2wéw (T +1)

T—|—1

— Wxe

We can now make use of the bounce-averaging procedure as follows:

55 = 1 %54) dl
§ 7 Vv1—AB

which can be inserted into our main expression to give

1

| f oLy [ anar f ﬂ_f]

wells Bmax

2(t+1) [fqu&p—— Z/”“” d\2¢ (ﬁ

wells * Bmax \/m

2w(5w T+ 1

dl dl
d 1/\B) %Ml/\B] -

~wg (Lrne+ ) © [T aanGT2

This can be simplified as follows:

1

PS5 T [k f S| +
-

wells Bmax

]f 2¢5¢_ 1 Z / " gA2Ga ]f 5¢ \/j]

wells Bmax

3 1+m> /Bm 0%
“(14n+ AAEG(A)2 }{5 a4
4( ) By RO N

220

2wéw (T+1)

T+1

— Wye

dl dl
wells * Bz ( § s 7{ v AB) 7{ V1—AB

(B.2)

(B.3)

(B.4)

(B.5)

(B.6)

(B.7)
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Rearranging then gives

d 1 _ dl
2wéw (T+1) j[|4>|2— — = / i A|<p\2?§—] =
w;‘{s Bmax \ -
— 2w (T+1) ]f 4>5¢— . / " AN ?f 5o ] (B.8)
w%s Bmax 1 -
3 < 1 + ”Z) mm
2w (1410 + Pin 4 AE,G () f 5
e4 ;7 T wgs Bmax e (P v 1 -

Dividing across by 2 and rearranging further now gives

dl
Sw (T+1 22 _ ’”’”d/\ — = | =
wiw (1 )frcm Wg/ 91 ¢ TAB]
7{(54) { (t+1) —lB Bmm \/1‘1_)\7—] (B.9)

S VIAB

Before seeing how the variational principle will Work here, let’s go back to Eqn. B.2:

<r+1)f|4>|2d—l -

(T + 1) / min 2 f dl
dA _
2 w%s e 9l V1—AB (B.10)

e (1 - +’7') Y [ ARG [
4 T wells % ‘ 1-AB

3 + 171 nim d/\ ——
+w*ez <1+77€ T )B ( )(P}

We need to remind ourselves of the following subtlety that arose when calculating the w proxy
given by Eqn. B.1. Near the beginning of that derivation, we multiplied our QN equation by %
and integrated over the entire field line. As stated at this point in that derivation, this was carried
out to mirror a similar procedure which will be encountered in Chapter ??. However, in order to
truly see the variational property of this w proxy, we need to undo this step of multiplying across
by and integrating over the entire field line. This will provide us with an integral equation
expression which is essential to understanding how the variational principle can be applied.

Thus, we will now undo this step in Eqn. B.10, which can be seen by rewriting the following

FloPS=Fo- 0% = fo%0 (B.11)

relevant terms:

and

Z min d)\ |(P|2f Z / min dA(P%(P
wells /Bmax — \ 1- wells Bmax
R (B.12)

_ 4,*@( B dA —>
B Bmax v I-A
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where in Eqn. B.12, we used

7 = %7{4, Ve 7{¢1_7 7{"’\/1—7 (B.13)

and also, for trapped particles we have
/ Y j{ (B.14)

wells

These changes can be implemented to Eqn. B.10, giving

fq»*ﬂ[(rﬂ) 9=

P73 2 \/1_* (B.15)
Al [wie3 1+7; B dA
"B w24(”’“ : )B/ g O

And so, if we now undo this step of multiplying across by ~and integrating over the entire field

line, we are left with the following integral equation:

(t+1)¢ =
(t+1)_ (B dA —

2 B/ VioaB (B.16)
Wye 3 1+4+7n; ﬁ aA %
w21(1+ne+ - )B A G(A)¢

Multiplying across by w? and rearranging then gives us

w? (T41)

) -

3 + 171 nim dA ——

(B.17)

— Wxe

which implies

w? (T+1)

2/ T Uk
1+7n; % dA 0%

B =0
: ) v

Now reminding ourselves of our main derivation here, Eqn. B.9 reads as:

[Fot et
?{(547 { (T+1) ¢—§B/M1Z" %5] +

3 1+ ;71> B dA _
e~ | 1+1.+ B A
w e4 < Me Bmax \/1_7 ( )(P

222

(B.18)

3
Wxe~ (1 + He +

4

wow T—l—l

(B.19)




223 APPENDIX B. VERIFYING VALIDITY OF USING THE VARIATIONAL PRINCIPLE

As we can see, the term in curly brackets here is exactly Eqn. B.18. And so, we immediately
obtain dw = 0 when our integral equation is fulfilled. In other words, the mode structure ¢ that

solves the integral equation (Eqn. B.16 or Eqn. B.17) also minimises the expression for w.

B.2 Variational Principle for Passing Ions and Trapped Elec-

trons

In this section, we investigate to see if the w proxy for passing ions and trapped electrons is
applicable for use with the variational principle approach. Instead of using our fully expanded
tinal result Eqn. 5.101 for this proxy, let’s use the more concise version Eqn. 5.98:

w

w;{/f;(lﬂu_zl DIgl% /W"/ ﬂ_ﬁ B }
:)‘)e{/_o; {zl (1 . ;‘Z’:) A (;71 wdl*e)] |<p|2d§f+
/m/ \/1—7;< 1+3F5( )) |¢|sz} (B.20)
+/ KZ *6) Zl+zz+zg] |2dl
A

Lt (T )
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Varying this expression with respect to ¢ gives

Sl o[ L)

:jzze{/_i (1+7[1-2Z]) 24>54>—_/ mm/ \/1_7 247(54;01/\}

TN R e L

+/ ’" \/1_7; (—1+ 355?) I$|2dA}+

AL [ (1) v (e ) ey

+/ ’”’”/ \/1_7;< 1+3P€5(?)>2$5$d)\}

+/ sz*e) zl+zz+z3]z¢(s4>—
A

1 3FG
D _1 —=7 ( 5 w*(e ) 147 ]) 2¢p5¢pdA

(B.21)

which can be quickly tidied up by implementing the following:

giving us

5p = (B.22)

1 j{&l’ dl :>f{ dl 5@_%% dl
$ A V1—AB VI—AB " Vv1—AB

ige‘s“’{/_wuﬂ[l—zl D 19122 /*"m/ ﬁzw}

2 0
= {/_Oo (1+7[1—2Z]) 24>(54> /’"/ ﬁzch(s(pm}
(icje{/ozo |:Z1 (1 _77i+ ;D(il*:) _|_Z2 (;71 C‘)oiz ):| |(P|ZC;Z+

o 1 3EGA)\ 0
/ / _1_ 2( 15 >|q>| dA}-l—
:;{/Z 2 (-0 527) (1 ) o

g [ dl 1 3FG(A) )\ —
[ [ s (- 25500 ) g+
/°° chf)di ) x (Z4 +Z2+Z3)} 2¢5¢%+

)

B (@ dl 1 ( 3FG(A) _
/1 ﬁwﬁi( 2 W [1+’7€]> 2p5¢pdA

(B.23)
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where once again, we will note that [*. = Y .. § for the trapped particles.

Let’s rearrange slightly to give

1

(sw[i‘%"e{/Z(1+T[1—zl]>|¢lzdl /w %Zlcp!z }

oS (o ) e ()

[ s (Y @'m}] :

Ll oo )

[ (1 22 s (22 o 3o [ (14 S

_[(2@;) (Zl+ZZ+Z3)1¢+ B/mm\/%eagih +1 ]) fP]
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(B.24)

The significance of this large expression in square brackets will become clear in a moment. Let’s
now take a gentle detour to tie up this argument. Reminding ourselves of our integral equation,
given by Eqn. 5.76, and the expansion of [Y + Y1], given by Eqn. 5.87:
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We can expand our first expression in Eqn. B.25 here as follows:
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Again, we will now make use of the fact that:

which gives
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Reinserting this expanded right-hand side into Eqn. B.32 now gives
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Now let’s bring everything over to the left-hand side and group together similar terms
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Now let’s remind ourselves of the long expression in square brackets from Eqn. B.24:
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We can now clearly see that Eqn. B.35 and Eqn. B.36 match. Thus, to obtain dw = 0 in Eqn. B.24,
our original integral equation given by Eqn. 5.76 (and again in Eqn. B.25) must be fulfilled. In
other words, the solution ¢ to the integral equation (Eqn. 5.76 and Eqn. B.25) also minimises the

expression for w. This explicitly shows the variational property possessed by the w proxy for
passing ions and trapped electrons.

(B.36)
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