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ABSTRACT OF THE DISSERTATION
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Professor George J. Morales , Co-Chair

This dissertation investigates low-frequency, neutral beam injection (NBI)-driven insta-

bilities—Toroidal Alfvén Eigenmodes (TAEs) and fishbone (FB) instabilities—in the spher-

ical tokamaks MAST and MAST-U, with a focus on their effects on fast-ion confinement

and bulk plasma behavior. Using a combination of diagnostics, including beam emission

spectroscopy (BES) and soft X-ray measurements, detailed experimental characterizations

of these instabilities are performed to support validation of theoretical and simulation models

and to inform reduced fast-ion transport calculations.

First, global radial mode structure measurement of TAEs in the MAST discharge 26887

at 180 ms are made with soft X-ray and inverted to obtain the emissivity fluctuation spatial

structure using a novel technique. The structure shows characteristics consistent with theory

for (n,m,m+1) = (1,1,2) TAEs. The global linear gyrokinetic simulations of TAEs in MAST

using the Gyrokinetic Toroidal Code (GTC) are verified and validated against the measure-

ments. The results demonstrate good agreement in mode frequencies and radial structures,
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providing one of the first successful validations of gyrokinetic models in spherical tokamaks.

Discrepancies observed in the poloidal harmonics motivate further experimental efforts to

measure fast-ion anisotropy and mode structure in greater detail.

Second, this work explores the impact of FB instabilities on core confinement in MAST

and MAST-U, revealing evidence of substantial magnetic axis shifts and thermal species

temperature drops, despite the absence of conventional sawtooth activity. Novel core poloidal

mode structures measurements are obtained first time in a spherical tokamak using a 2D

BES system. The measurements reveal that not all FB-like modes have the expected (n,m)

= (1,1) dominant mode numbers and structures in the core. More importantly, noticeable

thermal species temperature drops occur after the appearances of these modes. This study

highlights the importance to improve understanding and predictive capabilities for these

modes to mitigate their associated thermal species temperature drops, and hence the direct

impacts on the Lawson criterion.

Finally, reduced-model transport calculations using ORBIT-Kick are performed for both

TAEs and FBs. By incorporating measured mode amplitudes and frequency chirping,

ORBIT-Kick captures the enhanced fast-ion transport induced by rapidly evolving insta-

bilities. These simulations highlight how differences in mode structure and orbit location

determine whether transport leads to losses or internal redistribution. The calculated trans-

port signatures are positioned for future validation against diagnostic measurements such as

neutron emission and FILD signals.

Collectively, the results contribute to improved predictive capability for fast-ion behav-

ior in the presence of MHD activity, and provide a framework for integrating diagnostic

measurements into transport modeling for spherical tokamaks.
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CHAPTER 1

Introduction

1.1 Nuclear fusion reaction

Nuclear fusion is the process where two or more atomic nuclei combine to form heavier nuclei.

The discovery of nuclear fusion emerged from investigations into the mechanisms that sustain

the brightness of stars, as chemical processes alone cannot account for the energy output

required to maintain their radiance over billions of years. In 1920, the atomic nucleus mass

defect was discovered [7], revealing that the mass of a nucleus is less than the combined

mass of its constituent nucleons. This missing mass is converted into nuclear binding energy

via the mass-energy equivalence principle, which stabilizes nucleons against electrostatic

repulsion. This insight suggested that nuclear energy could be released either through the

splitting of heavy nuclei (nuclear fission) or the fusion of lighter nuclei into heavier ones,

a process termed nuclear fusion. These findings led to the hypothesis that nuclear fusion

powers the energy output of stars [27].

Nuclear fusion occurs naturally in stars but is rare elsewhere due to the significant

Coulomb repulsion between positively charged nuclei. Fusion in stars is facilitated not only

by their extreme heat and pressure but also by the abundance of reactant nuclei. The quan-

tum tunneling effect allows nuclei to overcome the Coulomb barrier, although with very low

probability. However, the vast number of nuclei present in stars ensures a sufficient amount

of reactions to occur to ignite the fusion reaction. Outside stellar environments, achieving

fusion requires extremely high temperatures to provide nuclei with enough kinetic energy to
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overcome the Coulomb barrier. Consequently, confinement methods are essential to maintain

the high temperatures needed to sustain fusion reactions in artificial settings.

1.2 Basic principles of controlled nuclear fusion

Despite the need for confinement methods, artificial controlled nuclear fusion holds significant

potential for energy production. The concept of magnetically controlling fusion reactions to

harness energy emerged in the 1950s. Soviet scientists Andrei Sakharov and Igor Tamm

proposed the tokamak design in 1950, while Lyman Spitzer in the United States introduced

the stellarator concept in 1951 [8]. These approaches are categorized under Magnetic Con-

finement Fusion (MCF). Alternatively, Inertial Confinement Fusion (ICF), which involves

igniting reactions by compressing the target, was also proposed during the same period. All

these approaches require heating the fuel to extremely high temperatures and/or pressures

through various methods.

The fusion reaction between deuterium (21D) and tritium (31T ) is commonly selected for

controlled fusion due to its relatively low ignition temperature compared to other fusion

reactions. In principle, nuclei with nucleon numbers below that of iron-56 can release energy

through fusion. However, many such reactions are impractical for controlled fusion. Most

leading fusion concepts therefore focus on the and reaction:

2
1D +3

1 T →4
2 He [3.56 MeV] + n [14.03 MeV], (1.1)

where 4
2He is a helium nucleus (or alpha particle), and n is a neutron. The energy values in

brackets represent the kinetic energy of each particle, yielding a total energy release of 17.6

MeV per D-T fusion reaction.

While D-T fusion has a high theoretical energy yield, achieving a net positive energy

output in artificial settings is challenging due to various power loss mechanisms. The fusion
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amplification factor Q is defined as:

Q =
Pfusion

Pheating

, (1.2)

where Pfusion is the fusion power output and Pheating is the auxiliary heating power input.

A value of greater than 1 is required to sustain the fusion reaction. Although D-T fusion

appears promising due to its high energy output, a significant portion (14.03 MeV out of

17.6 MeV) of the released energy is carried away by neutrons, which cannot be confined elec-

tromagnetically. Only the alpha particles contribute to the self-heating process. Therefore,

the combined alpha particle power and auxiliary heating power must exceed the power losses

:

Ploss < Pα + Pheating = Pα

(
1 +

17.6

3.56Q

)
≈ Pα

(
1 +

5

Q

)
. (1.3)

The power losses during confinement are characterized as:

Ploss =
3nkBT

τE
, (1.4)

where T is the temperature, n is the particle density, τe is the confinement time, and kB is

the Boltzmann constant. Balancing the power yields the Lawson criterion [32]:

nτE =
60kBT

⟨σv⟩Efusion(1 + 5/Q)
, (1.5)

where ⟨σv⟩ is the reaction’s cross-section, and Efusion is the energy released per fusion reac-

tion.

The Lawson criterion defines the minimum conditions required to ignite a fusion reaction.

For example, ICF typically achieves a high density with a very short confinement time by

compressing the target using powerful lasers [107]. Although ICF has the advantage of high

density, its compression mechanisms often lack the repeatability and efficiency needed for

practical energy production. This thesis focuses on MCF methods, which aims to confine

plasma at a lower density over a longer timescale. For instance, achieving a temperature of

approximately 14 keV in MCF devices with magnetic fields of 1-5 T is required to meet the

conditions [107].
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1.3 Configurations of Tokamaks

Tokamaks are a type of Magnetic Confinement Fusion (MCF) device known for their ex-

ceptional plasma confinement performance. These devices use externally applied magnetic

fields to confine hot plasma. Two sets of coil systems generate toroidal and poloidal mag-

netic fields, both of which are essential for plasma confinement, as illustrated in Fig.1.1 [65].

The central solenoid plays a key role by inducing a toroidal electric field inside the tokamak

through variations in its current. This electric field drives a toroidal plasma current due to

the plasma’s finite resistivity. The resulting toroidal current generates a poloidal magnetic

field, which is critical for stabilizing the plasma in the tokamak. The poloidal magnetic field

imparts helicity to the total magnetic field, with its strength varying over the minor radius,

measured from the point where the magnetic field is purely toroidal.

The helicity of the magnetic field can be quantified using the safety factor :

q =
r ·Bt

R ·Bp

, (1.6)

where R is the major radius measured from the center of the tokamak, and Bt and Bp are

the toroidal and poloidal components of the magnetic field, respectively. The safety factor

is so named because higher values of reduce the susceptibility of the plasma to macroscopic

magnetohydrodynamic (MHD) instabilities.

To describe the plasma in tokamaks, field-aligned coordinate systems are used instead of

Cartesian coordinates. The dynamics of plasma species are often expressed in terms of the

magnetic flux at each location, which can be calculated using the Grad-Shafranov equations

[40, 84]. Detailed derivations can be found in White (2006) [103]. Charged particles in

the plasma typically travel along magnetic flux surfaces unless cross-field transport occurs.

The separatrix, or the last closed flux surface (LCFS), defines the boundary of the confined

plasma. Beyond the LCFS, flux surfaces are no longer closed, and particles are vented out
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Figure 1.1: (a) Schematic of the tokamak configuration (from [65]) ;(b) Tokamak poloidal

cross-section and the schematic of the tokamak coordinate system

through the divertor. Flux surfaces are often labeled by the normalized magnetic flux value:

ρt(r) =

√
ψt(r)

πBϕ0

, (1.7)

where ρt is the toroidal magnetic flux, and Bϕ0 is the equilibrium toroidal magnetic field. ρt

can be normalized to a range of ∈ [0, 1] by dividing its value at the LCFS (ρt(a)), such that

ρ = ρt/ρt(a). This label of the normalized flux surface is used throughout this dissertation.

Additional theoretical descriptions of flux surface shapes, such as triangularity and elon-

gation , are discussed in White (2006) [103]. However, these parameters are not explored

in detail here, as the cases presented in this dissertation involve similar plasma shaping.

Multi-device or multi-shape configuration comparisons are beyond the scope of this work.
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1.3.1 Non-inductive heating mechanisms

In addition to generating the poloidal magnetic field for plasma stability, the toroidal current

also contributes to plasma heating. However, the efficiency of inductive heating decreases

over time as the plasma resistivity diminishes with increasing plasma temperature. Conse-

quently, inductive heating becomes less effective as the plasma is heated during the course

of a tokamak discharge. To address these limitations, non-inductive heating methods are

employed.

Tokamaks typically utilize two primary non-inductive heating techniques. The first tech-

nique involves cyclotron resonances to heat ions or electrons in the plasma. Electromagnetic

waves, known as Ion Cyclotron Resonance Heating (ICRH) at frequencies around 50 MHz,

and Electron Cyclotron Resonance Heating (ECRH) at approximately 150 GHz, resonate

with ions and electrons, respectively. Although these methods sometimes provide effective

heating, they are not the focus of this dissertation.

The second technique, which will be discussed in detail in later chapters, is Neutral

Beam Injection (NBI). This method involves injecting a beam of neutral energetic particles

into the plasma, where they collide with plasma species and transfer energy. The neutral

particles launched by the NBI penetrate deeply into the plasma core and are subsequently

ionized. Plasma species are not always heated uniformly by these methods. As a result, fast

(energetic) particles with significantly higher temperatures than the bulk plasma species are

often generated in specific regions of the tokamak plasma. For instance, NBI-induced fast

ions may be deposited at locations determined by factors such as beam power and bulk

plasma density.

1.4 Comparison of Conventional and Spherical Tokamaks

Large-scale tokamaks can achieve unprecedented fusion performance but are associated with

high construction and operational costs. For example, the International Thermonuclear
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Experimental Reactor (ITER), currently under construction in southern France, promises

significant improvement in the Q value compared to its predecessor, the Joint European Torus

(JET) tokamak. This improvement is achievable by increasing ITER’s main parameters,

such as plasma volume, plasma current, and magnetic field amplitude, by factors of 2 to 6

compared to JET. Although achieving a high Q is desirable and remarkable for the field of

fusion research, the cost of constructing and operating such large devices remains a significant

barrier to the commercialization of fusion power. Hence, reducing the size of fusion tokamaks

is a desirable objective.

One way to make a tokamak smaller is by reducing the aspect ratio (A = R/a, where R

is the major radius and a is the minor radius at the LCFS). The concept of the spherical

tokamak arises when the aspect ratio approaches 1, compared to the typical value of 2 to 3

in conventional tokamaks. As a result, the plasma in spherical tokamaks resembles a ”cored

apple” rather than the ”donut-like” shape seen in conventional tokamaks, as demonstrated in

Fig.1.2. With the device size significantly reduced, the challenges in constructing the vacuum

chamber to house the plasma, as well as other coil and heating systems, are greatly alleviated.

Additionally, plasma stability and energy confinement performance have been observed to

improve in spherical tokamaks, as demonstrated in the systematic study of plasma in the

low-aspect-ratio National Spherical Torus Experiment (NSTX) [58].

1.4.1 Mega-Amp Spherical Tokamak (MAST)

This dissertation focuses on the Mega Ampere Spherical Tokamak (MAST) and its upgrade

(MAST-U). MAST [23] operated at the Culham Centre for Fusion Energy (CCFE), Oxford-

shire, UK, from 1999 to 2013. The objectives of MAST were to explore the performance of

sustained plasma at a spherical tokamak aspect ratio, develop a physics database for spher-

ical tokamaks, and advance the understanding of conventional tokamaks by providing data

for aspect ratio scaling studies. Key parameters of MAST are summarized in Table 1.1.

Notably, the minor radius of MAST was 65% of JET’s, but MAST’s major radius was less

7



Figure 1.2: Illustration of the spherical tokamak aspect ratio compared to the conventional

tokamak aspect ratio from [92]

than 30% of JET’s, highlighting its compact design compared to conventional tokamaks.

MAST employed two on-axis Neutral Beam Injectors (NBIs) for auxiliary heating. These

two beams targeted the plasma core, injecting from different toroidal locations, referred

to as south-south (SS) and south-west (SW). Both beams were tangential to the device’s

mid-plane, aiming close to the magnetic axis where Bp is zero. As a result, the fast-ion

distribution induced by the beams was similar. The primary purpose of having two beams

was to increase the overall heating power without heavily influencing plasma parameters

based on which beam was used. The injection angles of both beams were fixed and could not

be tilted. In experiments requiring fast ions to be deposited away from the magnetic axis,

the plasma was shifted vertically, either upward or downward, from the device’s mid-plane.

1.4.2 Mega-Amp Spherical Tokamak-Upgrade (MAST-U)

MAST-U is the successor experiment to MAST. One of the most notable features of MAST-

U is its new Super-X divertor, which significantly reduces heat loads on the divertor walls.
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. JET ITER MAST MAST-U

Major radius (m) 3 6.2 0.85 0.85

Minor radius (m) 1 2 0.65 0.65

Plasma Volume (m3) 125 830 8 8

Plasma current (MA) 6 15 1.3 2

Magnetic field 3.4 5.3 0.52 0.75

Pulse length (s) 10 400 0.6 5

Table 1.1: Main parameters for the JET, ITER, MAST and MAST-U tokamaks

This feature provides valuable insights for the design of future tokamak-based fusion power

plants, although it is not the primary focus of this dissertation. The upgraded device retains

the same major and minor radii as MAST but includes enhancements to key parameters such

as NBI power, plasma current, magnetic field strength, and pulse duration. A comparison

of these parameters between MAST and MAST-U is provided in Table 1.1. MAST-U began

operations in 2020 and continues to conduct experiments to this day.

MAST-U features a slightly modified NBI setup compared to MAST, offering greater

experimental flexibility. While the SS beam maintains the same injection angle and toroidal

location as in MAST, the SW beam in MAST-U is vertically displaced by approximately 10

cm. This modification allows for a much broader range of fast-ion distribution and density

control than was previously possible [82] [45].

1.5 A brief introduction to instabilities and their associated fast

ion transport in Tokamaks

While tokamaks offer significant advantages, certain challenges arise when considering their

potential as candidates for fusion energy production. These challenges can hinder the suc-

cess of tokamak-based plants if not thoroughly studied and addressed before implementation.
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One of the major challenges is the instabilities driven by fast-ions. The associated energetic

particle (EP) transport and losses caused by these instabilities can degrade fusion perfor-

mance and significantly reduce the lifespan of plasma-facing components in tokamaks. Below

is a brief overview of some of these fast ion-driven instabilities, providing context before this

dissertation focuses on specific cases.

These instabilities can interact, sometimes non-linearly, with energetic particles, causing

their transport and loss. Power transfer between EPs (e.g., fast ions) and plasma modes

occurs when the average of the dot product of the particle velocity vectors and the electric

field vector of the mode is nonzero. An important part of this power transfer is facilitated in

curved magnetic fields due to the drift velocity and the transverse electric field. The energy

exchange is typically analyzed over several orbital cycles, as the mode growth rates are much

smaller than the mode frequencies. This transfer is most effective under resonance conditions,

where the sum of integer multiples of the EP toroidal and poloidal orbit frequencies equals

the mode frequency.

1.5.1 Alfvén instabilities

Shear Alfvén waves driven by energetic particles are commonly observed in both labora-

tory and natural plasmas, such as in the ionospheric plasma of the upper atmosphere.

Shear Alfvén waves have frequencies well below the k⃗ cS, where k⃗ is the wavenumber vec-

tor of the mode with toroidal (≈ n/R) and poloidal (≈ m/a) components, and cS =√
(2γeTe + γiTi)/(mi) is the deuterium/electron plasma’s speed of sound, with γe and γi

to be adiabatic indices for electrons and ions, respectively. These waves are a branch of

Alfvén waves and represent transverse, low-frequency electromagnetic waves propagating

along the magnetic field direction. In cylindrical plasma devices, shear Alfvén waves in the

continuum spectrum are rarely destabilized because they are subject to strong damping due

to phase mixing with other Alfvén waves, causing the energy to leak away along field lines

[59] [93]. However, in toroidal plasmas, the toroidicity breaks poloidal symmetry, creat-
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ing coupling between the different cylindrical modes, leading to the formation of gaps in

the Alfvén continuum. These gaps allow weakly damped discrete eigenmodes to emerge at

specific frequencies, locations, and mode numbers [114].

The destabilization of these Alfvén eigenmodes (AEs) is driven by two main factors: the

existence of continuum gaps and the free energy present in the EP distribution function. In

principle, various types of AEs can be distinguished based on their specific characteristics.

For instance, reversed-shear AEs (RSAEs) are localized at the minimum safety factor (qmin)

value, while beta-induced AEs (BAEs) arise due to plasma acoustic compressibility effects.

Global AEs (GAEs) occur because of a minimum in the Alfvén continuum, and toroidicity-

induced AEs (TAEs) are induced by the toroidal geometry of the plasma. However, due

to the aspect ratio and the typically weakly shear safety factor profiles of the plasma in

spherical tokamaks, the actual Alfvén eigenmodes can sometimes be linear superpositions of

these local theory Alfvénic modes. These modes had been found in high beta plasmas in

spherical tokamaks, such as in the National Spherical Torus Experiment [24]. Modes with

TAE-like characteristics are studied in this project, hence TAEs are discussed in detail in

this dissertation.

1.5.2 MHD instabilities

In addition to shear Alfvén instabilities, various magnetohydrodynamic (MHD) instabilities

can also contribute to EP transport and losses in tokamaks. Similar to AEs, toroidicity facil-

itates the coupling of modes, leading to the existence of some ballooning MHD instabilities.

However, these instabilities are unrelated to the Alfvén continuum and are instead driven

by plasma current or pressure gradients, which can arise in both ohmic- and NBI-heated

scenarios.

Examples of MHD instabilities include kink modes, which are driven by current and

pressure gradients in high-β plasmas. Tearing modes result from resistive instabilities, while

sawtooth oscillations involve periodic redistributions of plasma energy in the core. Besides
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their associated thermal species transport and plasma disruptions, these instabilities can also

lead to fast ion transport and losses, degrading fusion performance and potentially damaging

plasma-facing components [109][82][75].

MHD instabilities exist in different physical regimes and require various models for accu-

rate characterization. Some instabilities are sensitive to the plasma’s resistivity and require

resistive MHD models. Others, like ideal kink modes, can often be described by ideal MHD

models. However, while the MHD model plays a role, certain instabilities, such as Fishbone

(FB) modes, are strongly influenced by EP dynamics. Characteristics of these instabilities

are determined jointly by the plasma fluid and fast-ion populations, and cannot treat fast-

ion properties as small perturbations in MHD limits. Hence non-perturbative theory are

required to describe these instabilities. This brings challenges to study them to mitigate

their associated fast ion transport and losses. It is important to note that this dissertation

primarily focuses on FB instabilities and does not cover all the mentioned MHD modes in

detail.

1.6 Overview of the Dissertation

This dissertation presents results on the measurements and simulations of TAEs and FB

instabilities in MAST and MAST-U, using multiple diagnostic tools. The primary goal is

to enhance understanding of these low-frequency, NBI-induced instabilities to mitigate their

impacts on fusion performance and the potential damage caused by fast ion transport to

wall components in future tokamak-based fusion devices.

Measurements from various diagnostics are utilized to investigate the characteristics of

these instabilities. These data support plasma phenomenology studies, verify and validate

simulations, and serve as inputs for reduced-model-based calculations. The spectral charac-

teristics of TAEs and FBs in MAST and MAST-U are primarily captured by the outboard

Mirnov coil array, which offers high sensitivity and the ability to measure magnetic fluctua-
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tions at frequencies up to the megahertz range. Spatial structures, representing the spatial

patterns of fluctuations associated with these instabilities, are measured by tangential soft

X-ray cameras in MAST. Beam Emission Spectroscopy (BES) was used to measure mode

spatial structures during those campaigns, not only because the tangential soft X-ray cam-

eras were not operational during the early physics campaigns in MAST-U, but the BES

diagnostic offers full coverage of all poloidal angles in the core, which is useful for inferring

poloidal characteristics of modes and it obtains first-of-it-kind measurements in a spherical

tokamak. Additional diagnostics, such as Thomson scattering, charge exchange recombina-

tion spectroscopy, neutron emission fission chambers, and motional Stark effect diagnostics,

are employed to measure various plasma equilibrium parameters.

A linear gyrokinetic (GK) model is verified and validated using measurements of TAEs

in MAST. While ideal MHD models are commonly used to describe TAEs in conventional

and spherical tokamaks (STs), they exclude fast ions and the kinetic effects of thermal ions,

and hence cannot predict some of the TAE characteristics such as the growth rate of the

mode that are significantly influenced by the fast ions. Especially, these effects are more

pronounced due to the relatively high fast-ion-to-thermal-ion beta ratio in STs. Therefore,

a kinetic description of both the thermal plasma and beam fast ions is critical for assessing

the stability of these NBI-induced modes. Global gyrokinetic codes, such as the Gyrokinetic

Toroidal Code (GTC) [66], provide promising capabilities for cross-scale integrated simula-

tions of fast-particle-driven modes [67]. However, unique features of STs, such as the steep

field gradient on the high-field side and the high fast-ion-to-thermal-ion beta ratio, have not

been extensively tested in GK simulations. This dissertation addresses this gap by validating

the first global GK simulations of TAEs in MAST.

The dissertation also investigates FBs in MAST and MAST-U, focusing on their phe-

nomenology. Historically, FBs have received less attention regarding their impact on bulk

plasma and flux surfaces, with most studies emphasizing their role in fast-ion transport.

However, observations of FB-like instabilities in MAST and MAST-U challenge this limited
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perspective. Experimental investigations in MAST-U plasmas, where the minimum safety

factor (qmin) approaches unity, reveal significant differences in FB behavior. While many

FBs in MAST and MAST-U exhibit characteristics similar to those observed in other toka-

maks, measurements from Mirnov coil arrays, soft X-ray emission (in MAST), and BES (in

MAST-U) reveal substantial distortions in spatial structures during plasma discharges for

some FB-like instabilities. These events are associated with pronounced fast ion transport

and marked shifts in the magnetic axis, along with crashes in thermal electron and ion

temperature profiles. Such phenomena indicate rapid and significant rearrangements of flux

surfaces, highlighting deviations from traditional FB models and previous observations.

Beyond validating physics models or simulations, measurements of TAEs and FBs in

MAST and MAST-U can also be used as inputs for reduced fast-ion transport model cal-

culations in various ways. For instance, the radial mode structures and poloidal harmonics

obtained from both ideal MHD and GK simulations of TAEs in MAST are used as inputs for

ORBIT-Kick [77] [78], a reduced energetic particle transport model. However, linear models

cannot predict saturated mode amplitudes or chirping (rapid frequency variations). ORBIT-

Kick accommodates these measured amplitudes and chirping frequencies, integrating them

with simulation results for fast-ion transport calculations. For FBs, where self-consistent

simulations are less common than for TAEs, radial mode structure measurements guide the

construction of analytical mode structures as inputs for ORBIT-Kick. This approach fa-

cilitates studies of FB-associated fast-ion transport in the absence of fully self-consistent

simulations, reducing computational complexity and resource demands.

1.6.1 Outline of the dissertation

This dissertation is divided into seven chapters.

Chapter 1 (this chapter) is the introductory chapter.

Chapter 2 introduces fast ion resonances and orbit topology.
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Chapter 3 introduces MHD models for TAEs, FBs, and discusses the limitations of these

models

Chapter 4 introduces the data analysis methodology used throughout the dissertation.

Chapter 5 presents the results and analysis on the work TAE in MAST, as well as using

them for verification and validation of a global gyrokinetic simulation.

Chapter 6 presents the results on guiding center based reduced fast ion transport calcu-

lations for TAEs MAST.

Chapter 7 presents the results and analysis on fishbone instabilities and their impacts on

core confinement in MAST and MAST-U

Chapter 8 presents the results on guiding center based reduced fast ion transport calcu-

lations for FBs in MAST-U.

Chapter 9 provides conclusions and discusses the possible future efforts for the projects

presented in this dissertation.
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CHAPTER 2

Fast ion resonant condition and orbit topology

Low-frequency modes, such as TAEs and FBs, can induce fast-ion transport, displacing them

from their original orbits by mode-particle resonances. For a resonance to occur, a particle

must return periodically to experience the same perturbation. This requirement leads to a

discrete poloidal transit time [104]:

(nωζ − ω)T = 2πp ; ωθT = 2πl (2.1)

where ω is the mode frequency, ωζ and ωθ are the toroidal and poloidal frequencies,

respectively, T is the poloidal transit time interval, and p and l are integers. Resonance

occurs when

pωθ − nlωζ + lω = 0 (2.2)

It is important to note that the resonance condition is defined by the integers (n, p, l), but

the poloidal resonance periodicity is not strictly determined by the poloidal mode harmonic

m due to drift motion effects [104]. Additionally, the shape of the fast ion orbits are related

to the quantity −p, for example, p ≤ −1 corresponds to banana-like orbits.

Fast ion orbits are described by the conservation of constants of motion. Unlike thermal

species, energetic particles such as fast ions traverse different magnetic surfaces due to their

large velocities. Hence their orbits follow the conservation of constants of motion (if collisions
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are neglected), which define the topological boundaries of different orbit types instead of

magnetic flux surfaces. Perturbations can modify the constants of motion of fast ions,

leading to cross-field transport.

The guiding center approximation is commonly used to calculate the orbits of fast ions.

While full-orbit calculations based on the Lorentz force can, in principle, provide exact solu-

tions, they are computationally expensive and prone to numerical noise. For low-frequency

perturbations, it is sufficient to use the guiding center approximation, which averages out

the fast cyclotron motion to simplify orbit calculations [102]. The Hamiltonian in this ap-

proximation is given by :

H =
1

2
mv2|| + µB(ψ, θ) + Φ(ψ, θ, ζ), (2.3)

where Φ is the electrostatic potential. The equations of motion and momenta are derived

from the Hamiltonian as:

θ̇ =
∂H

∂Pθ

, Ṗθ = −∂H
∂θ

(2.4)

ζ̇ =
∂H

∂Pζ

, Ṗζ = −∂H
∂ζ

. (2.5)

Since fast ions conserve their constants of motion in equilibrium, we have µ = mv2⊥/(2B).

Using this and the Hamiltonian, the canonical toroidal angular momentum is defined as:

Pζ =
v||
B
g − ψp, (2.6)

where ψp is the poloidal flux variable, and g = RBt. This is used to define different types

of orbits. Boundaries can be calculated to separate the regions of different types of orbits in

the phase space (µB0/E and Pζ/ΨW ), as shown in an example in Fig.2.2.

The conservation of motion can be defined in terms of the canonical angular momentum,

energy E , toroidal mode number n, and mode frequency ω = 2πf :

ωPζ − nE = constant. (2.7)
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Figure 2.1: Example of the poloidal projections of the guiding-centre trajectories of JET

fast deuterium orbits, from [56]

This has been shown in the reference [102]. The variations in E and Pζ due to a single mode

are related to its n and ω by:

∆Pζ

∆E
=
n

ω
, (2.8)

which constrains the possible trajectories of the particles. The perturbations in Pζ and E

cause transport effects that alter the trajectories and orbit types of fast ions and, in some

cases, lead to their loss from the plasma.
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Figure 2.2: Example of the orbit topology boundaries for different types of MAST fast

deuterium orbits in the phase space at a fixed energy.
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CHAPTER 3

MHD frameworks for TAEs and FBs

The origins of TAEs and FB instabilities in tokamaks were briefly introduced in Chapter 1. In

this chapter, the frameworks that describe some of the characteristics of these instabilities are

presented. It begins with an introduction to the drift-kinetic model, which is the framework

for understanding the interaction of energetic particles with MHD modes. Following this, the

reduction of the drift-kinetic model to the ideal MHD framework is presented. The chapter

then discusses the details on how TAEs, internal kink, and infernal modes emerge in the

ideal MHD limit. The chapter describes internal kink or infernal modes are destabilized by

beam induced fast ions and become FBs. These descriptions are in MHD and conventional

limits, hence they might not be accurate for high fast ion beta spherical tokamak. The

shortcomings of these models are discussed in this chapter as well.

3.1 Drift-kinetic model

The drift-kinetic model provides a framework for describing the across-field transport of

particles, momentum, and heat in tokamaks. The time evolution of the distribution function

of a collisional plasma is governed by the Fokker-Planck equation:

(∂t + Ẋ · ∇+ (Zie/mi)(E+ v ×B) · ∂v||)[fi(X, v, t)] = C(fi(X, v, t)) (3.1)

Here, i is the label for plasma’s species, fi(X, v, t) is the 6+1 dimensional distribution

function for i species, X represents location’s coordinates, v denotes the velocity, Zi is the

effective charge number for the i species, E is the electric field, B is the magnetic field, and
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C() is the collision operator.

The Fokker-Planck equation is derived by combining Maxwell’s equations and the Boltz-

mann equation into the Vlasov equation, then incorporating the Landau kinetic equation

to account for collisions in plasma. While this formulation is comprehensive, it includes

variables and dimensions unnecessary for describing low-frequency instabilities in tokamak

plasmas. To simplify, the equation can be reduced for such scenarios. The time and length

scales for these instabilities are with in the limits of t > 2π/Ωi and L > v⊥/Ωi, respectively,

where Ωi = ZieB/mi is the cyclotron emission for the i species, and v⊥ is the velocity com-

ponent perpetrator to the field. Under these constraints, the Fokker-Planck equation can be

reduced to the drift-kinetic equation:

∂tfi + v||b · ∇fi + (vE + vD) · ∇fi +∇ · (vpfi) + (Zie/mi)(v||E|| + vD · E)∂||fi = C(fi) (3.2)

Here, v|| is the velocity component parallel to the field, vE is the E × B drift, vD is

the gradient and curvature drift, vp is the polarization drift, and b = B/B0 where B0 is

the equilibrium magnetic field magnitude at the magnetic axis. This equation is sufficient

to describe the interaction of energetic particles with low-frequency, long-wavelength MHD

modes.

Further simplifications can be achieved by linearizing the drift-kinetic equation (Eq.

3.2). This approach reduces the complexity of the problem and allows for analytically solv-

able results. Linear MHD frameworks assume that instabilities are not strong enough to

significantly alter the equilibrium distribution on time scales shorter than the instability’s

frequency. Therefore, the distribution function fi can be approximated as the sum of an

equilibrium part fi0 and a small sinusoidal perturbation δf :

fi ≈ fi0 + δf, (3.3)

when δf << fi0. The toroidal and poloidal periodicities of tokamak plasmas allow the
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Fourier decomposition of δf into a discrete spectrum:

δf ∝
∑
m,n

ei(nζ−mθ−ωt), (3.4)

where ζ and θ are toroidal and poloidal angle in Boozer coordinates, respectively, and (n,m)

are representing the toroidal and poloidal mode numbers. From this point onward, Einstein

summation notation is adopted for equations containing summations of m and n, omitting∑
m,n for simplicity.

3.2 Single-fluid ideal MHD model

The Vlasov equation (Eq. 3.1 without collisionality) and Maxwell’s equations can be com-

bined to derive the single-fluid ideal magnetohydrodynamic (MHD) model under specific

limits. Several key assumptions are required for the validity of the ideal MHD model.

First, the length scale of the system must be much larger than all length scales charac-

terizing the microscopic dynamics of the particles in the plasma, i.e., LMHD ≫ λL, where

LMHD is the MHD length scale and rL is the gyroradius (or Larmor radius) of the particles.

Additionally, LMHD must be much larger than the Debye length, λD =
√

2ϵ0kBTi/(nie2),

ensuring that particles do not experience the Coulomb interactions of other particles directly.

This condition allows the quasi-neutrality approximation in MHD. Similarly, the time scale

of the system must be much larger than the characteristic time scales of the microscopic

particle dynamics for the ideal MHD model to remain applicable.

The ideal MHD formalism assumes a thermal bulk plasma consisting of two species—electrons

and ions—treated as a single fluid. Since the electron mass is negligible compared to the ion

mass, the fluid’s mass density and velocity are determined solely by the ions, i.e., ρf = ρi and

v = vi. However, the scalar pressure of the fluid includes contributions from both species,

p = pi + pe. Under these assumptions, the fundamental continuity equations [33] are given
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by:

∂tρ+∇ · (ρv) = 0 (3.5)

ρ(∂tv + (v · ∇)v) = J×B−∇p (3.6)

dt

(
p

ργf

)
= 0 (3.7)

Here, γ = 5/3 is the specific heat ratio, J is the current density, and dt = ∂t+v ·∇ represents

the material derivative.

The single-fluid assumption also modifies Ohm’s law and consequently affects Maxwell’s

equations. In the ideal MHD regime, resistive effects are negligible compared to other terms.

Thus, Ohm’s law simplifies to:

E = −v ×B (3.8)

This leads to the Maxwell’s equations in the ideal MHD limit:

∇ ·B = 0 (3.9)

∇×B = µ0J (3.10)

∂tB+∇× E = 0 (3.11)

These equations collectively describe the dynamics of single-fluid ideal MHD [33], given

the limit conditions are satisfied.

3.3 Ideal MHD descriptions for TAE

Some of the characteristics of TAEs can be derived in the ideal MHD limits and the tokamak

boundary conditions of the drift-kinetic model. As previously noted in chapter 1, TAEs in
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the ideal MHD regime exist within an incompressible plasma with low β, where the plasma

pressure is small compared to the magnetic pressure. The frequency of a shear Alfvén

wave is defined as ω = k||(r)cA, where k|| is the parallel wave number, the Alfvén velocity

cA = B/
√
µ0ρ with B is the magnetic flux density, µ0 to be the permeability of the vacuum,

and ρ to be the plasma’s mass density. Using a Fourier transform, b · ∇ can be expressed

as ik||, where the periodic boundary conditions of a tokamak relate k|| to the toroidal and

poloidal mode numbers (n and m):

b · ∇ =
bθ
r
∂θ +

bζ
R
∂ζ = −imbθ

r
+
inbζ
R

= ik|| (3.12)

. Here, bθ and bζ are the poloidal and toroidal components of b, respectively. Although ST

is the main focus of this dissertation, it is convenient to use conventional aspect ratio limits

of bζ ≈ 1 and bθ ≈ r/(Rq), where q is the safety factor. This yields the following expression

for the parallel wave number for specific n, m and q:

k||,m(r) =
n−m/q(r)

R
(3.13)

.

Several conditions allow further simplification to the drift-kinetic equation (Eq. 3.2).

TAEs are shear Alfvén modes, implying no compressional components B|| and thus A⊥ = 0.

The parallel (E||) and perpendicular (E⊥) components of the electric field can be written as:

E|| = −∇||ϕ− ∂tA|| ; E⊥ = −∇⊥ϕ (3.14)

. However, E|| can be eliminated in the ideal MHD limit under the quasi-neutrality and single-

fluid assumptions. Then the drift-kinetic equation can be linearized for small amplitude

modes. This results in the Hain-Lüst equation for modes with poloidal mode number m:

Hm = ∂r(r
3(
ω2

c2A
− k2||,m)∂rEm)− (m2 − 1)r(

ω2

c2A
− k2||,m)Em + (

ω2

c2A
)
′
r2Em = 0 (3.15)

. This equation, derived by retaining only the leading a/R terms from the Taylor series

expansion of Eq. 3.2 and summing over all species, describes a continuous eigenvalue spec-

trum ω2 = k2||,mc
2
A, as shown in Fig.3.1(a). However, because k||,m and cA vary radially, the
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eigenvalues form a continuous spectrum across the plasma minor radius. At resonant layers

(r = r0) where ω = k||,m(r0)cA(r0), waves are absorbed, leading to damping.

While the Hain-Lüst equation explains AEs in cylindrical boundary conditions, it neglects

the coupling of adjacent poloidal harmonics (Em+1 and Em), critical for describing TAEs in

tokamaks. The poloidal coupling terms containing (Em+1 in the m order, and Em in the m

+ 1 order) can be put back to the Hain-Lüst equation to describe TAEs:

Hm + (
3a

2R
∂r(

ω2r4

c2Aa
)∂r)Em+1 = 0 ; Hm+1 + (

3a

2R
∂r(

ω2r4

c2Aa
)∂r)Em = 0 (3.16)

. As a result, the new spectra resemble those from the cylindrical spectra, except close to

their crossing points where the coupling creates spectral gaps near crossing points (k||,m =

−k||,m+1), as shown in Fig.3.1(b). Within these gaps, the continuum damping is weakened,

allowing modes such as TAEs to exist. The location and frequency of TAEs in an ideal MHD

description with conventional aspect ratio is given by:

q(r) =
m+ 1/2

n
; ω ≈ cA

2qR
(3.17)

. Energetic particles, such as fast ions generated by NBI, can excite TAEs at these locations

due to the weakly damped environment in the continuum gaps.

3.3.1 Limitations of the ideal MHD model for TAEs in STs

The ideal MHD description for TAEs has limitations. In conventional tokamaks, the width

of the continuum gap is often narrow, limiting the number of mode combinations that can

exist. In high-β, high NBI power spherical tokamaks such as MAST and MAST-U, the gap

widths are significantly larger, enabling multiple mode combinations beyond the typical m

and m + 1 pairs. Furthermore, ideal MHD excludes collisional and kinetic effects, which

influence the dispersion relation and TAE characteristics. The exclusion of collisionality and

low temperature assumptions cause inaccurate expression for the TAE dispersion relation,

as seen in Eq.3.13 compared to the expression presented in [36].
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Figure 3.1: (a) Dispersion relation of two waves with toroidal mode number n=4 and poloidal

harmonics of m=4 and m=5 in a plasma with a q profile that increases monotonically with

radius. Frequencies are plotted as positive for both signs of k||. The frequency gap increases

with radius because r/R increases, which increases the modulation of N. The two waves are

counter-propagating in the frequency gap. (b) Dispersion relation with (solid) and without

(dashed) toroidal coupling of the waves. The m=6 and m=7 waves are also shown and

intersect at larger radii. The figures are based on [34] and from [47].
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In addition, the ideal MHD description for TAEs only predicts gap locations for ranges

of n and m, but it cannot predict the actual mode frequency and mode numbers of fast-

ion-driven TAEs that will be unstable in experiments without the considerations of fast

ion properties and the mode-fast ion interaction. For example, changes in beam injection

geometry alter the fast ion birth pitch-energy distribution, which are found to have effects on

TAE mode characteristics in other tokamaks (for example, in DIII-D [94] [96]). These factors

underscore the need for developing and testing of sophisticated models to better capture the

behavior of TAEs.

3.4 MHD-based models for Internal kink, infernal, and Fishbone

instabilities

Kink modes might have similar mode number as TAEs and also exhibit low frequency,

but they are driven by fundamentally different mechanisms. This section provides a brief

overview of internal kink modes, which occur when the minimum safety factor (qmin) falls

below unity, infernal modes that arise when qmin > 1, and the excitation of Fishbone (FB)

instabilities from these modes.

3.4.1 Internal kink mode

The internal kink mode is one of many MHD instabilities observed in tokamaks. It is

characterized by internal plasma perturbations that do not deform the plasma boundary,

giving rise to its name. A fundamental requirement for the internal kink mode is the presence

of a q = 1 surface, where resonance occurs at q = m/n. This implies that an n = m = 1

kink mode resonates at q = 1, with its mode spectrum dominated by the m = 1 harmonic.

The structure and dispersion relation of the n = m = 1 internal kink mode can be

derived from the linearized ideal MHD equations. Assuming small-amplitude perturbations

that evolve slowly relative to the equilibrium state, any field quantity (denoted as Ξ) can be
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decomposed into equilibrium and perturbed components as Ξ(X, t) = Ξ0(X) + Ξ1(X)e−iωt,

similar to Eq.3.4. The perturbation displaces the plasma from equilibrium, described by the

MHD displacement vector ξ(X, t), where the plasma velocity is given by ξ̇(X, t) = v(X, t).

Using this formulation, the MHD equations can be rewritten as [33]:

p1 = −ξ · ∇p− γp∇ · ξ (3.18)

B1 = ∇× (ξ ×B) (3.19)

−ω2ρfξ = F(ξ), (3.20)

where F(ξ) is defined as:

F(ξ) =
1

µ0

((∇×B1)×B+ (∇×B)×B1) +∇(ξ · ∇p+ γp∇ · ξ) (3.21)

. As in the case for TAE discussed in section 3.3, ξ serves as the eigenvector of the system,

with ω2 as the eigenvalue, which can be determined once ξ is defined.

The energy principle [33] provides a method to determine the global mode structure of ξ

analytically. The system’s total energy consists of equilibrium and perturbed contributions:

E(ξ, ξ∗) = K(ξ, ξ∗)− δW (ξ, ξ∗) = 0, (3.22)

where K and δW are obtained by integrating ξ, or the product of ξ and F(ξ, ξ∗) over the

plasma volume. The detailed expression ofK is given in [33], while the eigenvalue ω2 depends

on δW :

ω2 =
δW

(1/2)
∫
V
dV |ξ|2

(3.23)

. This implies the frequency becomes imaginary when δW ≤ 0, , meaning that the mode

grows exponentially and hence the plasma becomes unstable. The terms contributing to δW

can provide insight into stabilizing and destabilizing effects:

δW =
1

2

∫
V

dV (
|B̃2|
µ0︸︷︷︸
1

+Γp0|∇ · ξ|2︸ ︷︷ ︸
2

+(ξ · ∇p0)∇ · ξ︸ ︷︷ ︸
3

− ξ · J0 ×∇× (ξ ×B0)︸ ︷︷ ︸
4

), (3.24)
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where Γ is a field line compressional coefficient. Here, terms 1 and 2 represent the field

line bending and compression effects, respectively, as they are always positive. In contrast,

terms 3 and 4, representing the pressure and current drives respectively, can be negative and

become destabilizing effects.

A nearly cylindrical plasma approximation is used to obtain the radial structure and

growth rate of the n = m = 1 internal kink mode. While the application of the formalism

on the toroidal curvature has been done in [18], the cylindrical assumption is more widely

used for its simplicity. The plasma is assumed to be in a cylinder of length l = 2πR0. The

radial structure of the displacement is periodic (ξ(X) ∝ ei(nζ−mθ)) in ζ and θ because of the

boundary conditions. Further assumptions include straight-field-line coordinates, a strictly

positive safety factor (|q| > 0), and incompressibility.

The radial mode structure of n = m = 1 can be obtained by minimized energy method.

The detailed derivations of this method are beyond the focus of this dissertation. Those who

are interested can find the derivations in [33]. The descriptions of each step, however, are

physically meaningful and should be stated here. To summarize, the displacement vector

ξ(X) needs to be written in terms of ξr and ξ|| representing the radial and parallel com-

ponents, respectively. The δW is minimized against ξ|| due to the incompressibility of the

plasma, satisfying the following:

∇ · ξ = 0 (3.25)

. The final step involves putting back ξ to δW to solve for frequency and the dispersion

relation of the mode.

The radial eigenfunction for the m = 1 harmonic (ξr,m=1) found by minimizing Eq.3.24

under the condition in Eq.3.25 is:

ξr,m=1 = ξ0(
1

2
− 1

π
arctan(

nsx

γτArs
)), (3.26)

where s = r
q
dq
dr

is the magnetic shear in terms of radial gradient of q, n = 1 is the toroidal

mode number, γτA is the mode growth rate, x = r−rs, and rs is the minor radius of the q =
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Figure 3.2: Comparison of a hypothetical q(r) = 0.8+r2 with rs = 0.45 and the corresponded

internal kink radial mode structures with ξ0 = 1.5 and three different γτA

1 surface. This expression describes an internal kink mode structure resembling a smoothed

Heaviside step function, peaking near the magnetic axis, reaching its minimum near the

last closed flux surface (LCFS), and exhibiting the steepest gradient at the q = 1 surface.

The smoothness of the radial mode structure depends on the growth rate of the mode, as

demonstrated in Fig.3.2 in a case of a hypothetical q profile (q(r) = 0.8+ r2) with rs = 0.45

and several different γτA.

3.4.2 Infernal mode

Although internal kink modes and infernal modes share some similarities, their underlying

mechanisms and assumptions differ. Unlike internal kink modes, infernal modes do not
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require the presence of a q = 1 surface or resonance at q = m/n. Specifically, the n = m = 1

infernal mode is also referred to as the quasi-interchange mode. In plasmas with a flat q-

profile, the field line bending stabilization effect (term 1 in Eq. 3.24) is weakened, allowing

global modes to be destabilized by strong pressure gradients in low-shear (dq/dr ≈ 0) regions.

As a result, an n = m = 1 infernal (quasi-interchange) mode can exist at locations where q

is slightly above unity and pressure gradients are steep.

Although ideal MHD assumptions still hold, the stability analysis of the infernal mode

differs from that of the internal kink mode. Instead of following the energy principle ap-

proach, infernal mode stability is determined by solving the MHD eigenmode equation, as

detailed in [41]. For this analysis, the safety factor q profile is divided into two regions: a

low-shear region (r < r0): dq/dr = 0, meaning that q is nearly constant and approaches (but

does not reach) q = 1; a high-shear region (r > r0): The q-profile steepens.

In the high-shear region, the displacement amplitude of higher harmonics (m > 1) is

small, approximately (γ/ωA)ξm=1, where γ is the mode growth rate and ωA is the Alfvén

frequency. Consequently, the radial displacement of the dominant m = 1 mode in this region

is negligible. While m > 1 harmonics can have finite amplitudes, their derivation is outside

the scope of this work, as the m = 1 component remains dominant.

In the low-shear region, the m = 1 mode follows the dispersion relation:

1

r

d

dr

[
r3Qdξr,m

dr

]
+

[
(1−m)2Q+

rα

R0

(
n2

m2
− 1

)
− α2

2

]
ξr,m +

α

2

(
rmL+

+m

)
= 0, , (3.27)

where

L+

1 +m
=

1 +m

r2+2m
0

(
2 +m+ ĉ

m− ĉ

)∫ r0

0

r1+mαξr,mdr, (3.28)

ĉ =

(
rdξr,m+1/dr

ξr,m

) ∣∣∣∣
r0+ϵ

, (3.29)

α = −
(
2R0q

2

B2
0

)
dp0
dr

, (3.30)
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is the ballooning parameter, and

Q = k2|| +
γ2

ω2
A

. (3.31)

. The key feature of Eq. 3.27 is that the radial displacement ξr,m explicitly depends on the

pressure gradient dp0/dr via Eq. 3.30.

Solving Eq. 3.27 analytically is challenging, and even for simple pressure profiles, the

solutions are often complex. However, to understand the qualitative behavior of infernal

modes, a simplified model can be used. A ”staircase-like” pressure profile is considered in

this simple case, where the pressure gradient is concentrated at a single radial location rp,

as shown in Fig.3.3. Under this assumption, the radial displacement of the m = 1 infernal

mode takes the form:

ξr,m=1 =


0, r < rp,

ξ0
(rp/r0)2

(r/r0)2
= ξ0

r2p
r2
, rp < r < rLCFS.

(3.32)

. Here, ξ0 is a constant, and rp is the location of the strongest pressure gradient. Although

this assumption does not perfectly represent realistic pressure profiles, Eq. 3.32 provides in-

sight into how the infernal mode responds to pressure gradients. This expression is frequently

used to approximate the mode’s growth rate based on the dispersion relation (Eq. 3.27),

making it a useful tool for qualitative analysis.

3.4.3 Fishbone instability

Fishbone (FB) instabilities were first observed in the Poloidal Divertor eXperiment (PDX) in

1983 [72]. The instability was named after the characteristic fishbone-like pattern seen in the

temporal evolution of mode-associated fluctuations, as shown in Fig.3.4. However, this name

does not reflect the underlying driving mechanism. FBs arise when internal kink or infernal

modes are destabilized by beam-driven fast ions, primarily due to the fast ion pressure

gradient. It is worth noting that FBs are not the only instabilities related to internal kink
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Figure 3.3: Comparison of a hypothetical q(r) with r0 = 0.5, a hypothetical pressure profile

with rp = 0.3, and the corresponded infernal mode radial structure.
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or infernal modes. They can also be destabilized into other types of instabilities by various

mechanisms.

The mechanism by which fast ions destabilize an internal kink mode, leading to FB

instability, was first proposed by Chen in 1984 [20]. The presence of fast ions modifies the

perturbation energy as:

δWtot = δWMHD + δWk, , (3.33)

where δWMHD is the same as in the absence of fast ions (Eq. 3.24), and δWk represents the

contribution from kinetic species:

δWk =

∫
V

dV ξ∗ · δPh, (3.34)

, where δPh is the perturbed fast particle pressure tensor, as defined in [4]. Following the

same energy principle approach as in the kink mode case, the FB dispersion relation is ob-

tained by minimizing δWtot with respect to ξ||, assuming plasma incompressibility (Eq. 3.25).

Unlike Eq. 3.24, the term δWk contains only a destabilizing pressure-driven contribution, im-

plying that the presence of fast ions enhances kink mode instability.

Fast ions can also destabilize infernal modes, leading to fishbone instabilities in the

qmin > 1 regime. These so-called infernal-like FBs were first observed in NSTX, and their

excitation mechanism was proposed by Kolesnichenko, Marchenko, and White in 2006 [60].

The initial steps for deriving infernal-like FB characteristics follow the ideal MHD infernal

mode analysis but include the additional δWk term (Eq. 3.34). Consequently, the dispersion

relation of the infernal-like FB differs from that of the standard infernal mode (Eq. 3.27).

The detailed derivation is provided in [60], where the mode displacement for the n = m = 1

infernal-like FB is expressed as:

ξr,m=1,n=1 =
2ϵ2eβ̂p(ν + 1)(r2ν − 1)

[(2ν + 1)2 − 1]lα(ω, r) + 4ν(ν + 1)

[(
1
q
− 1
)2

− (ω/ωA)2
] , (3.35)
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where most terms and variables are defined in [60]. The key components include the β̂p ∝∫ r

0
r2(dpc/dr)dr, representing the species’ pressure-to-magnetic-field ratio, and r2ν−1, where

ν characterizes an analytic pressure profile:

pc ∝ 1−
(

r

rLCFS

)2ν

. (3.36)

. Here, ν increases with stronger radial pressure gradients. Consequently, the FB radial

displacement ξr generally exhibits higher amplitude with increasing bulk and fast ion β,

peaking near the location of the steepest pressure gradients. This shows the structure of

infernal-like FBs are primarily determined by the beam-induced fast ion pressure gradients.

3.4.4 Limitations of these models for FBs in STs

The FB models discussed above, whether for internal-kink-like or infernal-like FBs, may not

fully capture the characteristics of FBs in spherical tokamaks (STs). The derivation of ana-

lytic solutions for both internal kink and infernal modes typically begins with the assumption

of a cylindrical plasma, with some studies [18] incorporating toroidicity corrections. While

these approaches may provide marginally accuracy for conventional aspect ratio tokamaks,

they become less reliable for describing internal kink and infernal modes in STs, where the

geometry and equilibrium profiles differ significantly.

Additionally, many hybrid kinetic-MHD models assume δWk ≪ δWMHD for simplifica-

tion. However, in STs such as MAST/-U and NSTX/-U, the fast ion beta to bulk ion beta

ratio (βf/βi) is considerably higher than in conventional tokamaks. In addition, the wave-

particle interaction with the fast ions, as well as the alteration of fast ion profiles due to FB

associated fast ion transport are not considered in this model, similar to the case of the TAE

model. These factors challenge the applicability of existing FB models and suggest that

alternative modeling approaches may be necessary for accurately describing FB behavior in

STs.
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Figure 3.4: Time evolution of Ḃθ of two fishbones from [72], with an artistic depiction of the

shape of the signal as a ”fishbone”.

3.5 Summary of this chapter

This chapter outlined the descriptions of TAEs and FBs in the MHD picture. These models

have limitations in describing both instabilities in spherical tokamaks due to their assump-

tions, including the conventional aspect ratio approximation, low or zero fast ion beta, and

the neglecting of nonlinear effects. While these models provide a foundation for the discus-

sions in later chapters, they also highlight the need for more advanced modeling approaches

to accurately capture TAEs and FBs in STs.
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CHAPTER 4

Data analysis methodology

High-quality measurements of various characteristics of TAEs and FBs are essential for

advancing the understanding of these instabilities. MAST and MAST-U are equipped with

a suite of diagnostics that capture both equilibrium and fluctuating quantities associated

with low-frequency modes, making them well-suited for studying TAEs and FBs.

However, extracting and isolating the relevant physical quantities from these measure-

ments requires several data analysis techniques. This chapter outlines the methodology used

to determine the toroidal mode number (n) of each instability — an important parameter

for characterizing these modes. Next, the chapter discusses the Short-time Fourier transform

(STFT)-based time-frequency mode decomposition method - a useful technique that is rare

in plasma physics research. Following is the discussion on the implementation of a linear

regression model to remove non-global contributions from the signals. Finally, the chapter

presents an overview of mode spatial diagnostics and the procedures for applying the anal-

ysis techniques to the data, which include a novel pseudo-matrix-inverse based technique to

invert line integrated soft x-ray signal using localized B-spline polynomial functions.

4.1 Short-time Fourier transform (STFT) and its inverse

The Short-Time Fourier Transform (STFT) [3] forms the foundation of the spectral analy-

sis performed in this dissertation. It is particularly well-suited for analyzing signals whose

frequency content evolves over time. By applying the Fourier Transform to short, overlap-
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ping segments of a signal, the STFT provides a time-frequency representation that reveals

both spectral and temporal features. This section introduces the discrete STFT and its

inverse, and highlights the role of the Hanning window in ensuring accurate signal recon-

struction—especially after applying time-frequency domain masking.

In the discrete-time STFT, the signal is divided into overlapping frames, each multiplied

by a window function to mitigate spectral leakage. The Fourier transform is then applied to

each windowed segment. The STFT of a signal x[t], denoted x̂(T, f), is defined as:

x̂(T, f) =
N−1∑
t=0

x[t+ TH]w[t] e−i(2πf)t/N (4.1)

where w[t] is the window function of length N , H is the hop size between successive frames,

T is the frame index, and f is the discrete frequency index with resolution determined by

the FFT size N . A spectrogram can be obtained by computing the squared magnitude,

|x̂(T, f)|2, which is commonly used for visual inspection of the signal’s time-frequency power

spectrum.

The choice of window function and frame overlap are critical to enabling accurate signal

reconstruction via the inverse STFT. This dissertation employs the Hanning window, defined

as:

w[t] = 0.5

(
1− cos

(
2πt

T − 1

))
, 0 ≤ t < T (4.2)

The Hanning window smoothly tapers to zero at the boundaries, reducing spectral leakage

and providing a good balance between temporal localization and frequency resolution [110].

It also satisfies the Constant Overlap-Add (COLA) condition when used with 50% overlap

(i.e., H = N/2) [57], which is essential for accurate signal reconstruction.

The original signal can be reconstructed from its STFT representation via the inverse

STFT. The discrete inverse STFT, xinverse[t], is given by:

xinverse[t] =

∑
T w[t− TH] ˜̂xT [t− TH]∑

T w
2[t− TH]

(4.3)
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where ˜̂xT [t] is the inverse Fourier transform of each time frame T , defined as:

˜̂xT [t] =
1

N

N−1∑
f=0

x̂(T, f) ei(2πf)t/N (4.4)

It is important to note that the amplitude attenuation introduced by the Hanning win-

dow during the forward STFT is effectively compensated by the energy accumulation from

overlapping frames in the inverse STFT. As a result, a simplified numerical approximation

is often sufficient:

xinverse[t] ≈
∑
T

˜̂xT [t− TH] (4.5)

This approximation reduces computational complexity while still achieving accurate signal

reconstruction in practice.

4.1.1 Time-frequency resolution trade-off in STFT

A well-known limitation of the STFT is its inability to provide arbitrarily fine resolution in

both time and frequency simultaneously. This is a consequence of the Gabor limit, which

states that the product of the time and frequency resolutions must satisfy ∆T ·∆f ≥ 1/4π.

For example, consider a diagnostic system sampling at 2 MHz for 0.1 seconds (i.e., 200,000

data points). If a frequency resolution of ∆f = 5kHz is desired, then record length must be

1/5kHz = 0.2 ms, which is 0.2ms ∗ 2MHz = 400 samples. With a 50% overlap, this results

in 200 time frames, and the effective temporal resolution (frame spacing) is ∆T = 0.1ms.

However, if higher frequency resolution is needed, for example, ∆f = 1kHz, then the window

size must increase fivefold to 2000 samples. This reduces the temporal resolution by a factor

of five, yielding ∆t = 0.5ms. Thus, STFT parameters must be chosen to balance temporal

and frequency resolution depending on the nature of the signal. For example, a chirping

mode with a 80 kHz frequency shift over a 1–2 ms interval requires finer temporal resolution

to capture rapid frequency evolution. In contrast, a long-lived mode lasting 10–20 ms with

slowly evolving frequency would benefit more from higher frequency resolution. Therefore,
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Figure 4.1: n ∈ [0, 8] in MAST-U discharge 47001 from 100 to 300ms, 0 to 160kHz.

the STFT configuration must be carefully tailored to suit the physical characteristics of the

signal under investigation.

4.2 Magnetic fluctuations and toroidal mode numbers inferred

from the outboard Mirnov coil array

The toroidally extended outboard Mirnov coil array (OMAHA) [5] can be used to inferred the

magnetic fluctuations and toroidal mode number (n) associated with low frequency global

modes in MAST and MAST-U. Core-localized, large-scale, low-frequency instabilities are

typically readily detected by the OMAHA system owing to its high signal-to-noise ratio and

temporal sampling rate [52], even though the system is located outboard away from the

instabilities. The OMAHA system in MAST was composed by six, five, and two coils that

measured the vertical (δBz), toroidal (δBϕ) and radial (δBr) components of the magnetic

fluctuations, respectively. Importantly, modes in a tokamak tend to have toroidal sinusoidal

structure since the plasma equilibrium is toroidal symmetric to a high degree. Hence, it is

rare to find modes with different toroidal mode numbers occur with the same frequency at
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the same time. Hence it enables n mode number to be determined effectively from a set of

toroidally separated Mirnov coils measuring the same component (e.g. δBz). The inferred n

is essential for classifying the modes, for example, to distinguish whether a mode is a TAE,

a FB, or other type fast ion- or MHD-induced instability according to its n and frequency.

The same analysis procedure applies to the data in MAST-U as well but with a different

coil location configuration. In addition, Mirnov signals in MAST-U are band-pass filtered to

eliminate grounding noise at about 0.5kHz, which were not an issue in MAST. This does not

affect the targeted instabilities reported in this dissertation that typically have much higher

frequencies than the grounding noise.

The n are identified for each time and frequency using a Singular Value Decomposition

(SVD)-based method pseudo-inverse [52]. The procedure starts by applying the STFT to

the OMAHA signals to infer the time, frequency and the mode amplitude of each instability.

Assuming a single mode with a fixed frequency and n mode number traveling in the tokamak,

then phase differences appear in signals picked up by the toroidally separated coils at a certain

time and frequency: einϕx , where ϕx represents the toroidal locations of x coils. There would

be N×M of these phase difference combinations, whereM is the number of distinct n modes

and N is the number of toroidally separated coils. With these assumptions and settings, the

signals from the coils can be written as:

F = γ · α (4.6)

F =



F1

F2

.

.

FN


, γ =



ein1ϕ1 ... einMϕ1

ein1ϕ2 ... einMϕ2

. .

. .

ein1ϕN ... einMϕN


, α =


α1

α2

.

αM

 , (4.7)

for each frequency and time of the STFT. The γ matrix has to be decomposed into:

γ = U · diag(wi) · V H (4.8)
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. Here, matrices U, V and weights wi are solved by the SVD method, with the superscript

H stands for Hermitian transpose. The goal here is to find a combination of α for a single

dominant n with the smallest residual:

r = |γ · α− F|/|F| (4.9)

. This can be done by representing the α vector as:

α = V · diag(1/wi) · UH · F (4.10)

. These procedures yield the dominant toroidal mode number for the instabilities in each

plasma discharge in MAST and MAST-U. For example, the n ∈ [0, 8] harmonics are iden-

tified in MAST-U discharge 47001, as shown in Fig.4.1. They can be compared with other

measurements or expressions, such as the core rotation and the conventional aspect ratio

ideal MHD TAE frequencies to determine their types of instabilities. The range of n needs

to be carefully chosen as the identification method will produce incorrect results when the

actual value is excluded in the selected range of n in γ. It is also worth noting the accuracy

of this SVD-based identification decreases for large n, as it is limited by the number of the

coils. Yet the setup in MAST and MAST-U are sufficient for the modes with low frequencies

and low n numbers.

4.3 Time- and frequency-dependent band-pass filtering

The unique characteristics of TAEs and FBs in MAST and MAST-U necessitate unconven-

tional band-pass filtering methods for analysis. Many observed TAEs and FBs interact with

fast ions, causing their frequencies to change rapidly (chirping). Additionally, some of these

chirps occur in close proximity in both time and frequency domains, making conventional

band-pass filtering—typically based on a rectangular time-frequency range—ineffective for

isolating individual chirps in certain cases. An alternative approach involves extracting mode

characteristics, such as amplitude and spatial structure, directly from the short-time Fourier
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transform (STFT) at a specific time and frequency. However, due to rapid chirping, con-

tributions from multiple frequencies may be present within a single burst. To address this,

a time-frequency-varying band-pass filter is required to accommodate these rapid frequency

shifts. This STFT-based decomposition method has been used in other branches of science,

engineering [113], and commercially available signal or audio processing tools [1].

The band-pass filtering process begins by isolating the region around the targeted chirp.

A masking array Amask is constructed with the same frequency (f) and time (T ) dimensions

as the STFT, where each element AT,f is defined as:

AT,f =


1, for the desired f and T

0, elsewhere

(4.11)

. This matrix is then applied to mask the STFT of the signal through element-wise (Hadamard)

multiplication:

X̂(T, f)filtered = Amask ⊙ X̂(T, f) (4.12)

. This operation sets all elements of X̂(T, f) outside the masking range to zero. The inverse

short-time Fourier transform (ISTFT), denoted as ( )−1, is then applied to X̂(T, f)filtered

to obtain the filtered signal in the time domain. Notably, X̂(T, f)−1
filtered remains a complex

signal when negative frequency contributions are discarded during the construction of Amask.

This preserves the phase information of mode-associated fluctuations, which is useful for var-

ious analyses discussed in later sections and chapters. Although different window functions

can be chosen for each T in an STFT, a half-overlap Hann window is used exclusively in this

study to reduce artifacts in masked STFT reconstructions [62].

4.4 Linear regression model for fluctuations

Despite its high sensitivity and signal-to-noise ratio, relying solely on OMAHA is insufficient

for capturing certain aspects, such as the spatial structures of the modes inside the bulk
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plasma. Mode structure diagnostics like BES [29] and SXR [54] measurements often have

lower signal-to-noise ratios compared to OMAHA. The following methods were employed

to filter the signals to isolate fluctuations associated with the global modes from noise and

turbulence.

OMAHA captures magnetic field fluctuations (δ⃗B) at the edge, while BES captures the

spatial structure of local electron density fluctuations, and weighted sums of line-integrated

δne, electron temperature fluctuations (δTe), and effective charge fluctuations (δZeff ) are

captured by tangential SXR. These low-frequency fluctuations are assumed to have predom-

inantly transverse polarization and result from magnetic field line displacement as an initial

approach [95]. Since both BES and SXR measurements may also capture noise or fluctua-

tions not associated with the displacement parameter (ξ) (e.g., turbulence), the measured

δ⃗B can be used as the independent variable in a linear regression model for both BES and

SXR signals [55]:

δx(t) = Lx(δ⃗B(t)) + noise, (4.13)

where δx(t) represents the fluctuation of either BES or SXR signals extracted by short-

time Fourier transform (STFT: X̂(T, f), T : time window of Fourier transform ); Lx is an

unknown linear function, linking δx(t) and δB(t). The fluctuations selected for this study,

when observed in the STFT of SXR and BES signals, must appear as time-evolving, narrow-

band spectral peaks adequately coherent with a time-evolving, narrow-band spectral peak

in the STFT of δ⃗B. The cross-coherence between δx and δ⃗B is defined as:

CxB =
|⟨SxB⟩|√
⟨Sxx⟩⟨SBB⟩

, (4.14)

where ⟨SxB⟩ is the boxcar convolution of multiple time and frequency points of the cross-

spectrum of either SXR or BES signals with δ⃗B. The values of CxB range from 0 to 1.

Particularly, the CxB can be used to determine the uncertainties of signal x under the as-

sumption of a linear response with the addition of noise contribution used in the model in
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Eq 4.13. The relative noise level can be defined as:

Ux =
√

1− (CxB)2 (4.15)

.

In practice, the STFT of the signals are defined as the spectrum of the signals used to

compute Sxx, SxB, and SBB in this study. Hence the CxB(f, T ) and Ux(f, T ) are computed

to determine the coherence and noise level of the signals for each convolution window in

the STFT domains. This would ensure the selected activities in this study have strong

correlations between the spectral signatures of the edge and core measurements.

To isolate the contributions of FB chirps to SXR or BES signals and δBz signals, a band-

pass filter technique and linear regression, as shown in Fig. 4.2, were applied. The technique

described in section 4.3 is applied to discard the negative frequency component of the signals,

yielding analytic signals that preserve complex components for extracting phases and other

physical quantities in this study.

BES and SXR signals may also capture non-global features such as turbulence and noise

from the diagnostics’ electronics. Linear regression is applied to the band-pass filtered SXR

signals to isolate the global part by eliminating the uncorrelated portion of the signals:

δx(t)mode =
LP (δ̂x(T, f)−1

filtered ∗ (δ̂Bz(T, f)
−1
filtered)

†)

LP (δ̂Bz(T, f)
−1
filtered ∗ (δ̂Bz(T, f)

−1
filtered)

†)1/2
, (4.16)

where δxmode represents the amplitude of either BES or line-integrated SXR signal relative to

δ⃗B(t)) after the linear regression process , X̂(T, f)−1
filtered is the inverse STFT of a band-pass

filtered STFT of a signal, dagger sign ( X† ) represents complex conjugate of any complex

signal X , and LP (·) denotes a low-pass filter. This process is justifiable if we assume that

SXR signals of certain chirps are linear functions of δBz.

The measured SXR signal fluctuations are line-integrated, and further inversion to local

emissivity, with the techniques to be shown in section 4.5.1, is needed for subsequent studies.
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Figure 4.2: (a) Time-frequency varying band pass filter of a δBR signal from discharge 47128

in MAST-U; (b) filtered signal before (green) and after linear regression (red).

4.5 Mode spatial structure diagnostics

The tangential SXR and BES diagnostics presented in this section measure the spatial struc-

tures of low frequency instabilities in MAST and/or MAST-U. A linear regression technique

shown in the previous section is applied to the band-pass filtered SXR and BES signals to

isolate the contribution of the global mode before further analysis to extract the spatial

structures.

4.5.1 Tangential Soft X-Ray camera array diagnostic

The tangential SXR system comprises 18 lines-of-sight with collimated views observing the

plasma tangentially in the horizontal plane, but only 8 to 10 of these cameras are used for

analysis due to some of the views are of regions with little or no fluctuating or mode-related

signal, such as the central column. The SXR cameras capture line-integrated soft X-ray

emissions along lines of sight lying on the midplane, with the array of sight lines diverging

from the aperture.
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The emissivity of SXR is related to the electron density and temperature [54]:

ϵ(R) = ϵcn
2
e

√
TeZeffe

−
Ephoton

Te (4.17)

where ϵc is a constant, Ephoton is the lowest energy of soft x-ray photon that can pass through

the beryllium foil in front of each SXR camera, which is≈ 1keV for the SXR system in MAST

and MAST-U [71], and Zeff,0 is the equilibrium effective ion charge state, which is influenced

by the densities of impurities. Zeff,0 is usually less than 1.5 in the core region [51], meaning

there are only low concentrations of impurities in the core. On the other hands, the mode

frequency (below 100 kHz) is much lower to the ion cyclotron frequency (in the MHz range)

and hence the mode wavelengths are large compared to the gyroradii of all the ion species.

As a result, the E × B flows affect all ion species the same, maintaining the proportions of

impurity and main ion densities. Therefore, the contribution of the fluctuation of effective

charge (δZeff/Zeff,0) to the SXR fluctuation is expected to be small, and negligible in the

core.

Assuming δf ≪ f0, where f = f0 + δf and δf represents the fast fluctuating part, we

can obtain δϵ(R) using the first-order Taylor expansion of ϵ(R):

δϵ

ϵ0
= 2

δne

ne0

+

(
1

2
+
Ephoton

Te0

)
δTe
Te0

+
δZeff

Zeff,0

(4.18)

Expressing δne/ne0 and δTe/Te0 in terms of plasma displacement ξ using the linearized

electron continuity and energy equations gives:

δne

ne0

= −∇ · ξ − ξ · ∇ne0

ne0

and
δTe
Te0

= −(γ − 1)∇ · ξ − ξ · ∇Te0
Te0

, (4.19)

where γ is the adiabatic index, or ratio of specific heats, for the electron fluid. For low-

frequency modes, it is typically assumed that parallel transport process are fast enough,

so that Te is constant along field lines, leading to γ = 1. Considering the compressional

component of the mode to be small when ncS/R ≪ ω and mcS/a ≪ ω, we can assume

∇· ξ ≈ 0. This leads to δf/f0 ≈ −ξ · ∇f0
f0

for both δne/ne0 and δTe/Te0. This shows that the

SXR emissivity fluctuation is closely related to radial plasma displacement.
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SXR cameras measure line-integrated emission along their lines of sight, resulting in the

following raw signals:

Ii =

∫
Li

ϵ(R)dLi (4.20)

and similarly for the fluctuations:

δIi,n =

∫
Li

δϵn(R)e
inζidLi (4.21)

where n is the toroidal mode number inferred from Mirnov coil array measurements, ζi

is the toroidal angle at different points along each line-of-sight i,and δIi are the signals from

SXR lines-of-sight after bandpass filtering and linear regression shown in section 2. Since

the tangential SXR camera lines of sight lie in the mid-plane only, there is no dependence

on poloidal wavenumber. The subscript n under δI means that the band-pass filtered SXR

signals represent a specific toroidal number only.

Inversions of δIi to δϵ(R) are performed using a least-square fit method. The δϵ(R) is

assumed to be a linear combination of B-spline polynomials (Pj(R)):

δϵn(R) =
∑
j

cjPj(R), (4.22)

where cj are the coefficients to be solved for. Line integrations along the lines of sight of the

SXR cameras are applied to the model and organized into a system of equations, which can

be rewritten as a matrix equation:

δIn = X ·C (4.23)

δIn =



δI1,n

δI2,n

.

.

δII,n


,X =



X1j ... X1J

X2j ... X2J

. .

. .

XIj ... XIJ


C =



c1

c2

.

.

cJ


, (4.24)
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, with I SXR channels and J B-spline polynomials. The matrix X has elements Xij =

1
Li

∫
Li
Pje

inζidLi, where Li is the length of each chord from the camera aperture to the

edge of the vacuum vessel, and vector C has cj as its elements. Solving for C involves

C = X−1 · δISXR, where X−1 is the inverted X matrix. For the case when I ≥ J , the

square matrix can be exactly inverted without residue errors. However, the X−1 has to be

obtained using the SVD-based pseudo-inverse for I < J cases. The SXR emissivity can

now be reconstructed using the solved cj in vector C and the model δϵ(R) =
∑β

j cjPj(R).

These procedures enable the inference of SXR emissivity. It is worth noting that the residue

error increases when the matrix gets more rectangular. For I ≪ J , using a matrix with a

high condition number in the pseudo-inverse process increases the residue error [10]. Hence

there is a trade-off between minimizing the error versus obtaining fine details in the radial

structure from the inversion using a large amount of small scale Pj. On the other hands, it

is possible to have the data fitted to the noise when I ≫ J . A set of B-spline polynomials

shown in Fig.4.3 have been chosen for the MAST SXR signal inversion. Future work can

focus on optimizing the number of j using concepts such as the Akaike information criterion

[2].

The noises of the integrated SXR emission measurements propagate to the uncertainties

of coefficients cj during the matrix multiplication in the inversion process. The noises of

the SXR signals UδISXR
can be defined by Eq. 4.15 under the assumption of linear relations

between SXR and edge δ⃗B measurements. The uncertainty of each cj is propagated from

δISXR, defined as:

Ucj =

√√√√ N∑
i=1

(X−1
ij )2 · σ2

δISXR,i
, (4.25)

under the assumption that there is no uncertainty in the inversion of the basis matrix X−1.

It is worth noting that the residue error from the pseudo-inverse process cannot be too high

or this assumption would breakdown, highlighting the importance of not choosing the large

amount of basis functions for inversion.

49



Figure 4.3: The set of B-spline polynomials Pj used to invert δISXR in MAST

4.5.2 Beam Emission Spectroscopy diagnostic

The 2D Beam Emission Spectroscopy (BES) diagnostic measures the emission fluctuations

resulting from the collisional excitation of injected beam neutrals by plasma ions and elec-

trons. BES systems in conventional and spherical tokamaks are primarily used to observe

turbulent associated density fluctuations. They are less commonly used to observe global

modes such as TAE and FB. The system captures the Doppler shifted deuterium beam

Balmer-alpha (Dα) emission [49] with wavelength of about 660nm from the energetic deu-

terium atoms in the range of 50 to 100 keV [29].

The BES diagnostic can measure electron density fluctuation when it is used in appro-

priate temporal and spatial regimes. The fluctuation of beam Dα emission (δI/I0) has the

following expression [30]:

δI

I0
≈ δn

n

1

1 + n⟨σv⟩3/A30

, (4.26)

where δn/n0 is the fractional plasma density fluctuation, A30 is the spontaneous radiative
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decay rate of the excited level 3 to the ground state, and ⟨σv⟩3 is collisional depopulation

rate coefficient for level 3 (including ionization and collisional de-excitation). This expression

shows that the BES response is attenuated relative to the underlying density fluctuation by

the factor (1 +R)−1, with

R ≡ n⟨σv⟩3
A30

. (4.27)

The critical rate coefficient ⟨σv⟩crit, defined as:

⟨σv⟩crit ≡ A30

ne

, (4.28)

can be used to estimate the attenuation ratio. For example, using values relevant to the

MAST and MAST-U experiments, such as deuterium neutral beam with energy Ebeam =

60 keV injected into a deuterium plasma with density ne = 3 × 1019m−3 and temperatures

Te = Ti = 2keV, the spontaneous emission rate is A30 ≈ 4.4× 107 s−1.This yields a critical

depopulation rate coefficient:

⟨σv⟩crit =
A30

ne

≈ 4.4× 107

3× 1019
≈ 1.5× 10−12m3/s. (4.29)

From collisional-radiative modeling (for example, ADAS or Yacora databases [91] [108]), the

effective collisional depopulation coefficient at T = 2keV is estimated to be in the range of

⟨σv⟩j ∼ (3–6)× 10−13m3/s. Hence, the ratio is

R =
n⟨σv⟩j
A30

=
⟨σv⟩j
⟨σv⟩crit

∼ 0.2–0.4. (4.30)

The attenuation factor (1 + R)−1 is therefore 0.7 to 0.8, indicating that the measured BES

emission fluctuations will be about 20–30% smaller than the underlying density fluctuations

under these plasma conditions in MAST and MAST-U.

The 2D BES system in MAST-U consists of an 8 by 8 avalanche photodiode (APD) array

and a series of lens, motors, mirrors and filters in MAST-U. An optical filter selects the Dα

light emission from the beam neutrals whilst reducing the light emission from background

Dα and other impurity line emission. The APD array used by the BES system have an
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≈2cm separation, sampling a region ≈14x16cm (R by z) in the plasma core, which covers

approximately one-third of the minor radius. The viewing location can be moved radially

between shots using a series of stepper motors that control an in-vessel mirror, external

focusing lens, and the rotation of the APD array.

4.6 Summary of this chapter

This chapter introduced the OMAHA diagnostic settings and the analysis techniques used to

determine the toroidal mode number of low-frequency instabilities in MAST and MAST-U.

Additionally, the application of linear regression methods to remove non-global contributions

from the signals was discussed. The chapter also covered the use of the tangential soft X-ray

camera array and beam emission spectroscopy diagnostics, along with the procedures for

inferring spatial profiles of mode-associated fluctuations. These techniques serve as essential

tools for the analyses presented in the following chapters.
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CHAPTER 5

Measurements of TAE in MAST for Verification and

Validation of a Linear Global Gyrokinetic Simulation

The development of simulations capable of accurately modeling these instabilities and their

associated fast ion transport is essential for the success of future fusion tokamaks. Linear

MHD models, as described in Chapter3.2, are often used to simulate modes excited in toka-

maks by fast ions, including those arising from NBI [39]. However, to capture kinetic effects

of thermal plasma at the microscopic scale that could affect the instability-induced fast ion

transport, it is important to use a kinetic description for both the thermal plasma and the

fast ions to assess the stability of TAEs accurately.

Global gyrokinetic (GK) codes, such as the Gyrokinetic Toroidal Code (GTC), offer

promising capabilities for cross-scale integrated simulations of fast particle-driven modes [67].

However, these codes must be validated through comparisons with other simulation models

and experimental measurements. GTC has been benchmarked against ideal and resistive

MHD by suppressing kinetic effects of thermal plasmas, as well as other GK simulations

by keeping kinetic effects of thermal plasmas, for toroidicity-induced Alfvén eigenmodes

(TAEs) and reversed shear Alfvén eigenmodes (RSAEs) in conventional tokamaks like DIII-

D [87][26][25]. However, investigations into a TAE in a spherical tokamak (ST) using global

GK simulations remain notably rare and unreported compared to studies using ideal MHD

models. In addition to the difference in aspect ratio, the ratio of fast ion beta (βFI) to

thermal ion beta (βi) is typically much higher in some STs, such as the Mega-Amp Spherical

Tokamak (MAST) [23], compared to conventional tokamaks. Global GK simulations have
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not yet been verified in this βFI regime in the STs.

This project aims to bridge this gap by comparing the results of linear GTC and ideal

MHD simulations of a TAE in MAST to identify the non-perturbative and kinetic effects

of thermal plasma. New experiments dedicated to TAEs are planned for MAST-U (the up-

graded version of MAST) [82] and provide opportunities for model validations. For example,

there is an ongoing effort to investigate the damping channels of n = 3 TAEs in MAST-U

using ORB5 (another GK model) [22], but without the use of fast ion anisotropy. However,

MAST presents a simpler NBI configuration that is more straightforward for modeling fast

ion anisotropy in GTC, which is the first time it is being used in a GK simulation of a fast

ion-driven AE in a ST. In addition, global radial mode structure measurements from tan-

gential soft X-ray cameras were accessible in MAST, but they were unavailable during the

early physics campaigns in MAST-U. These factors make the targeted TAE case in MAST

more suitable for the model validation compared to the cases from MAST-U.

The remainder of this chapter is organized as follows. The experimental parameters and

measurements of the targeted TAE case are first presented in Section 5.1. The underlying

formulation of GTC is then compared with hybrid GK-MHD and ideal MHD models in the

long wavelength limit (Section 5.2). The Maxwellian distributions used to describe both

thermal and fast ion species, and Anisotropic distributions used to describe fast ion species

in GTC, are introduced in Section 5.3. The frequency and spatial mode structure of the

TAE computed using the ideal MHD code NOVA [21] (Section 5.4) are compared with those

of the modes excited by an antenna in GTC, along with calculations of damping rates due

to continuum damping, radiative damping, ion Landau damping, and finite Larmor radius

(FLR) effects (Section 5.5; cases I - IV in Table 5.1). Additionally, TAEs are driven by

Maxwellian and anisotropic slowing-down fast ion distributions in linear GTC simulations

to examine the effects of these different types of drive on mode structure, frequency, and

growth rate (Section 5.6; cases V - VI in Table 5.1).

54



5.1 MAST test case: experimental profiles and TAE measure-

ments

MAST plasma discharge 26887 was selected for analysis. This device had a major radius

R0 ≈ 0.9m and a minor radius a ≈ 0.6m. Notably, the a/R0 ratio for MAST ( ≈ 0.66)

is considerably larger than that of many conventional tokamak cases (e.g., a/R0 ≈ 0.333

for JET [80]), which are typically used to validate and benchmark GTC simulations. The

plasma current is approximately 800 kA and the toroidal field on the magnetic axis is around

0.43T.

The mode frequency and radial structure of a TAE-like burst at t ≈ 180ms with toroidal

mode number n = 1 in discharge 26887 are inferred from various diagnostics. Core-localized,

large-scale, low-frequency instabilities are typically readily detected by a toroidally extended

Mirnov coil array (OMAHA) [5] (with the raw signal from one of the coils shown in Fig

5.1(a)), owing to its high signal-to-noise ratio. The toroidal mode numbers (n) were identified

for each time and frequency using a SVD-based method [52] described in Chapter.4.2. The

selected n = 1 burst begins at a frequency of approximately 90 kHz and then chirps down

to around 65 kHz (in the lab frame) in approximately 2ms, as shown in Fig.5.2 (a). The

core plasma rotation frequency inferred from charge exchange recombination spectroscopy

(CXRS) [105] is about 10kHz, meaning the mode frequency is about 10kHz lower from the

measurement in the plasma frame. The electron density and temperature are measured

using a Thomson scattering diagnostic, showing increases in both core electron density and

temperature (taken at R = 1.0m) over the period of the appearance of TAEs in Fig.5.2 (b)

and (c). Plasma heating is provided by an on-axis mid-plane NBI, the power increasing from

1.0MW to approximately 1.6MW at 170ms, as shown in Fig.5.2 (d). The neutron emission

inferred from fission chamber measurement increases slowly over time after 180ms (shown in

Fig.5.2 (e)) in the presence of a steady NBI power input.

The safety factor (q) profile and the TAE radial structure are also inferred or reproduced
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Figure 5.1: MAST discharge 26887 raw signals of (a) one of the outboard Mirnov coils that

measure δBz and; (b) tangential SXR camera with impact parameters (p) from 28.82 to

130.52cm, from 0.16 to 0.21 seconds

from various diagnostics and calculations. The q profile and magnetic configuration are

reproduced from the MSE constrained EFIT++ reconstruction [63][64][6], with minimum

safety factor |qmin| = 1.23 at the flux surface of ρ =
√
ψpol ≈ 0.45 and central safety factor

|q0| = 1.4 at t ≈ 180ms (shown in Fig.5.6 (b)), which is the time of the selected TAE-like

burst.

The radial structure of that burst is inferred from tangential Soft X-ray (SXR) cameras

[54] (with the raw signals from the SXR channels used shown in Fig 5.1(b)). The beam emis-

sion spectroscopy diagnostic that measures electron density fluctuations (δne/ne0) was not

yet available when the experiment was conducted, and electron cyclotron emission (ECE),

which is commonly used to measure electrons temperature fluctuations (δTe/Te0) in conven-

tional aspect ratio tokamaks, is not available in MAST because of the cyclotron frequency

is much lower than the plasma frequency due to the low magnetic field strength. Hence the

SXR camera array provided the most viable option for measuring the global spatial structure
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Figure 5.2: (a) MAST discharge 26887 δBz spectrogram with half-overlapping 0.1ms win-

dows. Only the n = 1 components are displayed. The targeted TAE is circled in pink. (n,m)

= 1,1 TAE frequency and core plasma rotation frequency are labeled in black lines; core

(at R = 1.0m) electron (b) density and (c) temperature from Thomson scattering; (d) NBI

power; (e) total neutron emission from fission chamber, and low pass filtered (DC) neutron

emission showing the slow evolving part of the total neutron emission.
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of TAEs in this pulse. The signal-to-noise ratios of these SXR signals are noticeably lower

compared to the edge located Mirnov coil signal. This can be seen by comparing the Mirnov

coil spectrogram in Fig. 5.2 and SXR spectrograms in Fig. 5.3. The cross coherence analysis

(using 0.6ms and 30kHz coherence averaging windows) explained by Eq. 4.14 in Ch.4.4 can

be useful in this situation to distinguish TAE-related signals and noises in SXR measure-

ments. The Fig. 5.4 demonstrates one of the reasons why the TAE-like chirp at 180ms is

selected. Although C ˆδISXR, ˆδBz
= 0.8 gives out the relative noise level of 60%, calculated using

Eq.4.15 described in Chapter 4.4, the noise levels associated with the targeted chirp are still

lower compared to some of the neighboring activities for signals from core SXR channels. It

is worth noting that, the signals after linear regression described in Eq. 4.16 would have the

uncertainty much lower than the relative noise level, because the signals are averaged over

some numbers (N) of time and frequency windows. Hence it will have a 1/
√
N factor that

lowers the overall uncertainty level.

The SXR line-integrated signals are first band-pass filtered to isolate the frequency and

time domain of the targeted chirp. Linear regressions discussed in Chatper 4.4 are then

applied to the fluctuations of the SXR emissivities to eliminate non-global contributions

[55], as shown in Fig. 5.5(a). Lastly, the filtered signals are inverted to obtain the local

emissivities in the major radius domain [71] using the method discussed in Chapter 4.5.1.

The inverted SXR emissivity fluctuation is represented as a linear combination of δne/ne0

,δTe/Te0 and δZeff/Zeff,0, as shown in Eq.4.18. The SXR emissivity fluctuation is closely

related to radial plasma displacement, as discussed in in Chapter 4.5.1. This quantity is

commonly used for expressing TAE mode structure in various models (e.g. NOVA) because

it fully characterizes incompressible modes in ideal MHD. It is important to note that the

uncertainty levels of SXR channels prohibit the reliable inferring of the exact mode amplitude

of the targeted TAE, but it is still sufficient to the peaking location of the mode in the major

radius domain. The radial profile of the inferred TAE-associated emissivity fluctuation (

δϵ/ϵ0, as in eq.4.18 ) peaks near R = 125cm, as shown in Fig. 5.5(b), which is at ρ ≈ 0.65
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Figure 5.3: Spectrograms (with half-overlapping 0.1ms windows) of 13 tangential SXR cam-

era channels with impact parameters (p) from 28.82 to 130.52cm in MAST discharge 26887

from 150 to 250ms.
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Figure 5.4: Cross coherences (using 0.6ms and 30kHz coherence averaging windows) of STFT

of measurements from 13 tangential SXR camera channels with impact parameters (p) from

28.82 to 130.52cm and STFT of δBz in MAST discharge 26887 from 150 to 250ms.
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in the flux coordinate, where |q| ≈ 1.5 on the outboard (low field) side, as shown in Fig.5.6

(a). In the MHD model, the n = 1, m = [1, 2] TAE gap is located near q = 1.5 with

the frequency of about 70KHz (in the plasma frame) in the equilibrium of the targeted

discharge. Measured radial mode structure and mode frequency (with the consideration of

rotation Doppler shift) are located inside that n = 1, m = [1, 2] TAE gap, suggesting the

targeted TAE would have m = [1, 2] of dominant poloidal harmonics in the MHD picture. It

is worth noting that the emissivity fluctuation is weaker on the inboard (high field) side than

on the outboard side after the consideration of uncertainties, indicating that the measured

mode has a ballooning-like structure, which is common for TAEs with frequencies near the

bottom of the n = 1 TAE continuum gap [70].

The selected MAST discharge is studied through GK simulations using the GTC code,

as well as ideal MHD simulations using the eigenvalue NOVA code [21], along with the

single-fluid ideal MHD feature integrated within GTC. Temperature and density profiles for

thermal electrons and ions used for the simulations (shown in Fig.5.8) are obtained from

interpretive TRANSP [14], while the magnetic configuration utilized in the simulations is

obtained from MSE and pressure constrained EFIT++, as mentioned previously. TRANSP

samples density and temperature radial profiles of thermal ions and electron from exper-

imental data (Thomson scattering and charge exchange recombination spectroscopy), and

maps them on the flux surface positions obtained from the EFIT++ equilibrium reconstruc-

tion. The symmetrization of the radial profiles from the low and high field side is done by

taking averages of data points on each flux surface. Fast ion profiles are modeled using the

NUBEAM [76] module of TRANSP without the assumption on activate anomalous fast ion

diffusion . The two-dimensional (R,Z) fast ion density profile lacks radial and poloidal sym-

metry. Hence the GTC runs that have the modes excited by fast ions use NUBEAM results

on the outboard (low field) side and at ρ > 0.3 only as the reference for fast ion density

and temperature profile inputs to provide sufficient fast ion gradients for driving TAE-like

modes in cases that have Maxwellian and anisotropic initial fast ion distributions. Notably,

61



Figure 5.5: (a) filtered line-integrated (b) and inverted SXR emissivity fluctuations associ-

ated with the targeted TAE in MAST pulse 26887 in the major radius domain
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Figure 5.6: (a) Inverted SXR emissivity fluctuations and (b) —q— profile associated with

the targeted TAE in MAST pulse 26887
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the fast ion temperature radial profile obtained by taking the average of fast ion energy at

each radial position suggests that the fast ions are significantly hotter (more than 20 times)

and roughly one-fifth as dense as the thermal ions in the core. Hence the maximum fast ion

beta ((β)max ∝ (n ∗ T )max) is about 5 times higher than the maximum thermal beta in the

core. This regime was rarely investigated using global GK simulations previously.

The two-dimensional (R,Z) fast ion density distribution peaks in the outboard region

and lacks poloidal symmetry. Consequently, the fast ion pressure gradient is highest in the

outboard region, with the peak outboard fast ion pressure gradient occurring near ρout = 0.5,

as shown in Fig.5.7(a). However, GTC can only load the fast ions based on poloidally sym-

metric density profiles, and using the poloidally averaged NUBEAM fast ion density profile

leads to an insufficient initial pressure gradient to drive the TAE, especially considering

modes with ballooning structure are more sensitive to the outboard pressure than the in-

board region. Therefore, an analytic profile with the maximum gradient peaking at ρ = 0.6

(as shown in Fig.5.8(a)), which is close to q = 1.5 and similar to the outboard fast ion

density profile shown in Fig.5.7(b), is used in GTC simulations for the purpose of loading

the fast ion distributions. After loaded to the simulations, the full orbit fast ion profiles will

eventually become poloidally asymmetric as the fast ions move through their orbits.

Besides radial and 2D profiles, the NUBEAM calculation also provides slowing-down

fast ion distributions in pitch and energy. Initially, fast ions generated by NBI concen-

trate near injection energy and pitch, undergoing slowing down, diffusion, and scattering

through collisions and diffusion with the electrons and ions in a thermal background plasma

[86][85][89][74]. The beam injects a mix of ions at the full (60keV), 1/2 and 1/3 energy levels

of the nominal beam voltage, with most of the ions being at the full energy. The resulting

slowing-down distribution retains most fast ions near their birth pitch at three energy lev-

els. NUBEAM accounts for the geometries of NBI and the tokamak, determining the birth

pitch angle of fast ions at different radii. Although fast ions are born within a relatively

short segment of the beam path through the plasma, this segment is a significant fraction of
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Figure 5.7: (a) 2D and (b) mid-plane radial fast ion density profiles from

NUBEAM/TRANSP for MAST pulse 26887, t = 180ms

65



the minor radius in compact spherical tokamak pulse like the one in MAST presented here.

Consequently, the birth pitch changes rapidly, from µB0/E ≈ 0.6 at R ≈ 1.1m near the

location of peak fast ion density, to µB0/E ≈ 0.15 at R ≈ 1.3m near the q = 1.5 surface, as

shown in Fig.5.9.

All GTC simulations, including single-, two-fluid ideal MHD and GK simulations em-

ploying various methods to excite the mode, have nearly identical simulation parameters

(except for slight modifications to the boundary settings) to ensure consistency. The TAE

simulations using antenna excitation have the inner boundary set to ρ = 0.1, and simulations

that include fast ion distributions have the inner boundary set to about ρ = 0.2. The region

beyond ρ = 0.9 up to the last closed flux surface (LCFS) is also excluded in all simulations.

Radial linear decays near the inner and outer boundaries of the simulation perimeter are

applied. These boundary settings have been carefully selected from a series of GTC test

runs with the lowest levels of numerical instabilities among the test runs to mitigate their

effects on accurately measuring the mode characteristics. The GTC simulations exclusively

incorporate n = 1 and m ∈ [0, 7] modes, which should sufficiently account for the dominant

harmonics of the low frequency n = 1 TAE.

5.2 GTC gyrokinetic formulation and its reduction to ideal MHD

The Gyrokinetic Toroidal Code (GTC) [66] employs a gyrokinetic particle-in-cell (PIC)

method to handle both thermal and fast ions, but can also be operated using reduced models

including two- and a single-fluid models of thermal species by suppressing kinetic effects of

thermal plasmas. The gyrokinetic equation (Equation 2 in [53]) is used to describe toroidal

plasmas in the inhomogeneous magnetic field [15] with the gyrocenter position, magnetic

moment µ, and parallel velocity v|| as independent variables. The distribution functions

of different species can be decomposed into equilibrium (f0i) and perturbed (δfi) parts.

Although this work solely focuses on linear perturbative simulations, GTC is capable of
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Figure 5.8: (a) Radial density and (b) temperature profiles from NUBEAM/TRANSP from

thermal ions, electrons and fast ions used in GTC simulations.
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Figure 5.9: Fast ion distribution from NUBEAM calculated for MAST pulse 26887, t =

180ms. (a) λ vs. R near injection energy; (b) λ vs. E at (R,Z) = 1.08m,0.01m; (c) the

analytic fast ion slowing-down distribution used in a linear GTC run, mimicking the injection

λ and three birth energies (labeled in dash lines) apparent in the distribution shown in (b)
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handling non-linear evolution of full-f and δf distributions. The gyrokinetic equation is ex-

pressed as follows, with the parallel perturbed magnetic field δB|| neglected for low-β plasma

[25]:

(∂t + Ẋ · ∇+ v̇||∂v||)[f0(X, µ, v||) + δf(X, µ, v||, t)] = 0. (5.1)

Here, Ẋ, v̇||, and µ are defined in [25], in terms of equilibrium magnetic field (B0), perturbed

magnetic field (δB), electrostatic potential (ϕ), and the parallel vector potential (A||). With

gyro-averaging applied to δB, ϕ, and A|| in the formulation, assumptions of zero equilibrium

electric field (ϕ0 = 0) and time-independent equilibrium magnetic field (∂tA||0 = 0) are

made. Consequently, only the perturbed parts with zonal (ϕ00, A||00 ) and nonzonal (δϕ, δA||

) components are necessary to describe the potentials ϕ = ϕ00 + δϕ and A|| = A||00 + δA||.

In the fluid-kinetic electron hybrid model, electron distribution function is expanded into

an adiabatic part (calculated by a fluid equation) and non-adiabatic part (calculated by the

PIC method). The fluid continuity equation describes the electrons as a fluid with using

the velocity from the massless momentum equation, and the non-adiabatic part of the elec-

tron distribution function defines the electron kinetic effects using a realistic electron mass.

The equilibrium distributions of thermal electrons and ions are described as Maxwellian

distributions, while either Maxwellian or analytic slowing-down distributions can be used

to define the initial states of the full orbit fast ions. The zonal and non-zonal perturbed

electrostatic potentials (ϕ00 and δϕ, respectively) are obtained by solving the gyrokinetic

Poisson’s equation [25]. The parallel electric field is defined as

δE|| = −b0 · ∇ϕeff , (5.2)

where b0 = B0/|B0|, and the effective potential ϕeff contributes to the inductive potential

ϕind = ϕeff −δϕ. Subsequently, the perturbed parallel vector potential can be calculated by:

∂tδA|| = b0 · ∇ϕind (5.3)

The inclusion of ϕeff results in a model similar to an extended hybrid GK-MHD model

discussed in [115] and [100] but with the addition of pressure-driven terms. This model can be
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further reduced to ideal MHD by setting δE|| = 0, resulting in the exact formulation shown in

Equation (53) in [25], which includes terms that describe the bending of field lines responsible

for shear Alfvén modes, current-driven modes such as the kink mode, and pressure-driven

instabilities. A notable distinction between the extended hybrid GK-MHD model and the

ideal MHD model lies in the inclusion of δE||. A parallel electric field can lead to particle

acceleration, alter the shear wave dispersion relation [36], and introduce additional damping

compared to the ideal MHD model or the conventional hybrid GK-MHD model without

parallel electric fields.

GTC offers different run modes by a systematic reduction of the gyrokinetic equation to

explore various growth and damping mechanisms by treating the ϕind and the gradient of

fast ion distributions differently. The gyrokinetic Poisson equation and Ampère’s law can be

combined and reduced in the long wavelength (k⊥ρi < 1) limit, taking ∂t → −iω for a mode

with single frequency:

ω2

v2A
∇2

⊥δϕ+B0 · ∇[
∇2

⊥(b0 · ∇ϕind)

B0

] + iω
4π

c2

∑
α=i,e

(−iωZαδnα +∇ · δJ||α) = 0 (5.4)

. Here, δJ||α and δnα represent current and density perturbations, respectively, resulting

from the integral of velocity and/or δf in gyro-center coordinate, with Zα being the effective

charges of ions and electrons.

The ion gyrokinetic equation can be further reduced in the long wavelength limit to

describe δnα and δJ||α [25]. As a result, the equation can be simplified into the linear model

for low-frequency modes:

0 =
ω(ω − ω∗P )

v2A
∇2

⊥δϕ+B0 · ∇[
∇2

⊥(b0 · ∇ϕind)

B0

]︸ ︷︷ ︸
(1)

−∇(b0 · ∇ϕind)× b0 · ∇
b0 · ∇ ×B0

B0︸ ︷︷ ︸
(2)

−iω4π
c
[∇× b0 · ∇(

δP||

B0

) + b0 ×∇B0 · (∇
δP⊥

B2
0

) +
∇× b0 · ∇B0

B2
0

δP⊥]︸ ︷︷ ︸
(3)

. (5.5)
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Here, δP⊥ and δP|| represent perpendicular and parallel pressure, respectively, and ω∗ is the

ion diamagnetic frequency. The term (1) describes the bending of field lines responsible for

shear Alfvén modes, term (2) is responsible for current-driven modes such as the kink mode,

and term (3) pertains to pressure-driven instabilities. This equation is similar to the ideal

MHD model shown in [25] but keeping a non-zero ϕeff . It resembles a hybrid MHD-GK

model shown in [115] and [100] but with the addition of pressure-driven terms.

The above hybrid model can be reduced to ideal MHD by setting δE|| = 0. Applying the

normal mode assumption yields a one-dimensional wave vector i
−→
k = ∇. Consequently, ϕind

reduces to δϕ, and b0 · ∇ becomes ik||, resulting in the ideal MHD model:

0 =
ω(ω − ω∗P )

v2A
∇2

⊥δϕ+ iB0 · ∇[
∇2

⊥(k||δϕ)

B0

]︸ ︷︷ ︸
(1)

− i∇(k||δϕ)× b0 · ∇
b0 · ∇ ×B0

B0︸ ︷︷ ︸
(2)

(5.6)

−iω4π
c
[∇× b0 · ∇(

δP||

B0

) + b0 ×∇B0 · (∇
δP⊥

B2
0

) +
∇× b0 · ∇B0

B2
0

δP⊥]︸ ︷︷ ︸
(3)

(5.7)

A notable distinction between equations (5.5) and (5.7) lies in the wave vectors in terms

(1) and (2), which describe shear Alfvén modes and current-driven modes, respectively. In

the hybrid model, energy is ”shared” between k|| and other directions, unlike in the ideal

model, where it is solely attributed to k||. Additionally, differences in term (3) stem from the

dependence on ϕeff in δP⊥ and δP||. GTC assumes their lowest order terms δP
(0)
⊥ and δP

(0)
||

to be dependent on the lowest order component of the effective potential ( ϕ
(0)
eff ), which is

influenced by the poloidal and toroidal curvatures of the density profile [53]. These terms,

previously overlooked in cases of low-frequency shear modes in conventional tokamaks, may

become more significant in the stronger curvatures found in STs. Such modifications, due to

the presence of ϕeff , would impact the mode frequency, as well as the growth and damping

rates. GTC offers different run modes to explore these regimes. For instance, it can test
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both models by toggling ϕeff on or off, examining the ideal MHD (described in Chapter.3.2)

and kinetic regimes for low-frequency modes.

The δA|| and δϕ perturbations defined previously are used in the gyrokinetic particle

weight (wi = δfi/fi) equation that handles the evolution of perturbed distribution functions,

rewritten as the following:

dwi

dt
= (1− wi)

[
−(v||

δB

B0

+ vE) ·
∇f0i
f0i

|µ +
(
µ
δB

B0

· ∇B0

+eZi
B∗

B0

· ∇δϕ+ eZi∂tδA||

)(
1

mif0i

∂f0i
∂v||

)]
, (5.8)

where i is the species, vE is the E × B drift velocity, B is the total magnetic field, B∗ is

related to B (defined in [53]), and eZi is the effective charge of the species. Some of the

quantities in the weight equation will be handled differently to test various physics regimes.

For instance, the code provides the option of turning finite δE|| on and off by treating ∂tδA||

differently in the two- and single-fluid ideal MHD run modes, respectively, to test continuum

and radiative damping mechanisms separately. Ion Landau damping can also be added on

top of these damping mechanisms when the thermal ions are in the full- or gyro-kinetic

regimes.

5.3 Maxwellian and Anisotropic distributions in GTC

GTC incorporates thermal ion temperature and density gradients, which contribute to the

TAE instability drives, into Maxwellian distributions in the simulations that consider gy-

rokinetic thermal ions. The Maxwellian distribution is defined as follows:

f0a =
n0a

(2πT0a/mi)3/2
exp

(
−
2µB0 +mav

2
||

2T0a

)
, (5.9)

where the subscript a represents the species, and n0a, T0a, and ma represent the species’

density, temperature, and mass, respectively, with B0 being the equilibrium magnetic field.
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The gyrokinetic weight equation (Equation 5.8) shows that the mode structure depends on

the gradients of the distributions (∇f0a/f0a and (1/f0a)(∂f0a/∂v||)) defined as:

∇f0a
f0a

|µ =

(
1

n0a

∂n0a

∂ψ
+ (− 3

2T0a
+

2µB0 +mav
2
||

2T 2
0a

)
∂T0a
∂ψ

)
∇ψ

− µ

T0a
∇B0 (5.10)

and

1

f0a

∂f0a
∂v||

= −
mav||
T0a

, (5.11)

respectively.

Fast ions can also be included in GTC to excite modes. These fast ions can be initially

loaded in a Maxwellian distribution, similar to the treatment of thermal ions (Equation 5.9).

The fast ion profiles will eventually become poloidally asymmetric as the fast ions move

through their orbits. Alternatively, the fast ions can also be initially loaded in an analytic

fast ion slowing-down distribution [74], defined as:

f0f =
n0fH(v0 − v)

v3 + v3c
exp

(
−
(
λ− λ0
∆λ

)2
)

(5.12)

Here f is the label for the species, which in this case is just for the fast ions from

a single NBI injection while the thermal species are still represented by the Maxwellian

distribution (Equation 5.9). v =
√
v2|| + v2⊥ where v|| is the parallel velocity of the particles,

vc = vc,0
√
Tf/mf is the critical velocity (where vc0 is a dimensionless scale factor, and

Tf is the fast ions’ temperature), v0 = v0,0
√
Tf/mf is the birth velocity (where v0,0 is a

dimensionless scale factor), H is the Heaviside step function, λ = µB0/E = (B0/B)(v2⊥/v
2)

is related to the pitch of the particle with respect to the on-axis magnetic field B0, E is

the fast ion’s kinetic energy, λ0 is a constant associated with the birth pitch, and ∆λ is the
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width of the pitch angle distribution. The gradients of the analytic slowing-down fast ion

distribution (∇f0f/f0f and (1/f0a)(∂f0a/∂v||) ) are given by:

∇f0f
f0f

|µ =

(
1

n0f

∂n0f

∂ψ
− 3v3c

2(v3 + v3c )Tf

∂T0f
∂ψ

)
∇ψ

+

(
2λ2

Ba∆λ2
(λ− λ0)−

1

mf

3µv

v3 + v3c

)
∇B0 (5.13)

and

1

f0a

∂f0a
∂v||

=
2mav||λ

2

µB0∆λ2
(λ− λ0)−

3vv||
v3 + v3c

, (5.14)

respectively. These gradients determine the mode structure when an anisotropic fast ion

distribution is considered.

5.4 Continuum and NOVA simulations of the MAST TAE test

case

The Alfvén continuum is computed using the continuum modules bundled with NOVA and

GTC, as shown in Fig.5.10. Unlike the NOVA code, the GTC code in δf run mode itself does

not calculate the continuum directly. Instead it uses a bundled ALCON module [? ] to solve

ideal MHD Alfvén continua in tokamaks with the provided inputs for GTC. Comparing

these continua is crucial to ensure similarity in inputs used by NOVA and GTC, in view

of the differences in the treatment of magnetic configurations and equilibrium conditions

[21]. Additionally, the continuum provides insights into the TAE mode frequency and radial

structure.

Generally, the continua from NOVA and single-fluid GTC align well with each other,

exhibiting an n = 1 TAE gap ranging from about 80 to 130 kHz at ρ = 0.2, and widening to

a range from 60 to 200 kHz at ρ = 0.5. The TAE gap in the targeted MAST case is notably
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broader than in conventional tokamaks due to the low aspect ratio [70]. Discrepancies arise

near the edge (ρ > 0.8) in the part of the continuum associated with higher m harmonics,

probably due to the different approaches employed by the two codes in handling equilibrium

conditions. For example, maxima of the lower GTC continuum and minimum of the upper

GTC continuum near ρ = 0.65 are both shifted down compared to those of the NOVA

continuum, possibly due to differences on the treatments on the input profiles, such as the

magnetic shear profiles used by the two continuum modules. The discrepancies here can in

principle result in differences in mode characteristics (such as eigen-frequencies) calculated

by GTC and NOVA. Discrepancies in GTC and NOVA continua also exist near ρ = 0.85.

However, the measured mode extent of the targeted TAE stays within ρ < 0.85. Hence

the discrepancy near ρ = 0.85 is unlikely to significantly impact the low-mode-number

(m ∈ [0, 2]) TAEs found in the simulations.

The NOVA code handles the magnetic configuration and plasma thermal profiles slightly

differently from GTC. The code samples the region either above or below the mid-plane and

assumes up-down symmetry in the magnetic configuration. The actual magnetic configu-

ration, inferred from MSE-constrained EFIT++, indicates a slight up-shift of the magnetic

axis by less than 3 cm at t ≈ 180 ms. Consequently, the lower region is selected to avoid is-

sues from the axis location. The NOVA simulations encompass n = 1 and m ∈ [0, 19] modes.

Like GTC, solutions from NOVA are sometimes contaminated by non-TAE-like continuum

intersection when a mode touches the continuum, resulting in strong continuum damping.

However, unlike GTC, which is an initial value code, the eigenvalue code NOVA yields nu-

merous possible solutions. Only solutions exhibiting minimal continuum interactions are

analyzed. Note that the mode spatial structures and poloidal harmonics from NOVA are

represented by the plasma radial displacement (ξ) while GTC solutions are expressed in

terms of the electrostatic potential perturbation (δϕ). The two can be linked through their

definitions of fields [101]:
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NOVA:

δB = ∇× (ξ ×B0), δE = −∂tξ ×B0 (5.15)

GTC:

δB = ∇× (δA||b0), δE = −∇δϕ− ∂tδA||b0 (5.16)

Ideal MHD simulations are conducted using the NOVA code to establish a baseline for

the other simulations reported in this chapter. NOVA simulations on TAEs in NSTX have

been validated and reported numerous times [38][31], yielding solutions that agree with the

frequency and radial mode structure at the linear stage (without or at the beginning of

frequency chirping) of the mode. Using NOVA, a cluster of n = 1 TAE solutions in MAST

near 90 kHz (in the lab frame) is identified, consistent with the frequency measured by

OMAHA before chirping occurred in MAST shot 26887 at approximately 181 ms. The

radial mode structures and poloidal harmonics are similar among the cluster of solutions,

with m = 1, 2 dominating and peaking near the q = 1.5 surface near ρ = 0.6, shown

in Fig.5.11. This agrees well with analytic theory in the large aspect ratio limit, which

indicates that TAE peaks at the q = m+1/2
n

surface [34].

5.5 Antenna-excited TAEs in GTC

Eigenmodes excited by antennas are used to determine mode frequencies and damping rates

in single- and two-fluid ideal MHD and linear GK regimes in GTC. In GTC, the antenna

inserts an additional synthetic potential (ϕant) into the inductive potential: ϕind = ϕeff −

δϕ+ ϕant, with ϕant represented as a standing sinusoidal signal [112]:

ϕant = ϕant,0(ζ, θ, x) cos(ωantt), (5.17)
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Figure 5.10: Mode structure FWHM from measurement (dashed line), NOVA (green line)

and GTC (red line) together with Alfvén continuum in the range of TAE gap generated by

GTC and NOVA calculated for MAST pulse 26887, t = 180ms.
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Figure 5.11: Radial displacement of TAE at ≈89kHz from NOVA calculated for MAST pulse

26887, t = 180ms.
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where ζ and θ are toroidal and poloidal angles, respectively, and the antenna spatial profile

ϕant,0(ζ, θ, x) in the absence of fast ions is defined as follows:

ϕant,0 =


Camp

 exp

(
−2(x−xctr)

2

σ2
w

)
−exp

(
−0.5x2bd

σ2
w

)
(1−exp

(
−0.5x2

bd
σ2
w

)
)

 cos(mθ − nζ), if |x− xctr| < xbd

0 otherwise

,(5.18)

where x ∈ [0, 100] is the radial grid in GTC simulations, Camp = 10−4 is the antenna

amplitude, xctr = 70 is the radial location of peak antenna amplitude in the GTC grid set

near the q = 1.5 surface, xbd is the radial size of the antenna in the GTC grid, and the

width σw = xbd/2. xbd is limited to 20 to ensure that the antenna radial profile does not

touch simulation boundaries. The experimental modes were not antenna driven. Hence the

purpose of exciting the TAE with an antenna is to accurately measure the mode frequencies

and damping rates without influences from numerical instabilities near boundaries, instead

of aiming to recover the global radial mode structure computed by NOVA or measured by

SXR. Hence the radial extent of the antenna envelope (xbound = 20) is limited to region

around q = 1.5 only to ensure that no modes or instabilities other than the n = 1, m = 1

TAE are excited by the antenna.

The excited mode will follow one of two scenarios. The modes are observed to grow

linearly up to the amplitude where the plasma damping balances with the antenna driving

when the antenna frequencies match the TAE eigen-frequency. Otherwise, the mode inten-

sity grows with oscillations due to the frequency mismatch and saturates at a lower ampli-

tude. The relationship between saturated intensity, antenna frequency, eigen-frequency, and

damping rate follows the driven resonant cavity theory [111]:

A2 ∝ 1

(ω2
E + γ2D − ω2

ant)
2 + 4γ2Dω

2
ant

, (5.19)

where ωE is the eigen-frequency, γD is the damping rate, and A2 is the normalized saturated

intensity. This relation indicates that the mode would exhibit the strongest A2 when ωE =
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ωant for a fixed γD. TAEs exist in the continuum gap, hence a resonant cavity model is used

instead of a regular driven-damped mode model. A scan of antenna frequencies with the

same settings of other parameters, such as the antenna spatial profiles, gives out a saturated

intensity profile related to the antenna frequencies, as shown in Fig. 5.12. The eigen-

frequency of the TAE is near the frequency with the peak normalized saturated intensity.

Another set of simulations is performed to investigate TAE properties in the GTC single-

fluid model. The mode eigen-frequency, damping rate due to continuum damping and the

ratio of polodial harmonics are determined using the antenna module in single-fluid run

modes in GTC. After measuring the frequency with the peak normalized saturated intensity,

a new calculation is performed to first excite the mode at that frequency, and then to measure

to decay of the mode begins after the antenna is turned off, where γD and the actual ωE

can be measured by fitting the decaying oscillator function: A(t) ∝ eiωEteγDt. A TAE with

n = 1, m = 1, 2 is expected peak near the q = 1.5 surface. Therefore, ϕant,0 is positioned

near |q| = 1.5 with mode numbers n = 1 and m = 1 in the antenna excitation of TAE.

The single-fluid run mode has ϕeff = 0 and hence δE|| = 0. The antenna is kept on until

the amplitude of the excited mode is saturated, then the antenna is turned off to measure

an eigen-frequency of 70.1 kHz, suggesting a TAE eigen-frequency close to 80 kHz after

considering the plasma rotation frequency of about 10 kHz in this case. This frequency is

about 8kHz (or 10 %) lower than the value predicted by NOVA and the initial frequency

of the TAE. But it is interesting to note that the frequency from GTC matches closely the

expected large aspect ratio ideal MHD (n,m) = 1,1 TAE frequency (vA/2qR, where vA is

the Alfvén speed). Similar to the continuum calculations shown in Fig.5.10, the discrepancy

in the predicted mode frequencies from both codes would be due to the difference in NOVA

and GTC predicted frequency mostly by differences input profiles, not the differences in

physics. The damping rate is measured to be γD = −(2π) ∗ 3342 s−1 and γD/ω = −4.77%.

The antenna-excited m = 1 harmonic closely resembles the results from ideal MHD NOVA,

as shown in Fig.5.14 (a1)(a2), but the m = 2 harmonic has a much lower contribution to the
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overall mode structure in GTC compared to NOVA. Non-perturbative effects or differences in

the treatments for equilibrium could contribute to the discrepancies in the mode frequency

and the ratio of polodial harmonic. Contributions from reverse shear Alfvén eigenmodes

(RSAEs) might also cause these discrepancies. RSAEs generally have eigen-frequencies in

the range below the TAE frequency with only a single poloidal harmonic peaking near the

qmin in a reversed shear (|q0| > |qmin|) plasma. However, RSAEs could be in an intermediate

regime with both characteristics of TAEs and RSAEs, which have two coupled poloidal

harmonics and in an intermediate frequency [11]. The equilibrium used in GTC simulations

is slightly reversed shear with qmin location (ρ ≈ 0.45) not too far away from the q = 1.5

surface at ρ ≈ 0.7, as shown in Fig.5.6(b) . Hence it is possible to have small contributions

of m = 1 RSAE excited alongside m = 1, m = 2 TAE in GTC, and alter the overall mode

eigen-frequency and the ratio of polodial harmonics from a conventional TAE.

The mode exhibits a similar eigen-frequency and greater damping rate when radiative

damping is included in GTC. The mode is excited with the same antenna setting but in

the two-fluid model with finite δE||. The eigen-frequency of the mode at 72 kHz (before

considering the rotation-induced Doppler shift) is similar to that found in the single-fluid

MHD simulation. The relative amplitude of m = 1 and m = 2 δϕ near the |q| = 1.5 surface

is similar to that found in the single-fluid MHD simulation. However, δϕ is weaker at qmin in

the two-fluid simulation (Fig.5.14 (b1)(b2)), suggesting that a weaker coupling between the

TAE and the RSAE in producing the global eigenmode structure when radiative damping

caused by the finite δE|| is taken into account. The mode damping rate measured at |q| = 1.5

after the antenna is turned off is greater (γtot/ω = −4.77% versus −5.97%, as shown in Table

5.1), also as a result of the δE|| introduced by radiative damping.

Antenna-excited TAEs saturate at much lower amplitude and exhibit significantly greater

damping rate when kinetic thermal ions are included in GTC. The TAE is excited by the

antenna in the same way as before but now with full-kinetic thermal ions, with finite δE|| and

without gyro-averaging. Thus, continuum, radiative, and ion Landau damping mechanisms
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are all included in this run mode. The eigen-frequency is found to be slightly lower than in the

previous cases, 69.3 kHz before Doppler shift. Its mode structure and poloidal harmonics

(Fig.5.14 (c1)(c2)) are similar to the two-fluid MHD case near |q| = 1.5. However, the

damping rate at |q| = 1.5 after the antenna is turned off is more significant at γD/ω =

−11.0%, most likely due to the addition of ion Landau damping similar to that found in

RSAE cases in DIII-D [? ]. The saturated amplitude is much lower compared to previous

ideal MHD cases, as shown in Fig.5.13. This is likely due to the more significant damping

rate and agree with the resonant cavity mode model (Equation 5.19). The simulation can

also include gyrokinetic thermal ions with gyro-averaging, which introduces the FLR effect.

However, the saturated amplitude, eigen-frequency and damping rate in the gyro-averaging

case are nearly the same as the full-kinetic case, suggesting that ion Landau damping is

responsible for most of the additional damping rather than the FLR effect in gyro-kinetic

simulation. The difference in damping rates is also reflected in the ratios between δE||

(defined in Eq. 5.2) and the electrostatic parallel electric fields EES
|| = −b0 · ∇δϕ [68]. The

mode is Alfvénic in the ideal MHD description and experiencing no Landau nor radiative

damping effects when δE||/E
ES
|| = 0, as in the single-fluid MHD case shown in Table 5.1

(case I). The δE||/E
ES
|| in the region near the peak of the modes (0.5 < ρ < 0.8) in cases

II - IV are still much smaller than 1. This indicates that the modes in these cases are still

predominantly Alfvénic, but the damping effects are more significant compared to case I and

not negligible. Besides the differences in the net damping rates and the δE||/E
ES
|| , the ion

Landau damping might also affect the spatial structures of the modes. The ion Landau effect

is the strongest when the ion thermal velocity approaches the wave parallel phase velocity

ωE/k|| where k|| = (n−m/q)/R (in the large aspect ratio limit) is the parallel wave vector.

The Ti is at its maximum near the core (as shown in Fig.5.8(b)), suggesting that vphase,ion is

likely to be closest to ωE/k|| in the region and hence that ion Landau effect is the strongest

near the core. As a result, the mode has a much weaker δϕ in the core region (ρ < 0.5) in

the simulation that includes gyro-kinetic thermal ions compared to the δϕ from single-fluid
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Figure 5.12: The saturated amplitudes versus antenna frequencies for antenna excited TAEs

(case I in Table.5.1)

simulation (Figures 5.14(c1)(c2) vs. (a1)(a2), respectively).

5.6 TAEs excited by Maxwellian and slowing-down fast ion dis-

tributions in GTC

TAEs can also be excited by Maxwellian fast ion distributions in GTC as described in

Equation 5.9. Analytic fast ion density profiles are employed to excite TAEs in the linear

GK regime in GTC and reveal the instability threshold of the mode. The experimental fast

ion distributions induced by NBI are computed by NUBEAM [76]. Spatial profiles of fast

ion temperature and density are considered, while their pitch and energy distributions are

neglected for modes excited by Maxwellian distributions. Analytic fast ion density profiles

with scales of 1, 1.5, 2, and 2.5 times the maximum fast ion density computed with NUBEAM

((nFI,NUBEAM)max) are used in linear GTC runs to determine the instability threshold of

the targeted TAE. The increase of the fast ion density scale factor subsequently increases
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Figure 5.13: The waveform (solid curves) of (n,m) = (1,1) near —q— = 1.5 of the antenna

excited modes, with their eiωEteγDt fits (dashed curves) for the period after the antenna was

turned off
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Figure 5.14: 2D (R,Z) snapshots from GTC runs that excite n = 1 TAE with (a1) 70kHz

antenna in single-fluid MHD plasma without ϕeff ; (b1) 72kHz antenna in double-fluid

MHD plasma with ϕeff ;(c1) 70kHz antenna with gyro-kinetic thermal ions and ϕeff ; (d1)

Maxwellian fast ion profile with 1 ∗ (βFI,NUBEAM)max, (e1) Maxwellian fast ion profile with

2∗(βFI,NUBEAM)max, (f1) analytic fast ion slowing-down distribution with injection λ = 0.65.

(a2) - (f2) show the corresponding poloidal harmonics m = [0,4]
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the βFI and keep TFI unchanged in the scan. The TAE is marginally unstable when it

is excited with (βFI,sim)max = 1 ∗ (βFI,NUBEAM)max. Simulations with βFI slightly below

1 ∗ (βFI,NUBEAM)max are dominated by noise and numerical instabilities, indicating that the

mode is stable, and hence no accurate mode structures, frequencies, or growth rates can be

extracted from these solutions. This suggests that the βFI threshold for an unstable TAE is

slightly below the maximum fast ion pressure reproduced by NUBEAM. The ratio of the net

growth rate (γtot = γL + γD) to the mode frequency (ω) for modes excited by 1, 1.5, 2, and

2.5 times (βFI,NUBEAM)max are 3.63%, 7.56%, 9.52%, and 11.77%, respectively, as shown in

Fig.5.17 (a). The γtot/ω appears to be nearly linearly proportional to βFI , which is similar to

the approximation for low-n TAEs in large aspect ratio discussed in the Equation 10 of [34],

despite having a significantly greater βFI/βi. The ratio of δE|| and EES
|| in these fast-ion-

excited modes are also measured in the same way mentioned previously in Section 5.5, and

shown in Table 5.1. However, since the fast-ion-excited modes are continuously driven by

the fast ions, the measured δE||/E
ES
|| values reflect both damping and driven effects. Hence

these values cannot be directly compared with those found in the antenna-excited cases.

The frequencies of modes excited by the analytic fast ion profile with different pressure

scales are similar. Previous benchmarks of GTC have demonstrated non-perturbative kinetic

contributions from fast ions [112], resulting in differences in mode frequency compared to

eigen-frequencies found in antenna scans without δE||. The frequencies of modes excited by

a fast ion profile with the pressure at 1 times (βFI,NUBEAM)max peak near 72 kHz before

Doppler shift. The frequencies shift downward in cases when the (βFI,NUBEAM)max is scaled

up, as shown in Fig.5.17 (b). The shift could be the result of the significantly increased

fast ion density in the cases with higher fast ion pressure scales that alter the equilibrium

when quasi-neutrality is considered, in addition to kinetic effects. The spatial structure of

the modes excited by profiles with these scales is similar when they are in the exponential

growth phase. The δϕ peaks near |q| = 1.5 (Fig.5.14 (d1)(e1)) with m = 1 dominant

poloidal harmonic (Fig.5.14 (d2)(e2)). The contributions from m = 2 are more pronounced
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compared to the antenna-excited modes. However, the ratio of m = 2 to m = 1 is still

not as much as those in ideal MHD NOVA, even when both are converted to the same

physical quantity δBr/B for comparisons, as shown in Fig.5.18. The ratio of m = 2 to

m = 1 ((δBr,m=2)max/(δBr,m=1)max)) in the GTC solution is lower than the NOVA solution

( ≈ 0.68 versus ≈ 0.92, respectively). This suggests that there are still contributions from

m = 1 RSAE to the overall mode structure and frequency, similar to the antenna-excited

cases.

The radial TAE structure excited by a fast ion distribution in GTC is compared to

inverted SXR measurements after an preliminary attempt on converting δϕ to δne. The

conversion done by multiplying δϕ from GTC by the radial gradient of electron density,

polodial mode number (m) and 1/r, as the following:

δne ≈ −m
r

δϕ

b0
∇rne0, (5.20)

where b0 is the magnetic field strength on axis. The ∇rne0/r term might alter mode peaking

location and radial extent when it is represented in terms of electron density fluctuations.

Hence this conversion is needed before direct comparisons between GTC results and SXR

measurements. ∇rne0(r) can be overly sensitive to jumps in ne0(r) from either TRANSP

results or Thomson measurements. Hence ne0 is first smoothed out by fitted to a Gaussian

function as ne0,fit = ne0,maxe
−(ρ−µ)2

2σ2 (as shown in Fig.5.15(a)) before finding ∇rne0,fit(r) (as

shown in Fig.5.15(b)). The use of Gaussian ensures smoothness of ne0,fit, as well as having

a fixed expression of −∇ρne0,fit =
(ρ−µ)
σ2 ne0,fit in terms of ne0,fit and fitting parameters. This

makes estimating the propagation of fitting uncertainties to δne straightforward. It is worth

noting that the fitting uncertainties are large at some radial locations. This methodology

can be refined in by future researchers to improve the results.

The mode peaking location of (−m
ρ
∇ρne0,fit)(δϕ) of a TAE excited by Maxwellian fast ion

distributions in GTC is similar to the measured structure inferred from SXR measurements.

b0 and the minor radius a are constants, hence (−m
ρ
∇ρne0,fit)(δϕ) (where ρ ≈ r/a is sufficient
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Figure 5.15: (a) ne0(ρ) from TRANSP, its profile fitted to a Gaussian function as

ne0,fit = ne0,maxe
−(ρ−µ)2

2σ2 , and the fitting uncertainty; (b) −∇ρne0,fit = (ρ−µ)
σ2 ne0,fit and the

propagated fitting uncertainties

to compare the radial profiles of δne in Eq.5.20 with the SXR measurements. Both SXR

measurements and Maxwellian fast ion excited GTC exhibit a peak near q = 1.5 surface,

as shown in Fig.5.6(a) vs. Fig.5.16(a), respectively. However, the radial extent of the mode

from GTC is slightly wider than the measured structure. This could be the result of poor

fitted ne0,fit at the region ρ < 0.4 and future researchers can improve the results by using

better fitting model for ne0,fit.

Apart from Maxwellian distributions, analytic fast ion slowing-down distributions can be

utilized to excite the TAE in GTC as described in Equation 5.12. Although the model does

not accommodate the rapidly changing birth pitch across different major radii in spherical
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Figure 5.16: Poloidal harmonics m = [1,2] of (−m
ρ
∇ρne0,fit)(δϕ) from GTC runs that excite

n = 1 TAE with (a) Maxwellian fast ion profile with 1 ∗ (βFI,NUBEAM)max; (b) analytic

fast ion slowing-down distribution with injection λ = 0.65, with dashed curves represent the

propagated ne0,fit fitting uncertainties
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Figure 5.17: (a) Growth rates and (b) eigen-frequencies (in the plasma frame) of n = 1,

m = 1 TAEs excited by analytic Maxwellian fast ion βFI of 1, 1.5, 2 and 2.5 times of

(βFI,NUBEAM)max (by scaling nFI), sampled near —q— = 1.5 surface
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Figure 5.18: 2D (R,Z) δBr/B structures of (a) m = 1 and (b) m = 2 from NOVA; (c) m = 1

and (d) m = 2 from linear GTC with the mode excited by analytic Maxwellian fast ion βFI

of 3 ∗ (βFI,NUBEAM)max (by scaling nFI)
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tokamaks as shown in Fig.5.9(a) in Section 5.1, it is sufficient to represent most of the

beam-induced fast ions as they are generated near R ≈ 1.1m with birth pitch variable

concentrated near λ = 0.65. Hence, analytical slowing-down distributions that fit the fast ion

pitch-energy distributions there (Figures 5.9(b)(c)) could realistically represent the trapped

particles interacting with the TAE.

The TAE driven by the analytic slowing-down fast ion distribution exhibits a higher

growth rate and slightly different mode spatial structure compared to modes excited by

Maxwellian distributions, probably due to the anisotropic distribution of fast ions [17]. The

radial fast ion density and temperature (for determining vc and v0) profiles are taken from

the Maxwellian fast ion case with (βFI,sim)max = 1 ∗ (βFI,NUBEAM)max for consistency. The

frequencies of modes from the two cases remain similar to those of the mode excited solely

by the Maxwellian distribution, around 70 kHz before a Doppler shift correction. However,

the growth rate of the mode excited by the slowing-down distribution (n,m) = (1, 1) is

significantly higher (γtot/ω = 10.75%) than the mode excited solely by the Maxwellian

distribution using the same fast ion pressure profiles. This indicates that the mode becomes

more unstable with the use of the slowing-down distribution, probably due to the anisotropic

fast ion distributions peak at higher λ, providing more fast ions to be in shear Alfvén

resonance. The effects of fast ion anisotropy on the growth rate had also been observed

in the stability study of TAEs in ITER scenarios when the pitch distribution is considered

in the kinetic-MHD code NOVA-K [39]. The difference of TAE growth rates between fast

ion Maxwellian and slowing down distributions excited modes with the same nFI in GTC,

however, is greater than those found using NOVA/-K. The discrepancy could be the result of

additional kinetic effects included in GTC compared to NOVA/-K, and also the differences

in fast ion beta and aspect ratio in MAST case compared to the ITER case discussed in [39].

The use of an analytic slowing-down distribution in GTC also alters the radial structure

of the mode compared to the case with Maxwellian distribution excitation. The peak of the

m = 1 component in δϕ shifts to ρ = 0.5 close to |qmin| (Fig.5.14 (f2)) from ρ = 0.65 near
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|q| = 1.5 in cases excited solely by the Maxwellian distributions. In the slowing-down case,

the ratio of the m = 1 to m = 2 component in δϕ is comparable at |q| = 1.5, but m = 1 is

dominant near the |qmin|. Additionally, a spiral feature emerges in the 2D (R,Z) structure

of δϕ for the mode excited by the λ = 0.65 slowing-down distribution (Fig.5.14 (f1)), absent

in the mode excited by the Maxwellian distribution alone. This spiral suggests a stronger kr,

implying more significant radial energy transfer than the previous case. These characteristics

suggest the use of an anisotropic fast ion distribution causes the mode to exhibit distinctive

features of both TAE at q = 1.5 and RSAE at qmin. This could be due to the differences in

∇f0f/f0f |µ (Equation 5.13) and (1/f0a)(∂f0a/∂v||) (Equation 5.14) peaking locations when

the pitch of fast ions is considered, and hence altering the fast ion pressure gradients. This

can make both m = 1 RSAE and m = 1,2 TAE more distinguishable at their associated q

surfaces.

The radial extent of a TAE excited by an anisotropic fast ion distribution in GTC is much

wider than the measured TAE structure. Similar to the case excited by Maxwellian fast ion

distribution, the δϕ from the anisotropic case is also converted to (−m
ρ
∇ρne0,fit)(δϕ) for

comparison with SXR measurements. The m = 1 poloidal harmonic still peaks mcuh closer

to the core in the anisotropic case (shown in Fig.5.16(b)) compared to the Maxwellian case

after the conversion (shown in Fig.5.16(a)). This causes the mode excited by anisotropic fast

ion distribution to be wider than both Maxwellian case and the SXR measurement (shown in

Fig.5.6(a)), even neglecting the region ρ < 0.4 that has poor fitted ne0,fit. Surprisingly, the

less realistic Maxwellian fast ion distribution seems to produce a result more similar to the

measurements compared to the anisotropic fast ion distribution. Besides improving ne0,fit,

future researcher can investigate whether the anisotropic fast ion distribution used in GTC

simulations (Fig.5.9(c)) is the source of the discrepancy and require improvements as well.
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5.7 Summary of this chapter

Global radial mode structure measurement of TAEs in the MAST discharge 26887 at 180 ms

are made with soft X-ray and inverted to obtain the emissivity fluctuation spatial structure

using a novel technique. The structure shows characteristics consistent with theory for

(n,m,m+1) = (1,1,2) TAEs. It is worth noting that the dominant mode numbers and mode

frequency of a NBI-excited TAE depend on the beam geometry. In this particular MAST

case, the (n,m,m+1) = (1,1,2) gap location is the closest one to the beam induced fast

ion deposition location near the core, and hence the TAE with this set of mode number is

excited. Dominant mode numbers of the TAEs might be different if beam does not have

on-axis injection geometry. In addition, although not included in the MHD picture of TAE,

a different beam injection geometry can alter the mode frequency by changing the poloidal

transit times for fast ions, which affect mode-fast ion resonance (Eq. 2.2). Future researchers

can study the effects of geometry to TAE’s characteristics and stability in MAST-U or similar

devices (e.g. NSTX-U) using neutral beams with different injection geometries.

The radial mode structure measurements are also compared with linear gyrokinetic sim-

ulations using various GTC run modes, as summarized in Table 5.1. These simulations

demonstrate GTC’s capability to incorporate various mechanisms that significantly affect

the TAE, which are absent in MHD models. Antenna-driven TAEs in single-fluid (without

δE||) and two-fluid (with δE||) plasma in GTC are subject to similar damping rates of about

5-6%. This indicates that radiative damping introduced by the two-fluid model does not

significantly increase the damping beyond the continuum level. However, the damping rate

increases significantly to 11% when the thermal ions are in the gyrokinetic regime, which

includes the ion Landau effect. On the other hand, the damping rate only changes slightly

when FLR effects are included, introduced by the gyro-averaging of the thermal ions. This

suggests that the ion Landau effect makes the most significant contribution to the mode

damping rate, emphasizing the need for an accurate treatment of kinetic effects (absent in
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ideal MHD codes) for precise TAE stability predictions. The ratios of δE|| and E
ES
|| in these

antenna-excited modes also reflect the difference in the damping mechanisms, as they are

more significant compared to the two-fluid case.

TAEs excited by Maxwellian fast ion distributions with various fast ion pressures in GTC

demonstrate the sensitivity of TAE growth rates to the fast ion pressure gradient. A scan

of analytic fast ion pressure profiles with densities ranging from 1 to 2.5 times the level

computed by NUBEAM was conducted. The spatial structures of these TAEs are similar to

each other and to NOVA ideal MHD eigenmode calculations, with comparable proportions

of m = 1 and m = 2 components in δϕ. The TAEs excited in the fast ion density scan

have growth rates ranging from 3.9 to 16.1%. This indicates that the experimental fast ion

density computed by NUBEAM is sufficient to drive the mode and suggests that the stability

threshold lies between 0.5 and 1 times the NUBEAM fast ion density.

Fast ion anisotropy significantly affects the stability of TAEs. Besides fast ion Maxwellian

distributions, GTC can also be used to model the excitation of TAEs with analytic slowing-

down fast ion distributions. The growth rate increases significantly to about 11% when an

analytic slowing-down distribution that mimics the NUBEAM fast ion pitch/energy distri-

bution near the peak fast ion density (R ≈ 1.1m) with the same analytic fast ion density

profile used in the Maxwellian case is used to excite the mode. This demonstrates that mode

stability is sensitive to the pitch and energy distribution of the beam-induced fast ions. The

m = 1 and m = 2 components at q = 1.5 are similar to the previous case excited solely by

the Maxwellian distributions, but m = 1 δϕ extends further to the core near the qmin loca-

tion. A more noticeable spiral 2D structure, implying a stronger kr compared to the mode

excited by the Maxwellian distribution, appears in the mode excited by the slowing-down

distribution. This suggests that additional contributions from an RSAE are present due to

the differences in ∇f0f/f0f peaking locations arising from the replacement of a Maxwellian

distribution with an anisotropic slowing-down distribution, and hence altering the fast ion

pressure gradients. As with the kinetic effects mentioned earlier, fast ions are absent in ideal
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MHD codes, which limits their ability to assess the impact of fast ion distributions on TAE

stability. This emphasizes the importance of kinetic codes like GTC, which can account for

the effects of fast ions.

Overall, the GTC simulation results for TAE radial mode structure and frequency are

in good agreement with the measurements. Despite different representations of thermal

and fast ions, the eigen-frequencies of TAEs excited in various GTC run modes fall within

a narrow range of 69 to 72 kHz. The laboratory frame frequencies are close to 80 kHz

after accounting for the ≈ 10kHz plasma rotation Doppler shift. This is about 9% lower

than the frequency computed by NOVA and the measured initial frequency of the targeted

chirping TAE. Interestingly, the frequencies from GTC are closer to the TAE frequency

at its peak mode amplitude, as well as to the ideal MHD value for the (n,m) = (1, 1)

TAE frequency, once the rotation Doppler shift is considered. The discrepancy could be

attributed to differences in the input profiles and equilibria for NOVA and GTC, given that

there is a noticeable downshift in the GTC continuum compared to the one from NOVA.

This could explain the downshift in frequencies from various GTC run modes compared

to NOVA result. The radial mode structures from the GTC simulations that include fast

ions also align with experimental results inferred from tangential SXR. The δϕ from these

simulations all peak around ρ = 0.6 to 0.8, close to the expected mode location for ideal

MHD n = 1 and m = 1, 2 TAEs, as well as the measured SXR δϵ. Differences in the

radial mode extent in GK fast ion simulations are found, possibly due to the treatment

of fast ion distributions (whether they are Maxwellian or anisotropic) in these simulations.

Surprisingly, the less realistic Maxwellian fast ion distribution seems to produce a result with

better agreements with the measurements compared to the anisotropic fast ion distribution.

Future researchers can investigate whether the anisotropic fast ion distribution used in GTC

simulations (Fig.5.9(c)) is the source of the discrepancy and require improvements as well.

Future experimental efforts could also focus on directly inferring fast ion anisotropy using

tomography techniques [69] and on measuring poloidal mode structures and harmonics with
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poloidally viewing diagnostics. These efforts could provide valuable references for detailed

comparisons between Maxwellian and anisotropic fast ion models used in the GTC in the

future. Future efforts can also be done to assess whether the anisotropic fast ion distribution

used in GTC is sufficient to model TAEs excited by different beam geometry.
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case description damping/driving

mechanisms

eigen-

frequency

(kHz)

without

Doppler

shift

γtot/ω (%) (δE||/E
ES
|| )mean

(0.5 < ρ <

0.8)

I single-fluid MHD antenna, contin-

uum

70.1 -4.77 0

II two-fluid (with

δE||)

case I + radiative 72.0 -5.97 0.10401

III drift-kinetic ther-

mal ions (without

gyro-averaging)

case II + ion Lan-

dau

69.2 -11.0 0.098139

IV gyro-kinetic ther-

mal ions (with

gyro-averaging)

case III + FLR 69.3 -10.8 0.10299

V gyro-kinetic ther-

mal + fast ions

(Maxwellian

distribution)

case IV without

antenna + with

fast ion gradient

drive

69-72

(Fig.5.17(b))

3.6 - 11.8

(Fig.5.17(a))

0.034561

VI gyro-kinetic ther-

mal + fast ions

(slowing down dis-

tribution)

case IV without

antenna + with

fast ion gradient

drive

66

(Fig.5.17(b))

10.8

(Fig.5.17(a))

0.026967

Table 5.1: Various simulation cases to measure the mode eigen-frequencies and total

growth/damping rates with different combinations of damping and driving mechanisms of

the n = 1 TAE located near the q = 1.5 surface

98



CHAPTER 6

Reduced fast ion transport calculations for TAEs

MAST

Fast ion transport associated with TAEs is estimated using a guiding-center-based reduced

model. Simulations of fast-ion-driven instabilities in tokamaks are essential for deepening and

broadening our understanding of these instabilities, as well as for assisting in the planning

and control of future plasma discharges. First-principles, initial-value simulations, such as

the linear GTC described in Chapter 5, aim to capture the fundamental driving mechanisms

and mode dynamics. However, these simulations are highly complex and require significant

computational resources. Although they offer high fidelity, the inclusion of multiple physics

mechanisms governing fast-ion-driven instabilities can introduce numerical challenges, ne-

cessitating extensive verification, validation, and case development efforts. In practice, the

computational demands and complexity of first-principles simulations can become imprac-

tical for analyzing specific, well-defined problems—especially when prior knowledge of the

instabilities exists from measurements or other calculations. Reduced models are devel-

oped to mitigate this challenge by leveraging such prior information as inputs, significantly

simplifying calculations and reducing computational costs.

The ORBIT-Kick model [77] is used to calculate fast ion transport and losses induced

by plasma instabilities. The model accounts for variations in energy (E) and canonical

toroidal angular momentum (Pζ) due to resonant wave-particle interactions, governed by the

constant-of-motion relationship (ωPζ − nE = constant) given in Eq. 2.7 (Chapter 2 ). To

apply this model, fast ions must be characterized in terms of their orbit topology [103]. Initial
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fast ion phase-space distributions from NUBEAM are used to set the starting conditions for

the calculations. Importantly, the model does not assume whether the transport is diffusive

or convective; instead, the resulting radial transport emerges naturally from the phase-space

dynamics of fast ions. The model requires three primary inputs: the mode’s spatial structure,

amplitude (Amode), and frequency, which are used to characterize the ”kicks” (Eq. 2.8).

However, these inputs can originate from experimental data, analytical models, or other

numerical simulations, making the ORBIT-Kick model highly flexible. This adaptability

enables the study of fast ion transport under different conditions across multiple sources.

This chapter presents a project that explores the use of different input sources for ORBIT-

Kick transport calculations related to TAE-induced transport. The first part focuses on

comparing ORBIT-Kick calculations based on solutions from NOVA and linear GTC for the

TAE case in MAST, as discussed in Chapter 5. By utilizing ORBIT-Kick, it is possible

to compute the severity of fast ion transport, the number of lost particles, and resonance

conditions that linear simulations alone cannot address. Additionally, measured chirping pro-

files—unaddressable by linear simulations—can be incorporated into ORBIT-Kick to assess

the effects of frequency chirping on fast ion transport and losses. These results demon-

strate that combining experimental measurements with reduced modeling provides a viable

approach for studying fast ion transport, offering a valuable tool for planning plasma dis-

charges and mitigating TAE-induced fast ion transport in fusion devices.

6.1 GTC vs. NOVA mode structures as inputs for fast ion trans-

port calculations

Radial structures and frequencies from various simulations can serve as inputs for ORBIT-

Kick transport model calculations. The ORBIT-Kick model does not impose restrictions

on whether the mode spatial structure, amplitude (Amode), and frequency originate from

experimental data, analytical models, or numerical simulations. This flexibility allows for
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a comparative study of fast ion transport associated with the TAE discussed in Chapter 5

using solutions from both NOVA and linear GTC.

To establish a fundamental understanding of resonance conditions for different orbit

types, ORBIT-Kick is initially applied using the TAE radial structure from NOVA, with

fast ions uniformly distributed in phase space (E,Pϕ, µ), without incorporating NUBEAM

inputs. Trapped particles exhibit the most significant kicks in Pζ around E ≈ 26 keV, as

demonstrated by the kick probability matrix, showing the ∆Pζ distribution for particles

initially loaded in different (E,Pϕ, µ) in Fig. 6.1. This result corresponds to the m = 1, 2

TAE from NOVA in a 2 ms ORBIT-Kick calculation, with a maximum mode perturbation

of δBr/B = 3.65× 10−4 and 300,000 fast particles. The analysis reveals strong interactions

among trapped fast ions in the energy range 15 keV < E < 45 keV, with some contribution

from passing particles as well.

ORBIT-Kick also computes poloidal and toroidal frequencies to infer resonance conditions

for different orbit types [104]. It calculates ωζ and ωθ throughout phase space, allowing for

the identification of the integers p and l corresponding to resonant trapped and passing

particles. The resonant passing particles are concentrated near (n, p, l) = (1, 1, 2), while

resonant trapped particles exhibit l = 1 and values of p scattered at −1 or lower, as shown

in Fig. 6.1. This suggests that there are more fast ions following banana-like than potato-like

orbits, with variations in orbit shape and width.

ORBIT-Kick calculations using spatial structure inputs from GTC yield results similar

to those obtained with NOVA inputs. In these simulations, the TAE spatial structure and

frequency from both GTC and NOVA are employed as inputs in ORBIT-Kick runs and

compared. To ensure a more accurate representation of fast ion interactions with the wave,

the fast ion distribution from NUBEAM is used in all cases. While some particles undergo

resonance and exhibit variations in E , ρ, and Pζ , most remain unchanged during ORBIT-

Kick runs. To assess the intensity of mode-induced kicks and identify resonance conditions,

the standard deviations of these values—SD∆E (illustrated in Fig. 6.2), and SD∆Pζ
—as
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Figure 6.1: Kick probability matrix ( p(λ, Pζ , E) ) from result of ORBIT-Kick that

uses NOVA structure, showing ∆Pζ of resonant fast ions and the resonance bands for

(n, p, l) = (1, 1, 2) and (1,≤ −1, 1) in phase space representations for E at (a) 16.7 keV,

(b) 26.0 keV,(c) 35.3 keV, and (d) 44.7 keV
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well as the number of fast ion losses (defined as particles transported to ρ > 1), serve as key

metrics. When using similar mode amplitudes (Table 6.1) in ORBIT-Kick runs, the standard

deviations from calculations with TAE structures from both GTC (Fig 5.14(d)),NOVA (Fig

5.11), using the NUBEAM FI distribution (Fig.5.9(a)(b)) are of the same order of magnitude

(cases 1 and 2 in Table 6.1 6.2).

The primary difference between the GTC and NOVA cases lies in the resonance condi-

tions. In both cases (cases 1 and 2 in Table 6.1 6.2), similar resonances are observed for

the (n, p, l) = (1, 1, 2) particle (with the resonance band in (E , λ) space at Pζ/ΨW = −0.34,

labeled in red in Fig. 6.4), the (n, p, l) = (1,−1, 1) trapped particle (labeled in orange), and

the lost trapped particle (labeled in blue at Pζ/ΨW = −0.84). However, a notable difference

arises for trapped particle resonance bands associated with integer values of p≪ −1. In the

run using the GTC solution at a mode frequency of 73 kHz (circled in an orange dashed line

in Fig. 6.4 (b)), these resonance bands shift toward the zero point in (E , λ) space compared

to the NOVA case at 88 kHz (Fig. 6.4 (a)). The differences can also be seen in the kick

probability matrix, showing the ∆Pζ distribution for particles initially loaded in different

(E,Pϕ, µ) in Fig. 6.3 for cases 1, 2 and 3 in Table6.1. Fewer trapped particles experience

kicks when the mode frequencies are reduced to 73kHz, shown in Fig. 6.3(b)(c) for cases2

and 3 in Table6.1. On the other hands, the resonance bands for passing particles shift toward

higher µ. This implies that the resonance conditions for both trapped and passing particles

are altered by lowering the mode frequencies.

However, similar shifts in resonance conditions and fast ion transport intensity are ob-

served in ORBIT-Kick runs using modified NOVA solutions with the same spatial mode

structure but a reduced frequency of 73 kHz (case 3 in Table 6.1, Table 6.2, and Fig. 6.4

(c)). This suggests that small differences in spatial mode structure between GTC and NOVA

do not substantially affect the intensity of fast ion transport or total loss counts. Instead,

differences in frequency primarily modify the resonance conditions for the p ≪ −1 banana-

like trapped orbits. The ratios of lost co-passing and lost trapped particles (Table 6.2) differ
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Figure 6.2: Histogram of ∆E and its standard standard deviation (SD∆E) (in keV) of fast

ions in ORBIT-Kick calculation using NOVA structure at 88kHz (case 1 in table 6.1) as an

input.

slightly between the 88 kHz and 73 kHz cases (≈ 0.26 vs. ≈ 0.21 for cases 1 and 3 in

Table 6.2, respectively, with histogram uncertainties of about 4 to 5 %), indicating that the

resonance condition shift leads to a slight reduction in co-passing particle losses.

6.2 Effects of mode amplitudes on TAE associated fast ion trans-

port

Fast ion transport is found to depend on the mode amplitude in ORBIT-Kick calculations.

While using spatial structures from GTC or NOVA as inputs does not substantially alter

fast ion transport calculations, as shown previously, the structure from NOVA is utilized

in a scan of mode amplitude (cases 3, 4 and 5 in 6.1). However, the frequency is shifted

to 73 kHz to mimic GTC solutions and align with the frequency exhibiting the peak mode

amplitude from the experiment. The case 3 with δBr/B in the order of 10−4 serves as the

baseline and is compared with case 4 with δBr/B ∼ 10−3 and case 5 with δBr/B ∼ 10−2.

Generally, the intensity of transport (case 4 and 5 shown in Table 6.1 and 6.2) increases with

δBr/B, as loss count SD∆E and SD∆Pζ
increase roughly in the same order of magnitude
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Figure 6.3: Kick probability matrix ( p(λ, Pζ , E = 35.3keV) ) from result of ORBIT-Kick

that uses (a) NOVA structure at 88kHz, (b) Maxwellian GTC structure at 73kHz, and (c)

NOVA structure at 73kHz, showing ∆Pζ of resonant fast ions and the resonance bands for

(n, p, l) = (1, 1, 2) and (1,≤ −1, 1) in phase space representations.

Figure 6.4: 2D (λ = µB0/E and E) histograms for fast ions with their energies modified

greater than 3∗SD∆E in ORBIT-Kick calculations using (a) NOVA structure at 88kHz (case

1 in table 6.1), (b) GTC structure at 72kHz (case 2), and (c) NOVA structure at 73kHz (case

3).
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when δBr/B increases from ∼ 10−4 to ∼ 10−3. However, this is not the case when δBr/B

increases from ∼ 10−3 to ∼ 10−2. It is important to note that actual mode amplitudes are

typically not as strong as our ∼ 10−2 test case for modes with small perturbations like TAEs.

Moreover, besides the overall increases in losses for both co-passing and trapped particles,

the lost co-passing to lost trapped particles ratio jumps from about 1/5 to nearly 1 when

δBr/B increases from ∼ 10−4 to ∼ 10−2. Most of the particles interacting with the TAEs

are usually trapped particles. The jump in lost ratio indicates the resonance conditions have

differed from the baseline cases. Hence other cases to be reported in the rest of the section

use δBr/B well under 10−2.

6.3 Effects of chirping on TAE associated fast ion transport

Incorporating evolving mode amplitude and frequency into ORBIT-Kick transport calcula-

tions allows for mimicking the amplitudes and frequencies of chirping modes. The evolving

mode amplitude cycle has been previously employed in ORBIT-Kick to compute sawtooth

instability-associated transport [79]. Additionally, decreasing mode frequency can be simul-

taneously applied in the mode evolving cycle to simulate chirping TAEs. Amode and ω are

modified, and new resonance conditions are considered in each time step in ORBIT-Kick

when both evolving cycles are used. It is important to note that ORBIT-Kick currently

does not account for the effects of ∂tω on the resonance conditions. Hence, further study is

needed in the future to verify this assumption before applying ORBIT-Kick to all energetic

particle mode-like phenomena.

The chirping of mode frequency induces more significant variations in fast ion energy and

momentum, as well as modifying the resonance conditions compared to simulations with a

fixed frequency in the mode evolving cycle in ORBIT-Kick calculations. Linear simulations,

whether in ideal MHD or GK regimes, cannot provide solutions with evolving growth rates

and frequencies. Hence, the time-evolving mode amplitude and frequency profiles (shown
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in Fig.6.5) used in the ORBIT-Kick runs are fitted to experimental measurements. In a

case with NOVA structure and both evolving mode amplitude and frequency that fit the

measurements, fast ion energy and momentum variations (∆E and ∆Pζ , respectively) are

roughly twice as large as in another case with evolving mode amplitude but a fixed frequency

of 88 kHz (shown cases 6 vs. 7 in Table 6.2, respectively). This demonstrates the presence of

frequency chirping induces more fast ion transport compared to simulations with a fixed mode

frequency. While the kick probability matrices ( p(λ, Pζ , E) ) of these two cases (shown in

Fig.6.6) look similar to those from the baseline cases discussed in Section 6.1, the (n, p, l) =

(1,−1, 1) trapped particle resonance band disappears in the (E , λ) representation of the

resonance map (shown in Fig.6.7 (b)) compared to other cases. Instead, the p ≪ −1 bands

remain and responsible for most of the kicks and losses to the trapped particles in the chirping

case. This suggests the change of mode frequency greatly affects the trapped orbits.

Alterations of the resonance condition due to frequency chirping might cause fast ions to

jump into different orbits, thereby inducing more significant transport and losses. The fast

ion kinetic Poincaré plot [102][104], showing the orbits of fast ions in (θ, ψ) space, is a useful

tool included in ORBIT-Kick for describing the behavior of fast ions. The particles could

be in passing- or potato-like orbits, circling the magnetic axis. Alternatively, they can be in

banana-like orbits, staying on one side of the axis and appearing as islands in the Poincaré

plot. The Poincaré plot for case 7 sampled at λ = 0.6 reveals unusual behavior of some

fast ions near the edge of plasma. For example, some fast ions near the edge of the plasma

initially exhibit passing- or potato-like orbits but then transition into orbiting around an

island and finally shift into other passing- or potato-like orbits during the frequency chirping

cycle, highlighted in red in Fig.6.8.

ORBIT-Kick can also track individual particles in high time resolution to examine the

behavior of their orbits. For instance, a fast ion with an initial position at ψ = 0.8 and λ = 0.6

initially circles the axis in a passing- or potato-like orbit, reaching ψ ≈ 0.3 at the innermost

point before returning to ψ = 0.8 to complete one cycle. The presence of a mode perturbs
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the orbit, causing precessions and sometimes even losses when the orbit is perturbed beyond

ψ = 1. The outermost point of the orbit changes over time. When the mode profile used in

case 6 induces perturbations to the orbit of a fast ion starting at ψ = 0.8 and λ = 0.6, the

orbit oscillates for less than ψ = 0.05. However, this is not the case when frequency chirping

is imposed in ORBIT-Kick. There is a more significant jump in the outermost point of the

orbit than in the previous case (Fig.6.9 (a)), even using the same mode amplitude profile.

The final orbit has the outermost point at ψ ≈ 0.9, meaning the fast ion is being transported

to a different orbit. Conversely, for another fast ion with an initial position at ψ = 0.91 and

λ = 0.6, the particle is lost (moved ψ > 1) without frequency chirping. Nevertheless, it

is transported back to ψ ≈ 0.8 in the presence of frequency chirping (Fig.6.9 (b)). These

examples highlight the increased transport intensity when frequency chirping is present.

The impact of frequency chirping of the TAE is particularly pronounced for particles

initiated near the last closed flux surface (LCFS), which are more susceptible to loss. Any

perturbations caused by frequency chirping can easily eject these particles beyond the LCFS.

This effect is reflected in the shift in the lost co-passing to lost trapped particle ratio, which

increases from 1/5 in Case 1 (baseline) to 0.42 in the chirping case.

6.4 Summary of this chapter

This chapter presents the ORBIT-Kick calculations performed to study fast ion transport

in NBI-driven TAEs in MAST discharge 26887 using linear GTC and NOVA results reveal

that fast ion transport depends on mode amplitude, frequency chirping, and resonance con-

ditions. These studies demonstrate the potential applications of the ORBIT-Kick model for

improving our understanding of TAEs, their associated fast ion transport, and for guiding

future experiments. GTC simulations provide multiple inputs for ORBIT-Kick, and initial

comparisons show that using TAE spatial structures from GTC versus NOVA leads to min-

imal differences in fast ion resonance conditions and transport intensities. This similarity is
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Figure 6.5: mode chirping (a) frequency and (b) amplitude profiles that mimic the measure-

ments used for ORBIT-Kick TAE cases 6 and 7 (table 6.1)

109



Figure 6.6: Kick probability matrix ( p(λ, Pζ , E = 26.0keV) ) from result of ORBIT-Kick that

uses (a) evolving NOVA structure with a fixed frequency at 88kHz, and (b) evolving NOVA

structure with a frequency chirping down from 88kHz to 68kHz (as shown in Fig.6.5), showing

∆Pζ of resonant fast ions and the resonance bands for (n, p, l) = (1, 1, 2) and (1,≤ −1, 1) in

phase space representations.
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Figure 6.7: 2D (λ = µB0/E and E) histograms for fast ions with their energies modified

greater than 3 ∗ SD∆E in ORBIT-Kick calculations using (a) evolving NOVA structure with

a fixed frequency at 88kHz (case 6 in table 6.1), and (b) evolving NOVA structure with a

frequency chirping down from 88kHz to 68kHz (case 7).
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Figure 6.8: Kinetic Poincaré plot of fast ions in case 7 (table 6.1), with the orbit that jumps

during the ORBIT-Kick simulation highlighted in red
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Figure 6.9: The outermost point of orbit for particles with initial (a) ψ = 0.8, (b) ψ = 0.91,

and energy of particles with initial (c) ψ = 0.8, (d) ψ = 0.91 in case 7 (table 6.1)

Inputs

quantities

or settings

case 1 case 2 case 3 case 4 case 5 case 6 case 7

mode

structure

NOVA GTC

(fig.5.14(c))

NOVA NOVA NOVA NOVA NOVA

Ascale 5E-04 5E-04 5E-04 5E-03 5E-02 Evolving

(Fig.6.5)

Evolving

(Fig.6.5)

(δBr/B)max 3.65E-

04

3.78E-

04

3.65E-

04

3.65E-

03

3.65E-

02

7.30E-

04

7.30E-

04

frequency

(kHz)

88 72 73 73 73 88 Chirping

(Fig.6.5)

Table 6.1: Inputs and settings for ORBIT-Kick runs for MAST TAE cases
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results case 1 case 2 case 3 case 4 case 5 case 6 case 7

SD∆E (keV) 0.6015 0.3423 0.4832 3.5088 17.8137 0.6403 1.3287

SD∆P 0.0134 0.00919 0.0129 0.0932 0.364 0.0143 0.0338

loss (per 300000

particles)

1992 1406 2006 20692 74427 2107 2570

lost

trapped/total

trapped (%)

1.01% 0.727% 1.07% 10.3% 32.2% 0.961% 1.18%

lost co-

passing/total

co-passing (%)

0.343% 0.199% 0.295% 4.45% 21.6% 0.526% 0.645%

lost co-

passing/lost

trapped

0.260 0.210 0.212 0.349 0.968 0.418 0.419

Table 6.2: Results of ORBIT-Kick runs for MAST TAE cases
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expected, given the comparable spatial structures of m = 1 modes from both codes. While

mode frequency shifts from GTC modify the energy of resonant trapped particles, they do

not significantly affect cross-field fast ion transport and losses in ORBIT-Kick calculations,

reinforcing the model’s reliability, particularly for large-scale TAE scenarios. A scan of mode

amplitudes in ORBIT-Kick indicates that fast ion transport and losses increase proportion-

ally with amplitude until reaching a physically unrealistic scale. Additionally, the ratio of

lost co-passing to lost trapped particles rises with increasing mode amplitude. Frequency

chirping further increases fast ion transport, while also increasing the ratio of lost co-passing

to lost trapped particles.
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CHAPTER 7

Fishbone instabilities and their impacts on core

confinement in MAST and MAST-U

Fishbones (FBs) have traditionally received less attention with regard to their impact on bulk

plasma and flux surfaces compared to their role in fast-ion transport. However, observations

of FBs-like instabilities in MAST-U challenge this perspective. Since its discovery in 1983,

considerable efforts have been made to describe the characteristics of the FB and its effects

on EPs, as discussed in Chapter 3.4.3. However, the models typically used to describe FBs in

conventional tokamaks do not always apply to those found in spherical tokamaks (STs). STs

often feature flat central safety factor ( q(r) ) profiles in high plasma poloidal beta (βp), and

low magnetic field strength scenarios with strong neutral beam injections. In some cases, the

minimum safety factor ( |q|min ) value is slightly above 1, resulting in a core region devoid

of any q = 1 surface. Such FBs in infernal kink regime (infernal-like FBs) were described

as quasi-interchange fishbones by Kolesnichenko et al. [60]. In this scenario, where particles

cannot interact with the q = 1 surface, the existence of infernal-like FBs with frequency at

ω ∼ ωdi is unlikely. Consequently, the FBs found in such scenarios are likely to be a type

of energetic particle mode (EPM), with their characteristics determined by resonant EPs

(predominantly fast ions).

Measurements of various physical quantities associated with infernal-like FBs in the Mega

Amp Spherical Tokamak (MAST), reported in Section 7.1, raise questions and have provided

the motivation for new experiments dedicated to FBs in the upgrade of this device now

operating, MAST-U. The MAST measurements utilize an outboard array of Mirnov coils to
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measure poloidal, radial, and toroidal components of outboard magnetic fluctuations (δBz,

δBR, δBT ), enabling identification of the toroidal mode number (n). Additionally, line-

integrated soft x-ray (SXR) emissions from an array of tangential views are employed to

measure the spatial structure of the FB in the plasma. Techniques developed for eliminating

non-global contributions to signals and converting them into analytic signals, along with

methods to invert line-integrated SXR measurements to local SXR emissivity fluctuations

(δϵ), are demonstrated in sections 4.4 and 4.5.1. The observed temporal phase variations

between near-edge δBz and near-core δϵ associated with the FBs (discussed in section 7.1)

reveal the possible distortion of modes during the chirping period.

Dedicated experiments (reported in Section 7.2) have been performed for FBs in MAST-U

(the upgraded version of MAST [23]), yielding intriguing insights into the transient modifica-

tion of plasma equilibrium during FBs. The severity of crashes in bulk ion temperatures are

comparable to those observed during sawtooth events in the same discharge. While transient

changes to thermal profiles have been reported in other tokamaks [42], the observations go

beyond alterations in fast ion profiles, extending to modifications in the magnetic field. In a

specific discharge, notable movements of the magnetic axis and crashes in bulk ion tempera-

ture occurred following the appearance of two FB-like chirps in close temporal proximity in

the frequency-time domain, as detailed in Sections 7.2.1 and 7.2.2. The 2D beam emission

spectroscopy (BES) [28][29] with radially adjustable viewing locations was used to measure

the local density fluctuations ( δne ) associated with FBs around the magnetic axis in the

experiment. Similar to the MAST case, temporal phase variations between measurements

from near-axis BES channels and Mirnov coils occur during the FB chirping period, as shown

in section 7.2.3. These drops in thermal species temperatures and distortions are more pro-

nounced during or after the appearance of two FB-bursts in close proximity in time-frequency

space. The FB waveforms and 2D mode structures inferred from the 2D BES array show

that mode-mode interactions of a (1,1) FB-like mode and another mode likely cause the

measured drop of thermal species temperatures , also showed in section 7.2.3 and discussed
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in section 7.2.4.

7.1 Fishbone measurements in MAST

Both qmin < 1 classic FBs and qmin > 1 infernal-like FBs are observed in many MAST

discharges. These FBs have frequencies well below the ideal MHD (n,m) = 1,1 Toroidicity-

driven Alfvén Eigenmode (TAE) frequency (vA/2qR) and near the plasma rotation frequency

at R = 1.0m, such as the FBs in shot 29976 at 201 ms and 26887 at 262 ms, both circled

in pink in Figures 7.3(a) and 7.4(a) in the spectrograms of δBr measured by one of the

Mirnov coil (with their raw signals shown in Fig 7.1(a) and 7.2(a), respectively). Toroidal

mode numbers were identified for each time and frequency using an SVD-based method

[52]. Plasma equilibria of both cases were reconstructed with MSE-constrained EFIT++

[63][64][6], shown in Figures 7.3(b) and 7.4(b). The q profiles of these two cases are quite

different. In shot 29976 at 201 ms, q > 1 everywhere except near the magnetic axis, where q

is just slightly above 1. In contrast, shot 26887 at 262 ms has q < 1 over most of the minor

radius. The minimum in q at R ≈ 120cm is away from the magnetic axis at R ≈ 95cm,

indicating a reversed shear feature. The FB in 29976, with qmin slightly above 1, resembles

an infernal-like FB, while the FB in 26887 has a q profile consistent with a classic FB.

The SXR emissivities inferred from the inversion of signals demonstrate the time evolution

of the mode structures of FBs from shots 29976 and 26887 (with the raw signals from the SXR

channels used shown in Fig 7.1(b) and 7.2(b), respectively). The emissivities δϵFB associated

with targeted FBs in 29976 and 26887 (shown in Figures 7.5(b) and 7.6(b), respectively)

peak near the magnetic axis, suggesting both are on-axis FBs tied to (n,m) = (1,1) modes

regardless of whether their qmin is above or below 1. The δϵFB associated with the targeted

FB in 26887 peaks roughly at the time of peak δBz (shown in 7.6(a)), with no noticeable

changes in peak location throughout the burst’s growth and decay. However, the δϵFB

associated with the targeted FB in 29976 peaks before the peak of δBz (shown in 7.5(a)),
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indicating a shift in mode structure over time. This has been documented in [71], where

it was suggested that the FB started as an energetic particle mode (EPM) but the shift in

peak location indicated the mode could no longer be an EPM by the end of the burst. The

absence of a q = 1 surface could lead to weaker growth of the kink instability compared to

cases with the q = 1 surface, and FB-like bursts in the qmin > 1 regime might require strong

mode-EP interaction to be excited. Hence qmin > 1 infernal-like FBs are more likely to be

EPM-like at the early stage of the bursts compared to conventional internal-like FBs.

The method described in section 4.5.2 retains the imaginary part of the signals after in-

verse STFT and phase differences between two diagnostics: ∆θ(δϵFB, δBz) = arctan
(

Im(δϵFB)
Re(δϵFB)

)
,

in contrast with the analysis method of [71]. The real and imaginary parts of the time-

dependent inverted SXR structures differ from each other, implying phase shifts of the mode

at some locations. For example, the phases in both cases near the magnetic axis shifted by

about π/2 over the period of chirping in about 2 ms, as shown in Figures 7.5(c) and 7.6(c).

This phase analysis offers an alternative understanding of FB spatial structure evolution,

in which the apparent “shift” in axis location observed in the real part, reported in [71],

is due to an evolving difference in the phase between the radially separated δϵFB and δBz

fluctuations.

The toroidal mode structure of the measured FBs was considered in the SXR signal inver-

sion discussed in section 4.5.2. Therefore, toroidal separation in the measurement locations

of the δϵ and δBz fluctuations should not produce phase variation between inverted SXR and

Bz fluctuations over time. The radial separations of the diagnostics can produce a phase

difference if the wave propagates radially. However, since the radial separation is static,

a change in the induced phase differences over time could suggest a changing radial wave

number. Radial propagation might naturally be expected if the sources and sinks of wave

energy are radially separated (see e.g. [61]), and an evolving radial wave number due to the

distortion of the propagation medium would be unsurprising since the sources and sinks of

the FB energy must necessarily evolve over the wave’s lifetime as it grows and decays.
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The FB mode distortions appear to be associated with strong fast-ion redistribution

during the chirping period. FIDASIM [35][88] computations will be needed to interpret

how fast ion spatial and phase space distributions are modified by transport in future work.

However, passive FIDA measurements alone are sufficient to demonstrate significant fast

ion transport if noticeable spikes in the signals occur. The passive FIDA [73] signals from

various locations in pulse 29976 during the FB chirp are observed to peak between 201.0 and

201.5 ms (Fig.7.7(d)). This passive FIDA emission results from fast ions undergoing charge

exchange with neutrals at the edge, and the sudden peaking is interpreted as a surge in the

edge density of fast ions, a phenomenon documented in other tokamaks [12][43]. The growth

and peaking of the passive FIDA signals are delayed compared to those of δBz (Fig.7.7(a)).

The amplitude of δBz starts growing before 200.0 ms, peaks at 201.0 ms, and then decays.

The passive FIDA did not grow significantly until after 200.5 ms. This delay is most likely

because fast ion transport depends on mode amplitude. Peak fast ion transport likely occurs

at the time of peak FB amplitude, but the passive FIDA signals peak later. The delay in

the FIDA signal could be due to the passive FIDA time resolution. The phase between

SXR emission fluctuations and δBz at 91 cm changes most rapidly between 201.0 ms and

201.5 ms. As noted previously, the outboard Mirnov system in MAST has a set of three

coils that measured Bz, BR, BT at the same toroidal location. Neither the angle between

δBz and δBR (Fig.7.7(c)), nor their relative amplitude, change significantly, suggesting no

change in the direction of the poloidal magnetic field at the coil location (and perhaps no

vertical shift in the plasma). However, the amplitudes of δBz increased significantly relative

to δBT between 200.2 and 201.2 ms (Fig.7.7(d)), indicating a change in the magnetic field

pitch at the coil location. The changing structure of δ⃗B and the fast-ion redistribution both

potentially contribute to the measured temporal phase variations, as an FB can be viewed

as a wave propagating in the combined medium of the fast ions and thermal plasma.
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Figure 7.1: MAST discharge 29976 raw signals of (a) one of the outboard Mirnov coils that

measure δBz and; (b) tangential SXR camera with impact parameters (p) from 28.82 to

130.52cm, from 0.18 to 0.25 seconds, covering the period with appearances of fishbone-like

bursts
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Figure 7.2: MAST discharge 26887 raw signals of (a) one of the outboard Mirnov coils that

measure δBz and; (b) tangential SXR camera with impact parameters (p) from 28.82 to

130.52cm, from 0.21 to 0.30 seconds, covering the period with appearances of fishbone-like

bursts

Figure 7.3: (a) the spectrogram of δBz of shot 29976. Only n = 1 is shown. The black line

represents the core plasma rotation frequency; (b) Mid-plane q profile 29976 at 201ms.
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Figure 7.4: (a) the spectrogram of δBz of shot 26887. Only n = 1 is shown. The black line

represents the core plasma rotation frequency; (b) Mid-plane q profile of 26887 at 262ms.

7.2 Fishbone measurements in MAST-U

Dedicated experiments were conducted in MAST-U to measure characteristics of various

low-frequency modes, including FBs [44][45][82]. The discharges from this experiment aim

to excite FBs before the appearance and domination of other low-frequency instabilities, such

as long-lived modes (LLMs), tearing modes (TMs), and sawtooth oscillations which appear

as |q|min decreases. Discharges 47128 and 47132 were selected for analysis due to their

similarities (with the raw signals from one of the Mirnov coils and mid-plane beam emission

spectroscopy (BES) APD cameras shown in Fig. 7.8 and 7.9, respectively). It is worth

noting that the MAST-U OMAHA signals shown here are high-pass-filtered as mentioned in

Chapter 4.2, but the same does not apply to the BES signals. Hence a 0.5 kHz signal appears

in BES but does not show up in the Mirnov signals. Key parameters, including the spectral

characteristics of other modes found in δBR spectrograms (Figures 7.10(a) and 7.11(a)),

plasma current (Figures 7.12 (b) and 7.13(b)) and core electron density (Figures 7.12(d) and

7.13(d)), are comparable around the time of FB-like and other MHD activities. One primary

difference is the heating power, which is slightly higher in the nearly steady state at about

1.5 MW in discharge 47132 (Fig.7.13(c)) compared to about 1.3 MW in 47128 (Fig.7.12(c)).

This higher heating power in 47132 results in marginally higher core ion temperatures and

neutron emission (Fig.7.11(e)) compared to 47128 (Fig.7.11(e)) and a slightly elevated |q0|

inferred from the motional Stark effect (MSE) diagnostic [63] [64] [81] by about 0.2 (Figures
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Figure 7.5: (a) spectrogram of δBz of shots 29976; (b) amplitude of δϵFB from SXR after

band pass filter, linear regression and emissivity inversion major radius versus time with the

magnetic axis location from EFIT labeled in a turquoise line; (c) temporal phase variation

of band pass filtered and inverted SXR versus band pass filtered δBz at R ≈ 92cm for FB

bursts
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Figure 7.6: (a) spectrogram of δBz of shots 26887; (b) amplitude of δϵFB from SXR after

band pass filter, linear regression and emissivity inversion major radius versus time with the

magnetic axis location from EFIT labeled in a turquoise line; (c) temporal phase variation

of band pass filtered and inverted SXR versus band pass filtered δBz at R ≈ 89cm for FB

bursts
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Figure 7.7: (a) real parts of the FB associated δBz,δBR , δBT ; (b) angle between real parts

of
−→
δB components; (c) ratio of δBz and δBT amplitude; (d) the passive FIDA signal from a

channel with the chord impact parameter at R = 1.20m in the discharge 29976.
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7.13(g) and 7.12(g)). This makes the |q0| remains well above 1 in discharge 47132 for a longer

period of time as a consequence, while in 47128, |q0| drops below 1 after the disappearance

of FB-like chirps.

Despite the differences in the heating power and |q0|, the spectral signatures of various

beam-driven low frequency instabilities are similar in discharges 47128 and 47132. Bursts are

identified based on comparisons of their mode frequencies and toroidal mode numbers (n)

with other instabilities in the same discharge. These FB-like bursts usually have frequencies

well below the expected large aspect ratio ideal MHD (n,m) = 1,1 Toroidicity-driven Alfvén

Eigenmode (TAE) [70] [9] frequency (vA/2qR, where m is the poloidal mode number) and

are closer to the plasma rotation frequency at R = 1.0m. The n were identified for each

time and frequency using an SVD-based method [52]. The bursts to be reported here are

classified as FB-like only if they have n = 1 with the mode frequencies much lower than

vA/2qR and closer to the core plasma rotation frequency. In both discharges, FB-like bursts

initially appear at about 40 kHz, with their frequencies decreasing as |q0| decreases. Each

chirp lasts about 3–5 ms (Figures 7.12(b) and 7.13(b)). All FB-like bursts in 47128 and

47132 occur when |q0| > 1, even accounting for uncertainties in MSE measurements (Figures

7.12(g) and 7.13(g)), indicating that they are in the infernal-like (|q|min > 1) regime.

This study focuses on the FB-like bursts in discharge 47128. Although the beam-driven

low frequency instabilities are similar in both discharges, the BES diagnostic in discharge

47128 was configured to capture 2D structures near the axis, enabling detailed character-

ization of FB-like modes. Data from discharge 47132 demonstrate the repeatability and

similarity of the equilibria, as well as fast and thermal ion transport, between the two dis-

charges. However, these observations are not discussed in detail, as the analysis focuses on

four FB-like bursts (denoted as chirps A, B, C, and D) in discharge 47128. The FB-like

chirps are first about 15ms apart of each other, such as the bursts at 310ms (chirp A) and

at 325ms (chirp B) in discharge 47128. Earlier chirps were excluded because their |q0| values

are much higher than 1, and their frequencies are elevated relative to the core plasma rota-
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tion frequency, suggesting potential contributions from Alfvén eigenmodes, similar to those

observed in NSTX-U simulations [67]. The later chirps C and D appear in close proxim-

ity in time-frequency space (the ”double FB-like” regime labeled in Figures 7.10 and 7.12).

The burst following the appearance of double FBs initially resembles a FB but then quickly

transition to MHD- or LLM-like bursts for 50-70 ms. This type of synergy in NSTX plasma

is well-documented [37] [99] [109], where (n,m) = (1, 1) modes trigger nonlinear interactions

with (1, 2) modes at the q = 2 surface, leading to pressure and rotation profile flattening and

reduced neutron emission. Similar interactions and their effects on bulk confinement have

also been observed in other MAST-U discharges [19] [44] [82]. For this reason, the FB-like

burst following chirp D is excluded from this study to avoid misidentification of the mode

due to mixed FB and MHD characteristics.

7.2.1 Fast ion transport associated measurements

Measurements from MSE, charge exchange recombination spectroscopy (CXRS) [105], and

neutron emission via fission chambers indicate significant fast-ion transport associated with

various bursts in discharge 47128. The MSE array measures magnetic field pitch angles at

different locations in the plasma mid-plane accessible by one of the neutral beams. The pitch

angle shows rapid changes during or after many bursts in 47128 (Fig.7.10(b)). During each

burst, the magnetic axis’s radial position initially moves outward and then rapidly inward,

as inferred from EFIT++ equilibrium reconstruction constrained by MSE measurements.

Fig.7.10(c) presents an alternative determination of the magnetic axis location directly in-

ferred from MSE pitch measurements without relying on equilibrium reconstruction. Given

that the pitch is zero at the magnetic axis by definition, the radial position R of the mag-

netic axis is inferred by interpolating pitch vs R to find where pitch equals zero. Changes

in plasma pressure can alter Shafranov shifts [83], causing rapid movements of the magnetic

axis. Therefore, quick redistributions of fast ions and/or bulk thermal plasma species can

lead to rapid magnetic axis movements observed in discharge 47128. Drops in neutron emis-
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Figure 7.8: MAST-U discharge 47128 raw signals of (a) one of the outboard Mirnov coils

that measure δBR and; (b) eight mid-plane located BES APD cameras
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Figure 7.9: MAST-U discharge 47132 raw signals of (a) one of the outboard Mirnov coils

that measure δBR and; (b) eight mid-plane located BES APD cameras
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sion rates were also observed during or after bursts in shot 47128 (Fig.7.10(d)), indicating

reductions in fusion reactions likely due to fast ion transport or losses and/or reductions in

bulk plasma confinement. CXRS measurements of carbon impurity ion rotation reveal sig-

nificant deceleration near the core after many bursts (Figures 7.10(e)). Since neutral beam

injection predominantly drives plasma rotation in MAST-U, sudden decreases in rotation

may indicate substantial losses of beam-sourced fast ions in the core.

Comparisons of analysis of profiles inferred from various diagnostics highlights the |q0|

dependency of frequencies and fast ion transport during single-chirp FB-like bursts in dis-

charge 47128. For instance, chirp B exhibits a lower |q0| compared to chirp A. Although

the axis movements during chirps A and B are comparable, the neutron rate drop is slighty

more pronounced after chirp B than after chirp A, possibly due to differences in ion densities

during the appearances of chirps A and B. On the other hand, while the magnetic axis move-

ments are comparable, the FB chirps with lower |q0| and lower frequency tend to induce more

significant drops in neutron rates. This aligns with previous FB simulation results, where

(n,m) = (1, 1) modes tend to be more unstable (and consequently higher growth rates and

saturated mode amplitudes) at lower |q0| [67].

7.2.2 Thermal ion transport associated measurements

Surprisingly, notable thermal transport are associated not only with MHD and sawtooth-

like bursts but also with double FBs in discharge 47128. CXRS also measures thermal

ion temperature profiles in addition to ion rotation. The CXRS sampling rate is sufficient

to detect profile changes occurring at intervals of 1 ms or longer. The CXRS captures

noticeable core thermal ion temperature drops during double FB-like bursts (chirps C and

D) prior to interplay between a FB and another MHD activity, although less pronounced

(approximately 8-9%) and no flattening of the thermal ion temperature profiles as shown in

Fig.7.14(b) compared to Fig.7.14(a). However, it is unlikely that these bursts are associated

with other MHD bursts, considering their spectral characteristics and the relatively high
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|q|min, compared to the MHD activities that appear later in discharge 47128.

Further investigation into these modes is necessary due to their impact on both fast

and thermal ion confinement. Detailed studies of their mode structure and poloidal mode

numbers are required to determine their characteristics and the mechanisms triggering the

transport associated with double FB-like bursts in these discharges.

7.2.3 2D BES measurements on the FB-like bursts

The 2D BES system has been upgraded to provide radial and poloidal mode structure mea-

surements for FBs in MAST-U. A scan of BES viewing locations was conducted in MAST-U

with the upgraded diagnostic [29]. The radial structures inferred from BES in discharge

47128 are particularly noteworthy, as the viewing window (centered at R = 0.95 m) covered

the magnetic axis. The signal-to-noise ratios of these BES signals are not as high as the the

edge located Mirnov coil signal, which can be seen by comparing the Mirnov coil spectrogram

in Fig. 7.10 and BES spectrograms in Fig. 7.15. The cross coherence analysis explained by

Eq. 4.14 in Ch.4.4 can be useful FB-related signals from noise or other local non-globabl

fluctuations in BES measurements. The selected bursts must have have C ˆδISXR, ˆδBz
above

0.9, which gives uncertainties below 40%, as shown in Fig. 7.16.

The mid-plane radial structures are determined by averaging the fluctuations from two

channels located at each radius and approximately 1 cm above and below the mid-plane.

Many bursts in discharge 47128, such as chirps A, B and D, show mid-plane radial BES

fluctuations peaking at two radial extremities of the viewing window, with minimum fluc-

tuations near the axis locations inferred from MSE (Fig.7.17(b) for chirps A and B, and

Fig.7.18(c) for chirp D). Chirp C in 47128, however, exhibit a rather different and unusual

radial mode structure. The chirp C associated BES measurement has only one peak located

in the high-field (in-board) side without a minimum located in the location of the magnetic

axis.
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Figure 7.10: (a) spectrogram of δBR with labels for chirps A, B, C and D; (b) Field pitch

versus time inferred from MSE with contour lines labeling pitches of -0.04 to 0.04; (c)

magnetic axis locations versus time inferred from MSE and from the EFIT++; (d) neutron

emission from fission chamber; (e) Thermal ion rotation speed near R = 1.0m from CXRS,

for discharge 47128 from 250ms to 500ms, with the labels for times of occurrences of various

instabilities under the time axis.
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Figure 7.11: (a) spectrogram of δBR with labels for chirps A, B, C and D; (b) Field pitch

versus time inferred from MSE with contour lines labeling pitches of -0.04 to 0.04; (c)

magnetic axis locations versus time inferred from MSE and from the EFIT++; (d) neutron

emission from fission chamber; (e) Thermal ion rotation speed near R = 1.0m from CXRS,

for discharge 47132 from 250ms to 500ms, with the labels for times of occurrences of various

instabilities under the time axis.
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Figure 7.12: MAST-U discharge 47128. (a) Toroidal number identifications for modes from

0 to 60kHz using toroidally separated Mirnov coils (b) Plasma current; (c) On-axis neutral

beam injection power; (d) thermal electron densities inferred from the average of ten Thmo-

son scattering channels near R = 1.0m and R = 1.2m; (e) thermal electron temperatures

inferred from the average of ten Thmoson scattering channels near R = 1.0m and R = 1.2m;

(f) thermal ion densities inferred from the average of four CXRS channels near R = 1.0m

and R = 1.2m; (g) on-axis |q0|for discharge 47128 from 250ms to 500ms inferred from the

MSE, with the labels for times of occurrences of various instabilities under the time axis.
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Figure 7.13: MAST-U discharge 47132. (a) Toroidal number identifications for modes from

0 to 60kHz using toroidally separated Mirnov coils (b) Plasma current; (c) On-axis neutral

beam injection power; (d) thermal electron densities inferred from the average of ten Thmo-

son scattering channels near R = 1.0m and R = 1.2m; (e) thermal electron temperatures

inferred from the average of ten Thmoson scattering channels near R = 1.0m and R = 1.2m;

(f) thermal ion densities inferred from the average of four CXRS channels near R = 1.0m

and R = 1.2m; (g) on-axis |q0|for discharge 47128 from 250ms to 500ms inferred from the

MSE, with the labels for times of occurrences of various instabilities under the time axis.

136



Figure 7.14: The thermal ion profiles inferred from CXRS in discharge 47128 at (a) 350ms

and 360ms, during and after chirp D (the last burst in the series of double FB-like bursts),

and (b) before the another FB-like and during MHD-like bursts
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The evolution of phases between near-axis BES and the edge-localized Mirnov coil mea-

surements can be used to determine the effects of shifts in magnetic axis and distortion

of magnetic fields to the complex structures of the FB-like bursts. Accurate BES versus

Mirnov phase determination across different chirps requires sufficient statistical accuracy.

Sampling phase variations when δIFB amplitudes are small can lead to false impressions of

significant temporal phase variations. The full-width half-maxima (FWHM) of each peak

in the low-pass filtered δIFB from a channel near the mid-plane at approximately 98 cm

is used to determine the time range for sampling phase variations. The mid-plane phases

are determined by averaging the phases from two channels located at R ≈ 98 cm and ap-

proximately 1 cm above and below the mid-plane. Using this method, the temporal phase

of chirp A at 310 ms varies from ∼ 210◦ to ∼ 120◦, and chirp B at 326 ms varies from

∼ 205◦ to ∼ 130◦ (Fig.7.17(c)). Chirp C shows similar temporal phase variation to chirps

A and B, while chirp D shows slightly larger temporal phase variation compared to other

targeted chirps in discharge 47128 (Fig.7.24(d)). The phase relationship between δIFB and

δBR is governed by the physics of mode stability and propagation. The thermal and fast

ion transport shown in sections 7.2.1 and 7.2.2 alter the medium the modes are traveling in,

and can cause distortions of modes when they are observed in the lab frame. Notably, chirp

C has an average phase about 180° different from chirp D and other chirps, which all have

similar average phases. This suggests that the chirp C may be a fundamentally different

mode compared to other FB-like modes in discharge 47128.

The comparisons between the mode amplitudes measured by core localized BES and edge

Mirnov coil also reveal the differences between chirps C and D. The peak chirp C associated

BES (real( ˆδI/I0)
−1
filtered) amplitude are about 60% compared to chirp D. In contrast, the

peak chirp C associated Mirnov coil signal is only about one-third of the peak chirp D

Mirnov coil signal amplitude (Fig.7.24(a)). The discrepancy of chirp C associated signals

inferred from core localized and edge measurements suggests the mode is core-localized with

a much smaller spatial extent compared to other FB-like burst, or localized in the in-board
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(high-field) side. This eliminates the possibility of chirp C being an off-axis mode, such as

the off-axis FBs found in other tokamaks (e.g. in DIII-D [50]) that locate near the edge of

the out-board side and could have strong interactions with the wall.

The 2D BES measurements suggest that not all bursts that exhibit FB-like spectral

characteristics share similar mode structures. The dominant poloidal mode numbers (m) for

chirps C and D in discharge 47128 are determined by the 2D BES. The 2D viewing window of

BES in this shot covered regions immediately above and below the magnetic axis. Thus, the

dominant m numbers for the targeted chirps in the core can be identified if the their poloidal

structures exhibit features typically found in modes with such m. For example, snapshots

of (R,Z) of the real part of the band-pass filtered (without linear regression) BES signals

(real( ˆδI/I0)
−1
filtered) associated with chirp B show an obvious (n,m) = (1,1) structure near the

axis, where where a positive and negative nodes separated for about 180 degrees of poloidal

angles and rotate poloidally over time, as shown in Fig.7.19. The (R,Z) snapshots associated

with chirp D at 349ms also exhibit similar features (Fig.7.22). These measurements suggest

both chirps B and D are likely to be (1,1)-dominant at the times of their peak amplitude.

However, the (R,Z) snapshots associated with chirp C reveal rather unusual features for

a FB-like burst. There is no distinctive m = 1 structure within the BES viewing window.

Instead, the BES captures the tails of two nodes with opposite parities associated with chirp

C at first at 348.01ms, as shown in Fig.7.20. 0.315ms later at 348.325ms, the core structure

of chirp C evolves to have a single node near ρ = 0.15 only, and it only oscillates over time

but without any poloidal rotation, as shown in Fig.7.21. This suggests a dominant m = 0

structure associated with chirp C in the region near the axis (ρ < 0.1) at 348.325ms, which

is rare for a mode that exhibit FB-like spectral features.

The waveform measurements from poloidally separated BES channels show that the

dominant poloidal mode number of chirp D in the core is affected by chirp C. The evolution

of m dominance for FB-like chirps can be estimated by comparing waveform measurements

from three poloidally separated BES channels located near ρ = 0.1 over a much longer
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period of time compared to the (R,Z) snapshots shown previously. For instance, the chirp B

associated real( ˆδI/I0)
−1
filtered from two channels located above and below the axis are about

180 degrees out of phase, while the signal near the mid-plane in the high field side has the

phase in between (Fig.7.23). This persists for the majority of the time (about 1ms) over the

period of the chirp B, indicating it likely to be a (1,1)-dominant mode. In contrast, chirp

C associated signals from all of these three locations are almost in phase from 347.5 ms to

348.5 ms (Fig.7.24(c)). The waveform of these chirp C associated measurements, alongside

with the 2D and radial structures mentioned previously, suggest the chirp C associated

near-axis m = 0 structure persists throughout most of the time of its appearance. On

the other hands, a transition of m dominance occurs for chirp D. The chirp D associated

real( ˆδI/I0)
−1
filtered from two channels located above and below the axis are partially out of

phase in the beginning of the appearance of chirp D when its mode amplitude is comparable

to chirp C. These signals transitions to be similar to chirp B. This suggests chirp D has the

mixed odd-even m at first, and later becomes (1,1)-dominant when chirp C disappears. This

suggests the occurrence of a mode-mode interaction, altering the mode characteristics of one

the modes that appears at the same time with different frequencies.

7.2.4 Discussions on the FB-associated thermal and fast ion transport in MAST-

U

The mode amplitudes of FB-like bursts can explain the severity of fast ion transport but

cannot fully account for the observed drops in central thermal ion temperatures during and

after double FB-like bursts. The EP convective resonant transport model suggests that the

EP transport and losses caused by FBs scale linearly to their mode amplitudes [90], as the

E × B drifts that drive the EPs are linearly proportional to the electric field (E) [48]. The

drops in neutron emission in discharge 47128 (Fig.7.10(d)) are proportional to the amplitudes

of FBs (Fig.7.8(a)). Chirp D has the highest mode amplitude among other FB-like bursts

in the same discharge, and the additional contribution from chirp C result in significant fast
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Figure 7.15: Spectrograms of 4 mid-plane BES channels channels in MAST-U discharge

47128 from 250 to 360ms.
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Figure 7.16: Cross coherences of STFT of measurements from 4 mid-plane BES channels

and STFT of δBR in MAST-U discharge 47128 from 250 to 360ms.
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Figure 7.17: (a) spectrogram of δBR of shots 47128; (b) amplitude of δI/I0 from BES

associated with chirps A and B after band pass filter and regression in major radius versus

time with the magnetic axis location from EFIT++ labeled in a turquoise curve; (c) averaged

temporal phase shift of two band pass filtered BES channels above and below the mid-plane

at R ≈ 98cm associated with chirps A and B.
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Figure 7.18: (a) spectrogram of δBR of shots 47128; amplitude of δI/I0 from BES associated

with (b) chirp C only and (c) chirp D only after band pass filter and regression in major

radius versus time with the magnetic axis location from EFIT++ labeled in a turquoise

curve; (d) averaged temporal phase shift of two band pass filtered BES channels above and

below the mid-plane at R ≈ 98cm associated with chirps C and D.
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Figure 7.19: the (R,Z) snapshots of chirp B associated real(δI/I0) without linear regression

at (a) t = 325.925ms and (b) 325.975ms. ρ = 0.1 and 0.2 surfaces are labeled in solid and

dashed curves, respectively

Figure 7.20: the (R,Z) snapshots of chirp C associated real(δI/I0) without linear regression

at (a) t = 348.010ms and (b) 348.025ms. ρ = 0.1 and 0.2 surfaces are labeled in solid and

dashed curves, respectively
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Figure 7.21: the (R,Z) snapshots of chirp C associated real(δI/I0) without linear regression

at (a) t = 348.325ms, (b) 348.350ms and (c) 348.375ms. ρ = 0.1 and 0.2 surfaces are labeled

in solid and dashed curves, respectively

Figure 7.22: the (R,Z) snapshots of chirp B associated real(δI/I0) without linear regression

at (a) t = 349.300ms and (b) 349.350ms. ρ = 0.1 and 0.2 surfaces are labeled in solid and

dashed curves, respectively
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Figure 7.23: (a) the normalized chirp B associated abs(δI/I0) (solid line) and abs(δBR)

(dashed line) without linear regression; (b) the real part of chirp B associated δI/I0 without

linear regression, showing the waveform of chirp B at (R,Z) = (96cm, -6.15cm) , (R,Z) =

(96cm, 8.16cm) and (R,Z) = (94cm, 3.92cm).

147



Figure 7.24: the absolute values of chirps C and D associated δBR (solid lines) and δBR

(dashed lines) without linear regression. The chirp C associated δBR and δBR are normalized

by the maximum value of chirp D associated δBR and δBR, respectively; (b) the real part

of chirp C associated δI/I0 without linear regression, showing the waveform of chirp C at

at (R,Z) = (96cm, -6.15cm) , (R,Z) = (96cm, 8.16cm) and (R,Z) = (94cm, 3.92cm); (c) the

real part chirp D associated δI/I0 without linear regression, showing the waveform of chirp

D at at (R,Z) = (96cm, -6.15cm) , (R,Z) = (96cm, 8.16cm) and (R,Z) = (94cm, 3.92cm).
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ion transport consistent with the EP convective resonant transport model. Another form of

interaction between the double bursts is also possible where the first burst moves fast ions

to a part of phase space that is strongly affected by the second burst, leading to greater

transport of fast ions. The proportionality between mode amplitudes and neutron emission

drop levels also appears in FB-like bursts in discharge 47132, as shown in Fig. 7.11(d) and

7.9(a).

However, unlike the drops in neutron emissions, the reduction of central thermal ion

temperatures after some of the FB-like bursts do not seem to be linearly proportional to

the mode amplitudes. Beam-induced fast ions provide the heating for the plasma in the

targeted discharges. Therefore, a significant reduction in core fast ions could, in principle,

remove the primary heat source, resulting in drops in the central thermal ion temperature.

If this explanation held true, the thermal ion temperature drops would be proportional to

the reductions in neutron emissions (and hence the mode amplitudes), and also depend

on the time difference between peaks of bursts and and temperature drop measurements.

Nevertheless, the central thermal ion temperatures do not consistently drop proportionally,

and they only show significant decreases during or after the double FB-like bursts in both

47128 and 47132 (figures 7.12 and 7.13). In addition, the thermal confinement times are

typically greater than 10ms, which is much longer than the time differences between observed

drops versus peaks of bursts. This observation suggests that strong mode amplitudes and

associated fast ion transport alone cannot fully explain the temperature drops.

The observed drops in thermal ion temperature after double FB-like bursts are possibly

related to the presence of the core-localized m = 0 mode. The stability of FBs generally

correlates with the |q|min, as demonstrated in 3D kinetic-MHD simulations of FBs in NSTX

[67] (a spherical tokamak similar to MAST-U). The |q|min during the single burst (e.g. chirp

B in 47128) before the appearance of the double bursts are comparable. However, the drops

in central thermal ion temperatures are much more pronounced with the appearance of

double bursts compared to single bursts. It is possible that the simultaneous presence of two
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core-localized modes at slightly different frequencies increases the stochasticity of the fields

and flux surfaces near the axis, leading to more significant transport of core thermal ions

and shifts of the magnetic axis, as observed in discharge 47128.

7.3 Summary of this chapter

The FB-like bursts cause fast and thermal ion transport in both MAST-U discharges 47128

and 47132. The occurrences of flux surface rearrangements and bulk plasma temperature

crashes measured by various diagnostics show that drops in thermal species temperatures

are comparable to sawtooth crashes cannot be totally avoided even with |q|min > 1. Drops

in plasma rotation speeds and neutron emissions are likely the results of core fast ion trans-

port. The levels of drops of these fast ion associated measurements are roughly linearly

proportional to the mode amplitudes of the FB-like bursts, which can be explained by the

convective EP transport model [48]. However, this model cannot explain the drops in ther-

mal species temperatures. Changes in magnetic equilibrium inferred from MSE-constrained

EFIT++ and drops in core thermal ion temperatures (at levels comparable to those caused

by MHD bursts) suggest the occurrences of thermal transport due to FB-like bursts. How-

ever, the spectral characteristics of these bursts and the |q|min values suggest that the drops

are unlikely to be associated with MHD bursts. The drop in core thermal ion temperature

and the distortions of the modes become more pronounced when two bursts occur in close

proximity in time-frequency space (labeled ”double FB-like” in plots), such as chirps C and

D in 47128. The |q|min during the presence of the double FB-like bursts in 47128 are com-

parable to the |q|min during the prior single FB-like burst. However, the core thermal ion

temperature drop could only be observed during and after the presence of double bursts.

2D BES poloidal mode structure measurements, which are for the first time obtained

in a spherical tokamak, suggest some of the FB-like modes do not have expected poloidal

structures for pressure driven infernal-like FBs. The measurements show that chirp C is
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likely to have a m = 0 dominated structure near the axis, while chirp D is more likely to

be a (n,m) = (1, 1) dominated mode similar to other typical FBs. Additional analytic and

empirical efforts are needed in the future to describe the burst with the measured core m =

0 structure.

The bulk plasma temperature crashes raise concerns for future fusion devices. While

the MAST-U experiments aimed to avoid sawtooth crashes, drops in thermal species tem-

peratures associated with FB-like bursts instead of sawtooth still occurred even with |q|min

well above unity. The drops in thermal species temperatures impact the Lawson criterion

and hence hinder the fusion performance directly. Future fusion devices may operate under

conditions with higher fields and lower |q|min, where FBs are expected to play a significant

role. For instance, scenarios involving FBs are under consideration for future fusion devices

[16] [46]. However, thermal confinement in these scenarios could still be compromised by FB-

induced sawtooth-like crashes, similar to those observed in MAST-U, even in the absence

of conventional sawtooth oscillations. Therefore, further studies are critical to improving

the understanding of FB-like bursts and developing strategies to mitigate their impacts on

performances of future fusion devices.
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CHAPTER 8

Reduced fast ion transport calculations for FBs in

MAST-U

Besides the TAE in MAST, measurements of FBs in MAST-U can also be utilized as inputs

for ORBIT-Kick to analyze FB-induced fast ion transport. Unlike TAEs, the mode structures

and frequencies of FBs in MAST-U cannot be fully resolved using MHD codes. Although

there are efforts on determining these properties using kinetic simulations, they are beyond

the scope of this dissertation. Instead, measurements of mode amplitude, two-dimensional

spatial structure, and frequency chirping, as described in Chapter 7.2.3, can guide the con-

struction of analytic mode structures for ORBIT-Kick transport calculations. This approach

enables FB-associated transport calculations even in the absence of self-consistent FB simu-

lations. The severity of fast ion transport, loss counts, and resonance conditions associated

with an FB in MAST-U discharge 47128 are computed using measured data as inputs. These

calculations provide critical insights into FB-driven fast ion transport in STs, contributing

to a better understanding of fast ion behavior in future fusion devices.

The ORBIT-Kick model can be used to calculate fast ion transport and losses associated

with FBs in MAST-U, but it requires experimental measurements as guidance for construct-

ing analytic inputs. Unlike TAEs, kinetic simulations for FBs in STs are rare and remain

at the frontier of this research field. The development and the verification and validation of

high-fidelity simulations are beyond the scope of this dissertation. Consequently, no outputs

from such simulations are available for use as inputs in ORBIT-Kick calculations.

Fortunately, many of the measurements on FBs in MAST-U, discussed in Chapter 7.2, can
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serve as a reference for setting input profiles and parameters in ORBIT-Kick calculations.

For example, the amplitude and frequency evolutions measured by OMAHA coils can be

incorporated into the calculations, similar to the TAE case discussed in Section 6.3. Most

of the additional effort is focused on constructing the poloidal harmonics and constraining

the mode amplitude of an FB using 2D measurements from the BES diagnostics, as global

mode structure measurements were not available in MAST-U during the experiment.

8.1 Constructing the polodial harmonics of a MAST-U FB for

transport calculations

The poloidal harmonics of an FB in MAST-U discharge 47128 are constructed as inputs for

ORBIT-Kick calculations using BES measurements, the infernal mode model, and NUBEAM

fast ion distribution calculations. The FB-like instability ”chirp B” in discharge 47128 (Fig.

7.10, Fig.7.12) is selected for analysis because it is milder than the ”double-chirps” C and

D, yet exhibits a stronger mode amplitude and a greater neutron emission drop compared

to chirp A, making it a valuable case for study.

An appropriate radial structure of the m = 1 harmonic is found under the guidance

from the BES measurement and the FI pressure gradient. Fig.8.1 indicates that the electron

density fluctuation associated with the mode (δne/ne0) increases from the magnetic axis to

ρ = 0.2 and remains low near the |q|min location at ρ = 0.6. Additionally, the 2D δne/ne0

structure from BES suggests that the poloidal harmonic m = 1 dominates the region from

the magnetic axis to ρ = 0.2. However, mode structure measurements are unavailable for

the region between ρ = 0.2 and ρ = 0.5. The |q|min value during chirp B is approximately

1.15, which remains above unity even when considering uncertainties in the q-profile inferred

from MSE. This suggests that chirp B could be a fast-ion pressure-gradient-driven infernal

mode. Thus, in addition to serving as an input for ORBIT-Kick, the fast ion distribution

from NUBEAM (Fig. 8.3) is used to constrain the mode structure between ρ = 0.2 and 0.5.
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The radial gradient of the fast ion pressure (∇(nFITFI)) peaks near ρ = 0.2, indicating that

the radial mode structure of chirp B should decrease gradually, rather than sharply, from

ρ = 0.2 to 0.5—consistent with the ”toy model” (Fig. 3.3) discussed in Chapter 3.4.2 for

fast-ion-gradient-driven infernal modes. The m = 2 and m = 3 harmonics are assumed to be

kink-related and associated with the |q| = 2 and |q| = 3 surfaces, respectively. Their radial

structures and relative amplitudes (compared to m = 1) are determined using analytic kink

solutions previously implemented in ORBIT-Kick for sawtooth transport calculations [79].

The resulting poloidal harmonic input for ORBIT-Kick is shown in Fig. 8.5(d1).

A series of ORBIT-Kick test cases using hypothetical m = 1 modes peaking at different

radial locations reveals the relationship between input mode structures and the orbit types

of resonant fast ions. The kick matrix (p(λ, Pζ , E = 54.0keV)) shown in Fig. 8.5(d2),

obtained from an ORBIT-Kick calculation with a Maxwellian fast ion distribution, indicates

that co-passing, trapped banana, and stagnation particles interact with the mode. However,

distinguishing resonances associated with the knownm = 1 structure (from BES) or assumed

mode structures for ρ > 0.2 from Fig. 8.5(d2) is challenging. To investigate this further, test

runs using hypothetical narrow m = 1 modes peaking at ρ = 0.2, 0.4, and 0.6 (Fig. 8.5(a1)-

(c1)), with a fixed frequency of 35 kHz and a fixed mode amplitude (Ascale = 5E− 4), reveal

that modes localized at ρ ≤ 0.4 primarily interact with co-passing and stagnation particles

(Fig. 8.5(a2)-(b2)), while modes at ρ ≥ 0.6 predominantly interact with trapped banana

particles (Fig. 8.5(c2)). However, BES measurements of the actual mode structure show

low amplitude at ρ = 0.6, suggesting that interactions with trapped particles may arise from

the tail of the m = 1 harmonic, as well as from the potential influence of m = 2 and m = 3

harmonics. Nevertheless, the predominant resonant fast ions appear to be in co-passing and

stagnation orbits.

The resonance integers p and l, along with mode frequencies corresponding to resonant

particles, are identified using the poloidal and toroidal bounce frequencies (ωζ and ωθ) cal-

culated by ORBIT-Kick in a test run with the poloidal harmonics from Fig. 8.5(d1) at 33
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kHz and Ascale = 2E − 3. The resonant trapped particles are scattered across bands with

p ≪ −1, indicating banana orbits with a large amount of elliptic points. The resonant

passing particles form two distinct bands at λ < 0.4 and 0.4 < λ < 0.6, both with mode

numbers (n, p, l) = (1, 1, 2). Notably, the resonant passing particles at 0.4 < λ < 0.6 align

with the measured initial mode frequency of 33 kHz, while those at λ < 0.4 correspond to a

band near the plasma rotational frequency (at R = 1.0 m) of 25.4 kHz, as shown in Fig. 8.6.

This suggests that, in addition to the supplied poloidal harmonics at 33 kHz, a co-moving

resonance with a near-zero frequency in the plasma frame is triggered and plays a role in

kicking co-passing particles. Although most of the NBI-induced fast ions populate near the

magnetic axis with a λ of 0.5 as shown in Fig.8.4 (a), some fast ions are induced by the beam

away from the axis with λ ≤ 0.2 as shown in Fig.8.4 (b). These fast ions are susceptible to

the kicks generated by the co-moving resonance.

8.2 Effects of mode amplitudes on FB associated fast ion transport

In addition to determining the dominant poloidal harmonic in the core, BES measurements

from discharge 47128 can also be used to constrain the mode amplitude settings in ORBIT-

Kick. The electron density fluctuation associated with the FB in this discharge (δne/ne0) is

measured up to ρ = 0.2. The δne/ne0 associated with the input mode structure in ORBIT-

Kick is controlled by the Ascale parameter. The kinetic Poincaré simulations are used to

track the perturbations of thermal electron trajectories due to the input mode structure in

ORBIT-Kick. The associated δne/ne0 can then be estimated with reference to the initial

ne0 profile from TRANSP. This methodology follows that used in [13] [13] [79] [98], but

δne/ne0 is estimated instead of δTe/Te0 shown in the references. The resulting δne/ne0

from the setting of Ascale = 4E − 4 lies near the center of the distribution of measured

δne/ne0 values (Fig. 8.7). To account for possible variations in the peak δne/ne0, a case

with Ascale = 5E − 3 that fits the upper uncertainties of δne/ne0 is also considered. This
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Figure 8.1: The radial profiles of abs(δI/Io) from BES associated with (a) chirp D in 47128

at t = 325.9ms with the viewing window centered at R = 95cm; (b) first of the double

FB-like burst in 47132 at t = 326.2ms with the viewing window centered at R = 115cm.
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Figure 8.2: The radial profiles of abs(δI/Io) from BES associated with (a) chirp C in 47128

at t = 347.5ms with the viewing window centered at R = 95cm; (b) first of the double

FB-like burst in 47132 at t = 348ms with the viewing window centered at R = 115cm.
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Figure 8.3: (a) 2D and fast ion density profiles and (b) the radial gradient of the product

of fast ion density (nFI) and temperature (TFI) from NUBEAM/TRANSP for MAST-U

discharge 47128

Figure 8.4: The fast ion distribution near the (a) magnetic axis and (b) R = 1.3m and

mid-plane from NUBEAM/TRANSP for MAST-U discharge 47128
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Figure 8.5: Tests case for constraining the FB mode structure inputs. (a1) - (d1): the input

poloidal harmonics (in radial plasma displacements) for ORBIT-Kick and (a2) - (d2) to be

the resulting kick probability matrix ( p(λ, Pζ , E = 54.0keV) )
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Figure 8.6: kick probability matrix ( p(λ, Pζ , E = 54.0keV) ) from result of ORBIT-Kick that

uses structure (shown in Fig.8.5(d1)), showing ∆Pζ of resonant fast ions and the resonance

bands for (n, p, l) = (1, 1, 2) at 25.4 and 33 kHz in phase space representations

amplitude setting provides an upper bound for δne/ne0 near ρ = 0.2 and allows uncertainties

in ORBIT-Kick calculations to be assessed when compared with measurements from other

diagnostics in future efforts. It is worth noting that the δne/ne0 only increases less than

a factor of 2 with the increase of a factor of more than 10 in Ascale. This can be due to

uncertainties induced by insufficient radial bins and/or number of thermal electrons used in

the ORBIT-Kick Poincaré calculation. Future efforts can be done to refine the input settings

for more accurate estimations of δne/ne0.

Similar to the case of TAEs in MAST, fast ion transport associated with an FB in MAST-

U is found to depend on mode amplitude in ORBIT-Kick calculations. Each ORBIT-Kick

run is 6ms long with an evolving mode amplitude versus time profile shown in Fig.8.8(b),

mimicking the measured profile in Fig.7.23 (a). Although the different Ascale values used

in these runs are relatively close—primarily to improve statistical significance—some dif-

ferences in the intensity of fast ion transport are still observed. In general, increasing the
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Figure 8.7: δne/ne0 measurements from BES compared to different δne/ne0 from two Ascale

settings in ORBIT-Kick for chirp B in MAST-U discharge 47128.

mode amplitude does not change the resonances at which particles interact with the mode.

However, it results in more kicks for both trapped and co-passing particles (Fig. 8.9(a) and

(c)). As expected, the overall number of lost particles increases with a higher Ascale.

The most notable effect of increasing Ascale is a slight decrease in the ratio of lost co-

passing to lost trapped particles (cases 1, 2 and 3 shown in Table.8.2), suggesting that

trapped orbits are more susceptible to stronger kicks. This can also be seen in the energy

versus λ representation of the kick matrices, where the increased amount of particles in the

trapped orbits experience resonances in a higher Ascale case compared to a lower Ascale case

(shown in Fig.8.10 (a) and (c)).This behavior contrasts with the TAE cases discussed in

Chapter 6, where co-passing particles were more affected. This difference is likely due to

variations in frequency and mode localization between TAEs and FBs in MAST/MAST-U,

which influence trapped and co-passing particle orbits in different ways.
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Figure 8.8: (a) fixed and chirping frequencies for different cases, with a comparison with

the plasma rotation frequency at R = 1.0m and (b) amplitude profiles that mimic the

measurements used for ORBIT-Kick FB cases
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Figure 8.9: kick probability matrices ( p(λ, Pζ , E = 54.0keV) ) from results of ORBIT-Kick

that use the structure (shown in Fig.8.5(d1)) with (a) Ascale = 5E − 3 and fixed frequency

(case 3 in Table.8.1); (b) Ascale = 5E − 3 and chirping frequency (case 6 in Table.8.1); (c)

Ascale = 4E − 4 and fixed frequency (case 1 in Table.8.1); (d) Ascale = 4E − 4 and chirping

frequency (case 4 in Table.8.1), showing ∆Pζ of resonant fast ions and the resonance bands

for (n, p, l) = (1, 1, 2) at 27 and 33 kHz in phase space representations
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Figure 8.10: 2D (λ = µB0/E and E) histograms for fast ions with their energies modified

greater than 3∗SD∆E in ORBIT-Kick calculations using the structure (shown in Fig.8.5(d1))

with (a) Ascale = 5E − 3 and fixed frequency (case 3 in Table.8.1); (b) Ascale = 5E − 3 and

chirping frequency (case 6 in Table.8.1); (c) Ascale = 4E − 4 and fixed frequency (case 1 in

Table.8.1); (d) Ascale = 4E − 4 and chirping frequency (case 4 in Table.8.1).

164



8.3 Effects of chirping on FB associated fast ion transport

Similar to the case of TAEs in MAST, the measured frequency chirping of FBs can be used

as an input for ORBIT-Kick transport calculations. The time-evolving frequency profile

used in these runs (Fig. 8.3(a)) is fitted to the measured chirping profile from Fig. 7.17(a),

where the frequency decreases from 33 kHz to 27 kHz over approximately 2 ms.

The main effect of frequency chirping is an increased spread of particle distribution

compared to fixed-frequency cases at different amplitudes, as shown in Fig. 8.10(b) and (d).

Notably, the final chirped frequency is very close to the core plasma rotational frequency,

potentially leading to stronger resonances in the (n, p, l) = (1, 1, 2) band at 25.4 kHz, as

previously shown in Fig. 8.6. While the total number of lost particles increases slightly

with chirping, the ratio of lost co-passing to lost trapped particles decreases compared to

fixed-frequency cases at the same mode amplitudes.

As observed in MAST TAE runs comparing fixed versus chirping frequencies, the most

significant differences in MAST-U FB runs lie in the standard deviations of ∆E and ∆P .

Specifically, in the Ascale = 5E − 3 case, SD∆E and SD∆P increase by approximately 24%

and 72%, respectively, as shown in Table 8.2. This effect is evident in the Poincaré plots

comparing fixed and chirping frequency runs: in the fixed-frequency ORBIT-Kick runs, orbits

and islands near the peak of the m = 1 harmonic remain well-defined, whereas they become

more disrupted in the chirping-frequency run (Fig. 8.11(a) vs. (b)).

These results suggest that frequency chirping can make fast ion orbits stochastic, leading

to increased SD∆E and SD∆P . However, since the mode is far from the plasma edge, the

resulting stochastic orbits do not guarantee the increase of overall particle losses beyond the

last closed flux surface (LCFS), unless the fast ion orbit islands induced by the mode is large

enough. The width of these islands are determined by both the radial extent and amplitude

of the mode. This highlights the importance to constrain inputs using measurements for

accurate estimations on fast ion transport and losses.
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Figure 8.11: Kinetic Poincaré plot at λ = µB0/E = 0.4 of fast ions for cases of (a) fixed

frequency at 33 kHz (case 3 in Table.8.1); (b) chirping frequency (case 6 in Table.8.1). Orbits

are labeled by different colors.

Inputs

quantities

or settings

case 1 case 2 case 3 case 4 case 5 case 6

Ascale 4E-04 2E-03 5E-03 4E-04 2E-03 5E-03

(δne/ne0)max 0.00527 0.00768 0.00950 0.00527 0.00768 0.00950

frequency

(kHz)

33 33 33 chirping

(Fig.8.8(a))

chirping

(Fig.8.8(a))

chirping

(Fig.8.8(a))

Table 8.1: Inputs and settings for ORBIT-Kick runs for MAST-U FB cases

166



results case 1 case 2 case 3 case 4 case 5 case 6

SD∆E (keV) 0.334 0.359 0.4266 0.342 0.4039 0.5283

SD∆P 0.00202 0.00699 0.01382 0.00455 0.01334 0.02376

loss (per 300000 particles) 1557 1659 2032 1563 1773 2437

lost trapped/total trapped

(%)

0.763% 0.814% 1.03% 0.766% 0.887% 1.28%

lost co-passing/total co-

passing (%)

0.416% 0.444% 0.509% 0.420% 0.456% 0.567%

lost co-passing/lost trapped 0.516 0.516 0.469 0.519 0.487 0.420

Table 8.2: Results of ORBIT-Kick runs for MAST-U FB cases

8.4 Summary of this chapter

This chapter presents the ORBIT-Kick calculations performed to study fast ion transport

in NBI-driven FBs in MAST-U using various input sources. Unlike TAEs, no reliable simu-

lations are available to resolve the poloidal harmonics of FBs in spherical tokamaks at the

time of this study. Instead, BES measurements from MAST-U are used to analytically re-

construct radial structures and constrain the amplitudes of FB poloidal harmonics for low m

numbers. ORBIT-Kick calculations based on these analytical poloidal harmonics show that

fast ion transport and losses scale with mode amplitude, similar to the TAE case. However,

in contrast to TAEs, the ratio of lost co-passing to lost trapped particles decreases with in-

creasing mode amplitude. This difference is likely due to variations in resonance conditions

between these two types of modes, which have distinct structures and frequencies. Frequency

chirping of the FB does not significantly increase particle loss but has a more pronounced

effect on particle energy and momentum compared to fixed-frequency cases. This is because

the disturbed orbits remain far from the plasma edge, preventing particles from being lost

beyond the LCFS.
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CHAPTER 9

Conclusions and future efforts

This dissertation explores the measurement of TAEs and FB instabilities in MAST and

MAST-U using multiple diagnostic tools to enhance our understanding of these phenomena.

These measurements serve various purposes, including the verification and validation of first-

principles simulations, phenomenological studies, and inputs for reduced fast-ion transport

models. The overarching goal is to mitigate the impact of these instabilities on fusion

performance and minimize potential damage to wall components in future tokamak-based

fusion devices. Beyond these contributions, the work presented here lays the foundation for

future research aimed at further advancing the understanding of low-frequency NBI-driven

instabilities.

9.1 Measurements of TAE in MAST for Verification and Valida-

tion of a Linear Global Gyrokinetic Simulation

Global radial mode structure measurement of TAEs in the MAST discharge 26887 at 180 ms

are made with soft X-ray and inverted to obtain the emissivity fluctuation spatial structure

using a novel technique. The structure shows characteristics consistent with theory for

(n,m,m+1) = (1,1,2) TAEs in this particular MAST case. However, these characteristics

might be altered if the beam injection geometry is different in other cases. Future researchers

can study the effects of geometry to TAE’s characteristics and stability in MAST-U or similar

devices (e.g. NSTX-U) using neutral beams with different injection geometries.
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A linear gyrokinetic (GK) model is verified and validated using measurements of TAEs

in MAST. Global gyrokinetic codes, such as the Gyrokinetic Toroidal Code (GTC) [66], offer

promising capabilities for cross-scale integrated simulations of fast-particle-driven modes [67].

However, key characteristics of spherical tokamaks (STs)—such as the steep field gradient on

the high-field side and the high fast-ion-to-thermal-ion beta ratio—have not been extensively

tested in GK simulations. This dissertation addresses this gap by validating the first global

GK simulations of TAEs in MAST.

Overall, the GTC simulation results for TAE radial mode structure and frequency show

good agreement with experimental measurements. Despite different representations of ther-

mal and fast ions, the eigenfrequencies of TAEs excited in various GTC run modes fall within

a narrow range of 69 to 72 kHz. After accounting for the ≈ 10 kHz plasma rotation Doppler

shift, the laboratory frame frequencies are close to 80 kHz—approximately 9% lower than the

frequency computed by NOVA and the measured initial frequency of the targeted chirping

TAE. Interestingly, the frequencies from GTC align more closely with the TAE frequency at

its peak mode amplitude, as well as with the ideal MHD prediction for the (n,m) = (1, 1)

TAE frequency when the Doppler shift is considered. This discrepancy may stem from the

treatment of input profiles, given the similar differences observed between NOVA and GTC

ideal MHD simulations.

The radial mode structures from GTC simulations that include fast ions also align well

with experimental results inferred from tangential soft X-ray (SXR) measurements. The

simulated electrostatic potential perturbation (δϕ) peaks around ρ = 0.6 to 0.8, matching

the expected mode location for ideal MHD n = 1, m = 1, 2 TAEs and the measured SXR

perturbation (δϵ). Discrepancies in radial mode structures in GK fast-ion simulations arise

primarily when considering poloidal structures and harmonics, likely due to the treatment

of fast-ion distributions (whether modeled as Maxwellian or anisotropic). However, since

neither poloidal structures nor harmonics are measured or inferred from the available diag-

nostics in this dissertation, the differences in these aspects do not affect the overall agreement

169



between simulations and experiments.

Future experimental efforts could further validate and refine the GTC model. The lin-

ear GTC predicts the growth and damping rates of TAEs in MAST, yet the absence of

data capturing the linear stage of TAEs in the targeted case prevents direct comparisons

of these quantities. New experiments aimed at observing TAEs during the transition from

a linear, non-chirping stage to a chirping stage are necessary to compare with linear GTC

predictions. Additionally, experimental efforts should focus on directly inferring fast-ion

anisotropy through tomography techniques [69] and measuring poloidal mode structures and

harmonics using poloidally viewing diagnostics. These studies would provide valuable refer-

ences for detailed comparisons between Maxwellian and anisotropic fast-ion models in GTC

simulations.

Beyond new experimental efforts, extending GTC simulations of the targeted TAE in

MAST into the nonlinear regime is crucial for resolving frequency chirping and nonlinear

damping effects. The rapid frequency and amplitude variations of TAEs significantly influ-

ence fast ion transport phenomena that linear simulations cannot capture. The targeted

TAE case is particularly suitable for comparison with δf nonlinear simulations in GTC, as

its equilibrium conditions remain relatively stable despite TAE activity. Investigating this

case in the nonlinear regime would offer deeper insights into the frequency evolution and

nonlinear damping mechanisms of TAEs in MAST.

9.2 Fishbone instabilities and their impacts on core confinement

in MAST and MAST-U

This dissertation also investigates fishbones (FBs) in MAST and MAST-U. In MAST, phases

between FB associated fluctuations measured by two radial separated diagnostics are ob-

served to be varying over time, suggesting either distortions on the equilibrium or FB mode

structures. This observation motivated new experiments in MAST-U with additional and
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detailed measurements, including a first-of-its-kind poloidal mode structure measurements

obtained using the 2D BES system. The BES measurements reveal that not all FB-like

bursts with similar spectral characteristics have the expected core structures and dominant

m numbers for pressure-driven infernal-like FBs.

The impacts of FB-like instabilities on bulk plasma and flux surfaces are also observed

in MAST-U. Experimental studies in MAST-U plasmas, where the minimum safety factor

(qmin) approaches unity, reveal substantial distortions in spatial structures during plasma dis-

charges for certain FB-like instabilities. These events are associated with pronounced fast-ion

transport, significant shifts in the magnetic axis, and sudden crashes in thermal species tem-

peratures. Such observations indicate rapid and large-scale rearrangements of flux surfaces,

suggesting deviations from conventional FB models and previously documented behaviors.

The observed bulk plasma temperature drops raise concerns for future fusion devices as they

hinder the fusion performances directly by impacting the Lawson criterion. In the MAST-U

experiments discussed in this dissertation, sawtooth crashes were intentionally avoided, yet

sawtooth-like drops in thermal species temperatures linked to FBs still occurred, despite

qmin being well above unity. Future fusion devices operating at higher fields—and thus lower

qmin may still experience degraded thermal confinement due to FB induced sawtooth-like

crashes, even in the absence of conventional sawtooth instabilities. Therefore, further re-

search is essential to improve understanding and predictive capabilities for these modes in

next-generation fusion devices.

9.3 Reduced fast ion transport calculations for TAEs MAST and

FBs in MAST-U

Beyond validating physics models and simulations, measurements of TAEs in MAST and

FBs in MAST-U can also serve as inputs for reduced fast-ion transport model calculations.

As previously mentioned, linear models cannot predict frequency chirping. To address this,
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ORBIT-Kick incorporates measured amplitudes and chirping frequencies, integrating them

with simulation results to calculate fast-ion transport. For FBs, where self-consistent simu-

lations are less common than for TAEs radial mode structure measurements from the BES

diagnostic are used to reconstruct analytical poloidal harmonics, which are then used as

inputs for ORBIT-Kick. This approach enables studies of FB associated fast ion trans-

port without requiring fully self-consistent simulations, significantly reducing computational

complexity and resource demands.

Frequency chirping is found to intensify fast-ion transport in both TAE and FB cases.

In both cases of TAEs and FBs, orbit structures and island formations are disrupted by the

changing mode frequency. However, differences in mode structures and frequencies between

these instabilities affect how fast ions are transported. For example, in cases where the

disrupted orbits remain far from the plasma edge, such as those affected by FBs in MAST-U

fast ions may not be lost beyond the LCFS and hence significantly contribute to particle

losses.

Future efforts should focus on comparing ORBIT-Kick calculations for TAEs and FBs

with fast-ion-associated measurements from various diagnostics. For instance, fast-ion trans-

port or losses can influence neutron emission, as both processes reduce heating efficiency and

hinder fusion reaction rates. The kick-matrix computed by ORBIT-Kick can be used as an

input for TRANSP to predict changes in neutron flux due to instabilities. These predictions

can then be compared with neutron rate measurements from the fission chamber or neutron

camera diagnostics [19]. Additionally, ORBIT-Kick’s calculated ratios of lost co-passing and

lost trapped particles can be validated against Fast Ion Loss Detector (FILD) measurements

in MAST-U [97]. Such comparisons would help assess the accuracy of the ORBIT-Kick

model and enhance its predictive capabilities for future fusion experiments.
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