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Abstract

The high-gain ITER baseline tokamak plasma scenario depends upon reliable H-mode op-

eration with edge-localised modes (ELM) suppressed by the application of resonant magnetic

perturbations (RMP) using an ELM-control coil (ECC) system. However, these perturba-

tions can lead to significant fast-ion transport and resulting power loads on plasma-facing

components (PFC). This is of particular concern to the high-power discharges in ITER, which

are extremely challenging to predictively study using conventional experimental devices and

the physics codes currently used to study them.

In this work, software was created with which novel, high-performance computing compo-

nents were assembled to enable, for the first time, routine, high-fidelity simulation of realistic

fast-ion transport due to 3D fields in ITER. The primary fast-ion component, LOCUST, was

verified and validated. The assembled workflow was then deployed to determine methods

of operating the ITER ECC system where plasma heating efficiency, PFC power loads and

ELM suppression are optimised simultaneously.

The response of fast-ion confinement to ECC operating parameters, such as coil current

amplitude and phase, was discovered to correlate with ELM suppression. With this knowl-

edge, the optimal method for operating the ECC system was determined, over a range of

plasmas and applied RMP mode spectra, to increase total heating efficiency by 1.7-3.2%

points in the baseline scenario. Even in the worst case, PFC power loads were found to be

tolerable and rotation of the applied RMP to reduce power loads by up to 0.44MWm-2 (64%).

In the optimal setting however, rotation may not be required, as minimum power loads and

global losses were found to correlate. Methods for experimentally verifying these findings,

using low-power plasmas and the diagnostic neutral beam, were also studied. Lowering the

ECC coil current was found to be a low-risk approach to predicting fast-ion confinement in

the ITER baseline scenario.
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Chapter 1

Introduction

1.1 Fusion

Fusion is the nuclear reaction through which two parent nuclei combine to form a daughter

nucleus. The daughter nucleus is typically metastable, so it quickly decays into another com-

bination of daughter nuclei and nucleons. For elements lighter than iron, fusion is typically

exothermic due to it increasing the binding energy per nucleon. Some examples of common

fusion reactions are denoted below and their cross sections are shown in �gure 1.1.

2H + 2H ��! 3He (0:8 MeV) + n (2:5 MeV)

2H + 2H ��! 3H (1:0 MeV) + H (3 :0 MeV)

2H + 3H ��! 4He (3:5 MeV) + n (14:1 MeV)

2H + 3He ��! 4He (3:6 MeV) + H (14 :7 MeV)

3He + 3He ��! 4He + 2 H + 14 :7 MeV

3H + 3He ��! 4He + H + n + 12 :1 MeV

3H + 3He ��! 2H (9:5 MeV) + 4He (4:8 MeV)

3H + 3H ��! 4He + 2 n + 11 :3 MeV

1H + 11B ��! 3 4He + 8:7 MeV

Nuclear binding energy is extremely large compared to the atomic binding energy released

15



CHAPTER 1. INTRODUCTION 16

Figure 1.1: Cross sections for fusion reactions as a function of centre-of-mass energy [1, 2].
These are characterised by the existence of a bound state for the intermediate nucleus,
which increases the cross section above that which would otherwise be found classically.
Deuterium-tritium (DT) fusion exhibits the highest cross section at lower energies, making
it attractive for use terrestrially compared with, for example, deuterium-helium-3 fusion,
whose fuel would require lunar mining.

by chemical reactions. Out of �ssion and fusion, fusion typically releases the most energy per

nucleon. This is shown by plotting the binding energy per nucleon of the nuclei of di�erent

elements in �gure 1.2. Hence, moving rightwards via fusion of lighter elements increases the

binding energy per nucleon much more quickly than moving leftwards via �ssion of heavier

elements; the gradient essentially represents the energy density of the fuel. This makes fusion

one of the densest sources of energy potentially available.

It is understandable then that, since its proposal and initial experimental study in the

1920s-30s, reactors which harness it have been considered a potential solution to many prob-

lems characteristic of the decade the research �nds itself in. The �rst of which was a neutron

source for the boosting of �ssion weapons in the late 1940s. In the 1950s, this application

extended towards supplying warhead yields directly in thermonuclear weapons. Then, once

these weapons had been mutually demonstrated by nations within each of the Eastern and

Western Cold War Blocs, attention turned toward sustaining fusion in the laboratory, and

the research was declassi�ed in 1958. The hope was for a limitless energy supply, but the
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Figure 1.2: The binding energy per nucleon of elements. Lighter elements are shown on the
left and, upon fusing, move rightward with increasing nuclear mass - releasing the energy
associated with the change in binding energy per nucleon. This process may continue to
release energy until iron is synthesised, as is the case in stellar fusion systems. Reproduced
from [3].

following period in the 1960s would be marred by the systematic disproval of many reactor

concepts. Nevertheless, in 1968 the increasingly globalised and cooperative fusion community

observed a breakthrough: electron temperatures approaching 1keV, representing signi�cant

improvements in fuel con�nement, were observed at the T3 tokamak experiment [4]. This

re-instated fusion as a potential energy source. This was further bolstered by the 1973 oil

crisis driving nations toward energy independence, a movement embodied by the United

States' call for 1000 new nuclear power plants and the development of alternative sources of

energy under Project Independence. Though the �ssion plants were never built, a second oil

crisis in 1979 was enough cause for the United States' congress to pass the Magnetic Fusion

Engineering Act of 1980, establishing a legal framework for the delivery of fusion energy at

a time of peak oil prices. With a clear demand, and the belief that the next generation

of experiments would observe more power released from fusion that required to heat the

plasma, the 1980s hosted a wave of highly ambitious research experiments - the Joint Euro-

pean Torus (JET), Tokamak Fusion Test Reactor (TFTR), Japanese Torus 60 (JT-60) and

Tokamak-15 (T-15). These experiments were conducted at both domestic and international
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levels, alluding to the willingness of large economies to compete, or small economies to co-

operate, over fusion technology. However, net power remained elusive, and their �ndings

made it clearer that signi�cant research was still required. Meanwhile, the leftover oil glut

and disaster at Chernobyl made fusion appear increasingly unattractive. Domestic fusion

agencies would not consider experiments at this scale again until the mid 2010s. Instead,

the next generation net-power experiments were appropriated as part of cold war biparti-

sanship, shifting the focus to internationally collaborative research which advocated larger,

more powerful apparatus for lower costs to individual parties. This was the origin for the

ambitious ITER project, which, until the 2010s, remained the only magnetic con�nement

experiment designed for net-gain to proceed.

It is important to examine the context around fusion, as it allows for more e�ective

strategies for deployment based on an understanding of the historical drivers of research and

investment. Evidently, fusion research is tightly coupled to the international sociopolitical

climate, its perceived value and its competitiveness versus the technologies available at the

time of investment - not necessarily the time of its realisation. In the twentieth century, the

uses for fusion shifted from weapons to energy. And for the time it has predominantly been

considered an energy source, the origin of its value shifted from abundance of its supply to

reliability of its supply, before recently changing once more. It is around these changing

values that fusion energy research strategy should adapt, in order to be pulled, as opposed

to pushed, onto the grid as a competitive power source once the technology is proven [5].

Otherwise, no amount of physics research can guarantee that the technology will not remain

underfunded and underappreciated - despite its clear potential.

Fusion research today is reminiscent of the enthusiastic period of the 1980s. Over half

the world's population are participating in the ITER project, and many domestic agencies

have recently begun plans for their own net-power experiments, followed closely by a rapidly

growing private sector. Whilst the technology has always retained some value due to its

inherent safety, high energy returned on energy invested, high energy density and fuel abun-

dance, in recent years fusion's potential to contribute to a decarbonised energy infrastructure

has increased this perceived value drastically.

The need for decarbonisation is driven primarily by anthropogenic climate change. Com-

prehensive assessments of the risks associated with climate change can be found in the reports

prepared by the Intergovernmental Panel on Climate Change (IPCC). Recent reports by the
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IPCC, such as SR15 [6], have more urgently advocated the need for rapid decarbonisation of

the world energy infrastructure; the Earth's atmosphere is already 1:0� C hotter than it was

at pre-industrial levels, and permanently capping this rise to 1:5� requires reaching net-zero

carbon emissions by 2050. Net zero essentially requires a signi�cant increase in worldwide in-

stalled capacity for zero-carbon energy generation, storage and transmission. This is to meet

the demands of electri�cation of sectors such as heating, transport and power generation,

whilst also satisfying compounding demands from future growth and development.

As it stands, no single conclusive solution exists to address the resulting supply gap. Due

to their extremely low cost [7], it is highly likely that the capacity supplied by modern, utility-

scale renewables, such as solar photovoltaic (PV) and wind, will expand to �ll a large fraction

- if not all - of the energy grid of energy supply and distribution [8]. Nevertheless it remains

to be seen whether renewables can provide 100% of energy demands [5]. For this reason, and

the advantages associated with renewable grids that combine baseload (sources which can

reliably provide a power output) and dispatchable sources (sources that can quickly change

their output in response to demand), research to bring fusion energy to the grid remains

vital. The urgent challenge is now to facilitate the creation of such a combined grid by

ensuring fusion is relevant, scalable and cost-competitive by the time it reaches deployment.

It could be argued that the vast majority of fusion energy research today is - and should be

- aimed toward this challenge.

1.2 Tokamaks

The ultimate goal of fusion reactors is to sustain a nuclear fusion reaction with minimal

input power from external sources. Ignoring the movement of particles via fuel and waste

cycles, the total power balance in a steady state fusion reaction can be expressed as

Pheat = Pexternal + Precycle = Ploss; (1.1)

where the power supplied to heat the plasma,Pheat , balances the power leaving the plasma

Ploss, and is supplied by a combination of heating power injected externally from outside the

plasma, Pexternal , as well as recycled power,Precycle, generated by fusion and retained within

the plasma. Fusion reactors aim to minimisePexternal . In reality, this external power source

is at least required to initially raise the centre-of-mass energy of the reactants to increase
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the reaction cross section to the maxima in �gure 1.1 and thus increase the reaction rate.

Amongst the fusion fuels shown in �gure 1.1, DT remains the most accessible due to its

high cross-section at lower energies, in addition to fundamental constraints which may limit

alternative fuel mixtures [9,10]. Nevertheless, there are signi�cant challenges associated with

DT fusion that must be overcome. The �rst challenge is that the required tritium fuel is

radioactive with a half life of just 12 years, meaning there are little to no sizeable sources

of extractable tritium outside of �ssion reactors - which, in some cases, may produce trace

quantities as a byproduct. Therefore, fusion reactors operating with DT fuel must breed

their own tritium, potentially by recycling the neutrons released by fusion. The second chal-

lenge is that these uncharged, high-energy neutrons cannot be magnetically con�ned like the

plasma and instead immediately escape, posing a risk to the materials that comprise the

reactor components. These risks stem from the neutron-induced material nuclear transmu-

tations, lattice displacements and sputtering, which may produce activated waste, weaken

and embrittle the reactor components, and may alter the transport characteristics of the

plasma respectively.

Whilst it is possible to directly accelerate reactants to fuse them, known as beam-on-

target fusion, net power is only thought to be practically achievable through the heating of

the fuel to a su�cient temperature - typically 10keV (though the Coulomb barrier is � 1MeV,

quantum tunnelling increases the probability of crossing it at lower energies) for a 50:50 mix

of deuterium and tritium - to sustain what is termed a "thermonuclear" reaction. In this

case the fuel forms a plasma, and a signi�cant source of heating power may come from the

reaction products themselves re-depositing some of the energy released from fusion -Precycle

in equation 1.1 above. The point at which the total fuel heating power is supplied solely by

Precycle is referred to as "ignition", whereupon

Pexternal = 0 : (1.2)

To estimate the requirements of ful�lling this condition, Ploss can be de�ned as

Ploss =
W
� E

; (1.3)

where � E de�nes a characteristic time scale - the con�nement time - over which the plasma

energy is lost and the total thermal energy stored in a homogeneous plasma,W , can be
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expressed simply as

W = 3nTV; (1.4)

where n is density of the plasma andV is the volume of the plasma. In a DT reaction,

Precycle is supplied by the re-deposition of the kinetic energy of the alpha particles produced

by the fusion reaction, P� . P� can be expressed as the product of the reaction rate and the

fusion alpha particle energy kinetic energyE � :

P� = RV E� : (1.5)

Whilst E � is �xed by kinematics, an expression for the reaction rate per unit volume can be

determined by considering the rate of a reaction with cross-section� (v), occurring between

two homogeneous species (numbered 1 and 2) of similar density which have isotropic relative

velocities v:

R = n1n2 h�v i ; (1.6)

where an integral over the velocity has been performed such that the expectation value of

the cross-section,h�v i , has been calculated. When the plasma is Maxwellian, as is the case

for a thermalised plasma,h�v i is a function of particle mass and species temperature only.

For DT fusion, where the reaction rate is maximised by using a 50:50 mix of deuterium and

tritium, equation 1.5 therefore becomes

P� =
n2

4
h�v i E � V: (1.7)

Substituting 1.3, 1.4 and 1.7 into 1.1 yields

Pexternal =
�

3nT
� E

�
n2 h�v i E �

4

�
V: (1.8)

To achieve the ignition condition,

n� E >
12T

h�v i E �
: (1.9)

This inequality is known as the Lawson criterion. Remembering that h�v i is a function of

temperature (� T2), and that E � = 3 :5MeV, for a plasma temperature around 10-20keV,
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the Lawson criterion translates to

nT � E > 3 � 1021m� 3keVs: (1.10)

The quantity nT � E is known as the fusion triple product, and every fusion reactor aims to

maximise it. ITER is expected to surpass the maximum achieved fusion triple product - by

a tokamak - by approximately ten times [11]. It is also useful to de�ne the fusion gain factor,

Q, as

Q =
Pfusion

Pexternal
; (1.11)

where the expression forPfusion is de�ned in a similar way to equation 1.5 but for the total

energy released by fusion reactions. At the point where internal heating, by� particles in a

DT reaction, matches that from external sources,P� = Pexternal ,

Q =
Pfusion

P�
� 5: (1.12)

Therefore, Q = 5 is often used to label the point at which thermonuclear DT plasmas

transition to the "burning" regime, where a signi�cant amount of self-heating occurs. At

ignition, Q ! 1 .

The con�nement of the fuel can be maximised in various ways: using the inertia of the

fuel, using magnetic �elds or by using some combination of the two. The tokamak reactor

concept is one of many proposed designs for a magnetic con�nement fusion reactor actively

researched today. From the point of view of fusion gainQ, tokamaks have shown the best

performance of all magnetic con�nement concepts, with JET reachingQ = 0 :67 in 1997 for

a short time and achieving Q = 0 :33 for a sustained �ve seconds more recently in 2022.

One way of transitioning to net-gain reactors is widely believed to be through the increase

of the reactor size. Whilst the physics behind this reasoning is more complex than simply

increasing the surface area to volume ratio, the plasma performance has still been observed to

follow scaling laws, which include the radius of the device, that have remained robust across

many devices. These scaling laws underpin the physics basis for the design of large-scale

tokamaks such as ITER, however it is yet to be seen whether they persist when crossing the

boundary to burning plasma experiments. One example of such a scaling law is the ITER98
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ELMy H-mode scaling law [12],

� IPB98( y;2)
E = 0 :0562I 0:93

p B 0:15 �ne
0:41P � 0:69

heat R1:97� 0:78� 0:58M 0:19; (1.13)

(in s, MA, T, 10 19m-3, MW, m) which, for a given plasma shape � (inverse aspect ratio

a=Rmaj ) and � (elongation, whose product with � gives a measure of the plasma height),

and ion massM in atomic mass units, has a strong dependency on the major radiusRmaj

and plasma current I p.

1.2.1 ITER

The ITER tokamak is a high-performance experimental reactor designed for achieving high-

gain (Q � 10), stationary (� 500s) plasma discharges [13]. In demonstrating the novel

physics of burning, magnetically con�ned plasmas, novel technologies must also be inte-

grated, tested and successfully demonstrated. Examples include tritium fuel breeding and

processing, handling and maintenance remotely due to activated or toxic materials, plant

heat ejection systems for removing plasma exhaust power, and large-scale cryosystems for

cooling superconducting magnets. These support systems are required for future demon-

stration and commercial plants, whose designs will build on ITER. ITER therefore aims to

conduct incremental operational stages of increasing plasma power to safely facilitate the

integration of these technologies. Likewise, this also provides opportunities for incremental

physics studies prior to burning plasma scenarios.

The importance of ITER to the fusion community is therefore paramount, as it repre-

sents a key milestone for demonstrating both the physics and technology required to bring

fusion to the grid. Nevertheless, there are still physics challenges to address in order to

de-risk the project. These risks can be understood by examining various design parameters

describing ITER in comparison with MAST-U and JET, one of the largest tokamaks capable

of operating with DT at present. These are listed in table 1.1. It can be seen that the ITER

design mirrors that of JET, with the same proportions but at a larger scale to lengthen the

con�nement time de�ned by equation 1.13. The larger plasma volume, and the increased

toroidal magnetic �eld and plasma current required for con�nement of a hotter plasma, typi-

cally lead to plasmas with much higher total stored energy. Therefore, the consequences and

risks associated with degradation of the plasma con�nement, and release of energy stored
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Table 1.1: High-level design and performance parameters describing three types of toka-
mak: a relatively small, spherical device with low aspect ratio, a medium-sized device with
conventional aspect ratio, and ITER, a large, near reactor-scale experimental device.

MAST-U JET ITER
Major radius [m] 0.9 3.0 6.2
Minor radius [m] 0.7 1.2 2.0
Plasma volume [m3] 8 100 840
Plasma current [MA] 2 3-5 15
B on axis [T] 0.8 3.5 5.3
Heating power (NBI) [MW] 5 20 33
Fusion power (max) [MW] N/A 16 500

in the plasma, are ampli�ed for ITER; reductions in plasma performance due to the loss

of plasma con�nement, and the resulting power 
uxes to plasma-facing components (PFC),

both have the potential to greatly impact the ability for ITER to demonstrate its primary

goals of e�cient and reliable fusion power.

There are many mechanisms which can lead to reductions in the con�nement of the

plasma and thus limit performance. ELMs are one of the most severe, ejecting signi�cant

amounts of energy and particles from the plasma. The primary method of mitigating ELMs

in ITER is to suppress them using 3D magnetic �eld perturbations. At the basic level, the

resulting transport and loss of ions at the plasma edge is thought to dampen the drivers

of the instability (see section 2.3). However, this also a�ects the con�nement of energetic

particles injected externally to supply Pexternal in equation 1.1. Losing these particles before

they can transmit power to the plasma degrades the external heating e�ciency whilst also

posing a risk to PFCs, as the external heating power in ITER, the magnitude of which

is shown in table 1.1, is much larger than previous devices; if concentrated over a small

surface area, this external power could surpass the� 1-5MWm-2 maximum power load that

the ITER reactor chamber wall is designed to handle. Therefore, it is extremely important

that studies are performed to predict the impact of 3D �elds on transport and con�nement

of energetic particles at the plasma edge, and to calculate the resulting PFC power loads;

this would enable the application of perturbations in such a way that mitigates the risk of

ELMs whilst also minimising reductions in plasma heating e�ciency and risks of large PFC

power loads. This is the main goal of this work.

The challenges presented by ITER's scale, complexity and novelty also translate to any

attempts to predictively study the device; the performance of PFCs in fusion conditions, the
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physics surrounding burning plasmas and the feasibility of tritium breeding are all di�cult

to measure without the generation of a burning plasma, which remains unreproducible with

the deuterium plasmas in the ine�cient (poor con�nement), small-scale experimental devices

of today. To elaborate, these devices conduct experiments with deuterium plasmas to avoid

the radiological, licensing and �nancial costs associated with using tritium fuel. However,

generating a burning deuterium plasma requires maintaining con�nement times and tem-

peratures (� 1 MeV, as seen in �gure 1.1) much larger than unachievable with tokamaks

today.

ITER must therefore be studied computationally. This is a core tenet of modern fusion

research, where a small number of costly and temperamental practical experiments are sup-

plemented by computational research in parallel. However, the majority of physics codes

used to simulate tokamaks today have been designed around older, smaller devices and are

often derived from software dating back decades to the previous millennium. Simulating

ITER, on the other hand, involves much more expansive and extreme spatiotemporal scales

- an increase that would require either approximately two hundred times more computational

resources than are currently used or take Moore's law approximately eight doubling periods

(16 years) to address passively. Therefore, ITER represents a computational paradigm shift

that favours highly tuned, high-performance computing (HPC) codes. This work exploits

one such novel HPC code, designed to simulate energetic particle transport e�ciently using

specialised algorithms and hardware acceleration, to address the aforementioned problem

of energetic particle con�nement in 3D �elds in ITER. After verifying and validating the

code against experiments and other well-trusted but less computationally e�cient software

tools, a software framework was constructed to enable its deployment at scales that were

previously unattainable for ITER. These resulting simulations of energetic particles in ITER

are at �delities higher than achieved with other codes, using computing nodes that are com-

paratively low-power, cheap and small in size. As a consequence, the impacts of 3D �elds

on fast-ion con�nement have been studied at high precision, over various plasma conditions

and applied perturbation spectra, to successfully optimise both the overall plasma heating

e�ciency and power 
ux to PFCs.

Chapter 2 provides an overview of how these magnetic perturbations a�ect the fast-ion

population in tokamaks. It �rst introduces the basic principles of magnetic con�nement

fusion, including the dynamics of fast-ion, processes which lead to their transport, and the
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structure of 3D perturbations. Then, chapter 3 describes the computational model used in

this work to study fast ions in 3D �elds. The fast-ion component of this model is explained

in detail, as well as its algorithmic implementation on speci�c computational hardware and

its coupling to other physics components and data sources. This model is then tested in

chapter 4 for integration and convergence, with the fast-ion component speci�cally veri�ed

against similar codes and validated against experiments - including those which measure fast-

ion transport due to 3D �elds. After testing, the model is deployed in chapter 5 to study

fast ions in the ITER 3D �eld system. By estimating fast-ion losses, and the associated

power loads to in-vessel components, methods for operating the coil system to optimise fast-

ion transport and improve the plasma heating e�ciency of the device are quali�ed. The

feasibility of testing these results experimentally using diagnostics available in ITER is also

judged. Finally, chapter 6 summarises the work of this thesis, as well as discussing avenues

for future research arising from the �ndings made herein.



Chapter 2

Fast particles in tokamak plasmas

This chapter outlines concepts that are key to magnetic con�nement fusion and fast-ion

transport, and it provides an overview of the current research aiming to understand the

impact of ELM-control coils (ECC) on the heating performance of fast-ion populations. The

speci�cs which underpin the tokamak approach to fusion are introduced in section 2.1. The

dynamics of fast ions are described in section 2.2, where the distinction between anomalous

and collisional transport is made to di�erentiate transport arising from ECCs and that

which is otherwise naturally expected. The motivation behind and implementation of ECCs

is explained in section 2.3, before an overview of their theorised and measured impact on

fast-ion con�nement is given in section 2.4.

2.1 Tokamak plasmas

Tokamaks are ultimately devices designed to satisfy the Lawson criterion in equation 1.9

by maximising the triple product in equation 1.10. This means �rst con�ning a fuel of

su�ciently high density for a su�ciently long time. To maximise the DT fusion reaction

cross-section, this con�ned fuel must then be heated to approximately 10-20keV, at which

point it exists as a plasma composed of ionised nuclei and their corresponding free electrons.

The combination of these electrons and ions is approximately quasineutral, especially at

length scales much greater than the distance over which charge imbalances are naturally

screened - the Debye length. The tokamak fusion reactor approach is to con�ne this plasma

using electromagnetic �elds created by a system of high-strength magnets.

27
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2.1.1 Particle motion and con�nement

To understand the tokamak concept, it is important to �rst discuss the dynamics of ions in

an electromagnetic �eld to understand how a plasma is con�ned. The equations of motion

of these ions [14,15] can be obtained by applying Lagrange's equations to the particle phase-

space Lagrangian. For a particle moving in a Lorentz-invariant velocity-dependent potential,

U = q� � qA � v ; (2.1)

where the potential can be used to de�ne the electric and magnetic �elds,

E = �r � �
@A
@t

(2.2)

B = r � A ; (2.3)

the LagrangianL , consisting of the particle kinetic and potential energyT and U respectively,

becomes

L = T � U =
1
2

mv2 � q� + qA � v : (2.4)

Applying Lagrange's equations, in the case where the generalised coordinatesqj are the

real-space position components of the particle,

d
dt

�
@L
@_qj

�
�

@L
@qj

= 0 ; (2.5)

to the expression in equation 2.4 yields the dynamical equation for positionr and velocity

v of an ion of chargeq and massm:

d2r
dt2 =

dv
dt

=
q
m

(v � B (r ) + E(r )) : (2.6)

The main mechanism by which magnetic �elds in tokamaks con�ne ions can now be

seen by examining equation 2.6; ions may freely move parallel to magnetic �eld lines (with

velocity vk), whilst perpendicular motion (with velocity v? ) leads to an orbit around the

�eld lines. The centre of this orbit is referred to as the guiding centre, and the frequency at
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which these orbits are completed is called the cyclotron (or gyro) frequency,


 c =
q
m

B: (2.7)

The radius of the orbit is

� =
v?


 c
; (2.8)

which is in
uenced by the particle pitch,

� =
vk

v
: (2.9)

The orbit around the �eld line also de�nes a current loop, giving an equivalent magnetic

moment which is de�ned, to zeroth order [16], by

� =
mv2

?

2B
: (2.10)

These parameters remain constant in a homogeneous magnetic �eld. In this case, the

guiding centre is �xed in the plane normal to the �eld lines. However, where the magnetic

�eld is changing and these parameters vary, particle motion can become more complex. For

example, if a particle orbit crosses a boundary where the magnetic �eld strength suddenly

changes, the resulting change in the orbit width causes the guiding centre to move. In these

cases, the particle can move in this plane normal to the magnetic �eld, and this component

of its motion is referred to as cross-�eld transport.

In the case where the magnetic �eld strength varies along the �eld lines, the guiding

centre velocity changes:

m
dvk

dt
= � � r kB: (2.11)

In this case, the magnetic �eld may re
ect the ion due to what is called the magnetic mirror

e�ect, in an analogy with particle movement on the surface of a cone [17]. The underly-

ing mechanics may be understood after realising the magnetic moment is an approximate

constant-of-motion - an adiabatic invariant [16]. If the magnetic �eld strength steadily in-

creases, then the point in space at which ions are eventually re
ected is dictated by their

pitch angle; as a particle moves into a mirror, and its pitch steadily decreases, if the starting

pitch of the particle is su�ciently high, then it will pass through the mirror before its pitch
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has reached zero. Particles with certain pitches may not be re
ected at all, for example a

particle with a pitch of unity. The region of phase space containing these particles is referred

to as the loss cone. Drifts in the particle guiding centre motion arise due to magnetic �eld

curvature,

vcurve = �
v2

k



R c � B

R2
c

(2.12)

whereR c = R2
cr B=B points outward from the origin of the radius of curvature [18], leading

to

vcurve =
v2

k


 c

B � r B
B 2 ; (2.13)

perpendicular magnetic �eld gradients,

vr B =
v2

?

2
 c

B � r B
B 2 ; (2.14)

and external forces,

vF � B =
F � B
qB2 ; (2.15)

the latter of which also describes the guiding-centre motion in the presence of an electric

�eld (the E � B drift) or gravitational �eld, whose small contribution is typically ignored.

The tokamak is a result of designing a magnetic �eld topology which accounts for the

total motion due to the above drifts so as to con�ne test particles inde�nitely over a complete

orbit. A straight, homogeneous magnetic �eld successfully removes cross-�eld transport in

a system composed of non-interacting test particles, however the number of ions streaming

out either end along the �eld lines is too great - even in the case where the �eld strength

is increased at each end to re
ect some ions, as in a magnetic mirror machine. By instead

bending this �eld to create an axisymmetric torus, the ions may freely stream along the

toroidal �eld lines without end. However, this bending introduces a 1=R dependency on the

magnitude of the magnetic �eld, which is now stronger on the inboard side. This gradient

in the �eld strength, and resulting magnetic drift, leads to a vertical charge separation and

electric �eld, and the resulting radial E � B drift leads to a rapid loss. Therefore, a poloidal

�eld component is added to enable ions to move between the upper and lower halves of the

device. Any vertical charge imbalance is now quickly shorted-circuited by rapid transport

along the now-helical �eld lines to preserve quasineutrality.

An illustration of this geometry is given in �gure 2.1. On the left is a plan view of the
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torus looking down on the plasma, shown in pink. The coordinate system origin is shown

in black at the centre of the torus, overlapping the central column which extends vertically.

In addition, cylindrical coordinates denote the toroidal angle � and radius R. An elevation

view is shown in the middle subplot, where the central column is now shown on the left

and two plasmas of di�erent shapes are shown to the right. Another cylindrical coordinate

system is adopted, with radiusr and poloidal angle� . The aspect ratio, Rmaj =a, the ratio of

the major and minor radii of the torus, is used to express the geometrical di�erence between

these plasma shapes. Plasmas with conventional aspect ratios (� 3) are shaped like typical

tori whereas low aspect-ratio plasmas (� 1) are more spherical and shaped like cored apples.

Finally, the rightmost subplot shows another elevation view looking at a toroidal section

of the plasma from outside the device. Now the electromagnetic coils are shown as well as

the magnetic �eld components they produce. The toroidal �eld is typically strongest and is

produced by the toroidal �eld coils (red). The poloidal component of the �eld is produced

primarily by a current in the plasma (green dash), whilst some contribution is made by

poloidal �eld coils (blue). These poloidal coils also help to shape the plasma. The plasma

current is mostly generated by ramping a current in the central column, which is arranged

as a solenoid to act as a transformer. The resulting electromotive force drives the plasma

current, generating the poloidal �eld component. Tokamaks which require a central solenoid

for the creation of a poloidal �eld component are therefore inherently pulsed devices, as they

must constantly ramp up the current in the solenoid during a discharge. The impact this

has on e�ciency and capacity is why steady state plasma scenarios which use non-inductive

current drive are attractive.

The resulting motion of ions in this system is plotted in �gure 2.2 for two common types

of orbits, whose trajectories along the helical �eld lines are perturbed due to the magnetic

�eld strength gradient and curvature. The left plot illustrates the orbit of a passing particle.

Its pitch is su�ciently high so that it is not re
ected at any point in space by the mirror

force (equation 2.11), meaning its guiding-centre motion is mostly helical around the torus.

However, a radial shift is created by the addition of vertical drift velocity components, given

by equations 2.13 and 2.14 above, generated by the radial curvature and gradients in the

strength of the magnetic �eld. Particles with a lower pitch are re
ected at radial bounce

points due to the 1=R dependency of the magnetic �eld strength, leading to trapped "banana"

orbits. Whether the banana orbits open inward or outward is dictated by the direction of the
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Figure 2.1: Basic coordinate system used to describe the tokamak geometry. Throughout,
light grey denotes the central column, pink shows the plasma, dark grey denotes �eld coils
and the black spot denotes the system origin. The left plot shows a plan view of the system,
with the cylindrical coordinates R and � describing the radius and toroidal angle respectively.
The green and blue arrows, drawn from the centre column, correspond with those shown in
the centre plot (not to scale). The centre plot shows the elevation view and the poloidal plane.
Two examples for di�erent aspect ratios are shown, with that typical for spherical tokamaks
shown beneath and closer to the central column than the conventional, more circular aspect
ratio upon which the coordinate system is drawn. The right plot shows a view of a poloidal
slice, from outside the tokamak, to show the location of the toroidal (red ends) and poloidal
(blue ends) �eld coils. These coils generate the components of the magnetic �eld shown by
the corresponding coloured arrows. Ramping current in the central column (green top) drives
the plasma current toroidally (dashed), which creates the corresponding poloidal magnetic
�eld component (solid).

poloidal component of the magnetic �eld. For this reason, pitch angle is often de�ned relative

to the plasma current instead. Thev2 dependence of the drift component enables high-energy

ions to undergo much larger drift excursions. Where ions are close to topological boundaries,

such as the trapped-passing boundary, small changes to the ion pitch can lead to signi�cant

transport. Banana - or neoclassical - orbits, which result from toroidal geometry, modify

the classical ion transport mechanisms expected for homogeneous magnetic geometries. For

example, the prompt loss of trapped ions after one bounce can drive torques much larger

than what is possible with only passing ions [19]. Whilst passing and trapped are the two

most general and common types of orbit, it is worth mentioning many others are possible

too - for example potato, stagnation, pinch, super banana etc., descriptions of which can be

found in [20].

The con�ning magnetic �eld is calculated by asserting a balance between plasma thermal

pressure, de�ned by the ion momenta, and magnetic pressure, de�ned by the �eld line density:

J � B = r P (2.16)
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Figure 2.2: Passing (left) and trapped (right) guiding-centre orbits shown in the poloidal
plane. The guiding-centre trajectory is shown in red whilst the direction of the magnetic
drift component is shown in blue. In this case, the orbits shown correspond to electrons.

Upon inspection, one may notice that

B � r P = J � r P = 0 : (2.17)

In other words, the magnetic �eld lines and plasma current must lie on surfaces of constant

pressure. These 
ux surfaces are analogous to 
uid stream function contours. If we wish

to express the magnetic �eld according to some variable , which represents the stream

potential of these 
ux surfaces, then  must satisfy

B � r  = 0 : (2.18)

In addition, B must still satisfy the divergence-free condition which, in cylindrical tokamak

geometry, becomes:

r � B =
1
R

@
@R

(RB R ) +
1
R

@B�
@�

+
@Bz
@z

= 0 : (2.19)
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For a system that possesses axisymmetry about� , this condition is true if

BR =
1
R

@ 
@z

(2.20)

and

Bz = �
1
R

@ 
@R

: (2.21)

In this case, equation 2.18 is satis�ed, implying  indeed de�nes a series of nested 
ux

surfaces, upon which magnetic �eld lines 
ow as streamlines. Repeating this approach, and

applying Amp�ere's law, to de�ne a similar stream potential f for the plasma current density

yields

B = B � + B � = r  � r � +
� 0f
R

r � (2.22)

where f = f ( ) [18]. Upon these 
ux surfaces, quantities such as plasma density, pressure

and temperature are constant, providing the plasma 
ow is small. In an axisymmetric

system, these parameters are therefore one-dimensional. Another of these quantities, the

safety factor q, which is de�ned as

q =
1

2�

I
1
R

B �

B �
ds �

r
Rmaj

B �

B �
(2.23)

for a large-aspect ratio tokamak, acts as a measure of the �eld line pitch on a given 
ux

surface - i.e. the number of toroidal transits per poloidal transit. Surfaces at whichq is a

rational number host �eld lines which form closed loops.

Figure 2.3 shows an example of a tokamak equilibrium calculated for ITER. Open 
ux

surfaces exist outside of the nested 
ux surfaces in diverted equilibria such as this one,

de�ned by a magnetic null in the form of an X-point to isolate the core plasma from the

area of contact with the �rst wall. The separatrix marking the boundary between these two

topologies of open and closed surfaces is de�ned by the last-closed 
ux surface (LCFS). The

region containing these open 
ux surfaces is called the scrape-o�-layer (SOL), as particles

may freely stream away from the plasma and into the divertor region. The target PFCs

surrounding and limiting the inner and outer divertor legs, the region of the separatrix

which connects the X-point to PFCs, must therefore be designed to withstand extremely

high power loads.
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Figure 2.3: Poloidal section showing an axisymmetric tokamak equilibrium. Nested poloidal

ux surfaces (dashed) de�ne the isocontours of certain plasma quantities, such as temperature
and density. The LCFS de�nes the boundary between the plasma and SOL, within which
heat and particles are rapidly transported along �eld lines within open 
ux surfaces towards
the divertor section, down the inner and outer legs towards the divertor targets and ba�es
- the region shown here below� 3m. Typically, the separatrix is a general term used to
describe the boundary between topologies - in this case between the open and closed 
ux
surfaces. Hence it is similar to the LCFS. Any di�erences shown here unintended and the
result of pre-processing the numerical equilibrium. However the di�erence illustrates the
relative accuracy with which the LCFS is calculated by typical �xed-boundary equilibrium
codes, compared to the more accurate solution denoted here by the separatrix.
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2.1.2 Heating mechanisms

Fusion reactors require a way of heating the plasma to setT in the fusion triple product.

With perfect energy con�nement (in�nite con�nement time without any radiated losses),

ignition could be achieved with alpha heating alone after an initial injection of energy to

spark the reaction. In reality, external sources of power are required to continually replace

lost power to sustain a steady-state reaction.

In tokamaks, power is often transferred to the plasma by creating a population of fast,

supra-thermal ions, which transfer their energy to the bulk, thermal plasma through the

Lorentz force. Ohmic heating, generated by the current propagating through the plasma

with �nite resistivity, is only e�cient until relatively low temperatures ( � 3keV) [18], above

which the plasma resistivity falls. Therefore, other heating mechanisms are required for

e�ciently reaching 10keV and higher. Some examples include heating by microwaves or

advanced operational procedures such as merging compression.

Another method for creating a fast-ion population is through the injection of a beam

of high-energy neutrals - a heating neutral beam (HNB). These particles are una�ected by

the electromagnetic �elds, and so can freely penetrate the plasma before becoming ionised

through charge exchange or short-range Coulomb interactions with ions or electrons, whereby

they become con�ned by the magnetic �eld. Due to their large size, these neutral beam

injectors (NBI) are typically located outside of the tokamak and thus inject into the plasma

through outboard entry ports. In short, the beams accelerate a source of ions across a

potential di�erence before neutralising them prior to injection [21]. Upon entry, the beam

attenuation is exponential-like, though typically faster due to the increasing plasma density,

making it challenging to penetrate high-density plasmas such as those in ITER. An example

of the ion deposition from the NBI system in ITER is shown in �gure 2.4, for two possible

con�gurations of the beam orientation with respect to the plasma. As the beam propagates

from right to left, the ion deposition is rapidly reduced due to the beam attenuation as well

as the increasing plasma density. The reduction in attenuation nearR < 5:5m is due to

the remaining ions reaching the other, inboard side of the torus, where the plasma density

drops. Some neutrals may pass through the plasma completely. These are called shine-

through losses. On the right panel of �gure 2.4, the di�erences between the two beam

con�gurations can be seen more clearly, corresponding to a vertical tilting of the beam. As

each beam enters the plasma at a di�erent angle, the resulting pitch of the injected neutrals
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- and deposited ions - changes, altering the orbit shape of the deposited ions. This di�erence

in orbit shape, and the resulting e�ects on the plasma, for example the resultingJ � B torque

or driven current, is why the 
exibility to perform o�-axis injection is usually included in the

design of many HNB systems - including ITER. The Gaussian-like spreading of the beam in

both cases can also be seen.

Figure 2.4: Examples of on and o�-axis neutral beam deposition of fast ions created by
the ITER HNB system. The rapid fall-o� of ions as they travel into the plasma can be
observed on the left, with an extremely rapid increase in deposition as soon as the beam
enters the LCFS. On the right, the di�erence between on and o�-axis deposition can be seen
more clearly. The shift in height Z also corresponds to a change in the starting pitch, and
therefore resulting orbit shape.

In ITER, ions must be injected by HNBs at energies higher than 300keV to penetrate

the edge density barrier [21]. However, above 120keV, the e�ciency of the ion neutralisation

in NBIs drops considerably for positive ions. Therefore, ITER will use negative ions that

are accelerated to up to 1MeV. Importantly, negative ion beams are accelerated to a single

possible energy - meaning every neutral entering the plasma in ITER has the same kinetic

energy. On the other hand, the possible states of molecular deuterium, and their di�erences

in mass, lead to positive ion NBIs injecting fractions of neutrals at full, half and third

energies.

The ITER HNB system itself is comprised of two separate NBI injectors, HNB1 and

HNB2, each injecting an equal share of the total� 33.3MW beam heating power. In future,

a third heating beam, HNB3, may be installed, however this is ignored in this work. In
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addition, ITER will also be equipped with another, non-heating neutral beam system - the

diagnostic neutral beam (DNB). This NBI works similarly to HNBs but at much lower injec-

tion energy and power to instead diagnose the edge plasma without signi�cantly perturbing

it.

2.2 Fast-ion transport

Fast ions must remain con�ned if they are to transfer their kinetic energy to the bulk plasma

through Coulomb interactions. Whilst some ions would already be promptly lost if they

are deposited on loss trajectories, there are mechanisms that can transport ions to loss

orbits which would otherwise remain con�ned. The dynamics of particles undergoing this

transport can be described at the fundamental level by modelling the changes in the particle

distribution function f , de�ned such that

n =
Z

f (x; v ; t)dvxdvydvz: (2.24)

In a given phase-space volume moving with the plasma in phase-space, changes in the dis-

tribution function can only be caused by particle sources or sinks, or redistribution arising

from interactions between the particles in that volume, C(f ):

df
dt

= C(f ) + sources: (2.25)

Since f = f (x ; v ; t), we can obtain the kinetic equation, describing the changes in the

distribution function at a given point in phase-space and time:

@f
@t

+ ( v � r ) f +
1
m

(F � r v) f = C(f ) + sources: (2.26)

Which states that the change in the distribution function with respect to time at a �xed point

in phase-space is caused by convection in real space and velocity space as well as sources,

sinks and redistribution due to internal interactions. Convection in real space arises from the

inertia of the particles whilst convection in velocity space arises from external forces acting

on the plasma.

Plasma transport is ultimately driven by electromagnetic �elds, however it can be cat-

egorised according to the length and time scales over which it occurs. The long-range yet
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reciprocal-like nature of the cumulative electric �eld from each ion is often separated into

smooth, macroscopic and transient, microscopic components respectively. The large di�er-

ence in length scales means that physics models often choose to capture either the evolution

of the macroscopic �eld, and its impact on the bulk plasma 
ow, or alternatively model

the microscopic dynamics and short-range "collisions" between individual ions. These two

theoretical formulations encompass two common families of physics models: magnetohy-

drodynamic (MHD) 
uids and collisional kinetic particles respectively. The �rst of these

is typically used to calculate the structure and stability of tokamak equilibria whereas the

second is used to calculate the dynamics of test ions.

The e�ects of microscopic collisions are an irremovable yet vital transport source in

magnetic con�nement fusion systems, as they are ultimately responsible for fusion events

themselves. In combination with the �xed magnetic topology, their in
uence determines the

classical and neoclassical transport regimes [22] - the latter being the modi�cation of classical

transport due to neoclassical orbits shown in �gure 2.2. Historically however, the measured

transport in tokamaks is typically much greater than that which is predicted by neoclassical

theory alone.

Instead, models which more realistically capture the evolution of the macroscopic �eld

components are increasingly able to explain this "anomalous" transport. Despite the plasma

being quasi-neutral overall, local 
uctuations in the electromagnetic �eld, created by the

externally imposed magnetic �eld and internal plasma dynamics, can lead to waves, turbu-

lence and instabilities. The spatiotemporal scales and magnitude of the transport arising

from each of these phenomena can vary; in some cases it can initiate a series of events that

lead to a disruption - a catastrophic loss of plasma con�nement [18]. Therefore, it is vital

that models include both collisional and anomalous e�ects if they are to accurately predict

transport in devices such as ITER.

It is possible to capture both microscopic and macroscopic �eld components simultane-

ously. One way of achieving this is via reduced models, which rely on assumptions to avoid

modelling the system consistently. For example, if MHD modes are assumed to be steady

they may be treated as as collision-like "kicks" in kinetic models [23{26]. Alternatively, mod-

elling the behaviour of these systems self-consistently is possible using hybrid approaches and

integrated models. Hybrid models typically combine 
uid and kinetic representations of the

plasma, to model - for example - the drive/damping of plasma waves by the dynamics of
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individual ions [27, 28]. Integrated models are comprised of separate components that each

simulate - potentially iteratively - individual aspects of the total system. For example, one

component may track ion dynamics in the 3D plasma equilibrium calculated - and possibly

iterated - by another component.

Modelling the N -body dynamics and interactions amongst the� 1021 ions in a tokamak

plasma is computationally infeasible; an exascale computer would take� 1016 years to

calculate the combined electrostatic �eld of this system at the position of each particle.

MHD models solve equation 2.26 by taking high-order moments of the distribution function,

where equation 2.24 is the zeroth order, and formulating equations which describe �nite

volumes of isotropic, Maxwellian, collisional plasma (though collisions themselves are not

modelled). These assumptions do not necessarily hold for fast ions. Therefore, kinetic

models are typically used when studying fast-ion dynamics. In this case, equation 2.26

is solved by tracking a group of markers that form a sample of the distribution function.

"Weights" are assigned to each marker to normalise the marker sample to regain the real

injected particle density. However, weight can also be redistributed such that Monte Carlo

techniques, such as splitting or roulette, may be used to increase �delity around regions of

interest. These markers can then be tracked as if they were real particles, and sources, sinks

and collisions can be represented as random processes via Monte Carlo methods. This is

the approach taken by the physics components used within this work. Anomalous transport

processes are then accounted for by prescribing electromagnetic �elds calculated by external

physics models of the plasma, which are added to form an integrated model.

2.2.1 Collisional transport

Collisional transport is driven by short-range Coulomb interactions between charged parti-

cles in the plasma. They are responsible for transporting ions in velocity space and atomic

processes such as charge exchange, ionisation and neutralisation. Whilst the fast-ion redis-

tribution by collisions is typically weak and di�usive, signi�cant transport may occur if they

cause ions to cross topological boundaries - for example by knocking ions from passing to

trapped orbits.

Collisions are typically modelled as discrete Markov processes in that they are assumed

to be binary and independent. In this case, the velocityv of a particle may be considered a
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stochastic variable, which changes state according to a master equation:

dP(v; t)
dt

=
X

v06= v

wvv0(t)P(v0; t) �
X

v06= v

wv0vP(v; t): (2.27)

This essentially states that the rate of change of probability P of a particle being in some

state v is equal to the di�erence between the rate of transition,w, from state v0 to v and from

v to v0. These changes inv due to collisions also lead to a change in the particle distribution

function f , which is given by the Kramers-Moyal expansion of the master equation,

C(f ) = �
@
@v

�
D (1) f

�
+

1
2

@2

@v2

�
D (2) f

�
+ :::; (2.28)

where D represents the "jump moments" - the probability v undergoes a given transition

after a given time:

Z
d(� x)(� x) l f (x + � x; t + � t) � D (l ) (x; t )� t + O(� t2) (2.29)

where D can be thought of as the transition size per unit time. In the test particle case, the

analogy can be made between a transition and a collision event, in which the transition size

now becomes the average change in velocity per unit time

D � h � vi : (2.30)

By assuming small-angle collisions dominate, thev3 terms of equation 2.28 can be truncated

to yield the Fokker-Planck equation in Cartesian coordinates for a single particle species:

C(f ) = �
@

@v�
(f h� v� i ) +

1
2

@2

@v� @v�
(f h� v� � v� i ) (2.31)

where the �nal term is a dyad. v� denotes the� th component of the particle velocity and

the � v� jump moment is the change in the� th component of the velocity resulting from a

collision [29].

The average particle jump moments are then evaluated by calculating the expectation

value of the change in the velocity components of a particle due to a 1=r2 force acting upon

it [30], the di�erential cross-section of which is known analytically. For like particle collisions
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this yields:
1
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�
f
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(2.32)

where

h(v ) �
Z

f (v0) jv � v0j� 1 dv0 (2.33)

and

g(v ) �
Z

f (v0) jv � v0jdv0 (2.34)

and � represents the collision rate. v denotes the velocity of the test particle with v0the

velocity distribution of the species it is colliding with. Now it can be seen that the evolution

of the distribution function can be thought to result from the presence of potentials g and h

in velocity phase-space - so-called Rosenbluth potentials. In vector form, the Fokker-Planck

equation can now be written more succinctly as:

@f
@t

= �
@

@v
�
�
Af �

1
2

@
@v

� (D f )
�

(2.35)

where A is the dynamical friction and D is the velocity di�usion tensor. In general, there

is one equation for each plasma species that is not the test particle species - the collisions

between which are considered infrequent and ignored. To obtain the velocity space dynamics

of a test particle, one may substitute solutions for f into the Fokker-Planck equation above

[31,32]. This leads to the test particle Fokker-Planck equation in spherical coordinates:

@f
@t

=
D? (v)

v2 L f +
1
v2

@
@v

�
v2

�
F f +

1
2

Dk
@f
@v

��
: (2.36)

In this expression,

F = � sv +
Dk � D?

v
+

1
2

dDk

dv
(2.37)

and the operator

2L f =
@

@�

�
1 � � 2� @f

@�
+

1
1 � � 2

@2f
@�2

: (2.38)

Spherical coordinates are used to split the di�usion tensor into scalar perpendicular and

parallel parts after assuming that the particle distribution is isotropic. This also simpli�es

the expression forA to � � sv(v). Here, � s represents the slowing-down rate,� measures

the particle pitch angle and � the gyro-phase. Therefore, the �rst term in equation 2.36
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represents changes in the direction of the test particle velocity (the pitch) and the second

term pertains to changes in the particle energy.

At this point, Monte Carlo operators which solve the test particle Fokker-Planck equation

for pitch and energy can be derived by �nding expressions for the change in their expectation

values,
dhxi

dt
=

Z
xfdV; (2.39)

wherex is an arbitrary test particle quantity, such as pitch or energy, and V is the complete

phase-space volume over whichf is de�ned. It is typically assumed that fast ions are equally

distributed in gyro-phase to remove the� dependency in the operatorL [33]. These operators

are

� � = � �� d� t �
��

1 � � 2�
� d� t

� 1=2
(2.40)

and

� � = � 2� � � t
�
� �

�
3
2

+
�
� �

d� �

d�

�
kBTth

�
� 2 (kBTth �� � � t)1=2 ; (2.41)

where � is a random sign with equal probability and the � � and � d terms represent collision

frequencies as functions of the Coulomb logarithm ln(�) and error function [29,31,34]. For

a given fast-ion population, these expressions are evaluated for each bulk species.

From these expressions, the separate drag and scattering e�ects of collisions can be

observed. In a typical tokamak plasma, there are three velocity scales:

vthermal << v fast << v electron : (2.42)

Shortly after deposition, fast ions are typically bombarded by fast-moving electrons, which

reduce the fast-ion energy without signi�cantly altering their pitch angle. Only after su�-

ciently slowing down do these fast ions then begin to interact more with the thermal popula-

tion. The point at which drag due to electrons and ions is equal is termed the critical energy.

Below this energy, signi�cant pitch-angle scattering takes place, and the rate of energy trans-

fer to the ion population increases - thermalising the fast ions and heating the thermal ions.

Therefore, fast ions must be con�ned for most of their slowing-down time, the time taken for

them to thermalise, for them to signi�cantly heat the thermal population directly through

collisions. As it increases like� T3=2 [18], the slowing-down time in ITER, where the plasma

temperature and beam energy are high, leads to typical slowing-down times of the order� 1s
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- ten to a hundred times larger than conventional devices.

2.2.2 Anomalous transport

There are numerous potential sources and explanations for anomalous transport, but in gen-

eral it arises due to high-order e�ects that are neglected from neoclassical transport models

that assume static, axisymmetric equilibria. Two categories which describe the primary

drivers of anomalous transport are: perturbations to the externally imposed magnetic geom-

etry and the electromagnetic �elds resulting from the plasma dynamical response to external

or internal perturbations.

MHD predicts a wide range of plasma dynamics in response to various types of pertur-

bations, with experiments, theory and simulations all having discovered various phenomena

that mostly enhance fast-ion transport. These responses can be uncorrelated and turbulent,

or they can appear in the form of stable or unstable modes of oscillation - in space and often

time. As the wide fast-ion orbits traverse MHD structures, they typically receive kicks in

phase space, the statistics of which determine the nature of the average transport - con-

vective or di�usive [35]. Di�usive transport from randomly distributed kicks, arising from

interactions with turbulence [26, 36] for example, is generally weaker than the convective

transport resulting from correlated kicks. Convection typically occurs when fast-ion motion

resonates with MHD structures or if there are extreme changes in the plasma topology, such

as the introduction of magnetic islands or creation of open �eld lines. The general resonance

condition for ions is


 = l 
 c + m
 � + n
 � ; (2.43)

where l , m and n are integer numbers and 
 is the frequency of the perturbation. Here, the

terms marked by the � and � subscripts represent the poloidal and toroidal transit frequencies

respectively.

Many sources of convective fast-ion transport that have been observed in previous devices

may be present in ITER, with potentially unknown modi�cations due to the transition to

a burning plasma regime [13, 37{39]. Of potential concern are toroidal Alfv�en eigenmodes

(TAE), which are weakly-damped fast-ion-driven MHD modes arising due to toroidal ge-

ometry [40]. They are driven by nonlinear interactions between shear Alfv�en waves and

fast ions, and lead to fast-ion redistribution. The large super-Alfv�enic population in ITER



CHAPTER 2. FAST PARTICLES IN TOKAMAK PLASMAS 45

is potentially a large source of free energy for TAE drive [41]. However, simulations have

predicted minimal transport of HNB ions in both the inductive baseline [42] and reverse

shear plasma [43] ITER scenarios. Sawtooth oscillations are pressure or current-drivenn=1,

m=1 internal kink modes which relax the core ion temperature and density pro�les in peri-

odic crashes. The large sawtooth periods in ITER may trigger rotating neoclassical tearing

modes (NTM) [44]. Crashes themselves greatly redistribute core fast-ions [45, 46] but may

not lead to signi�cant losses [47]. This is especially true if sawteeth can be stabilised by

energetic ions [48]. Edge-localised modes (ELM) are explosive instabilities driven by steep

edge pressure gradients. They expel signi�cant amounts of energy and particles [49] and

have the potential to quench a reaction, rapidly depositing signi�cant amounts of energy

onto PFCs. ELM-driven fast-ion transport has been studied relatively little, however it is

hoped that ELMs will be mitigated by the ITER ECC system.

In addition, there also exists a multitude of perturbations to the imposed magnetic geom-

etry in ITER. The �nite number of toroidal �eld coils creates a toroidally periodic variation

in the toroidal �eld strength, enhancing di�usion of resonant particles, either due to trapping

or chaotic orbit motion [50]. This has been observed both in JET [51] and TFTR [52], with

numerical studies accurately resembling experimental observations, so long as �nite Larmor

radius (FLR) e�ects are included [53] - that is, the di�erence between the position of the

fast-ion and its guiding-centre is accounted for. In ITER, ripple transport [54] could be

largely negated by ferritic inserts [55]. Ferritic inserts are �rst-wall components designed to

smooth unwanted perturbations in the equilibrium �eld. However, they introduce another

symmetry-breaking component to the magnetic �eld in ITER. The inserts are optimised to

operate at �eld strengths above 5T; operating below 2T at low power may lead to increased

fast-ion transport during plasma start-up or low-power scenarios. Another in-vessel compo-

nent containing ferromagnetic elements that may perturb the externally imposed magnetic

�eld are the test tritium breeding blanket modules (TBM). However their impact on fast-ion

losses is likely to be small [56].

Compared with the aforementioned examples however, one of the more prominent sources

of anomalous fast-ion transport in ITER is thought to be the redistribution and subsequent

loss of HNB ions due to the 3D �elds created by the ECC system [39]. Unlike the other

sources of transport, which may be transient or mitigated in various ways, transport due to

ECCs will always be present in high-con�nement ITER plasmas, which require consistent
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ELM suppression. The ITER Research Plan [13] therefore prioritises studies which aim to

predict this transport to develop methods for mitigation.

2.3 ELM-control coils

To achieve high-power discharges, the ITER tokamak aims to operate in high-con�nement

mode (H-mode) [57], as opposed to low-con�nement mode (L-mode). Whilst the edge trans-

port barrier created by H-mode enhances the plasma con�nement, the steep edge pressure

gradients it creates leads to ELM crashes through the driving of the peeling-ballooning MHD

mode. Such is the risk to con�nement posed by ELMs that the inclusion of an ELM-control

system is considered a necessity to the ITER baseline scenario [58].

The ITER ELM-control system is a series of window-frame coils arranged on the out-

board, outward-facing side of the vacuum chamber in three rows of nine coils each. Figure

2.5 shows this geometry from multiple angles. The coils are regularly spaced in the toroidal

direction, with centres of the �rst coils in each row located at � = 30 � ; 26:7� and 30� for

the upper, middle and lower rows respectively. By the time that the HNB system is com-

missioned on ITER, each ECC coil will be independently powered. Each coil consists of six

windings, carrying a maximum of 15kA each (90kAt total magnetomotive force) [59].

The functional purpose of the ECC system is to impose magnetic perturbations that

produce a resonant response in the plasma. To produce resonant magnetic perturbations

(RMP) with toroidal mode number n0, the current in each ECC in a given row is de�ned by

I (� coil ) = I ccos (n0 [� coil + �] � !t ) ; (2.44)

where � coil is the toroidal location of the coil centre, ! (� 5Hz [58]) is a toroidal rotational

frequency and � de�nes a toroidal phase shift - typically applied to each coil row indepen-

dently to alter the poloidal spectrum of the 3D magnetic �eld. From an operational point of

view, I c, n0, � u;m;l (referring to upper, middle and lower coil rows respectively) and! are the

controllable degrees of freedom, subject to the operational limitations and the required level

of ELM suppression - which can be changed depending on the values of these parameters.

It is worth noting that, as well as the fundamental mode, n0, the toroidal spectrum, I (n), of

an RMP imposed by coils of �nite width and number may include signi�cant contributions

from additional, higher-frequency harmonics -n1; n2::: etc. This can be seen by evaluating
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Figure 2.5: Top left: View of the the ITER ECC system (not to scale). The three rows
of rectangular coils are responsible for imposing 3D perturbations onto the plasma by each
carrying a current de�ned by equation 2.44. Top right: View looking on the ECC system
from above. Coil spacing is toroidally symmetric within a given row, but o�sets exist between
rows. Importantly, all coils are positioned on the outboard side of the plasma, meaning that
the power deposited by heating systems must be transmitted through the 3D �eld. Bottom:
Distribution of ECCs in poloidal ( � ) and toroidal ( � ) angle. Coil centres are marked in
magenta in all subplots. The �nite poloidal and toroidal width of each coil is responsible
for the presence of signi�cant higher harmonics in the spectrum of the imposed �eld. Figure
reproduced from [60].
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I (n) for a single row of window frame coils:

I (n) =
1
�

Z 1

�1
I (� )e� i�n d�: (2.45)

If the current is constant across the width of each coil � � , then equation 2.45 becomes

I (n) =
NX

j =1

1
�

Z � j +
� � j

2

� j �
� � j

2

I j e� i�n d�; (2.46)

where I j for each coil j is given by

I j = I ccos (n0 [� j + �]) ; (2.47)

as de�ned by equation 2.44 forN total coils in a coil row c. After realising � � j = � � is

constant across a single row of ITER coils, expression 2.46 becomes

I (n) =
I c

�n
sin

�
n� �

2

� NX

j =1

h
ein 0 (� j +�) � in� j � e� in 0 (� j +�) � in� j

i
: (2.48)

Then, upon recognising that

� j = � 0 +
2� (j � 1)

N
; (2.49)

expressions can be found for modes satisfyingn� n0 = kN , wherek 2 Z. For the fundamental

mode, wheren0 = n = 3 ; 4 is the lowest frequency in the harmonic spectrum, the spectrum

takes the form

I (n) = I cCc;ne� in 0 � ; (2.50)

with Cc;n capturing the mode amplitude. For the second harmonics, wheren0 = 3 ; n = 6 or

n0 = 4 ; n = 5,

I (n) = I cCc;nein 0 �+9 i� 0 : (2.51)

It can be seen that expression 2.51 introduces a dependency on� 0 - the 3D geometry of

the system - as opposed to simply the phase shift � between coil rows. Furthermore, the

harmonics can be seen to counter rotate, in opposite directions, leading to variations in

the poloidal spectrum throughout rotation - potentially altering the fast-ion dynamics and

resulting PFC footprint. Typical spectra for ITER coils are illustrated in Figure 2.6. The
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relative signi�cance of the so-called sidebands (second harmonic) can be seen by calculating

the ratio of amplitudes Cc;n of the �rst and second harmonics, yielding approximately 70-

85% for n = 3 ; 6 and 88-95% forn = 4 ; 5 in ITER, depending on the coil geometry (for

example � � , which can be seen to di�er between rows in �gure 2.5).

Figure 2.6: Current distribution (magenta) de�ned by equation 2.44 for n0 = 3 and n0 = 4
RMPs in ITER ECCs (black quadrangles where height represents current carried), as well
as the �rst two corresponding harmonics (blue, red) and their sum (purple), for � = 0.
The pink scatter points serve as visual guide to con�rm that the ECC centres adhere to the
dashed current pro�le. In both cases, the �nite number of coils means the higher harmonic
signi�cantly contributes to the total waveform. Figure reproduced from [60].

The 3D �eld created by the ECC system is complex [61, 62] but can be split into two

components: the �eld created by the coils as if in a vacuum with no plasma present and

the �eld generated by the plasma in response to this vacuum �eld. In similar fashion to

convective fast-ion transport, the e�ect of the vacuum �eld is to perturb those trajectories

of �eld lines which have orbits that resonate with the imposed perturbation. For �eld lines,

which do not undergo cyclotron motion, the resonance condition in equation 2.43 for static

perturbations becomes

0 = m
 � + n
 � ! 
 � =
 � = m=n: (2.52)

Since 
 � =
 � is just the safety factor q de�ned in equation 2.23, this resonance condition

is satis�ed by �eld lines on 
ux surfaces de�ned by rational values of q( ) = m=n0. The

perturbation creates a chain ofm magnetic islands on the rational surface, where the island

width grows like the square root of the perturbation amplitude [35]. Hence theq-pro�le

plays an important role in determining the structure of the �eld created by the ECC sys-
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tem. A Hamiltonian description of these �eld line dynamics reveals an analogy with the

Kolmogorov-Arnold-Moser (KAM) theorem of invariant tori. When the perturbation am-

plitude is increased, the islands in the chain may begin to overlap - dubbed the Chirikov

criterion. Whilst 
ux surfaces within the islands persist, those which lie close to the island

separatrices are destroyed, upon which �eld line motion becomes chaotic. The regions of high

q shear, where there is a high concentration of rational surfaces, are sometimes completely

destroyed by this island overlap - that is, until a break in the island chain occurs. This

"stochastic layer" is therefore created just within the plasma separatrix where theq shear is

high and the ECCs are in proximity. Additional topology changes occur near the X-point,

where a homoclinic tangle of intersecting, oscillating 
ux surfaces is created by the unstable

dynamics of individual �eld lines, leading to strike-point splitting [63] - ultimately reducing

con�nement near the X-point and modifying the divertor power load footprints. Hence the

plasma displacement amplitude at the X-point (XPD) is often treated as a metric for ELM

suppression [64, 65], as it is in this study. Here, the plasma displacementzeta is typically

de�ned by the magnetohydrodynamic 
uid velocity:

v = @�=@t: (2.53)

However, in the studies which establish a correlation between XPD and ELM suppression

mentioned above, this velocity is modi�ed by toroidal 
ow shear to account for the change

in bulk 
ow velocity the 
uid parcel experiences whilst moving along zeta [66,67].

The mechanisms through which ECCs suppress ELMs are also complex, however they

may be explained by the vacuum description of RMPs provided thus far. As well as direct

coupling between the peeling-ballooning mode and RMPs [68], ELM suppression is thought to

result from the formation of magnetic islands near the pedestal, the radial positions of which

are controlled by the q pro�le, creating q95 "windows" of observed ELM suppression [69{72].

Because ions may freely stream along the closed 
ux surfaces within an island, convective

radial ion transport occurs over the island width, relaxing the pressure pro�le across the

island and removing the mode drive. This purposeful decrease in edge con�nement of thermal

ions is sometimes termed "density pump-out", and it acts as a simple indicator of how fast-

ions may be similarly transported by ECC �elds.

Lastly, the second component of the ECC �eld is created by the plasma response to
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external perturbations. This response is a natural consequence of Lenz's law and the con-

ductivity of the plasma. Similar to a metal, introducing magnetic perturbations induces


ows of mobile charge carriers in the plasma, often electrons due to their relatively low in-

ertia, which correspond to the generation of currents that screen out the external �eld. The

length and timescales of this shielding are set by the charge carrier temperature and plasma

resistivity. A signi�cant factor to in
uence RMP penetration and subsequent dynamics, like

rotational braking [73], is the plasma rotation. If the plasma resistivity is su�ciently low,

MHD models [67,74,75] predict:
�B tot

�B vac
� � !

4
5
� (2.54)

where the �B terms denote the amplitude of the radial components of the perturbation, in

the vacuum approximation and including the total plasma response, and! � denotes the bulk

plasma rotation. For ITER therefore, high temperatures act to reduce the plasma resistance,

making it e�cient at screening out external perturbations, whilst low rotation does the

opposite [76]. The e�ect of this screening repairs the 
ux surfaces otherwise broken by a

pure vacuum �eld. In reality, including this plasma response [77] can be signi�cantly more

realistic than the vacuum modelling approach alone; it has been observed experimentally in

MAST that ECCs sometimes have no e�ect on ELMs [78], implying that, despite the plasma

satisfying conditions for island overlap, screening is e�ective enough to signi�cantly prevent

the development of stochastic regions. On the other hand, plasma responses can sometimes

act to amplify the perturbation, enhancing transport [79].

2.4 Fast ions in RMP �elds

The e�ects of RMPs on the plasma are complex, and their resulting impact on fast ions in

realistic, collisional plasmas with non-circular cross-sections is also complex - especially after

the plasma response is taken into account [80]. Nevertheless, there have been many clear

experimental observations of ECC-driven fast-ions losses [49, 81{83]. At the highest level,

this is due to the coincidence of the edge-localised RMP and the intense, anisotropic source

of fast ions deposited by the HNB system [56,84{86]. For this reason, modelling the impact

of RMPs on HNB ions remains a priority for the ITER Research Plan.

The primary features of the RMP �eld which characterise its e�ects on fast-ion transport

are that it is a nearly-static, magnetic perturbation with both stochastic and island struc-
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tures. The introduction of rapidly varying, axisymmetry-breaking magnetic �eld components

alters the fast-ion constants-of-motion and adiabatic invariants. As the guiding-centre equa-

tions of motion rely upon the conservation of these quantities, tracking the full orbits of fast

ions becomes increasingly necessary in such �elds. One such otherwise conserved quantity is

the canonical angular momentumP� , given by

P� = mv� R + q ; (2.55)

which is derived as a consequence of toroidal axisymmetry - now broken by the RMP. There-

fore, fast ions are now free to undergo signi�cant radial excursions corresponding to large

variations in P� [86, 87]. This e�ect is thought to be most pronounced at the plasma edge,

where the perturbation amplitude is strongest. This edge layer can lead to the inward or out-

ward transport of fast ions, depending on the perturbation phase, and has large implications

for a highly localised ion source such as the HNB.

Due to the creation of both stochastic and island regions, there is potential for both

convective and di�usive fast-ion transport [88]. For example, the RMP introduces island

structures to the fast-ion drift orbits, which widen as the ion canonical angular momentum

now varies throughout the orbit [89]. This leads to rapid convection of ions over large

poloidal excursions, the size of which is dictated by the island widths. Likewise, the overlap

of magnetic and drift-orbit islands may introduce stochastic components to the ion drift

orbit [89{95]. Fast ions which more closely follow �eld lines, for example on strongly passing

orbits, may undergo enhanced di�usive transport as they follow �eld lines which di�use out

of the plasma through the stochastic boundary layer [96]. Collisional transport may also

become enhanced, as more topological boundaries are introduced by the RMP.

As to whether screening increases con�nement, the plasma response has been observed

to both increase [62, 97{99] and decrease [100, 101] fast-ion losses. This makes it highly

important to include the response in simulations [89, 102], though the choice of response

model has been shown to largely a�ect results [85]. Due to the lack of a general reduced

transport model, ad-hoc simulations of each case are therefore still necessary.

Whilst it can be seen that ECC-driven transport has been studied both computationally

and experimentally, and a relatively developed understanding of the underlying transport

mechanisms has been formulated and applied to ITER, realistic simulations of ITER trans-
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port and the development of robust mitigation strategies have remained challenging. This is

mostly due to the computational demands of high-precision ITER simulations. Speci�cally,

a large number of these studies abandon the inclusion, or make no mention, of FLR e�ects,

converged high-precision RMP �elds, high-frequency perturbation harmonics or collisional

models - despite sometimes acknowledging their importance [103].

For example, few comprehensive analyses of the fast-ion power loads in ITER have been

performed. However, experimental observations [63] that ECCs concentrate lost ions in

localised, structured footprints make this a priority. This is especially true considering the

anisotropy and high power of the ITER HNB ion source. Indeed, the only study [104] which

has examined power loads at high resolution suggests some components are at risk from

fast-ion losses and that mitigation strategies should be pursued.

Until now, the optimal methods for mitigating power loads whilst maintaining ELM

control remain to be determined, again due to the computational demands of expanding

the ECC operational space. And in the trade-o� between studying ITER discharges that

are early and low-power versus high-power and high-priority, the latter has understandably

garnered the most attention. However, this detracts from the development of mitigation

strategies that may be experimentally veri�ed early on in the ITER campaign, prior to

deployment in high-power scenarios where the margin for error is smaller.

This lack of computational 
exibility has also meant priority has been placed on iden-

tifying the relative prevalence of particular transport mechanisms [85, 86, 105] - at times at

the expense of realism. Whilst this approach is sensible in these circumstances, where an

understanding of the transport mechanisms may provide information across ITER scenarios

that are impossible to study as a whole, it is not a substitute for directly evaluating the real

transport.

This study therefore chooses not to attempt to formally identify the dominant transport

mechanisms, but instead opts for the highest level of realistic detail. The potential for high-

�delity simulations of fast-ion transport in ITER has only recently become feasible, and this

is the �rst work to routinely apply and exploit that at scale.



Chapter 3

Computational model

The high cost and fusion power of the ITER tokamak demands pre-emptive study for risk

mitigation, however the machine's scale and novel plasma physics make this challenging to

accomplish using only conventional, experimental devices. Instead, methods for operating

ITER safely and optimally must be determined predictively in silico . Today, integrated

modelling is one of the primary methods of accurately studying tokamak plasmas. These

software platforms aim to perform more accurate simulations by coupling multiple, spe-

cialised physics codes to create models that are more comprehensive than each of their con-

stituent parts. Some examples of successful integrated modelling platforms areOMFIT[106]

and JINTRAC[107]. Meanwhile, the new Integrated Modelling and Analysis Suite (IMAS),

designed at ITER, aims to extend this paradigm further. However, the extreme spatiotem-

poral domain associated with ITER's unique scale and physics makes routine, high-precision

simulations computationally challenging for integrated models built from traditional physics

codes - typically designed around studying conventional, smaller-scale devices. A way of solv-

ing this problem is to design physics codes that can exploit novel computational hardware -

for example, general-purpose graphics processing units (GPGPU).LOCUSTis one such code

which uses GPGPU acceleration to make ITER-scale simulations computationally tractable.

Its greater speed and e�ciency over other fast-ion codes today o�ers the potential for the

discovery of new physics through study of tokamaks at extremely high �delity. For this rea-

son, the LOCUSTcode was chosen as the primary component of the fast-ion model assembled

and used in this work.

This chapter aims to introduce and describe the computational tools used within this

study and the motivations behind the selection of each component - including the need

54
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for the hardware acceleratedLOCUSTcode. GPGPUs are described in section 3.1, along

with their advantages/disadvantages over traditional central processing units (CPU) and

the resulting implications for physics code design. TheLOCUSTcode is described in section

3.2. Finally, section 3.3 describes the additional computational components -IMAS[108],

physics components and speci�c data - that are needed for the study of fast ions in 3D �elds

in ITER and coupled later in chapter 4.

Parts of this chapter have been published in reference [109].

3.1 GPGPUs

CPUs are a type of computational hardware designed to accomplish a wide variety of tasks.

Their 
exibility has led to most modern computing systems and software, including fusion

simulation codes, being designed around their usage. Modern CPUs are usually comprised

of a number of processor cores, which can each perform tasks in parallel to increase program

execution speed. CPU cores are well-suited for complex workloads, requiring distributed

memory or communication between computational threads. Unfortunately, their 
exibility

is wasted when undertaking parallel workloads consisting of simple, similar types of tasks

executing many times. In both cases, execution may be sped up through parallelisation, for

example via Message Passing Interface (MPI) or Open Multiprocessing (OpenMP) application

programming interfaces (API). To track many uncoupled fast-ions, where message passing,

distributed memory and precise thread control is not required, the small number (O(1 � 10))

of cores available in CPUs is likely to create an early bottleneck.

Graphics processing units (GPU or GPGPU in the case of a general-purpose GPU, used

for computation) on the other hand have a highly specialised architecture, designed around

maximising the number of available cores. A simple diagram to illustrate the di�erences

between CPU and GPU architectures is shown in �gure 3.1 below. Whilst each CPU core

(blue) has dedicated space for control logic (orange) and access to its own memory cache

hierarchy (yellow, green, pink), GPU cores reduce that space in exchange for more cores

arranged in groups, which are controlled together and share memory. For tasks which re-

quire less thread control, such as vector operations like matrix multiplication (the original

motivation behind the GPU architecture), the additional cores, and the deep pipelines they

form, can easily increase execution speed by orders of magnitude. For example, an Nvidia
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Tesla V100 GPGPU card has 5120 cores, compared to the Xeon Phi with typically fewer

than 100 cores. Crucially, the large increase in simulation realism and detail made possible

by GPGPUs, and the resulting opportunities to discover new physics that was previously

unresolvable with conventional CPU fast-ion codes, is the reason why GPGPU codes are

adopted for studying ITER in this work.

Figure 3.1: Typical CPU architecture (left) shown against GPU architecture (right). L1, L2
and L3 denote memory cache hierarchies of increasing volume, whilst arithmetic logic units
(ALU) and registers are responsible for computation. At the cost of thread-level control
and memory, the increased space for compute cores on the GPU chip leads to an increase in
parallel processing throughput. On the GPU card, cores are arranged in groups (columns)
which share L1 memory and are controlled together for vectorised operations.

3.2 LOCUST

Whilst simulations traditionally supplement empirical tokamak science, the large spatiotem-

poral scales in ITER make such computational studies challenging. For example, compared

to DIII-D, fast ions must be tracked for roughly 20 times longer across surface areas roughly

13 times larger, implying a factor 260 increase in simulation time for serial codes. This

is compounded by other problems, such as the need for smaller timesteps to minimise the

truncation errors of numerical methods and the evaluation of gyro-resolved trajectories to

resolve PFC heat loads precisely.

To alleviate these problems, the Lorentz-Orbit Code for Use in Stellarators and Tokamaks

(LOCUST) is chosen as the basis of the fast-ion simulation work
ow assembled in this study.

LOCUSTis a novel high-performance computing (HPC) algorithm that uses multiple levels of

single instruction, multiple thread (SIMT) parallelism and GPGPU hardware to enable the
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routine study of ITER-scale devices impossible with other CPU codes.

3.2.1 Fast-ion model

The primary goal of LOCUSTis to calculate the steady-state distribution function of fast-ion

species as e�ciently as possible, whilst also resolving individual ion trajectories in a realistic

3D geometry to calculate PFC power loads. To complement massively parallel memory-

bound hardware, LOCUSTopts for a mathematically simple but computationally intensive

approach: solving the Lorentz equation of motion (2.6) for real-space positionsr i(t) and

velocities v i(t) of individual kinetic markers i , representing Monte Carlo samples of the fast-

ion distribution function. To introduce a boundary condition, these samples are typically

tracked from some known state - for example, the phase-space ionisation positions of ions

injected by an external source such as an NBI.

In LOCUST, these trajectories are evaluated using �xed-step numerical schemes to min-

imise thread divergence - the degree to which computational threads progress through their

workloads at di�erent speeds, increasing the time that threads must wait idle to synchronise

and, in turn, decreasing the e�ciency of the computation. These schemes track either the

particle's position in real space throughout a full gyro-orbit (FO) or track its guiding centre

(GC) and gyro-phase by solving the modi�ed equations of motion in [16] (see Chapter 7.1).

Multiple such numerical integration schemes are included: Strang-Splitting [110]; BGSDC

[111]; Runge-Kutta-type integration methods such as McClements-Thyagaraja-Hamilton,

Fehlberg [112], Cash-Karp [113], Dormand-Prince [114], and Goeken-Johnson [115]; and

Euler methods such as the popular Leapfrog/Boris [116].

LOCUSTrelies on approximations to enhance the computational tractability of the physics

model. Firstly, the electromagnetic �eld experienced by each fast particle is evaluated with-

out the relatively weak contributions from other fast-ion species. If it is assumed that the

background plasma is in static equilibrium with the fast-ion distribution, the computation

can be simpli�ed in three ways:

1. The in
uence of fast ions on the thermal plasma is ignored. If and only if this is done

then it becomes valid to track independent sub-samples of the fast-ion distribution

(see item 2). Without this approximation, these sub-samples of the fast-ion population

would be coupled together via their interactions with the bulk plasma. However, the

samples can be treated independently in the case where the background equilibrium is
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assumed to be in static equilibrium with the �nal steady-state fast-ion distribution. In

practice, equilibria are taken from pre-converged time-dependent transport simulations,

which use simpli�ed fast-ion models. In a given LOCUSTsimulation, the equilibrium

is held constant by �xing the background plasma temperature, density and rotation

pro�les as well as the magnetic �eld.

2. The entire trajectory history of each marker is utilised when calculating the distribution

function, such that a marker ensemble of constant size need only be tracked from

source to sink once to estimate the steady-state distribution function. By extending

the logic from item 1, one can treat individual points along a marker trajectory as

independent subsamples of a common distribution function. This e�ectively parallelises

the calculation across time similar to other fast-ion codes such asASCOT[117].

3. Each fast ion is tracked independently in parallel by non-blocking processes - compu-

tational processes which may safely proceed independently. This is again enabled by

item 1.

Without interactions between fast-ion species, the equilibrium E(r i) and B (r i) terms are

dominated by background sources, such as the �elds due to external coils and the resulting

plasma response, and short-range Coulomb interactions with the thermal species. Whilst

the background equilibrium is prescribed numerically, the short-range interactions with bulk

species are replicated using a stochastic perturbation to the marker velocity vector term in

equation 2.6. This is implemented with a Monte Carlo Fokker-Planck collision operator that

includes terms for di�usion and drift of pitch angle ( � ) and energy (� ). For the computational

convenience of evaluating uniformly distributed random numbers, using the NvdiaCURAND

XORshift, these collision operators are given by expressions 2.40 and 2.41, based upon the

binomial operators derived in [33]. An option to accelerate the e�ects of these equations is

also included - similar to the goosing algorithm inNUBEAM[118].

By evaluating these expressions,LOCUSTcalculates and outputs a range of physics results

in many formats. 3D power loads are derived from the intersections of orbits and PFCs.

Similarly, Hamiltonian �eld line trajectories can be e�ciently evaluated to create various

types of Poincar�e maps, each designed to illustrate particular magnetic �eld structures.

The distribution function is generated by binning markers typically every 100ns - roughly

four gyro-periods for a 1MeV deuteron in ITER - and it can be generated inR-Z -v-� and



CHAPTER 3. COMPUTATIONAL MODEL 59

constants-of-motion � -P� -� -� spaces. HereP� is the fast-ion canonical angular momentum

and � the instantaneous magnetic moment, which is expanded to �rst order [119] in gyro-

radius to improve accuracy when binning markers in devices with steep �eld gradients.

Another variable � is required to track the sign of the �rst-order guiding-centre pitch, however

this is not always a constant of motion. LOCUSTalso calculates one-dimensional poloidal 
ux

pro�les of fast-ion-driven current, torque ( J � B and collisional), pressure and heating to

bulk species channels.

3.2.2 Implementation

The overall data 
ow to and from LOCUSTis illustrated in �gure 3.2, along with preprocess-

ing stages and related external physics solvers. The background equilibrium �elds describing

the 2D axisymmetric and 3D perturbative components are passed toLOCUSTas separate nu-

merical representations. These can be in the form ofIMASInterface Data Structures (IDS),

GEQDSKs, 3D rectilinear grids, or Fourier-decomposed data. The bulk species temperature

and density are supplied to the collision operator numerically as interpolated functions of

poloidal magnetic 
ux. The initial fast-ion ensemble is read from individual marker phase-

space positions, often generated by external plasma heating codes. Finally, the 3D PFC

power 
ux can be calculated from an axisymmetric limiter outline or an unstructured vol-

umetric tetrahedral mesh, avoiding the need for runtime octrees - the recursive subdivision

of regions of 3D space into eight sub-regions. 3D meshes are generated by defeaturing

and repairing elements of computer-aided design (CAD) engineering models, typically us-

ing CAD�x or SpaceClaim, before re-meshing volumetrically in Attila [120]. Equally, this

geometry can be represented by theIMASgeneric grid description (GGD) in the wall IDS.

Once runtime settings and input data are speci�ed, execution proceeds through stages

1-7 in �gure 3.2. First, the X-point, magnetic axis and last-closed 
ux surface (LCFS)

are precisely located. SinceLOCUSTis not storage bound (limited by on-board CPU or

GPGPU memory volume), the rectangular 2D �eld is then e�ectively cached by storing

pre-computed bicubic spline coe�cients for each knot - either just the required derivatives

and cross-derivatives or the entire set of coe�cients. Whilst this method is also o�ered in

LOCUSTfor storing 3D �elds as tricubic splines on a rectilinear grid, a Fourier-decomposed

format is also available. This latter option is preferred if on-board memory begins to limit

grid resolution or when resolution is only needed in particular dimensions; the freed space
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Figure 3.2: Information 
ow (arrows) to and from LOCUST, itself shown in the solid grey
box with main preprocessing, runtime and postprocessing stages. These stages execute in
ascending order one to seven and are colour-coded to match relevant input/output data.
Included are examples of external physics codes which have been used to pre-process or
post-process data [118,120{129]. Figure reproduced from [109].

may be used to redistribute resolution (for example using fewer harmonics at higher spatial

grid resolution), reducing magnetic �eld divergence enough to enable linear interpolation -

which is faster. The 3D mesh is then cached by labelling vacuum-facing triangles as PFC

surfaces. For rapid and synchronous tracking of tetrahedra traversal, nodes comprising the

unstructured wall mesh are also mapped to a coarse cartesian grid and adjacent tetrahedra

are identi�ed [130].

After runtime preprocessing, marker tracking is performed in two stages: markers which

start and remain inside the LCFS are �rst tracked without PFC interception checks before

tracking all remaining markers with PFC checks. Considering the constraints outlined in sec-

tion 3.2.1, optimal performance is achieved if the number of occupied threads is maximised,

indicating GPGPUs are currently the most suitable hardware - with each on-board stream-

ing multiprocessor running thousands of threads, each able to track an individual marker in

parallel. The Nvidia CUDAAPI is used to interface with this hardware, and the core tracking

algorithm is written in PGI FORTRAN. CUDAalso o�ers libraries for e�cient random number

generation, including CURANDand a Mersenne Twister [131] implementation which are both

optional in LOCUST.

Implementing SIMT algorithms of this type requires some hardware-speci�c design con-
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siderations. The marker tracking algorithm, which comprises the stages in box 5 of �gure

3.2, is illustrated in �gure 3.3. The required data are �rst transferred from the host CPU to

the GPGPU device before a non-blocking device kernel is triggered to advance markers in

phase space. Simultaneously, fast-ion positions from the previous timestep are sum-reduced

on the host - binning their positions on the distribution function grid. Care is taken to

overlap these processes; upon their completion, all processes are synchronised by a transfer

of the next fast-ion positions to the host. These positions take the integer form of the corre-

sponding distribution function bin indices to lower data throughput. This process is scaled

across multiple devices within a node usingOpenMP.

Figure 3.3: Execution model for the kernel-level marker tracking algorithm. Steps 1 and 2
execute in serial, but operations therein are performed asynchronously. In step 1 the GPGPU
tracking kernel is triggered whilst the previous marker positions are sum-reduced on the CPU
to form the distribution function. These processes are synchronised by a memory transfer of
the new marker positions from the device to host in step 2. Figure reproduced from [109].

As marker trajectories are evaluated, the latest positions are cumulatively binned to build

up the steady-state distribution function. This process, illustrated in �gure 3.4, occurs until

markers either strike a PFC, reach a tracking time limit or slow to a prescribed velocity

cut-o� - typically 3 Tbulk =2. Upon completion, incident PFC power is collated and adaptively

re�ned across the surface mesh by splitting those tet faces (triangles) which record many

marker interceptions.
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Figure 3.4: Numerical algorithm for generating the steady-state distribution function f ,
shown here in black as a single function of marker energyf (� ). This is formed by cumulatively
summing f (�; t i ), which are calculated independently at discrete time intervals t i . Figure
reproduced from [109].

3.3 Simulating ITER

To build an accurate integrated fast-ion model of ITER, additional software components to

calculate, pre-process, post-process and feed data to and fromLOCUSTare required. Fur-

thermore, to fully exploit LOCUST's speed to perform many simulations, automated control

systems are required to manage this 
ow of data between the software components and

LOCUST. This section describes the data streams, software components and control systems

required to provide the physical quantities outlined in �gure 3.2, including the motivation

behind using each in the fast-ion work
ow, which is assembled later in chapter 4.

3.3.1 IMAS

IMASis the primary simulation platform designed and advocated by ITER to design, build,

deploy and run simulations of integrated models of ITER and other tokamak devices. It

achieves this by:

� De�ning a data model to facilitate the storage and communication of data represent-

ing physical quantities between software components. The model consists of a data

schema to describe physical quantities; the Interface Data Structure (IDS) storage for-

mat; a database environment for storing machine descriptions and IDSs which describe

simulation and experimental data; and a multi-language API for enabling community
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physics codes to access and exchange IDSs.

� Providing integration with software tools, such as Kepler, for de�ning and automating

integrated modelling work
ows that consist of physics codes that have been adapted

to IMASand exchange IDSs.

There are many bene�ts to using IMAScompared to other available integrated modelling

systems. Its data model makes assembling work
ows usingIMAS-compliant codes extremely

easy due to each component only requiring IDSs. Once a code is adapted toIMASand

compiled as an "actor", it becomes available via theIMASAPI as a function whose arguments

consist purely of IDS instances. This abstraction means that work
ows can be created in

any scripting language where the API is available through the arbitrary calling of functions

in place of physics codes. This is simpler and more scalable than calling standalone physics

codes, which each likely require data in di�erent formats and di�erent locations. Therefore,

it is generally preferable to useIMAScomponents where possible.

3.3.2 RMP and plasma response model

To accurately calculate the fast-ion transport due to the ITER ECC system, a fast-ion

work
ow must include a physical model for describing the magnetic �eld created by the ECC

system. As explained previously in section 2.4, it is crucial that the model also include the

e�ects of the plasma response in its calculation of the perturbation �eld. However, due to the

aforementioned computational challenges associated with ITER, there are noIMAS-compliant

codes able to calculate the ECC plasma response at high �delities without bottlenecking

work
ow performance. Therefore, 3D �eld data were instead taken from a recently pre-

calculated database [64, 65] produced outside ofIMAS by the MARS-Fcode [124, 125] for

ITER. The code solves the linearised forms of the full-MHD equations in toroidal geometry.

The database contains 3D �elds calculated for the scenarios described later in table 5.1, for

multiple toroidal mode numbers, harmonics and coil rows of the ECC system. In this work,

only �elds which included the plasma response were used.

The use of the MARS-Fdatabase has many positive consequences for the subsequent

design of the fast-ion work
ow. The linear nature of the physical MHD model means that

the individual �eld components can be rescaled, phase-shifted and re-combined to simulate

arbitrary ECC con�gurations and levels of ELM suppression - without re-running MARS-F.
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There are also challenges presented by the database. The 3D �elds, and supporting data,

are stored in a variety of formats. Additionally, the 3D �elds must be pre-processed using

a separate code prior to reading byLOCUST. However, whilst this requires a small amount

of time and increases the work
ow complexity, the pre-processing allows for the generation

of 3D �elds on grids of arbitrary precision. As discussed in section 3.2.2, this can increase

LOCUST's e�ciency through optimisation of the space-time trade-o� between grid resolution

and the order of 3D �eld interpolation. Furthermore, the pre-processor is unique in that

it uses di�erent orders of splines near the separatrix to better resolve discontinuities in the

3D �eld due to the plasma response creating �ne current sheets. To ensure this approach is

valid, a convergence test is performed later in section 4.5.

3.3.3 Equilibria

For consistency, the same equilibrium plasma data - plasma temperature, density, rotation

and equilibrium magnetic topology - used to calculate the 3D �eld database were used as

a pre-computed data source in place of a physics component in the work
ow. This was

previously determined by ASTRA[132] for di�erent assumptions of plasma density pro�le

shape, Prandtl number (ratio of toroidal momentum to thermal di�usivity in the core)

and ratio of toroidal momentum to thermal con�nement times - ( � � =�E ). The latter two

quantities a�ect the plasma rotation at the core and edge respectively, in turn in
uencing

the plasma's ability to screen the external perturbation. This e�ect is shown more clearly in

�gure 3.5 below. For the �elds used in this study, the di�erences in rotation act only to scale

the overall response amplitude without a�ecting the perturbation structure - though the

increase in amplitude is small. As shown later (�gure 5.15), this likely amounts to linearly

scaling the total fast-ion losses. The studies herein assumed� � =�E = 2 and a Prandtl number

of 0.3 [133], as expected from turbulent transport simulations which correspond to a smaller

XPD, due to the low plasma resistivity and relatively high absolute value of the toroidal

rotation [134] of 10-30kRad/s, which is low when normalised to the Mach number in ITER.

As it is stored in the same location as the 3D �eld data, the equilibrium data are highly

accessible. Another advantage is that it avoids having to re-runASTRAto re-generate the

same data repeatedly within the work
ow execution. However, like the 3D �eld data, the

equilibria data are not stored in IDS, and are instead stored in a variety of �le formats -

some requiring conversion prior to reading byLOCUST.
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Figure 3.5: Kinetic pro�les for the Q = 10 scenario under di�erent assumptions of the
Prandtl number (Pr) and ratio of toroidal momentum to thermal con�nement times ( � � =�E ).
Pro�les are plotted against normalised toroidal 
ux. These parameters greatly a�ect the
rotation pro�le, which can greatly a�ect the plasma's ability to screen external perturbations.
� � =�E = 2 and a Prandtl number of 0.3 were chosen in this study, whilst the "
at n" pro�le
is used when studying theQ = 10 scenario. This was shown to be the worse option for
fast-ion con�nement due to the high edge density.

3.3.4 Neutral beam model

No pre-calculated NBI deposition is available in the 3D �eld database, hence a physics

component is needed to dynamically calculate it when required. Multiple NBI codes are

available in IMAS, and two were tested: NEMO[128] andBBNBI[127]. However, unlikeBBNBI,

it was found that NEMOcannot correctly write depositions in 3D geometry, which is crucial

for this study. Therefore, BBNBIwas chosen as the NBI component of the work
ow.

As an actor available through IMAS, the BBNBIactor reads and writes IDSs - one which

describes the NBI geometry, such as injecting on or o� axis, and one which describes the

axisymmetric plasma quantities, such as temperature, density and rotation. Because of this,

some �le conversion between the 3D database,BBNBIand LOCUSTis required. In the case

where the neutral beam geometry is missing, for example when using the diagnostic neutral

beam as is done later in section 5.3, the IDS must �rst be created.
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3.3.5 Plasma-facing component model

IMAScontains functionality for the de�nition, creation, manipulation and re-meshing of PFC

geometries. This is mostly encapsulated by the combination of the General Grid Description

(GGD), part of the IMASdata schema, and theSMITER[135] �eld line tracing code, which

contains a suite of tools used to manipulate GGD meshes. However, because of the precision

required to resolve the more vulnerable PFCs, such as the under-dome cooling pipes shown

in �gures 3.6 and 3.7 below, ine�ciencies in memory allocation during wall IDS generation

made the IMASand the GGD impractical.

Instead, a pre-existing volumetric mesh (57.6M tetrahedra), derived from a defeatured

computer-aided design (CAD) model of ITER, was used to represent the �rst-wall geometry.

This mesh is detailed enough to resolve the divertor geometry and cooling pipes, as well

as the subtler geometrical features of larger components, such as the gaps between divertor

cassettes and the shaped surfaces of the �rst-wall tiles. Gaps exist for heating and diagnostic

ports. This is illustrated in Figure 3.6, which shows the PFC geometry and its individual

components highlighted.

Figure 3.6: ITER mesh used byLOCUST, shown in four separate panels as groups of compo-
nents are incrementally added. Clockwise from top left: Close-up of divertor inner and outer
re
ector plates with inner, outer and horizontal supports; adding inner and outer under-
dome pipes; zoomed out with divertor base, �rst-wall and dome added; inner and outer
divertor target and ba�e added. The underdome pipes, whilst shielded by the dome from
the private 
ux region above, may be reached by fast ions from the exposed sides. Fast ions
in this region may also strike the rounded vertical supports too. Colours match those used
later in �gure 5.3. Figure reproduced from [109].
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