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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™ (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 figure 1.1.

’H + ?H — 3He (0.8 MeV) + n (2.5 MeV)
’H + 2H — *H (1.0 MeV) 4 H (3.0 MeV)
’H + 3H — %He (3.5 MeV) 4 n (14.1 MeV)

’H 4 *He — 1He (3.6 MeV) + H (14.7 MeV)

SHe + *He — *He + 2H + 14.7MeV

*H + *He — *He + H +n + 12.1 MeV

3H + 3He — 2H (9.5 MeV) + “He (4.8 MeV)
SH +3H — 4He + 2n + 11.3 MeV

H+ B —— 3%He + 8.7MeV

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

15
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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 fission and fusion, fusion typically releases the most energy per
nucleon. This is shown by plotting the binding energy per nucleon of the nuclei of different
elements in figure 1.2. Hence, moving rightwards via fusion of lighter elements increases the
binding energy per nucleon much more quickly than moving leftwards via fission 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 finds itself in. The first of which was a neutron
source for the boosting of fission 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 declassified in 1958. The hope was for a limitless energy supply, but the
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Binding energy per nucleon (MeV per nucleon)
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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 significant
improvements in fuel confinement, 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 fission 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 findings
made it clearer that significant 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 confinement
experiment designed for net-gain to proceed.

It is important to examine the context around fusion, as it allows for more effective
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 significant increase in worldwide in-
stalled capacity for zero-carbon energy generation, storage and transmission. This is to meet
the demands of electrification 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 fill 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 = -Plos57 (11)

where the power supplied to heat the plasma, Pjeat, balances the power leaving the plasma
Pioss, 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 minimise Peyternal- 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 figure 1.1 and thus increase the reaction rate.

Amongst the fusion fuels shown in figure 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 significant challenges associated with
DT fusion that must be overcome. The first 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 fission 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 confined 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 sufficient 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 significant 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

P, is referred to as ”ignition”, whereupon
recycle )

Pexternal =0. (12)

To estimate the requirements of fulfilling this condition, P, can be defined as

w
Ploss = (1-3)
TE

where 7 defines a characteristic time scale - the confinement 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 = 3nTYV, (1.4)

where n is density of the plasma and V 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 energy FE:

P, = RVE,. (1.5)

Whilst E, is fixed by kinematics, an expression for the reaction rate per unit volume can be
determined by considering the rate of a reaction with cross-section o(v), occurring between
two homogeneous species (numbered 1 and 2) of similar density which have isotropic relative
velocities v:

R =niny (ov), (1.6)

where an integral over the velocity has been performed such that the expectation value of
the cross-section, (o), has been calculated. When the plasma is Maxwellian, as is the case
for a thermalised plasma, (ov) 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

Substituting 1.3, 1.4 and 1.7 into 1.1 yields

3nT n?{ov) E
Pexternal = < - < > a> V. (18)
TE 4
To achieve the ignition condition,
12T
> —. 1.9
"TE 2 1o0) Eg (1.9)

This inequality is known as the Lawson criterion. Remembering that (ov) is a function of

temperature (~ T?), and that E, = 3.5MeV, for a plasma temperature around 10-20keV,
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the Lawson criterion translates to
nTtg > 3 x 102 m3keVs. (1.10)

The quantity nT'7g 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 define the fusion gain factor,

Q, as
P sion
Q = - tusion (1.11)

P, external ’
where the expression for Prygion is defined 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, = Peyternals
Pfusion
= ~ b. 1.12
Q= (1.12)

Therefore, ) = 5 is often used to label the point at which thermonuclear DT plasmas
transition to the ”burning” regime, where a significant amount of self-heating occurs. At
ignition, () — oo.

The confinement of the fuel can be maximised in various ways: using the inertia of the
fuel, using magnetic fields or by using some combination of the two. The tokamak reactor
concept is one of many proposed designs for a magnetic confinement fusion reactor actively
researched today. From the point of view of fusion gain @), tokamaks have shown the best
performance of all magnetic confinement concepts, with JET reaching @ = 0.67 in 1997 for
a short time and achieving () = 0.33 for a sustained five 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],

TEPBQB(%Q) — 0.0562_[1()).9330.15,’,?60.41theg.tGQR1.97K0.7860.58M0.19’ (113)

(in s, MA, T, 10"m™, MW, m) which, for a given plasma shape € (inverse aspect ratio
a/Ryqj) and k (elongation, whose product with e gives a measure of the plasma height),
and ion mass M in atomic mass units, has a strong dependency on the major radius Ry,

and plasma current I,.

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 confined 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
confinement time defined by equation 1.13. The larger plasma volume, and the increased
toroidal magnetic field and plasma current required for confinement 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 confinement, 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 20
Plasma volume [m?] 8 100 840
Plasma current [MA] 2 35 15

B on axis [T 0.8 35 53
Heating power (NBI) [MW] | 5 20 33

Fusion power (max) [MW] | N/A 16 500

in the plasma, are amplified for ITER; reductions in plasma performance due to the loss
of plasma confinement, and the resulting power fluxes to plasma-facing components (PFC),
both have the potential to greatly impact the ability for ITER to demonstrate its primary
goals of efficient and reliable fusion power.

There are many mechanisms which can lead to reductions in the confinement of the
plasma and thus limit performance. ELMs are one of the most severe, ejecting significant
amounts of energy and particles from the plasma. The primary method of mitigating ELMs
in ITER is to suppress them using 3D magnetic field 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 affects the confinement 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 efficiency 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™ 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 fields on transport and confinement
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 efficiency 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 difficult
to measure without the generation of a burning plasma, which remains unreproducible with
the deuterium plasmas in the inefficient (poor confinement), small-scale experimental devices
of today. To elaborate, these devices conduct experiments with deuterium plasmas to avoid
the radiological, licensing and financial costs associated with using tritium fuel. However,
generating a burning deuterium plasma requires maintaining confinement times and tem-
peratures (~ 1 MeV, as seen in figure 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 efficiently using
specialised algorithms and hardware acceleration, to address the aforementioned problem
of energetic particle confinement in 3D fields in ITER. After verifying and validating the
code against experiments and other well-trusted but less computationally efficient 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 fidelities 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 fields
on fast-ion confinement have been studied at high precision, over various plasma conditions
and applied perturbation spectra, to successfully optimise both the overall plasma heating
efficiency and power flux to PFCs.

Chapter 2 provides an overview of how these magnetic perturbations affect the fast-ion
population in tokamaks. It first introduces the basic principles of magnetic confinement

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 fields. The fast-ion component of this model is explained
in detail, as well as its algorithmic implementation on specific 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 specifically verified
against similar codes and validated against experiments - including those which measure fast-
ion transport due to 3D fields. After testing, the model is deployed in chapter 5 to study
fast ions in the ITER 3D field 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 efficiency of the device are qualified. 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 findings made herein.



Chapter 2

Fast particles in tokamak plasmas

This chapter outlines concepts that are key to magnetic confinement 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
specifics 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 differentiate 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 confinement 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 first confining a fuel of
sufficiently high density for a sufficiently long time. To maximise the DT fusion reaction
cross-section, this confined 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 confine this plasma

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

27
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2.1.1 Particle motion and confinement

To understand the tokamak concept, it is important to first discuss the dynamics of ions in
an electromagnetic field to understand how a plasma is confined. 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=qp—qgA-v, (2.1)
where the potential can be used to define the electric and magnetic fields,

E=-Vé- 7" (2.2)

B=VxA, (2.3)

the Lagrangian L, consisting of the particle kinetic and potential energy T and U respectively,
becomes

1
L:T—UzimUQ—qu—i—qA-v. (2.4)

Applying Lagrange’s equations, in the case where the generalised coordinates g; are the
real-space position components of the particle,
d (0L oL
() - = =0, (2:5)
dt 8qj Oqj
to the expression in equation 2.4 yields the dynamical equation for position r and velocity

v of an ion of charge ¢ and mass m:

dr_dv _ %(v x B(r) + E(r)). (2.6)

dez  dt

The main mechanism by which magnetic fields in tokamaks confine ions can now be
seen by examining equation 2.6; ions may freely move parallel to magnetic field lines (with
velocity v)), whilst perpendicular motion (with velocity v, ) leads to an orbit around the

field lines. The centre of this orbit is referred to as the guiding centre, and the frequency at



CHAPTER 2. FAST PARTICLES IN TOKAMAK PLASMAS 29

which these orbits are completed is called the cyclotron (or gyro) frequency,

q
Q.= —B8B. 2.
- (27)
The radius of the orbit is
vy
== 2.
r=q (2.8)
which is influenced by the particle pitch,
A= (2.9)
v

The orbit around the field line also defines a current loop, giving an equivalent magnetic

moment which is defined, to zeroth order [16], by

mv?
2B

= (2.10)

These parameters remain constant in a homogeneous magnetic field. In this case, the
guiding centre is fixed in the plane normal to the field lines. However, where the magnetic
field is changing and these parameters vary, particle motion can become more complex. For
example, if a particle orbit crosses a boundary where the magnetic field 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 field, and this component
of its motion is referred to as cross-field transport.

In the case where the magnetic field strength varies along the field lines, the guiding
centre velocity changes:

m——- = —uV|B. (2.11)

In this case, the magnetic field may reflect the ion due to what is called the magnetic mirror
effect, 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 field strength steadily in-
creases, then the point in space at which ions are eventually reflected 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 sufficiently 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 reflected 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 field

curvature,
2
v
y 9 R.xB
curve — Q R2
(&

(2.12)

where R, = R2V B/ B points outward from the origin of the radius of curvature [18], leading

to

2
Ui Bx VB
Vcurve = ﬁ” B2 ; (213)
C
perpendicular magnetic field gradients,
2
vi BxVDB
= —_— 2.14
UvB 2Qc B2 ) ( )
and external forces,
FxB
= 2.15
UFxB q32 ’ ( )

the latter of which also describes the guiding-centre motion in the presence of an electric
field (the E x B drift) or gravitational field, whose small contribution is typically ignored.

The tokamak is a result of designing a magnetic field topology which accounts for the
total motion due to the above drifts so as to confine test particles indefinitely over a complete
orbit. A straight, homogeneous magnetic field successfully removes cross-field transport in
a system composed of non-interacting test particles, however the number of ions streaming
out either end along the field lines is too great - even in the case where the field strength
is increased at each end to reflect some ions, as in a magnetic mirror machine. By instead
bending this field to create an axisymmetric torus, the ions may freely stream along the
toroidal field lines without end. However, this bending introduces a 1/R dependency on the
magnitude of the magnetic field, which is now stronger on the inboard side. This gradient
in the field strength, and resulting magnetic drift, leads to a vertical charge separation and
electric field, and the resulting radial E x B drift leads to a rapid loss. Therefore, a poloidal
field 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 field lines to preserve quasineutrality.

An illustration of this geometry is given in figure 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 different shapes are shown to the right. Another cylindrical coordinate
system is adopted, with radius r 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 difference 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 field components they produce. The toroidal field is typically strongest and is
produced by the toroidal field coils (red). The poloidal component of the field is produced
primarily by a current in the plasma (green dash), whilst some contribution is made by
poloidal field 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 field component. Tokamaks which require a central solenoid
for the creation of a poloidal field 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 efficiency 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 figure 2.2 for two common types
of orbits, whose trajectories along the helical field lines are perturbed due to the magnetic
field strength gradient and curvature. The left plot illustrates the orbit of a passing particle.
Its pitch is sufficiently high so that it is not reflected 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 field. Particles with a lower pitch are reflected at radial bounce
points due to the 1/R dependency of the magnetic field 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 field 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 different 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) field coils. These coils generate the components of the magnetic field 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
field component (solid).

poloidal component of the magnetic field. For this reason, pitch angle is often defined relative
to the plasma current instead. The v? 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 significant
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 confining magnetic field is calculated by asserting a balance between plasma thermal

pressure, defined by the ion momenta, and magnetic pressure, defined by the field line density:

JxB=VP (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-VP=J-VP=0. (2.17)

In other words, the magnetic field lines and plasma current must lie on surfaces of constant
pressure. These flux surfaces are analogous to fluid stream function contours. If we wish
to express the magnetic field according to some variable ¢, which represents the stream

potential of these flux surfaces, then ¥ must satisfy
B -Vy=0. (2.18)

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

geometry, becomes:
10 1 0By 0B,

‘B=_-"2(RB 97
v ror PR T 25, T 6

0. (2.19)
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For a system that possesses axisymmetry about ¢, this condition is true if

10y
and
1oy
B, = ROR (2.21)

In this case, equation 2.18 is satisfied, implying 1 indeed defines a series of nested flux
surfaces, upon which magnetic field lines flow as streamlines. Repeating this approach, and
applying Ampere’s law, to define a similar stream potential f for the plasma current density
yields

B =By+By=VixVé+ ’%fw (2.22)

where f = f() [18]. Upon these flux surfaces, quantities such as plasma density, pressure
and temperature are constant, providing the plasma flow is small. In an axisymmetric
system, these parameters are therefore one-dimensional. Another of these quantities, the
safety factor ¢, which is defined as

1 1 B¢d T B¢
2m R Bg Rmaj 39

q= (2.23)

for a large-aspect ratio tokamak, acts as a measure of the field line pitch on a given flux
surface - i.e. the number of toroidal transits per poloidal transit. Surfaces at which ¢ is a
rational number host field lines which form closed loops.

Figure 2.3 shows an example of a tokamak equilibrium calculated for ITER. Open flux
surfaces exist outside of the nested flux surfaces in diverted equilibria such as this one,
defined by a magnetic null in the form of an X-point to isolate the core plasma from the
area of contact with the first wall. The separatrix marking the boundary between these two
topologies of open and closed surfaces is defined by the last-closed flux surface (LCFS). The
region containing these open flux surfaces is called the scrape-off-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
flux surfaces (dashed) define the isocontours of certain plasma quantities, such as temperature
and density. The LCFS defines the boundary between the plasma and SOL, within which
heat and particles are rapidly transported along field lines within open flux surfaces towards
the divertor section, down the inner and outer legs towards the divertor targets and baffles
- 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 flux
surfaces. Hence it is similar to the LCFS. Any differences shown here unintended and the
result of pre-processing the numerical equilibrium. However the difference illustrates the
relative accuracy with which the LCFS is calculated by typical fixed-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 set T in the fusion triple product.
With perfect energy confinement (infinite confinement 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 finite resistivity, is only efficient until relatively low temperatures (~3keV) [18], above
which the plasma resistivity falls. Therefore, other heating mechanisms are required for
efficiently 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 unaffected by
the electromagnetic fields, 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 confined by the magnetic field. 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 difference 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 figure 2.4, for two possible
configurations 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 near R < 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 figure 2.4, the differences between the two beam
configurations can be seen more clearly, corresponding to a vertical tilting of the beam. As

each beam enters the plasma at a different 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 difference
in orbit shape, and the resulting effects on the plasma, for example the resulting J x B torque
or driven current, is why the flexibility to perform off-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.
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Figure 2.4: Examples of on and off-axis neutral beam deposition of fast ions created by
the ITER HNB system. The rapid fall-off 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 difference between on and off-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 efficiency 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 differences
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 significantly perturbing

it.

2.2 Fast-ion transport

Fast ions must remain confined 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 confined. The dynamics of particles undergoing this
transport can be described at the fundamental level by modelling the changes in the particle

distribution function f, defined such that

n:/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):

d
d—]; = 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:

af

5t —i—(v'V)f—i—%(F-Vv)f:C(f)+sources. (2.26)

Which states that the change in the distribution function with respect to time at a fixed 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 fields, 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 field from each ion is often separated into
smooth, macroscopic and transient, microscopic components respectively. The large differ-
ence in length scales means that physics models often choose to capture either the evolution
of the macroscopic field, and its impact on the bulk plasma flow, 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) fluids and collisional kinetic particles respectively. The first 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 effects of microscopic collisions are an irremovable yet vital transport source in
magnetic confinement fusion systems, as they are ultimately responsible for fusion events
themselves. In combination with the fixed magnetic topology, their influence determines the
classical and neoclassical transport regimes [22] - the latter being the modification of classical
transport due to neoclassical orbits shown in figure 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 field
components are increasingly able to explain this ”anomalous” transport. Despite the plasma
being quasi-neutral overall, local fluctuations in the electromagnetic field, created by the
externally imposed magnetic field 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 confinement [18]. Therefore, it is vital
that models include both collisional and anomalous effects if they are to accurately predict
transport in devices such as ITER.

It is possible to capture both microscopic and macroscopic field 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 fluid 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 ~ 102! ions in a tokamak
plasma is computationally infeasible; an exascale computer would take ~ 10'® years to
calculate the combined electrostatic field 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 finite
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 fidelity 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 fields 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 diffusive, significant 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 velocity v of a particle may be considered a
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stochastic variable, which changes state according to a master equation:

dP(v,t)
Tt? = Z W' (t)P(U/,t) - Z wv’vP(Ua t)‘ (227)
v'#v v'#v
This essentially states that the rate of change of probability P of a particle being in some
state v is equal to the difference between the rate of transition, w, from state v’ to v and from

v to v’'. These changes in v 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,

0

C(f) = —5- (D(l)f> + ;;; (D(Q)f) Yo (2.28)

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

after a given time:
/ AAD) (AD)f(x + Az, t+ A1) ~ DO, )AL + O(AL2) (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 ~ (Av). (2.30)

By assuming small-angle collisions dominate, the v? terms of equation 2.28 can be truncated

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

0 1 92

C(f) = —w(f (Av")) + 3 Dordu”

(f (AvHAVYY) (2.31)
where the final term is a dyad. v* denotes the uth component of the particle velocity and
the Av* jump moment is the change in the uth 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/r? force acting upon

it [30], the differential cross-section of which is known analytically. For like particle collisions
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this yields:

1 0 oh 1 92 d%g
fc<f) T ook (f(%“) T2 Do (f(%“(%l’> (2:32)
where
V) ~ /f(v/) v — 1|t dvr (2.33)
and
V) ~ /f(v/) |v — v/|dv/ (2.34)

and I' represents the collision rate. v denotes the velocity of the test particle with v/ the
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:

of 9 19
=5 |AT— 55y (2F) (2:35)

where A is the dynamical friction and D is the velocity diffusion 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:

of  Di(v) 19 of
- = —— F D 2.
o~ 2 Tt aa, F+35P1%, (2:36)
In this expression,
P +D||—DL+ECZD” (237)
=Y 2 dv ’
and the operator
0 of 1 0%*f
2Lf = 1— 2% =% —. 2.
Lr= o =) oyt 1oy (2:38)

Spherical coordinates are used to split the diffusion tensor into scalar perpendicular and
parallel parts after assuming that the particle distribution is isotropic. This also simplifies
the expression for A to —vsv(v). Here, vg represents the slowing-down rate, A measures

the particle pitch angle and x the gyro-phase. Therefore, the first 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 finding expressions for the change in their expectation
values,

d(x)

where x is an arbitrary test particle quantity, such as pitch or energy, and V is the complete
phase-space volume over which f is defined. It is typically assumed that fast ions are equally

distributed in gyro-phase to remove the x dependency in the operator £ [33]. These operators

are
AN = At + [(1 = \2) vaat] (2.40)
and
Ac = —9u.A [e _ <;’ + “if) k:BTth] 2 (kpTineve AL 2, (2.41)
Ve de

where + is a random sign with equal probability and the v, and vy terms represent collision
frequencies as functions of the Coulomb logarithm In(A) 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 effects of collisions can be

observed. In a typical tokamak plasma, there are three velocity scales:
Uthermal << Vfast << Velectron- (2~42)

Shortly after deposition, fast ions are typically bombarded by fast-moving electrons, which
reduce the fast-ion energy without significantly altering their pitch angle. Only after suffi-
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, significant 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 confined for most of their slowing-down time, the time taken for
them to thermalise, for them to significantly heat the thermal population directly through
collisions. As it increases like ~ T%/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 effects 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 fields 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 diffusive [35]. Diffusive 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 field lines. The general resonance
condition for ions is

Q=10Q.+mQy + nQ¢, (2.43)

where [, m and n are integer numbers and €2 is the frequency of the perturbation. Here, the
terms marked by the 6 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 modifications due to the transition to
a burning plasma regime [13,37-39]. Of potential concern are toroidal Alfvén 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 Alfvén waves and

fast ions, and lead to fast-ion redistribution. The large super-Alfvénic population in ITER
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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-driven n=1,
m=1 internal kink modes which relax the core ion temperature and density profiles 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 significant 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 significant amounts of energy and particles [49] and
have the potential to quench a reaction, rapidly depositing significant 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 finite number of toroidal field coils creates a toroidally periodic variation
in the toroidal field strength, enhancing diffusion 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 finite Larmor
radius (FLR) effects are included [53] - that is, the difference 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 first-wall components designed to
smooth unwanted perturbations in the equilibrium field. However, they introduce another
symmetry-breaking component to the magnetic field in ITER. The inserts are optimised to
operate at field strengths above 57T; 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
field 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 fields 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-confinement 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-confinement
mode (H-mode) [57], as opposed to low-confinement mode (L-mode). Whilst the edge trans-
port barrier created by H-mode enhances the plasma confinement, 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 confinement 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 first 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 ng, the current in each ECC in a given row is defined by

I (¢coir) = Iccos (ng [Peoil + D] — wi), (2.44)

where ¢¢oi is the toroidal location of the coil centre, w (~ 5Hz [58]) is a toroidal rotational
frequency and ® defines a toroidal phase shift - typically applied to each coil row indepen-
dently to alter the poloidal spectrum of the 3D magnetic field. From an operational point of
view, I, ng, Py m, (referring to upper, middle and lower coil rows respectively) and w 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, ng, the toroidal spectrum, I(n), of
an RMP imposed by coils of finite width and number may include significant contributions

from additional, higher-frequency harmonics - ni,ns... 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 defined by equation 2.44. Top right: View looking on the ECC system
from above. Coil spacing is toroidally symmetric within a given row, but offsets 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 field. Bottom:
Distribution of ECCs in poloidal (f) and toroidal (¢) angle. Coil centres are marked in
magenta in all subplots. The finite poloidal and toroidal width of each coil is responsible
for the presence of significant higher harmonics in the spectrum of the imposed field. Figure
reproduced from [60].
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I(n) for a single row of window frame coils:

I(n) == / h I(p)e " dg. (2.45)

—00

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

N 4 A%
1 it —i¢n
I(n)=>" — / se, LieTd9, (2.46)
j=1 i
where I; for each coil j is given by
I; = I.cos (ng [¢; + D)), (2.47)

as defined by equation 2.44 for N total coils in a coil row c. After realising A¢; = A¢ is

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

I Ap\ &
I(n) = ~Ssin <n2¢> Zl [eino (@t @)=indy _ o=ino(@;+0)iné; (2.48)
]:

Then, upon recognising that
27 (5 —1)

¢j — ¢O + N , (249)

expressions can be found for modes satisfying n4+ng = kN, where k € Z. For the fundamental
mode, where ng = n = 3,4 is the lowest frequency in the harmonic spectrum, the spectrum
takes the form

I(n) = IcCc,neimoq)y (250)

with C., capturing the mode amplitude. For the second harmonics, where ng = 3,n =6 or
ng =4,n =9,

I(n) = I.C, pe™0® 90, (2.51)

It can be seen that expression 2.51 introduces a dependency on ¢g - 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 significance of the so-called sidebands (second harmonic) can be seen by calculating
the ratio of amplitudes C., of the first and second harmonics, yielding approximately 70-
85% for n = 3,6 and 88-95% for n = 4,5 in ITER, depending on the coil geometry (for

example A¢, which can be seen to differ between rows in figure 2.5).
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Figure 2.6: Current distribution (magenta) defined by equation 2.44 for ng = 3 and ny = 4
RMPs in ITER ECCs (black quadrangles where height represents current carried), as well
as the first two corresponding harmonics (blue, red) and their sum (purple), for & = 0.
The pink scatter points serve as visual guide to confirm that the ECC centres adhere to the
dashed current profile. In both cases, the finite number of coils means the higher harmonic
significantly contributes to the total waveform. Figure reproduced from [60].

The 3D field created by the ECC system is complex [61,62] but can be split into two
components: the field created by the coils as if in a vacuum with no plasma present and
the field generated by the plasma in response to this vacuum field. In similar fashion to
convective fast-ion transport, the effect of the vacuum field is to perturb those trajectories
of field lines which have orbits that resonate with the imposed perturbation. For field lines,
which do not undergo cyclotron motion, the resonance condition in equation 2.43 for static
perturbations becomes

0 =mQg +nQy — Qy/Qy = m/n. (2.52)

Since g/Qy is just the safety factor ¢ defined in equation 2.23, this resonance condition
is satisfied by field lines on flux surfaces defined by rational values of ¢(v)) = m/ng. The
perturbation creates a chain of m magnetic islands on the rational surface, where the island
width grows like the square root of the perturbation amplitude [35]. Hence the g-profile

plays an important role in determining the structure of the field created by the ECC sys-
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tem. A Hamiltonian description of these field 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 flux surfaces within the islands persist, those which lie close to the island
separatrices are destroyed, upon which field 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 the ¢ shear is
high and the ECCs are in proximity. Additional topology changes occur near the X-point,
where a homoclinic tangle of intersecting, oscillating flux surfaces is created by the unstable
dynamics of individual field lines, leading to strike-point splitting [63] - ultimately reducing
confinement 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 displacement zeta is typically

defined by the magnetohydrodynamic fluid velocity:

v = 9¢/0t. (2.53)

However, in the studies which establish a correlation between XPD and ELM suppression
mentioned above, this velocity is modified by toroidal flow shear to account for the change
in bulk flow velocity the fluid 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 ¢ profile, creating gg5 ”windows” of observed ELM suppression [69-72].
Because ions may freely stream along the closed flux surfaces within an island, convective
radial ion transport occurs over the island width, relaxing the pressure profile across the
island and removing the mode drive. This purposeful decrease in edge confinement 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 fields.

Lastly, the second component of the ECC field 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
flows 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 field. The
length and timescales of this shielding are set by the charge carrier temperature and plasma
resistivity. A significant factor to influence RMP penetration and subsequent dynamics, like
rotational braking [73], is the plasma rotation. If the plasma resistivity is sufficiently low,

MHD models [67,74,75] predict:
5Btot

6B vac

4
~—wy (2.54)

where the 6 B terms denote the amplitude of the radial components of the perturbation, in
the vacuum approximation and including the total plasma response, and wg denotes the bulk
plasma rotation. For ITER therefore, high temperatures act to reduce the plasma resistance,
making it efficient at screening out external perturbations, whilst low rotation does the
opposite [76]. The effect of this screening repairs the flux surfaces otherwise broken by a
pure vacuum field. In reality, including this plasma response [77] can be significantly more
realistic than the vacuum modelling approach alone; it has been observed experimentally in
MAST that ECCs sometimes have no effect on ELMs [78], implying that, despite the plasma
satisfying conditions for island overlap, screening is effective enough to significantly 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 fields

The effects 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 field which characterise its effects 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 field 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 fields. One such otherwise conserved quantity is

the canonical angular momentum Py, given by

Py = mugR + qv), (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 significant radial excursions corresponding to large
variations in P, [86,87]. This effect 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 diffusive 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 field lines, for example on strongly passing
orbits, may undergo enhanced diffusive transport as they follow field lines which diffuse 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 confinement, 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 affect 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. Specifically,
a large number of these studies abandon the inclusion, or make no mention, of FLR effects,
converged high-precision RMP fields, 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-off 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 verified early on in the ITER campaign, prior to
deployment in high-power scenarios where the margin for error is smaller.

This lack of computational flexibility 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-
fidelity simulations of fast-ion transport in ITER has only recently become feasible, and this

is the first 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 are OMFIT [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). LOCUST is one such code
which uses GPGPU acceleration to make I'TER-scale simulations computationally tractable.
Its greater speed and efficiency over other fast-ion codes today offers the potential for the
discovery of new physics through study of tokamaks at extremely high fidelity. For this rea-
son, the LOCUST code 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

o4



CHAPTER 3. COMPUTATIONAL MODEL 55

for the hardware accelerated LOCUST code. 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. The LOCUST code is described in section
3.2. Finally, section 3.3 describes the additional computational components - IMAS [108],
physics components and specific data - that are needed for the study of fast ions in 3D fields
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 flexibility 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 flexibility
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 differences
between CPU and GPU architectures is shown in figure 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.
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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 workflow assembled in this study.

LOCUST is a novel high-performance computing (HPC) algorithm that uses multiple levels of
single instruction, multiple thread (SIMT) parallelism and GPGPU hardware to enable the



CHAPTER 3. COMPUTATIONAL MODEL 57

routine study of ITER-scale devices impossible with other CPU codes.

3.2.1 Fast-ion model

The primary goal of LOCUST is to calculate the steady-state distribution function of fast-ion
species as efficiently 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, LOCUST opts for a mathematically simple but computationally intensive
approach: solving the Lorentz equation of motion (2.6) for real-space positions rj(t) and
velocities vi(t) of individual kinetic markers 7, 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 fixed-step numerical schemes to min-
imise thread divergence - the degree to which computational threads progress through their
workloads at different speeds, increasing the time that threads must wait idle to synchronise
and, in turn, decreasing the efficiency 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 modified 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].

LOCUST relies on approximations to enhance the computational tractability of the physics
model. Firstly, the electromagnetic field 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 simplified in three ways:

1. The influence 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



CHAPTER 3. COMPUTATIONAL MODEL 58

assumed to be in static equilibrium with the final steady-state fast-ion distribution. In
practice, equilibria are taken from pre-converged time-dependent transport simulations,
which use simplified fast-ion models. In a given LOCUST simulation, the equilibrium
is held constant by fixing the background plasma temperature, density and rotation

profiles as well as the magnetic field.

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 effectively parallelises

the calculation across time similar to other fast-ion codes such as ASCOT [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;) and B(r;) terms are
dominated by background sources, such as the fields 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 diffusion and drift of pitch angle (\) and energy (€). For the computational
convenience of evaluating uniformly distributed random numbers, using the Nvdia CURAND
XOR shift, 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 effects of these equations is
also included - similar to the goosing algorithm in NUBEAM [118].

By evaluating these expressions, LOCUST calculates and outputs a range of physics results
in many formats. 3D power loads are derived from the intersections of orbits and PFCs.
Similarly, Hamiltonian field line trajectories can be efficiently evaluated to create various
types of Poincaré maps, each designed to illustrate particular magnetic field 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 in R-Z-v-A and
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constants-of-motion e-Py-0-u spaces. Here Py is the fast-ion canonical angular momentum
and g the instantaneous magnetic moment, which is expanded to first order [119] in gyro-
radius to improve accuracy when binning markers in devices with steep field gradients.
Another variable o is required to track the sign of the first-order guiding-centre pitch, however
this is not always a constant of motion. LOCUST also calculates one-dimensional poloidal flux
profiles of fast-ion-driven current, torque (J x B and collisional), pressure and heating to

bulk species channels.

3.2.2 Implementation

The overall data flow to and from LOCUST is illustrated in figure 3.2, along with preprocess-
ing stages and related external physics solvers. The background equilibrium fields describing
the 2D axisymmetric and 3D perturbative components are passed to LOCUST as separate nu-
merical representations. These can be in the form of IMAS Interface 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 flux. 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 flux 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 CADfix or SpaceClaim, before re-meshing volumetrically in Attila [120]. Equally, this
geometry can be represented by the IMAS generic grid description (GGD) in the wall IDS.
Once runtime settings and input data are specified, execution proceeds through stages
1-7 in figure 3.2. First, the X-point, magnetic axis and last-closed flux surface (LCFS)
are precisely located. Since LOCUST is not storage bound (limited by on-board CPU or
GPGPU memory volume), the rectangular 2D field is then effectively cached by storing
pre-computed bicubic spline coefficients for each knot - either just the required derivatives
and cross-derivatives or the entire set of coefficients. Whilst this method is also offered in
LOCUST for storing 3D fields 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 flow (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 field 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 identified [130].

After runtime preprocessing, marker tracking is performed in two stages: markers which
start and remain inside the LCFS are first 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 CUDA API is used to interface with this hardware, and the core tracking
algorithm is written in PGI FORTRAN. CUDA also offers libraries for efficient random number
generation, including CURAND and a Mersenne Twister [131] implementation which are both
optional in LOCUST.

Implementing SIMT algorithms of this type requires some hardware-specific design con-
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siderations. The marker tracking algorithm, which comprises the stages in box 5 of figure
3.2, is illustrated in figure 3.3. The required data are first 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 using OpenMP.

1. Trigger tracking

a
OpenMP threads " kernel on device

® 2. Data transfer to host Lyi15V01

Y

1. Sum-reduce
data on host

Ly Ut

'V §

Thread |
sync

Push markers in blocks of threads

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 figure 3.4, occurs until
markers either strike a PFC, reach a tracking time limit or slow to a prescribed velocity
cut-off - typically 3T}, /2. Upon completion, incident PFC power is collated and adaptively
refined 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 energy f(e). This is formed by cumulatively
summing f(e, t;), which are calculated independently at discrete time intervals ¢;. 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 from LOCUST are required. Fur-
thermore, to fully exploit LOCUST’s speed to perform many simulations, automated control
systems are required to manage this flow 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 figure 3.2, including the motivation

behind using each in the fast-ion workflow, which is assembled later in chapter 4.

3.3.1 1IMAS

IMAS is 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:

e Defining 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.

e Providing integration with software tools, such as Kepler, for defining and automating
integrated modelling workflows that consist of physics codes that have been adapted

to IMAS and exchange IDSs.

There are many benefits to using IMAS compared to other available integrated modelling
systems. Its data model makes assembling workflows using IMAS-compliant codes extremely
easy due to each component only requiring IDSs. Once a code is adapted to IMAS and
compiled as an ”actor”, it becomes available via the IMAS API as a function whose arguments
consist purely of IDS instances. This abstraction means that workflows 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 different formats and different locations. Therefore,

it is generally preferable to use IMAS components 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
workflow must include a physical model for describing the magnetic field created by the ECC
system. As explained previously in section 2.4, it is crucial that the model also include the
effects of the plasma response in its calculation of the perturbation field. However, due to the
aforementioned computational challenges associated with ITER, there are no IMAS-compliant
codes able to calculate the ECC plasma response at high fidelities without bottlenecking
workflow performance. Therefore, 3D field data were instead taken from a recently pre-
calculated database [64,65] produced outside of IMAS by the MARS-F code [124, 125] for
ITER. The code solves the linearised forms of the full-MHD equations in toroidal geometry.
The database contains 3D fields 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 fields which included the plasma response were used.

The use of the MARS-F database has many positive consequences for the subsequent
design of the fast-ion workflow. The linear nature of the physical MHD model means that
the individual field components can be rescaled, phase-shifted and re-combined to simulate

arbitrary ECC configurations and levels of ELM suppression - without re-running MARS-F.
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There are also challenges presented by the database. The 3D fields, and supporting data,
are stored in a variety of formats. Additionally, the 3D fields must be pre-processed using
a separate code prior to reading by LOCUST. However, whilst this requires a small amount
of time and increases the workflow complexity, the pre-processing allows for the generation
of 3D fields on grids of arbitrary precision. As discussed in section 3.2.2, this can increase
LOCUST’s efficiency through optimisation of the space-time trade-off between grid resolution
and the order of 3D field interpolation. Furthermore, the pre-processor is unique in that
it uses different orders of splines near the separatrix to better resolve discontinuities in the
3D field due to the plasma response creating fine 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 field database were used as
a pre-computed data source in place of a physics component in the workflow. This was
previously determined by ASTRA [132] for different assumptions of plasma density profile
shape, Prandtl number (ratio of toroidal momentum to thermal diffusivity in the core)
and ratio of toroidal momentum to thermal confinement times - (74/7g). The latter two
quantities affect the plasma rotation at the core and edge respectively, in turn influencing
the plasma’s ability to screen the external perturbation. This effect is shown more clearly in
figure 3.5 below. For the fields used in this study, the differences in rotation act only to scale
the overall response amplitude without affecting the perturbation structure - though the
increase in amplitude is small. As shown later (figure 5.15), this likely amounts to linearly
scaling the total fast-ion losses. The studies herein assumed 7, /7 = 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 field data, the equilibrium data are highly
accessible. Another advantage is that it avoids having to re-run ASTRA to re-generate the
same data repeatedly within the workflow execution. However, like the 3D field data, the
equilibria data are not stored in IDS, and are instead stored in a variety of file formats -

some requiring conversion prior to reading by LOCUST.
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Figure 3.5: Kinetic profiles for the ) = 10 scenario under different assumptions of the

Prandtl number (Pr) and ratio of toroidal momentum to thermal confinement times (7,/7g).
Profiles are plotted against normalised toroidal flux. These parameters greatly affect the
rotation profile, which can greatly affect the plasma’s ability to screen external perturbations.
To/TE = 2 and a Prandt]l number of 0.3 were chosen in this study, whilst the "flat n” profile
is used when studying the ( = 10 scenario. This was shown to be the worse option for
fast-ion confinement due to the high edge density.

3.3.4 Neutral beam model

No pre-calculated NBI deposition is available in the 3D field 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] and BBNBI [127]. However, unlike BBNBI,
it was found that NEMO cannot correctly write depositions in 3D geometry, which is crucial
for this study. Therefore, BBNBI was chosen as the NBI component of the workflow.

As an actor available through IMAS, the BBNBI actor reads and writes IDSs - one which
describes the NBI geometry, such as injecting on or off axis, and one which describes the
axisymmetric plasma quantities, such as temperature, density and rotation. Because of this,
some file conversion between the 3D database, BBNBI and LOCUST is 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 first be created.
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3.3.5 Plasma-facing component model

IMAS contains functionality for the definition, creation, manipulation and re-meshing of PFC
geometries. This is mostly encapsulated by the combination of the General Grid Description
(GGD), part of the IMAS data schema, and the SMITER [135] field 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 figures 3.6 and 3.7 below, inefficiencies in memory allocation during wall IDS generation
made the IMAS and 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 first-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 first-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 by LOCUST, shown in four separate panels as groups of compo-
nents are incrementally added. Clockwise from top left: Close-up of divertor inner and outer
reflector plates with inner, outer and horizontal supports; adding inner and outer under-
dome pipes; zoomed out with divertor base, first-wall and dome added; inner and outer
divertor target and baffle added. The underdome pipes, whilst shielded by the dome from
the private flux 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 figure 5.3. Figure reproduced from [109].
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Figure 3.7: Close-up of the divertor region of the mesh model used by LOCUST. Tet outlines
are highlighted to show the required model precision to resolve power loads on the vulnerable
under-dome pipes (shown in green). Colours match those used later in figure 5.3.



Chapter 4

Model testing and integration

Due to the lack of any prior testing in the literature, the LOCUST code was first tested to
ensure its accuracy when applied to predictively studying ITER and enable confident future
use outside of this work. To verify that the code is implemented correctly, LOCUST was
compared against multiple, well-established codes that perform equivalent calculations. To
validate that the simulated physical models realistically represent the real world, results from
LOCUST were compared to experimental results. In order to isolate and examine individual
features of LOCUST, a range of increasingly complex scenarios were studied. These tests are
outlined in sections 4.1, 4.2 and 4.3.

A software system was then designed and built to supply LOCUST with input data from the
software components described in section 3.3. This system was also designed to automate
LOCUST preparation and execution, so that the speed of the code could be fully utilised
to perform larger parameter scans more quickly than previously possible. This system is
described in section 4.4 and tested in section 4.5, and it was used to generate the results
presented in chapter 5.

Parts of this chapter have been published in references [109] and [60]. All codes were
operated by the author except ORB_GC, MPI_ORBF, FIDASIM, M3D-C1 and probe_g.

4.1 Verification of axisymmetric simulations

The most fundamental test possible was performed to check that LOCUST correctly solves the
equations of motion (equation 2.6) for individual markers and, for the test case used in this

chapter, orients the system and magnetic field geometry correctly to recreate the main orbit

68
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topologies. Previous studies have shown orbits to match well with other codes and conserve
constants of motion satisfactorily when expected [136]. In figure 4.1, collisionless marker
trajectories generated by LOCUST using the Boris integrator are compared with equivalent
from ORB_GC (see appendix of [137]), a guiding-centre fast-ion code. Each marker was ini-
tialised at a fixed location with the full DIII-D injection energy of 80keV. The trajectories
were calculated in a realistic tokamak magnetic equilibrium with different values of pitch
angle, corresponding to subplots (a) to (d), to check that the different orbit types described
in section 2.1.1 are reproduced. The magnetic equilibrium was a reconstruction of DIII-D
discharge #157418 [81], an experiment that studied fast-ion confinement in a plasma with an
ITER-similar shape and externally applied RMP fields. Because of this ITER-similar shape,
the discharge is well-suited for verifying LOCUST’s performance in ITER-relevant conditions,
and so it will be used throughout chapter 4. A static plasma was simulated by using only a
single time slice at 3s to remove variations in the background data.

The full-orbit trajectories calculated by LOCUST in figure 4.1 closely resemble the motion
produced by ORB_GC solving the guiding-centre equations of motion, showing that LOCUST
correctly simulates both the orbit shape and transitions to different topologies - trapped,
co-passing and counter-passing - as the marker pitch varies.

To then test the implementation of 2D and 3D models of the tokamak wall in LOCUST, the
previous study was repeated with checks for wall interceptions in the presence of a 2D and
3D wall model of DIII-D. Markers were also spaced over R-\ space along the outer horizontal
mid-plane and at an injection energy of 80keV to produce an ensemble that contained a wide
range of orbit shapes. To make the comparison more accurate, LOCUST was compared with
the full-orbit code MPI_ORBF [138], which used a 3D wall model.

Figure 4.2 shows that LOCUST and MPI_ORBF measure the same prompt loss boundary to
within (d\ = 0.04, dR = 1.0cm). Variations of this magnitude amount to absolute changes
of ~0.1-0.4 percentage points in total loss fraction: 6.8% (MPI_ORBF), 6.9% (LOCUST with 2D
wall) and 6.5% (LOCUST with 3D wall). Therefore, the differences between the trajectories
calculated by LOCUST and MPI_ORBF are within the variations caused by the wall model. These
variations are expected in LOCUST, as the 2D model, being a perfectly smooth, axisymmetric
contour, did not include the mid-plane port box cut-outs; this can be seen in the real-space
loss patterns in figure 4.2b., where marker interceptions gather at the box edge after they

pass outside the axisymmetric contour boundary. Nevertheless, all three runs still predicted
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Figure 4.1: Collisionless marker trajectories calculated by LOCUST and ORB_GC fast-ion codes.
An initial portion of the ORB_GC trajectory is shown in red to better illustrate the direction
of travel of markers. Subplot rows (a)-(d) correspond to pitch values of -0.4, 0.6, -0.8 and
0.8 respectively. The markers were started at R = 2.2m, Z = 0.1m, ¢ = 0.
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Figure 4.2:

a) Phase-space locations for markers initially distributed on a uniform pitch-radius grid
along the outer horizontal mid-plane. Pitch is measured relative to the plasma current.
Marker type denotes which simulations measure losses. Discrepancies are localised to the
loss boundary within dAdR.

b) Final real-space positions of all promptly lost markers. All three runs used a slightly
different wall model but predict most losses at the outboard mid-plane (6p, = 0°) and
divertor (6po1 = —100°). The structure of the mid-plane port box cut-outs can be observed
in the loss patterns produced by 3D simulations. Figure reproduced from [109].

To validate the collision operator implementation in LOCUST, simulations that included
a toroidally symmetric background plasma were compared with ASCOT4 [117] (version 5
has since been shown to produce similar results [139]) and the NUBEAM [118] module of
TRANSP [140] via the OMFIT [106] interface. A realistic deposition of a single, counter-current-
injected 80keV deuterium neutral beam was calculated by NUBEAM and tracked by each code.
To maximise the range of energies explored by the markers, whilst keeping the deposition

simple to make errors more noticeable, only the full-energy component was retained.
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Notably, it was found that fast-ion distributions generated by co-current beams are much
less sensitive to plasma conditions, meaning it is much more difficult to clearly expose in-
correct simulations. This is because the orbits of fast-ions injected counter to the plasma
current open outwards (net increase in average v over one orbit), and so they can explore a
larger volume of phase space, meaning they are also more likely to be lost from the plasma.
Therefore, an important conclusion of this work is the proposal that future fast-ion bench-
marking exercises, such as those proposed by the ITPA-EP, do not rely solely on pulses
with co-injection neutral beams - which are often studied due to their superior confinement
characteristics in experiment. Ultimately, verification and validation exercises should aim to
demonstrate agreement in as wide a phase-space volume as possible, with separate focus on
regions detectable by real-world experiments.

Because all codes were forced to use an identical starting marker list from NUBEAM, which
only provides the weight, real-space position, pitch and energy, the study was limited to
guiding-centre tracking. Consequently, when calculating collisional effects and wall intercep-
tions, there is an unavoidable systematic spatial error ~ p in the marker position introduced

by differences in the finite Larmor radius (FLR) model implemented by each code:
e NUBEAM assigns markers a random gyrophase, assuming a circular orbit.
e LOCUST tracks gyrophase from birth.

e ASCOT ignores FLR corrections unless near the PFC wall, where a random gyrophase

is chosen.

Guiding centres were followed for 100 milliseconds and collisions disregarded for markers
outside the LCFS to mimic the behaviour of NUBEAM. A static, pure-deuterium plasma was
used to again avoid complications and smearing out errors by high-order physical models; im-
purities, neutral species, bulk rotation, electric fields and neutral particle interactions were
removed. To effectively remove any beam-beam interaction in NUBEAM, the neutral beam
density was artificially lowered by reducing the injected NBI power to 1 watt in NUBEAM
using OMFIT, before scaling the deposited marker ensemble power to 1 watt across all simula-
tions. This is valid because there is no interaction between the fast ions in these simulations,
meaning their weights can be scaled arbitrarily at any point in time to match a desired

power deposition. All codes employed a lower energy cut-off at 37},/2, with ions below
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this recorded as thermalised and removed from the simulation. For the following stud-
ies, LOCUST used the Cash-Karp integrator scheme to track marker guiding-centres and the
Strang-Splitting scheme to track full-orbit positions. It is worth noting that, to achieve the
required fidelity without resorting to Monte Carlo smoothing, which may mask possible dis-
crepancies, NUBEAM simulations for DIII-D were conducted with the untypical settings shown
in table 1 in appendix .2.

At this point, it would be ideal to remove the wall model to isolate fast-ion dynamics
within the plasma, however this is impossible in NUBEAM. Instead, an artificial, axisymmetric
PFC surface was created, concentric to the LCFS but 5% further from the magnetic axis
(Rfac = Thimiter/TLcFs = 1.05) - the closest permitted by NUBEAM. This was also to ensure
that fast ions between the plasma and first wall, which are usually removed by interactions
with neutral species, do not build up in the absence of such a neutral model (which is not
present here for sake of simplicity). This limiter, as well as others at larger values of Ry, is
shown in figure 4.3. Figures 4.4 and 4.5 show the R-Z and e-\ projections respectively of the
distribution functions calculated by each code and collected at the marker guiding centres.
Subfigures (a) show the same density contours as produced by each code whilst subfigures (b)
and (c) both show the absolute element-wise differences, § f(R, Z) and 6 f/(R, Z), between
the ASCOT and LOCUST distribution functions. A similar element-wise comparison against
NUBEAM could not be performed reliably, since NUBEAM collates the fast-ion density onto a
flux-aligned grid. Because NUBEAM and ASCOT use seemingly different collision operators, two
forms of collision operator were used by LOCUST to generate the data in subfigures (a) and
(b), where LOCUST aims to match the ASCOT collision operator, and in figures (c), where
LOCUST aims to match NUBEAM. In the former case, the collision operator was fully expanded
and the ASCOT definition of the Coulomb logarithm was used (see appendix .3). In the latter,
the NUBEAM definition of the Coulomb logarithm was used, and collisions against some plasma
species p were truncated to ~ O([vi/vp]®) whilst thermal ion accumulation was disabled.

In most regions, 6 f ~ 3% between both codes, which is within the fundamental uncer-
tainties in the theoretical formulation of the Coulomb logarithm - of the order 5% [141,142].
Switching to a NUBEAM-like collision operator, as in ¢ f/, creates a lower density in the core
and outboard edge but higher density towards the X-point. Within the LCFS, this leads to
the average 0f increasing from 3.6% to 4.7%, a change still in line with theoretical varia-

tions. Nevertheless, when the collision operator was matched, § f shows only regions near
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Figure 4.3: A realistic 2D representation of the DIII-D first-wall outline (black) used in
discharge #157418, along with the reconstructed LCFS (pink). In grey are the artificial
limiters created from the shape of the LCFS. The varying distances, between 1.05 < Rgye <
1.50, were used to control how many fast ions were able to populate regions outside the
plasma.

the X-point and wall retain any distinguishable difference - likely caused by the influence of
FLR model on wall interceptions. The remaining noise in the core plasma is likely caused
by differences in any tuning applied to the equilibrium field by each code, which, by recal-
culating the position of the magnetic axis, private flux region and LCFS, may perturb the
position of the flux surfaces and cause a flux-aligned noise pattern.

The calculated flux profiles in figure 4.6 also show good agreement, but they highlight
the importance of the plasma boundary. The uptick in edge electron heating is caused by
the FLR corrections in NUBEAM spreading deposited power over a gyro-orbit width; the orbits
of markers with guiding centres located just outside the LCFS concentrate their deposited
power into a thin shell where the orbit overlaps the plasma. In LOCUST, this power is in-
stead collected at the guiding centre - outside the plasma for these markers - and is thus
ignored. This effect is artificial, and simulations could avoid this by imposing ion sinks out-
side the plasma boundary, such as a neutral density for charge-exchange or an extrapolated
plasma density - both of which are present in reality and typically implemented in fast-ion

simulations.
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Figure 4.4:

a) Contours of fast-ion density integrated over velocity space. Contours are at equal levels
across codes. The real and artificial limiter profiles are shown in black solid and dashed
respectively. NUBEAM bins according to a flux-aligned helical grid whereas ASCOT and LOCUST
use rectilinear, hence some variation near the magnetic axis is expected due to finite bin
widths.

b) Absolute element-wise difference between LOCUST and ASCOT distribution functions df =
logio(|frocust — fascor|/max(frocust, fascor)) where max() is the local, element-wise
maximum. A high-order collision operator was used in LOCUST, as well as the ASCOT defini-
tion of In(A).

¢) The same as plot b) except with LOCUST using a truncated collision operator and the
NUBEAM definition of In(A). This choice primarily affects the core region, though some dif-
ferences on the outboard side are noted. The loss region near the X-point remains. Figure
reproduced from [109].
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Figure 4.5:

a) Contours in pitch-energy space of fast-ion density integrated over real space, where \ is
defined with respect to the direction of toroidal current flow as is convention in NUBEAM.
Contours are at equal levels across codes.

b) The absolute element-wise difference between the LOCUST and ASCOT distribution functions

0f =logyo(| frocusT — fascor|/max(frocust, fascor)) where max() is the local, element-
wise maximum. A high-order collision operator was used in LOCUST, as well as the ASCOT
definition of In(A).

c) The same as plot b) except with LOCUST using a truncated collision operator and the
NUBEAM definition of In(A). The injection energy is 80keV, so random variations due to
collisional diffusion can be expected above this energy level. Figure reproduced from [109].

The simulated J x B torque suggests some discrepancy in orbit topology [19], but this
information cannot be directly extracted from NUBEAM. To explore this further, additional
simulations were performed with similar artificial limiters up to Rge = 1.5, the largest
limiter shown in figure 4.3. This allowed more orbits to populate the vacuum region between
the plasma and first wall. Importantly, it was found that it was necessary to increase the
TRANSP setting XBMBND from 1.3 to 1.5; it was found that TRANSP uses this hidden setting to
register any fast ions located at \/tioroidal > XBMBND as hitting a PFC (as well as including
the original limiter), meaning all prior DIII-D simulations performed by the community will
contain erroneous losses caused by this condition. Figure 4.7 shows how XBMBND influences
the location of these losses, with markers clearly being deposited far away from the realistic
PFC wall present in the simulations, which is only correctly illuminated when XBMBND is

increased to 1.4.
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Figure 4.6: Normalised quantities measured against normalised poloidal flux ppoloidal, includ-
ing the neutral beam current drive (NBCD). Some discrepancy around p = 0 is expected due
to finite bin widths. Most important is the discrepancy in the J x B torque, which suggests
a difference in the measured orbit topology. Figure reproduced from [109].

Figure 4.8 shows the measured steady-state PFC power flux as the limiter distance is
increased. As first-wall losses are sensitive to the wall model, some disagreement between the
codes is expected, especially at high Rg,. when orbits between the plasma and outboard PFCs
may have a significant p. Hence the agreement between ASCOT and LOCUST is satisfactory,
as it is mostly within the variations expected from differences in wall model. However, it is
unclear why the NUBEAM power fluxes diverge so quickly, though it is encouraging that the
resulting discrepancies in the distribution function remain solely at the plasma edge.

The previous methodology was repeated for a spherical tokamak topology. Such devices
tend to have steeper gradients [143], meaning any inaccuracies in fast-ion models will be
exacerbated; in MAST for example, the Larmor radius p can approach orders of ~ a, and
the impact on the validity of the guiding-centre approximation has long been questioned
[144,145]. MAST shot #29034 was selected to allow for comparison with measured fast-
ion D-a (FIDA) emission [146]. The NBI deposition code BBNBI was included to enable

comparison of full-orbit simulations, as the code is capable of calculating the full 3D space and
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Figure 4.7: Positions of lost fast ions for various values of XBMBND in TRANSP. The artificial
boundary created by XBMBND is concentric to the LCFS, existing alongside the real 2D first
wall and dominating the observed losses for values of XBMBND < 1.4.
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Figure 4.8: Fraction of deposited power lost as a function of limiter wall radius where
Riac = Tlimiter/TLors With 7 representing minor radius. Figure reproduced from [109].
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velocity components of deposited markers. Like before, a single time slice of data describing
the background plasma was extracted at 360ms. A quiescent period was chosen during the
flat-top phase when core electron temperature and density were relatively constant. To create
a realistic deposition, time-resolved NBI data from OMFIT were used to generate the NUBEAM
deposition for the south-south neutral beam. To create a similar deposition using BBNBI, a
code which could not be used with multiple time slices, beam settings were calculated by
averaging values in the NUBEAM input files across time slices: a 62keV co-current beam with
62% full, 27% half and 11% third energy fractions. Hence it is technically inappropriate, and
out of the scope here, to cross-compare the results attached to each beam code in this case,
as the input data are not exactly equivalent. GC and FO trajectories were then calculated
by each code over 100ms - enough to reach steady state.

The co-current NBI confines the fast ions to the plasma core, where discrepancies are hard
to distinguish and there is a systematic shift in spatial density due to the FLR displacement,
so instead f(e) is examined, the distribution function integrated over all dimensions except
energy €. This still encodes some real-space information through the effects of the steep
temperature and density gradients on the fast-ion diffusion rate. The only discrepancy in
[R,Z] space is caused by noise in the NUBEAM distribution function, since this case decreased
NPTCLS to 10°.

The average f(€) across all simulations is shown normalised in black in figures 4.9 and
4.10. The residuals - defined as the difference between each simulation and the un-normalised
average - are also shown, normalised against the average. Most simulations are within +3%
of the mean. The near-symmetrical splitting of predictions at lower energies is caused by
the collision operator truncation whilst systematic differences can be mainly attributed to
the In(A) used.

As a figure of merit, for simulations using the deposition calculated by BBNBI in figure
4.9, the maximum difference in total fast ions between any two simulations is 5%. This falls
to < 2% for pairs of simulations which follow similar assumptions, even including the ASCOT
GC simulation, which differs from the LOCUST equivalent by 1.7% (the FO equivalents differ
by 0.9%). The reason for the increased density at high energies measured by ASCOT GC is
possibly due to the characteristics of the adaptive time step near the magnetic axis. NUBEAM,
which also uses orbit acceleration, shows a similar feature in figure 4.10. For comparison,

in comparing both FO and GC simulations of a homogeneous plasma by both LOCUST and
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a) BBNBI injection F(g) at 100ms - MAST #29034
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Figure 4.9: The fast-ion density f(e) after 100 milliseconds, integrated over all dimensions ex-
cept energy, e, is averaged across all simulations, normalised and shown in black as f(€)mean-
The residual differences (f(€) — fmean)/ fmean for each simulation are plotted against the den-
sity residual axis. Simulations using GC and FO tracking (solid and dashed respectively);
truncated and high-order collision operators (truncated and non-truncated labels respec-
tively); and LOCUST In(A) and ASCOT In(A) (dark green and light green respectively), are all
shown, with combinations of these linestyles representing the corresponding combinations of
options. Figure reproduced from [109].

b) NUBEAM injection F(g) at 100ms - MAST #29034
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Figure 4.10: Equivalent to figure 4.9 but using deposition from NUBEAM, meaning only GC
simulations can be performed. The overall trend is similar to figure 4.9 but the ASCOT tail is
reduced. Figure reproduced from [109].
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ASCOT, the only discrepancy is a higher fast-ion density of ~ 20% in the high-energy diffusive
tail measured by ASCOT GC. Whilst this effect is much more pronounced in MAST than
DIII-D, the extra ~ 20% in the homogeneous case still only leads to a ~ 0.2% difference
in total fast ions - small enough to be affected by slight variations in beam deposition, as
shown in figure 4.10 where the effect is lessened when the beam deposition is varied.

To compare these predictions more quantitatively, Kolmogorov-Smirnov (KS) statistics
D [147], and their corresponding probabilities P(Dyeasured < D), were calculated. These
are shown in figure 4.11 for matching pairs of f(e). Typically, the null hypothesis of the
KS test, that the two empirical distribution functions to be compared are drawn from
the same distribution function, is rejected if the measured KS statistic Deasured Satisfies
P(Dyeasured < D) < a, with « typically chosen to be < 0.05. Here, a was increased to 0.1
for added rigour. For calibration, figure 4.11a first shows the KS statistic for the GC and FO
LOCUST simulations. In this case P &~ 1 (Dpeasured =~ 0), meaning these distributions com-
fortably agree as expected. This is in contrast to the next KS statistic, where the collision
operator has been truncated, and the test clearly fails. Next, it can be seen that LOCUST FO
simulation easily agrees with the ASCOT equivalent, with P = 1 after using the same Coulomb
logarithm. The equivalent GC comparison fails solely due to the high-energy tail effect, since
the equivalent measurement for the NUBEAM deposition in figure 4.11b passes. This result is
very similar to that reported in [145], where the same difference in high-energy anomalous
diffusion between these codes was used to calculate the corresponding synthetic neutron
emission rates, as detected by the MAST neutron camera system - though this difference is
too small to be resolved this way (see figure 11a of [145]). Hence it is unlikely that any of the
differences in anomalous diffusion measured here would be resolvable by the MAST neutron

camera system. Finally, it is observed that NUBEAM decisively matches LOCUST.

4.2 Validation with FIDA measurements

To validate that these comparisons for MAST are realistic, the distribution functions cal-
culated from the NUBEAM deposition by LOCUST (GC) and NUBEAM were fed into FIDASIM to
generate synthetic FIDA measurements. The predicted and total measured signals for this
spectral range are shown in figure 4.12a. Signals within a 660.5-661.5nm gate filter are shown

radially resolved in figure 4.12b, along with each predicted signal from FIDASIM.
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Figure 4.11: Kolmogorov-Smirnov test statistics (in green) for combinations of distribution
functions shown in figures 4.9 and 4.10. The associated P=P(Dpeasured < D) values are
shown in red, with the arbitrary test pass-fail boundary a shown vertically in bright red. To
pass the test, P must be lower than «, as demonstrated by comparing GC and FO LOCUST
simulations. Figure reproduced from [109].

Within the core plasma, signals from LOCUST and NUBEAM are within the smallest error
bars of each other so as to be indistinguishable by the FIDA diagnostic. Despite the gate,
the presence of background bremsstrahlung emission is still observed outside of Rpajor =
1.25m and the LCFS in figure 4.12b. Current error estimates do not take background light
into account, or even the lack of a time-dependent background plasma, but if the FIDA
measurement errors are increased globally by ~ 70% then the reduced x? approaches unity

for data points within Ryajor < 1.25m.

4.3 Verification of non-axisymmetric simulations

To test the implementation of 3D fields in LOCUST, the DIII-D discharge #157418 was mod-
elled again using the same input data from [81]. The corresponding results from LOCUST
were compared to the simulations performed in [81] by the SPIRAL code [148].

The fundamental harmonic of the perturbed field was calculated by the 3D nonlinear
MHD code M3D-C1 [126] at 3.7mm, which is well within the precision required for convergence

as shown later in figure 4.19. Because LOCUST uses the same deposition as SPIRAL, which
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Figure 4.12:

a) Theoretical and measured signal intensities in MAST shot #29034 at 300ms for one
channel. The wavelength filter denoted by vertical dashed lines encompasses 660.5-661.5nm
and is used to integrate all signals across all channels to produce plot b). Some signals are
still left out near 660nm to avoid integration of beam emission in other channels.

b) Radially resolved FIDA signal measured in MAST and as produced by FIDASIM for NUBEAM
and LOCUST. An FLR correction was applied post-simulation. Figure reproduced from [109].

aims to be realistic, it includes both co and counter-injected beams and all three beam
energy components. Furthermore, the deposition also accounts for the effects of the plasma
displacement on the temperature and density profiles due to the external RMPs.

Shown in figures 4.13 and 4.14 are the differences in the steady-state fast-ion distribution
f caused by the addition of the 3D field to the background equilibrium at the orbit-following
stage (the neutral beam deposition was not altered). Only the distribution function at the
plasma edge, where x > 0.77, is shown, where k in this context represents the square root
of the normalised toroidal flux. This window is different to that used in [81], where x > 0.7.
However, as the LOCUST distribution function is mapped onto finite, rectilinear bins, any
value of k chosen within one LOCUST bin width of k = 0.7, including x > 0.77, will be
sensible, as the comparison is limited by grid resolution.

Figure 4.13 shows this difference, fsp(e, A) — fap(e, A). There is good qualitative agree-
ment between the codes, with both showing that the 3D field mostly affects edge-localised, co-
passing particles (where particle pitch is typically between 0.5 and unity). Of these particles,

those with energies above 40keV, half the injection energy, do behave somewhat differently
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Figure 4.13: The normalised, element-wise difference between f(e, \) calculated with and
without the RMP field, where f(e,\) is the distribution function integrated over all di-
mensions except energy and pitch. Filled contours are calculated by SPIRAL whilst the
intermediate white contours by LOCUST. Figure reproduced from [60].

between the simulations. Figure 4.14 illustrates this more clearly, showing the RMP-induced
transport as a fraction of the axisymmetric distribution function, (f3p(A) — fop(A))/fan ().
The effect of these high-energy markers is a 10% point difference in the fractional transport
within 0.8 < A < 1.0, 40keV < e. This could be because SPIRAL, unlike LOCUST, uses an
electron density profile that extends beyond the last-closed flux surface, causing additional
transport of high-energy markers. Likewise, LOCUST did not include effects due to plasma
rotation, impurities or electric fields.

There are a few reasons as to why this difference may appear. Firstly, the gap between
k =0.7—0.77 is a small volume in real-space, comprising roughly one bin width in LOCUST,
which increases the effects of Monte Carlo noise. Meanwhile, the implementation of the
% boundary in LOCUST is 0D, with rejection of rectilinear real-space distribution function
bins based only on their centres, which introduces another source of error of the order
one bin width. Another source for the additional transport in SPIRAL could be its use of
plasma profiles that extend past the last-closed flux surface, which were not used in LOCUST.
Additionally, LOCUST did not account for any impurities or plasma rotation. Nevertheless,
these results provide significant evidence that the jump from 2D to 3D simulations in LOCUST

has not introduced errors, and that the 3D field model is implemented correctly.
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Figure 4.14: Local, fractional reduction of NBI fast-ion density due to RMPs in DIII-D
#29034, defined by 6 f = (fsp(A) — fan(A))/ fan(A). For comparison, the losses when LOCUST
used a 2D PFC outline and fully 3D mesh as tokamak wall models are shown. The difference
between LOCUST and SPIRAL above 0.8 is solely due to particles with energies above half the
NBI injection energy. Figure reproduced from [60].

4.4 LOCUST-GPU in a workflow

After studying and establishing the accuracy of LOCUST, a software framework, LOCUST_I0,
was constructed to enable the study of ITER scenarios at scale. This framework unifies the

tools described in section 3.3 and solves a number of problems, including:

e Coupling LOCUST to the input data sources described in chapter 3.3. These sources
comprise physics codes, databases and other calculated data, and they transfer data
amongst each other and LOCUST via many un-standardised formats. As a result, the
framework was initially built upon code made to transfer data between the physics com-
ponents studied in the verification validation chapters above. However, functionality

was extended to allow for conversion between an arbitrary number of data formats.

e Running LOCUST at scale. As mentioned in chapter 3.2, a typical run cycle of LOCUST
involves many steps, often requiring users to manually remove out-dated caches or
edit and re-compile source code by hand. This latter requirement for dynamic re-
compilation is incompatible with the IMAS ecosystem, which relies on physics codes
being installed as system-wide modules. Whilst the time taken for this overhead is
less of a problem for extremely lengthy runs, it becomes a limiting factor in situations

requiring many shorter runs - such as parameter scans. This process is also prone to
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human error and requires wasted effort to reproduce. Therefore, to be able to fully
leverage LOCUST’s speed in all situations, functionality was required to abstract users
away from the LOCUST run cycle by automating and combining the steps involved,
allowing the user to checkout, edit, compile and run LOCUST with a single command.
The ability to leverage batch systems to automate the execution of this process at
scale was also required - something which is not native within IMAS. Additional steps
to retain run settings, copies of edited source code files and the Git commit hash were

also desirable to improve reproducibility and provenance.

e Dynamically running physics and pre-processing codes to generate new data. In some
cases, it is beneficial to regenerate input data for LOCUST by re-running the original
source code that produced it. For example, when performing convergence tests, data
may need to be regenerated at various levels of fidelity. Combined with the need to
automate LOCUST, this meant the framework was extended to execute arbitrary sets of

ordered, user-defined tasks which comprise a 'workflow’.

e Running ITER simulations on different computing platforms. To leverage additional
computing power, and to increase the portability of the framework to institutions
lacking certain requirements, such as access to IMAS, the framework also abstracts

away system environments and queue/batch systems.

Considering these requirements and features, LOCUST_I0 was built in pure Python for flexi-
bility, deployability, ease of use, accessibility as an open-source language, and its large, active
community. This also enables LOCUST_I0 to interface with the IMAS platform, leveraging its
data model and physics codes, without being constrained by the limitations associated with
IMAS - for example the lack of re-compilation or inefficiencies in the wall model (mentioned
in section 3.3.5). Nevertheless, as part of this work, LOCUST was still adapted to IMAS to
optionally read/write data directly to/from IMAS IDSs, allowing for future use of LOCUST in
IMAS workflows. In this case, LOCUST would likely be provided as a pre-compiled actor.

At a fundamental level, LOCUST_IO is a set of Python classes that describe the data that
are input to and output from LOCUST, each with methods for plotting, and reading and
writing to various formats. Alongside these exist additional classes that encapsulate aspects
of a simulation. The Build class encapsulates methods for editing and compiling pieces of

external, non-Python source code from within Python, whilst the Environment class provid-
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ing similar functionality for system environments, such as modules to load or environment
variables to export. Instances of these classes are often manipulated by the Workflow class,
which encapsulates an arbitrary set of user-defined tasks, for example executing shell com-
mands, performing operations on LOCUST_I0 objects within Python or even executing other
Workflows. As an example, as one of its tasks, a Workflow may instantiate a Build object to
describe a piece of FORTRAN code, providing it with an Environment instance that describes
the compile-time system environment, before calling the Build.make () method to compile
the code. Finally, the Batch class enables the execution of many Workflow objects by provid-
ing methods for creating and submitting batch scripts in parallel or running each Workflow
interactively in serial. The hierarchical interaction and possession amongst these classes for
a typical group of simulations is illustrated in figure 4.15, with classes described by a box
possessing anything within the box perimeter. In brief, the Batch instance possesses all of
the sets of arguments required for all simulations, and supplies each set of arguments to indi-
vidual Workflow instances describing a single simulation. These Workflows may then possess
additional, arbitrarily nested Workflows, each optionally possessing run-time Environments

and Build objects with compile-time Environments.

Batch I: args_runl, args_run2... :I
Workflow I:args_runl :I
SubWorkflowA SubWorkflowB Environment Build
SubSubWorkflowA Environment | Build Environment

Figure 4.15: Scope of simulation classes within LOCUST_I0. Box boundaries represent pos-
session, for example an instance of the Batch class possesses an instance of the Workflow
class. Also shown are the list of sets of arguments [args_runi,...] possessed by Batch, each
element of which is used to instantiate a Workflow that possesses set of args_run as member
data. Many Workflows, one for each args_run, are executed this way. A Workflow itself can
also contain other workflows, and Builds and Environments.

The specific Workflow created for this study is shown in figure 4.16, with some com-
ponents comprising other, nested Workflows - for example the LOCUST stage comprises its
own Workflow which moves input data, checks-out, edits, compiles and runs the code before

retrieving the output data and cleaning up. Prior to this is a stage which pre-processes
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data from the MARS-F database. Whilst this stage is necessary to obtain perturbation data
on the fourier-decomposed R-Z grid expected by LOCUST, or could be avoided by reading
from the same pre-computed R-Z grid, it adds extra functionality, for example control over
the perturbation grid precision to establish a trade-off between accuracy and performance.
As mentioned in chapter 3.2, using a perturbation grid that is precise enough to allow for
linear interpolation drastically increases the speed of LOCUST. It has also been shown [104],
and will be shown later, that convergence tests are necessary to avoid erroneous losses when
tracking markers in 3D fields. However, these tests are rarely observed in the literature, with
some [86] using grid spacings larger than the acceptable levels found later in chapter 4.5.
In addition, many data conversion and preparation stages are included in the Workflow, for
example converting various different formats to that accepted by LOCUST as well as generat-
ing IDSs for BBNBI which are composed of combinations of other IDSs: the NBI geometry
from the ITER machine description database (or generated by LOCUST_IO in the case of the
diagnostic system) and the plasma data from the IMAS-stored ASTRA database.

To deploy, prepare and execute the workflow shown in figure 4.16 to study fast-ion trans-

port in ITER, a user must do the following:
1. Clone LOCUST_IO from the IMAS Git repository.

2. Checkout the ITER_RMP_study_MARSF branch. This contains templates for executing

ITER RMP studies, as well as the launch and plot scripts used in this work.

3. Verify that the correct environment is enabled in the settings - otherwise adding the

environment to the Batch and Environment classes if it does not exist.

4. Copy any required input data to the input_files/ directory, for example the MARS-F 3D
field database and the ITER PFC mesh.

5. Create a (or use the included template) run script which defines a Workflow sub-class.
The class should define individual functions which execute the individual tasks required
to perform the desired simulation - for example retrieving input data, executing LOCUST

or automatically created plots of input or output data.

6. Create a (or use the included template) launch script that defines the arguments passed
to the Workflow before launching it in interactive or batch mode. These arguments can

be used to control the run stages that the Workflow executes - for example whether to
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Figure 4.16: Illustration of top-level RMP workflow components (see key at top), along with
the data that they operate on and the external components that produce and process that
data. Arrows represent data flow, and the workflow components execute from top to bottom.
Not shown here are workflow sub-components and every physics code used to produce the
raw data.
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skip 3D field generation or even running LOCUST at all. To perform many simulations,
multiple sets of arguments should be created and passed to the Workflow. Therefore,
parameter scans can be over any arbitrary argument required by the Workflow, and
can be physics-related, for example the phase of the perturbation generated by the
3D field pre-processor, or arbitrary, such as the resolution of the 3D field grid or the

filename of a given output.

7. Execute the launch script with Python. In batch mode, this will submit a job to the
batch queue for every parameter set passed to the Workflow instance in the launch

script. A user may wish to set timers or stagger launches within Python.

8. Optionally define plot scripts. A template module exists containing helper functions
for the parallelised reading and plotting of input/output files. These can be called by
simply importing the launch script as a Python module and passing that module to
a given helper function. All the inputs or outputs of a given type, for example the
distribution function, generated by the group of simulations are returned as a list of

LOCUST_I0 objects, which can be manipulated using the LOCUST_IO library.

4.5 Workflow tests

Convergence tests were performed to both ensure the workflow is functioning correctly and
determine optimal runtime settings for optimising accuracy and performance. First, the
3D field functionality was tested to ensure that the data were manipulated and combined
correctly by the pre-processor and read, interpreted and evaluated correctly by LOCUST.
Figure 4.17 below shows the vacuum perturbation components created by an n = 3 RMP
in = 10 as evaluated by LOCUST within the workflow after pre-processing and reading
from the MARS-F database. These components are compared to equivalents calculated by the
probe_g Biot-Savart code and a Python script which reads the post-processed files before
they are read by LOCUST. By choosing a single point in the poloidal plane and evaluating the
perturbation toroidally, the field is shown to be correctly oriented and to compare well with
the field produced by probe_g. To show that the necessary phase shifts are implemented
correctly across toroidal harmonics, which often counter-rotate, as is the case here, the test
is repeated for the second harmonic, n; = 6, in figure 4.18.

The 3D field model is now tested for convergence. As magnetic fields obey the divergence
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Figure 4.17: Components of the 3D vacuum field in @ = 10 evaluated at a single point
in the poloidal plane (R = 6.22m, Z = 0.06m) over the toroidal angle ¢. ECC current
amplitude was set to 90kAt and the upper, middle and lower coil row phases to 86°, 0°
and 34° respectively. The components evaluated by LOCUST within the workflow, probe_g
and a Python script operating on the post-processed 3D fields are shown. The results from
the Python script and LOCUST are indistinguishable here. A 30° shift is required to map
the probe_g coordinate system onto that used by the other components. The overlapping
of each of the components show that the field used by LOCUST is scaled, phase-shifted and
oriented correctly.

free condition, V - B = 0, its calculation can be used to gauge errors inherent within a
numerical model of a magnetic field - in this case the 3D field. Figure 4.19 below plots the
average V - B over all points within the plasma for ¢ = 10 when the first two harmonics
are present, as the perturbation grid spacing is changed, before being scaled by one of two
lengths: B on-axis and either the Boris step length at the injection energy or the perturbation
grid spacing, the latter of which should give an estimate of the global truncation error. As
the grid size is reduced, the global error decreases like O(Azg).

Whilst minimising the grid spacing is shown to maximise accuracy, the minimum accept-
able precision is desired to maximise the available on-board GPGPU memory. Therefore, the
corresponding NBI power loss was also calculated and plotted in figure 4.19. Convergence
begins below 10cm, however it takes until ~3cm for fast-ion losses to stabilise. Therefore, a
grid size of 1cm was chosen as a suitable spacing for all proceeding simulations performed in

chapter 5.
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Figure 4.18: The second harmonic components corresponding to the field evaluated in figure
4.17 above. Again, the results from the Python script and LOCUST are indistinguishable
here. The agreement here also shows that the phase-shifting of counter-rotating harmonics
is calculated correctly.
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Figure 4.19: Perturbation grid spacing convergence test measuring global fast-ion losses, as
a percentage of deposited beam power, along with the average magnetic divergence, V - B,
scaled according to two length scales: the perturbation grid spacing and a typical marker
step length. The fundamental and second harmonic are included. To show the underlying
2D equilibrium is sufficiently resolved, the global losses in the axisymmetric field, which are
expected to be negligible, are also shown. The beginnings of convergence in global truncation
error and particle losses coincide at approximately 10cm, with both decreasing approximately
linearly. Losses saturate at roughly 3cm; to give some margin for error, a grid spacing of
lem subsequently then chosen for all simulations. Figure reproduced from [60].
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Convergence tests were then performed to maximise the workflow speed and accuracy for
general runtime parameters, such as fast-ion movement timestep and total number of required
Monte Carlo markers. Figure 4.20 shows the measured fast-ion loss power (in arbitrary units)
as a function of loss time and fast-ion energy, for different values of timestep; markers took
10 < UNBOR < 200 Boris timesteps between the application of a particle collision every 0.1us.
UNBOR=100, which corresponds to a Boris timestep of 1ns, is used for the rest of the study.
This is approximately 25 steps of lcm per gyroperiod for a 1MeV deuteron in the ITER
baseline scenario. The minimum number of Monte Carlo markers was then determined by
measuring the global and time-resolved loss power. Figure 4.21 shows this as the number
of CUDA threads is varied. It was concluded that 2'5 markers led to the absolute shortest
simulation time whilst still allowing for accurate estimation of global fast-ion losses and
resolving of prompt losses. Nevertheless, values greater than 22 were found to be sufficient
for estimating global losses.

The impact of simplifying the 3D field and plasma models was also explored. Because the
3D field and plasma collisions must be evaluated for every marker periodically, a significant
amount of execution time is dedicated to them. In the case of the 3D field, the required grid
precision also demands a significant amount of storage.

The effects of limiting the number of toroidal harmonics to the fundamental only are
shown in figure 4.22 below for two types of toroidal mode spectra. Shown is a Poincare plot
of the intersections made by field lines as they pass through the ¢ = 60° poloidal plane,
before and after the second harmonic is added. In the case where only one harmonic is
present, n = ng, the harmonic amplitude is scaled up to counteract the removal of additional
harmonics so as to represent a system capable of generating pure toroidal fields. Whilst the
penetration of the RMP does not seem to increase after the addition of the second harmonic,
changes appear in the arrangement and sparsity of field lines toward the plasma edge, at
q < 2.5. For example, in the ng = 3 case, the second harmonic can be seen to introduce a
new island chain near ¢ ~ 8/3, outside of which the field line density changes dramatically
- signalling a change in the field line diffusion rate. Conversely, the second harmonic in the
no = 4 case leads to a stochastisation of the flux surfaces near 10/4 < ¢ < 11/4, especially
near the mid-plane at 0° < 6 < 50° (possibly due to resonance on the 13/5 surface in between
the 10/4 and 11/4 surfaces, causing some overlap). To see whether it has any effect on the

fast-ion dynamics, the probability of losing a marker born at the plasma edge was calculated
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Figure 4.20: Fast-ion loss power measured against marker energy for various values of the
UNBOR timestep setting in LOCUST. UNBOR=100 represents 100 Boris pushes between collisions
(neon = 100 in the figure legend) each with a timestep of Tiyaster/UNBOR = 1ns, where Tiagter 1S
the collisional timestep and is usually chosen to be 0.1us in LOCUST. UNBOR=100 was deemed
satisfactory for use in all simulations proceeding this test.
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Figure 4.21: Measured total (left) and time-resolved (right) fast-ion loss power to PFCs using
various marker population sizes. Computational speed-up ceases below 2'® markers, hence
this value is chosen when running the workflow to estimate global losses.
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Figure 4.22: Poincare maps for fields at the same ®,, but different toroidal mode numbers
and spectra, plotted against safety factor ¢ and poloidal angle 8. The maps are evaluated
at ¢ = 60°. The patterns near 8 = 0° are due to the transform from rectilinear coordinates.
Fields with one harmonic have been artificially scaled up to correspond to an ECC system
capable of creating pure-ng fields. In this case, the RMP penetration is not increased by the
secondary harmonic, but it is possible to see that it still changes the field structure at the
edge. Figure reproduced from [60].

with and without the second harmonic. Plasma collisions were also toggled. Loss probability
was calculated over a number of perturbation phases to examine whether the effects of the
changing RMP field were also reflected in the fast-ion dynamics. The upper and lower limits
of this loss probability are plotted in 4.23 against marker safety factor, ¢, and pitch, A, at
the point of deposition (¢ = 0). The peak in deposition occurs at A = 0.6. The RMP can be
clearly seen to have an effect on edge confinement - as it should. One can also see that the
addition of the first toroidal harmonic is extremely important, as it acts to decrease the loss
probability throughout, regardless of plasma collisions or toroidal mode number. Meanwhile,
collisions are also shown to change the average loss probability - especially at lower pitches.
In addition, the large changes in loss probability gradient observed in the collisionless case,
likely due to topology changes in the 3D field, are smoothed out by the addition of collisions.
Therefore, it was concluded that both the second harmonic and plasma collisions were too
important to neglect in the model.

Because the plasma model was shown to be vital, tests were then performed to see if

it could be simplified. As the plasma background model in LOCUST is basic, and cannot
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Figure 4.23: Fast-ion marker loss probability plotted against starting safety factor, ¢, and
pitch, A, (left and right respectively) for ny = 3 and ng = 4 RMP fields with and without
a second harmonic. Collisions are toggled between the subfigure rows. The influence of
including both the second harmonic and plasma collisions was deemed too important to
leave out of the final model.

prescribe density profiles for multiple species, tests were performed to determine whether
minority species within the plasma affected the measured fast-ion losses. Figure 4.24 below
shows the expected rate of energy loss for fast ions moving in a homogeneous plasma with
species densities set to those in the Q = 10 database. As can be seen, high-Z impurities
in low concentrations, such as tungsten, have little effect on the fast-ion slowing down rate.
Lighter elements, such as helium, have a much more pronounced effect - however appear
similar to hydrogen isotopes at most energies. That is, if scaled so each species possessed
the same number of protons in total, the drag rates due to hydrogen and helium can only be
distinguished near to the thermalisation energy, making them essentially indistinguishable
from the point of view of fast ions. To show that this is the case for lost fast-ions, the fast-
ion loss power to the PFCs is plotted in figure 4.25 against fast-ion energy after impurities
are included and removed from the = 10 plasma. Whilst impurities lead to an overall
reduction in fast-ion density, by approximately 4%, no effect on fast-ion losses can be seen.
Hence they are ignored in this work. Instead, the plasma in LOCUST is assumed to consist
of a hydrogen isotopes, whose density profile is the same as the electron density profile but

linearly re-scaled to satisfy charge neutrality.
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Figure 4.24: Dynamical friction rate is shown here for a deuteron moving in a homogeneous
plasma with densities corresponding to the Q = 10 ITER baseline scenario. If the densities
of each minority species are scaled to contain the same total number of protons, then at most
energies the friction due to helium is indistinguishable from that due to deuterium, showing
that they can be interchanged from the point of view of fast ions.
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energy with and without impurities. The isotopes of each impurity species are shown in the

legend.
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4.6 Summary

The implementation of LOCUST was validated against other fast-ion codes, and its physi-
cal models verified against experiment, before a software workflow system was constructed
around the code to enable large-scale ITER simulations.

It was shown that, for a range of scenarios, the differences between LOCUST and well-
established fast-ion codes can be reduced to within expected Monte Carlo fluctuations. This
instills confidence that the underlying physical models are correctly implemented in LOCUST.
Moving forward, it can therefore be expected that the accuracy of LOCUST is fundamentally
limited by theoretical uncertainties in the physical models - the best any code can hope to
achieve, given the constraints of experimental diagnostics and theoretical understanding at
the time. Indeed, in comparing synthetic FIDA signals from LOCUST and NUBEAM to those
measured on MAST, it was shown that differences between the codes are smaller than the
uncertainties of the diagnostic.

Nevertheless, by isolating and sufficiently resolving the foundational models within each
fast-ion code, it was possible to uncover more significant differences that dominate local
uncertainties due to the interplay between numerical techniques, approximations, and other
assumptions implemented at the fundamental level. Though they are to be expected, it
is important to note that the magnitude of the differences observed here should call into
question the validity of certain codes in particular regimes. As an important example, the
above analyses with co-injected beams provided evidence that the GC and FO formulations
are statistically equivalent in spherical devices - something previously debated [144]. But as
figure 4.6 shows, the addition of a plasma boundary significantly reduces the performance
of GC codes at the edge for specific FLR models - even in conventional tokamaks. Though
the lack of coupling between edge and core fast-ions means errors remain localised within
~ p, it can still span significant plasma length scales - especially at the edge of spherical
devices. Indeed, recently it was independently shown [145] that the interplay between edge
neutrals and FLR effects at the plasma boundary in a spherical tokamak was a possible
explanation for the neutron deficit measured in MAST across some years [149]. For these
reasons, extreme caution should be used when applying GC models to spherical tokamaks,
calculating PFC heat loads or modelling dynamics at the edge.

Whilst this example demonstrates the general importance of understanding the inter-

ference between fundamental and higher-order physical models, this work also generated
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guidance on how to create tests rigorous enough to resolve this interference in fast-ion mod-
els. Firstly, the required level of fidelity was found for each code, with typical TRANSP settings
proving inadequate for providing the necessary statistics . The settings used are shown in
table 1. It was also found that discharges with counter-current NBIs create optimal condi-
tions for validating wiith experiment, as they naturally lead to fast-ions occupying a wider
range of phase-space, and are more likely to test the implementation of the plasma boundary

and wall models.



Chapter 5

Fast-ion transport in ITER

The ITER tokamak aims to perform discharges of increasing toroidal field, current and,
ultimately, fusion power [13]. This staged approach consists of two main phases: Pre-Fusion
Power Operation (PFPO), in which operational protocols are developed and initial, low-
power experiments are undertaken, and Fusion Power Operation (FPO), during which high-
power DT experiments take place.

PFPO is further split into PFPO1 and PFPO2. PFPO1 aims to develop the basic
stages and protocols involved in ITER plasma scenarios (start-up, current ramp-up, flat-top
and ramp-down). Plasmas during PFPO1 consist of hydrogen to limit neutron production
and component activation, and the maximum plasma current reaches up to 5-7.5MA for
H and L-mode respectively. ITER will operate in H-mode this way at reduced plasma
current and toroidal field in order to lower the plasma stored energy to reduce the risks to
the device PFCs from ELMs, VDEs and disruptions in general, including any subsequently
generated runaway electrons [13]. But as various methods and systems for plasma control and
disruption mitigation are implemented and commissioned, the field and current will gradually
be increased. PFPOL1 is ignored in this work as it operates without a functional HNB system.
This system is commissioned and introduced in PFPO2, which includes HNB1, HNB2 and
the DNB sub-systems operating at nominal power for periods of up to 100s. PFPO2 is
designed to demonstrate that ITER systems can reliably operate in high-power scenarios.
Experiments will be performed with hydrogen and/or helium plasmas, producing information
on the confinement of fast ions and other impacts of fast particles on the performance in
ITER-scale plasmas. The plasma current and field will reach 15MA and 5.3T respectively in
L-mode whilst H-mode sees 7.5MA and 2.65T respectively. At this point, the ECC system

100



CHAPTER 5. FAST-ION TRANSPORT IN ITER 101

Table 5.1:
Parameters describing various ITER operating scenarios used in LOCUST simulations. Shown
are the magnetic field strength on-axis (B), the plasma current (I,), ECC coil current am-
plitude (I.) and the safety factor evaluated at the magnetic axis (go) and the magnetic flux
surface at 95% the flux at the LCFS (gg5). Where no species is indicated, a deuterium
neutral beam and plasma can be assumed. PFPO1 cases have not been modelled here due
to their lack of an operational HNB system. In all cases, the NBI injected power is the full

Case 2 3 5 7
Stage PFPO2 or FPO FPO FPO FPO
B [T) 2.65 53 53 45
I, [MA] 7.5 75 15 7.5
rated 33MW. qq 1.3 1.0 1.0 1.4
dos 3.2 6.2 3.1 5.3
Plasma/NBI species | H/H or D/D b/D DT/D D/D
NBI energy [MeV] 0.87or1 1 1 1
I. [kAt] 30-45 30-45 60-90  30-45

will operate with independent power supplies for each coil. Therefore, it is during PFPO2
that techniques to reduce ECC-driven fast-ion transport may be applied and verified.

FPO is similarly split. FPO1 acts to reproduce PFPO2 experiments using DD before
DT fuels. H-mode operation will be gradually expanded up to 12.5-15MA of current and
fields of 5.3T, whilst pulses reach 50s at @@ > 5. As ITER moves toward FPO2 and FPO3,
the discharges increase in duration and performance.

A selection of discharges from these stages has been previously studied with MHD codes
and 3D fields calculated. These discharges are simulated in this chapter assuming the pa-
rameters given in table 5.1. The corresponding plasma profiles for each of these cases are
shown in figure 5.1. Case 5 represents the Q = 10 ITER baseline scenario. Whilst the ECC
system has a maximum achievable current of 90kAt, the range defined by the two values of
I. in table 5.1 is likely to be used. This is studied in section 5.2 as the basis for two methods
of optimisation. In parts of this work, an alternative version of case 2 is studied in which a
low-energy hydrogen neutral beam injects into a pure hydrogen plasma. Furthermore, the
@ = 5 variation of the ITER baseline discharge is neglected due to the similarity of the
plasma response to = 10 variation.

This chapter describes and analyses the primary results of fast-ion simulations of the
aforementioned ITER operating scenarios, performed with the workflow assembled and tested
in chapter 4. First, section 5.1 provides upper estimates for fast-ion transport and PFC power

loads in the high priority @ = 10 ITER baseline scenario (case 5) where ELM suppression is
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Figure 5.1: Safety factor (¢), ion and electron temperature (7; and T, respectively), electron
density (n.) and rotation frequency (wy) plotting against normalised poloidal flux (¢,) for
the cases described in table 5.1 as calculated by ASTRA and used in this study by LOCUST. The
high ¢-profile gradients near the plasma edge (¢, ~ 1) will likely increase the stochastisation
of the plasma edge by enabling islands, created by the RMP on adjacent rational flux surfaces,
to overlap.

maximised. The impact of RMP rotation on the first wall power loads is also assessed. To
avoid coupling to core MHD modes whilst ensuring sufficient edge penetration, ITER will
likely operate ng = 3 and ng = 4 RMP waveforms. Experiments in DIII-D plasmas with
ITER-similar shapes have shown these to successfully suppress ELMs in deuterium [150] and
helium [151] plasmas. Hence both these mode numbers are studied and compared here, as
well as the inclusion of the second harmonic. In section 5.2, fast-ion transport is studied
in the more realistic scenario where the ECC system operates at reduced ELM suppression
and density pump-out. Two methods for optimising fast-ion confinement in this situation
are explored and compared across the cases listed in table 5.1, some of which are low-power
compared to the ITER baseline scenario. The potential for using these discharges as low-
risk test beds for optimising ECC operation prior to high-power ITER baseline discharges is
assessed. Finally, section 5.3 determines whether diagnostic neutral beam confinement [152]
may act as a suitable proxy for the equivalent HNB confinement, in order to determine the
feasibility of estimating the impact of ECCs on HNB confinement via the sensing of DNB
fast-ion losses. The DNB is first implemented in IMAS before simulations are performed for

the optimum ECC operating strategies determined in the previous sections.
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Parts of this chapter have been published in references [60] and [153]. All codes were
operated by the author except ASTRA and MARS-F.

5.1 Fast-ion transport in the ITER baseline scenario

The aim of this section is to evaluate, from the point of view of fast-ion confinement, pro-
posed methods for operating the ECC system whilst maintaining ELM suppression. In this
situation, XPD is assumed to remain constant, as XPD is believed to be a reliable metric
for ELM suppression (see section 2.3). To estimate the likely worst case scenario for fast-
ion confinement, when ELM suppression is maximal, studies where XPD is maximised are
performed here. This involves optimising and fixing the relative current phase between the
upper and lower ECC rows relative to the middle row, ®, , and @ ,,, and maximising the
current amplitude. The coil row current phases which maximise XPD are stated in table 5.2
for each case outlined in table 5.1. The remaining degree of freedom is the absolute phase of
the current in each row - i.e. the rotation of the complete 3D field, ®,,. Because XPD, and
thus ELM suppression, is independent of &, in the limit where the perturbation spectrum
consists of a single mode, continuously rotating the field is currently the proposed method of
power load mitigation in ITER. Experiments suggest that rotation of RMP fields modulates
the intensity of the fast-ion power flux on a given PFC - for instance, a fast-ion loss detector
(FILD) [81,138]. Whilst this suggests RMP phase may be used to control where the power
flux lands, it may also modulate the global loss rate. Therefore, one may instead choose to
optimise the RMP phase according to some combination of maximising total NBI heating
efficiency and minimising peak PFC power fluxes to avoid localised heating. Either way, an
optimal RMP phase could be determined and fixed. However, if large PFC power fluxes
are unavoidable, then it may be beneficial to rotate the RMP in time to reduce the root
mean square (RMS) power loads. The downside of this is the potential thermal cycling of
components and reduction in RMS NBI efficiency. Ultimately, the best scenario is if both
criteria can be optimised simultaneously - that is, if peak power flux correlates with global
losses. Determining this is of key importance.

As the plasma response to a given ECC perturbation is predicted to be similar in both
the @ = 5 and @ = 10 variations of the I, = 15MA DT baseline FPO scenario, focus is

placed on studying case 5 due to its importance. The upper and lower row phases relative
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Table 5.2:
Optimal upper and lower coil row current phases relative to middle current phase to max-
imise XPD as predicted by the MARS-F code. Current phase is as defined in equation 2.44.

Case 2 3 5 7
Toroidal mode number n | 3 4 3 4 3 4 3 4
n®re [deg] -190 | -230 | -330 | -215 | -200 | -250 | -290 | O
n@fflrf‘lx [deg] -145 | -75 | -20 | -100 | -140 | -95 | -55 | 10

to the middle coil row which maximise XPD were taken from [64,65]. To generate a general
yet realistic distribution of deposited neutral beam ions, both heating neutral beams (HNB1
and HNB2 [152]) were used, with HNB1 injecting off-axis and HNB2 injecting on-axis. In
this scenario, the calculated shine-through losses were extremely small and thus assumed to

be negligible throughout.

5.1.1 Impact on heating efficiency

To measure the impact of RMP rotation on the global fast-ion loss rate, i.e. the overall heat-
ing efficiency of the NBI system, the total power lost to the PFCs was measured for multiple
individual RMP phases. Because losses were observed to saturate after ~30ms, which was
subsequently used as a simulation time limit, it was assumed that the time-dependent fast-
ion losses due to an ECC system oscillating at 0-5Hz (period as short as 200ms) could be
well-approximated by separate simulations using static RMP fields at discrete phase inter-
vals; i.e. it was assumed that w = 0 in equation 2.44. As the importance of including the
second harmonic was demonstrated in section 4.5, fast ions were tracked with and without
the second harmonic for comparison. Where the second harmonic was removed, the remain-
ing fundamental mode was artificially scaled up proportionally to mimic an ECC system
capable of generating a pure n = ng RMP field. It is worth pointing out that, in reality,
it is impossible for the ITER ECC system to generate a field with a fundamental mode of
this amplitude, as the required current exceeds the current carrying capabilities of the ELM
control coils.

Figure 5.2 shows the total measured power lost to PFCs from both beams as the RMP
is rotated. 2'° markers were tracked over different values of absolute perturbation phase,
represented in figure 5.2 by middle row phase, ®y,, whilst relative toroidal phase between
coil rows (AP, — Ad,, and AP — Ad,,) was maintained.

Over a rotation cycle, the total measured losses vary by approximately £2.8 — 3.2%
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Figure 5.2: Global fast-ion losses to PFCs as a percentage of deposited beam power (=33MW)
for different middle coil row phases, ®,,, whilst maintaining relative phases between all coil
rows. This reflects the situation in which the RMP is rotated to spread the fast-ion power
loads. Shown are results from fields with (n = ng + n1) and without (n = ng) the second
harmonic. The scan begins at the point where the first middle coil is carrying maximum
current (P, = 26.7°). To relate the RMP field phase to the 3D system geometry, such as the
toroidal localisation of the NBI deposition with respect to perturbation phase, ® remains as
defined in equation 2.44 - that is, in the ITER machine coordinate system. Hence, absolute
phase is varied through 360°/ng. Figure reproduced from [60].

points for ng = 3 and +1.7 — 2.1% points for ng = 4 - showing similar room for optimisation
for both mode numbers. Whilst other work observes roughly double this variation for an
individual beam in an n = 3 field [86], the toroidal separation of the beams, which can
be seen in figure 5.31, means each is impacted by the perturbation in turn as it moves
past, with losses from one beam lagging the other. Therefore the discrepancy is likely
smaller. Furthermore, the magnitude of global losses reflects those calculated in [104], and
the absolute phases corresponding to minimal and maximal losses align well with those
predicted in [86] (P ~ 22° and 82° respectively [154]). Interestingly, these phases also align
across toroidal mode numbers and spectra, possibly because the upper and middle coil phases
are similar in both the ng = 3 and ng = 4 fields when XPD is maximised. This alignment,
as well as the difference between individual beam losses, suggests that the phase difference
between peaks in ECC current and NBI deposition is a critical 3D parameter to tune if the
field is to be fixed in place. However, it must be noted that the maximum losses do not
occur when these peaks overlap (maximal HNB1 and HNB2 deposition occurs at ¢ = 58°
and 74° respectively). It is clear that ng = 4 fields are consistently worse for NBI heating

efficiency, with minimum losses 6.4% and 4.9% points higher than their respective single and
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multi-harmonic ng = 3 equivalents. This could be due to the increased penetration of the
stochastic layer which is observed in the Poincare plots (the same as those plotted in figure
4.22). Including the second harmonic is also crucial, as for both ng = 3 and ng = 4 fields it
acts to significantly lower global losses - by approximately 2.5% and 3.6% points respectively
(by =~ 1IMW). Because of this, and the fact that pure n = ng fields are unrealistic, from here

on only fields including the second harmonic are studied when measuring PFC power loads.

5.1.2 Fast-ion power loads

It is now important to determine whether it is possible to optimise overall NBI heating
efficiency whilst minimising localised PFC power fluxes. Figure 5.3 shows the component-
resolved power loads for different toroidal mode spectra as a function of absolute RMP
phase. Foremost, it can be seen that the relationship between power load and absolute
phase is dependent upon the component and mode spectrum in question, and is, at times,
not monotonic; some components do not experience peak power loads when global fast-ion
losses are maximised - even in pure n = ng fields, where rotation does not affect the field
structure. Hence the rotation and spectrum of an RMP each act not only to scale but also
redistribute fast-ion losses.

It is therefore important to examine the spatial distribution of lost particles, which is
plotted in figure 5.4 for a single phase over the perturbation amplitude evaluated at the
plasma edge. Whilst the aim is not to quantify the contributions of each loss or redistribution
mechanism, fast-ion losses are ultimately caused by the enhancement of radial diffusion
within the stochastic layer at the plasma edge. This predominantly affects passing particles,
which are typically lost along the inboard divertor leg and strike the inboard divertor targets.
As shown in figure 5.31, the fast-ion deposition in ITER is relatively localised in pitch, and it
lies near the trapped-passing boundary at pitch A ~ 0.6. Hence, many of these particles have
also crossed a topological boundary to or from barely trapped orbits. Some of these markers
which travel down the inner divertor leg are then reflected and drift onto the inboard under-
dome divertor cooling pipes. Trapped particles also experience enhanced radial diffusion at
the banana tips, whereupon their orbits may open out to intercept the outboard wall on
the outer co-current leg. Whilst these particles typically have banana tips near to the X-
point, barely trapped particles may also bounce into the inner divertor leg before bouncing

again - similar to those which strike the under-dome pipes - and passing through the private



CHAPTER 5. FAST-ION TRANSPORT IN ITER 107

—a— first wall —s— inner vertical supports —*— horizontal supports outer plate inner pipes 4~ inner baffle

—+— dome —8— outer vertical supports inner plate outer pipes outer baffle ~ —#— base
e ————
e
W—’*
AS 2 4 é P 2
D
o
2 -_— . .
D S

R s 1
=
X n=3 n=4
2 o= - - - - = 0= - - - - =
g 40 60 80 100 120 40 60 80 100
H
g
= 3 H—_—
=
@ —
c
2 ‘4*—> * ' : ) .
IS 2 4 = 2 ¢
o
O -—_— . .

1 1

-’/‘”n=/3+6‘—’\ n=4+5
0 40 60 80 100 120 0 40 60 80 100

Absolute phase shift of RMP (®y) [deg]

Figure 5.3: Power loads to various tokamak first-wall components as a function of absolute
toroidal perturbation phase for different RMP mode spectra at 90kAt coil current amplitude.
Components which received negligible power flux are denoted at the bottom (base, outer
vertical supports, horizontal supports and outer pipes). Colours and components correspond
to those labelled in figure 3.6. Where traces do not follow the same pattern exhibited by
global losses in figure 5.2, the field is implied to redistribute fast ions amongst components.
Figure reproduced from [60].

flux region to strike outboard divertor targets. This influence of particle orbit topology can
be seen in figure 5.4 as a strong correlation between loss location and particle pitch angle
(’UH /v, as measured against plasma current direction, which is typically clockwise in ITER).
This persists as the perturbation phase changes. The loss pattern, which remains field-
aligned and ng-fold toroidally symmetric, rotates with the perturbation without significantly
changing shape; any redistribution is observed to occur within the length scales of the loss
footprint. This is likely why FILDs detect oscillations in fast-ion losses as RMPs are rotated
in experiments [81,138].

To identify hotspots within the footprint, and determine whether they persist, redis-
tribute, or fluctuate, the number of markers was increased to 22!, and 3D power loads were
resolved at the sub-component level. These are shown for n = 3+ 6 fields in a top-down view
in figure 5.5 over the same phases used for figure 5.2. For n = 3 + 6 fields, the power load
footprint is largely contained within the divertor and first-wall regions, specifically panels
near the outboard mid-plane - as can be seen in figure 5.4. The same can be said for the

n = 4 + 5 field; Figure 5.6 shows similar patterns, except a new footprint is introduced on



CHAPTER 5. FAST-ION TRANSPORT IN ITER 108

Pitch v /v

0.75

0.50

-160 —140 -120

Poloidal angle 6 [deg]

—90 —80 -70 —60  -50 —40 -30 —20
Toroidal angle ¢ [deg]

Figure 5.4: Two views of the amplitude of an n = 3+ 6 perturbation, evaluated at ¢, = 0.99
and shown in grey, with lost markers plotted at their final poloidal angle 8 and toroidal angle
¢ locations, coloured according to final pitch A. The bottom subfigure is a zoomed view of
a section of the top subfigure. The particle loss pattern adheres to the perturbation as it is
rotated toroidally. Figure reproduced from [60].

the outboard ceiling first-wall panels.
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Figure 5.5: Top-down view of the first-wall with power loads rendered in colour. Ports for
the three HNBs protrude from the vessel at the top, near ¢ = 90°, whilst first-wall panels
opposite attract a relatively high power load. From this view, the ng-fold symmetric shape of
the power load can be seen throughout the rotation cycle. Untouched surfaces are rendered
semi-transparent. Figure reproduced from [60].

Like the loss pattern, for both mode numbers the power load adheres to the perturbation

as it rotates. However, first-wall power loads are toroidally asymmetric - mostly limited
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Figure 5.6: Same view used in figure 5.5 but for an ng = 4 RMP field. A similar behaviour
to the ng = 3 field can be seen. Figure reproduced from [60].

to sections further from the HNB ports. These are not shine-through losses (LOCUST only
tracks deposited ions, and the regions are blocked by the central column). Figures 5.7 and
5.8 show these particular power loads from outside the machine. It can now be seen more
clearly that, as the footprint rotates and first-wall panels are struck in-turn, specific first-wall
segments attract far higher power loads. Crucially, power loads are not always present here
throughout the rotation, meaning that, for both mode numbers, first-wall RMS power loads
could be reduced by RMP rotation. The only loads that do persist are limited to specific

divertor regions shown below.

N=3+6, Oy ;= -39,26,-19 N=3+6, Oy m = -19,46,0 N=3+6, = 0,66,20

| (MW/m2)
.0e-03  5.0e-01
|

Figure 5.7: Fast-ion power loads due to ng = 3 RMP field as viewed outside the vessel. The
wall panels closest to the camera are located opposite to the HNB ports. Gaps between
panels exist in places where diagnostic or entry ports are located. Untouched surfaces are
rendered semi-transparent. Figure reproduced from [60].
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Figure 5.8: Same view as figure 5.7 but for an ng = 4 RMP field. Not only are the power
loads larger in area and more intense at their peak, but additional footprints are created in
the upper regions of the first wall. Figure reproduced from [60].

Further close-ups of these first-wall loads are displayed in figures 5.9 and 5.10, which
highlight panels diametrically opposite to the HNB ports. Here it can be seen that the peak
power loads strike specific sides of the bevelled panels - typically the side facing the HNB
ports. Whilst not negligible, the maximum power loads of approximately 0.5-0.7MWm™ are
tolerable in these locations. The wall panels in question correspond to blanket modules 14
and 15 [155] which are designated ”enhanced heat flux” panels [156], designed to accommo-
date up to ~5MWm™ (compared to "normal heat flux” panels rated for 1-2MWm™2). As
can be seen, the peak power loads can be reduced - and re-positioned - by switching toroidal
mode number from ng = 4 to ng = 3.

To quantify the effect of rotation of the perturbation on RMS power loads, the peak
power load to the first-wall panels with the highest load in Figures 5.9 and 5.10 is plotted
at various RMP phases in figure 5.11. For both mode numbers, rotation of the RMP can
reduce the RMS peak first-wall power load, by 0.37MW-2 and 0.44MW-2 for ng = 3 and
ng = 4 fields respectively. For ng = 3 fields, peak power flux correlates well with the global
fast-ion losses shown in figure 5.2, meaning that choosing the optimum phase that minimises
global NBI losses automatically ensures the lowest peak power load, potentially making RMP
rotation unnecessary. However, the same cannot be confidently said for ng = 4 fields. This is
corroborated when considering the divertor region, shown in figures 5.12 and 5.13. Like the
first-wall, peak power loads to the divertor dome and outer baffle oscillate with global losses

in the n = 34 6 field. Whereas in the n = 4 + 5 field, for example on the dome, peak power
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Figure 5.9: Fast-ion power loads shown from the divertor looking upward toward the wall
tiles located opposite to the HNB ports for the ng = 3 RMP field. The power load on a
given wall panel is heavily influenced by the panel geometry, with peak heat fluxes typically
located on the side facing the neutral beam ports. Figure reproduced from [60].

Figure 5.10: Same view and wall model used above in figure 5.9 but for an ng = 4 RMP
field. The panels which receive low power loads for ng = 4 here instead receive high peak
loads in Figure 5.9 above for ng = 3 fields. The additional power loads in the upper region
of the first wall can also be seen. Figure reproduced from [60].
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loads only redistribute and can even persist; when global losses are minimal (®,, = 41°),

higher fluxes continue to reach the inboard side of the dome structure and outer baffle.
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Figure 5.11: Power load reaching the first-wall at the point of maximum power flux (for all
RMP phases) versus RMP phase for ny = 3 and ng = 4 toroidal mode numbers. The average
value is also displayed, which is lower than the peak power flux over the total rotation cycle

- demonstrating that the time-averaged power flux to hotspots caused by NBI losses can be
reduced when the RMP field is rotated. Figure reproduced from [60].

Overall, ng = 4 fields consistently lead to higher divertor power loads across all compo-
nents. And like the bevelled first-wall tiles, the orientation and subtle geometry of PFCs can
greatly affect the power received. This is apparent specifically on the dome and outer baffle,
where breaks in shadowing and regions with discontinuities, such as gaps between divertor
cassettes, is subject to particularly high power loads due to the low angle of incidence. Ro-
tation is unlikely to reduce these power loads between the cassette domes in the ng = 4 field,
again making optimisation less straightforward. However, it should be noted that the dome
and outer baffle are designed to handle power loads of SMWm™, whilst the highest power
loads from NBI losses on these components predicted above are only 0.1MWm™ and thus
not of concern from the point of view of power handling.

The same is true for other divertor components which are not designed for direct inter-
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Figure 5.12: Fast-ion power loads looking down onto the divertor dome for an ng = 3 field.
Here it can be seen that maximal power loads correlate well to maximum global losses shown
in figure 5.2. The cassette gaps on the outer baffle and divertor dome can attract power loads
that approach the peak across the wall. Figure reproduced from [60].
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Figure 5.13: Same view as figure 5.12 but for an ng = 4 RMP field. Unlike ng = 3 fields,
peak power loads are located in multiple regions, such as cassette gaps, the outer baffle and

inboard side of the dome. In some of regions, peak power loads persist throughout the RMP
cycle. Figure reproduced from [60].
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action with the plasma; figure 5.14 shows these for the two phases which exhibit the highest
power loads, which rarely exceed 0.25MWm™ - comparable to the expected radiative load
on the dome supports [157]. Again, these are sensitive to the local geometry - specifically
the curved edges of the inner support legs and gaps between divertor cassette gaps which
highlight endmost cooling pipes. The high power loads on the individual surface triangles of
the underdome pipes are subject to uncertainties due to a lack of marker statistics, however
the presence of more marker hits in the n = 4 + 5 field signifies an increased power load

compared to ng = 3.

N=3+6, ®y,m,= 40,106,60 N=4+5, Oy ;= 39,101,77

Figure 5.14: View of divertor power loads for ng = 3 and ng = 4 fields when power loads are
maximal, looking towards the outboard side from the inner divertor plate. Shown are the
inner support legs, the inboard edges of the divertor dome structure and its cooling pipes,
and a portion of the upper region of the outer baffle. Whilst the number of markers striking
the pipes is small, the edge-most pipes exhibit an increased number of hot surface triangles
due to the gaps in the divertor dome. Figure reproduced from [60].

5.2 Optimising fast-ion transport across ITER experiments

The previous section showed that, from the point of view of fast-ion power loads, ITER
may safely operate with maximal ELM suppression. Nevertheless, the reality is that ITER
will conduct experiments nearer to the minimum viable level of ELM suppression so as
to minimise the impact of density pump-out on the thermal ion confinement. This could
have large ramifications for fast-ion confinement too, as it introduces new possibilities for
operating the ECCs; on top of absolute phase, relative phase and current amplitude now

become parameters that may be varied whilst maintaining ELM suppression. These alternate
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methods may be necessary if, in fact, a reduction in ELM suppression alters the fast-ion
transport - potentially redistributing power loads. Therefore, the aim of this section is
to compare two different ECC operating scenarios in which the coil currents are cycled
periodically and XPD maintained.

The first method, the fixed relative phase scan, studied in section 5.2.3, is similar to
that studied in section 5.1; relative coil phases are set to those which maximise XPD before
the absolute RMP phase is steadily increased. The XPD is then linearly scaled by 2/3 by
lowering the ECC current amplitude accordingly. This method is studied using the smaller
coil currents in table 5.1.

The second method, the variable relative phase scan, studied in section 5.2.4, is to increase
the ECC current amplitude to the larger values in table 5.1, before proportionally lowering
the XPD through adjustment of the relative upper and lower coil row phases. Because the
XPD is not required to be maximal, there are now multiple possible values of upper and
lower coil row phase which yield the same XPD - defining a contour around which the ECCs
may be freely cycled. Examples of these contours can be seen later in the plots of XPD in
figure 5.17.

To get a general sense of whether fast ions respond to changes in the relative phase and
ECC amplitude, even as XPD is maintained, parameter scans of these quantities are first
performed in sections 5.2.1 and 5.2.2. Because these types of simulations have remained
computationally infeasible at this scale for conventional fast-ion codes, scans like this have
not been performed before.

These simulations are performed for each discharge in table 5.1. This is firstly to produce
initial estimates of the fast-ion transport in each case, as these cases are scarcely studied -
if present at all - in the literature. In addition, expanding the study in this way to multiple,
low-power scenarios is used to assess the suitability of using earlier discharges as low-risk

testbeds for calibrating ECC operation before the ITER baseline scenarios.

5.2.1 Fast-ion response to ECC current

To better understand how fast ions respond to changes in ECC current and corresponding
changes in XPD, as is the case when transitioning between the two proposed ECC operating
scenarios, the fast-ion losses to the PFC wall were measured over increasing ECC current

amplitude for each case and toroidal mode number. The total losses are shown in figure
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5.15. Relative phases which maximise XPD and the absolute phase which minimises global
fast-ion losses at 90kAt were used to configure the RMP field.

Foremost, figure 5.15 shows that the fast-ion response is relatively steady in all cases;
there are no large oscillations in the total losses, and in some cases the response is linear. This
implies that scaling XPD similarly scales global fast-ion losses, though scenario and toroidal
mode number can influence this relationship. This could be due to many reasons: changes
in the equilibrium plasma, the resulting beam deposition or changes in the perturbation
itself, for example the difference in ¢ profile between the cases affecting the amount of
stochastisation at the plasma edge. In some cases, the latter reason is extremely influential,
as is shown by the variations between mode numbers in a given scenario; at only 10kAt,
transitioning from ng = 4 to ng = 3 in case 3, for which the ¢ profile changes the most at
the edge, leads to losses increasing from 0.07MW to 0.98MW, and in case 5 it changes the
response from mostly linear to exponential, before a linear saturation at roughly 50kAt.

As a first estimate, figure 5.15 shows that risks to NBI heating efficiency are not limited
to FPO scenarios, for example the ng = 3 variation of case 3 carries most risk at maximal
ELM suppression. Care should therefore be taken to ensure that the ECC current is always
minimised where possible. Lowering the currents to those planned in table 5.1 mitigates this
risk, at which point the confinement in the worst case is comparable to that in the Q = 10
baseline scenario with ng = 4 fields at maximum ELM suppression.

Though total losses can be reduced by decreasing the ECC current amplitude, their possi-
ble redistribution may still lead to specific components receiving disproportional power loads.
The total power load reaching each component was therefore evaluated and plotted in 5.16.
One can see that the relationship between power load and current is not always monotonic,
implying that redistribution is occurring. This means that decreasing the ECC current may
indeed increase the power reaching some components. Nevertheless, all components which
receive over 100kW - the first wall, outer baffle and dome - are designed for high power loads.
This is except for the ng = 4 variation of case 5, during which the inner pipes may receive
just below 100kW at currents over 30kAt. Interestingly, the power loads to some components
exhibit threshold and saturation behaviour; power loads to some components only appear
once a certain threshold value of coil current is exceeded, whilst for other components the

power load saturates.
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Figure 5.15: The total HNB power loss to PFCs over the cases listed in table 5.1 as ECC
current is increased from 10kAt to the maximum possible value of 90kAt. Relative phases
between the coil rows are chosen to produce to maximum XPD, whilst the absolute phase of
the perturbation is set to that which minimises global losses. At these current increments,

the increase in losses is relatively steady - nearly linear - in most cases. Figure reproduced
from [153].
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Figure 5.16: The component-resolved power loads corresponding to those losses calculated
in figure 5.15. Some redistribution of losses is implied where losses decrease as ECC current
is increased. Figure reproduced from [153].
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5.2.2 Fast-ion response to relative ECC coil row phase

XPD is also dependent upon on the relative phase between the current flowing in different coil
rows. It has been shown previously [104] that the field line leak rate (the rate that markers
travelling along magnetic field lines are lost over 200 toroidal transits) responds similarly to
XPD when relative phase is varied. However, the impact on fast-ion confinement has not
yet been studied. Hence to answer whether fast-ion transport is similarly scaled by relative
phase as it is by ECC current, the confinement was calculated over the possible relative
phases between upper and lower coil rows relative to the middle row. This confinement
is then compared to the XPD due to a single harmonic field calculated by MARS-F. For
comparison, losses are calculated with and without the inclusion of a second harmonic.

The XPD and total losses for each case and toroidal mode number are shown in figure
5.17. To observe how relative changes in the XPD affect fast-ion losses, each loss grid
is normalised according to the values within that grid only. The XPD responds similarly
in every case; there is a general symmetry which is translated and then perturbed by 3D
features of the system. Case 3 is unique due to its high gg5, making its response to an ng = 4
waveform in the middle coil row almost purely core-kink-like, resulting in little X-point
displacement and a sinusoidal dependence on the upper and lower row only. It is noticeable
that the global fast-ion losses correlate well with XPD in each case. This means that, within
a particular scenario, XPD (and therefore ELM suppression) may be used as a robust metric
for optimising total fast-ion confinement and therefore overall NBI heating efficiency.

To examine this proposal more quantitatively, the previous data are replotted in figure
5.18 - which shows the fast-ion losses against XPD. To isolate the losses caused purely by
the perturbation, each line has been translated to intercept the origin. Fits are calculated in
each case, without and with sidebands in the bottom left and right subfigures respectively.
Within each case, the correlation is extremely high. This is particularly true for the first
wall and outer baffle, where the Pearson correlation coefficients are 0.84 and 0.69 on average
respectively (the mean across components is 0.52). At the relative phase where XPD is
maximal, the large difference in XPD between the variations of case 3 could explain the
differences in power loads seen in figure 5.16.

Nevertheless, the correlation cannot be claimed to be perfect; fast-ion losses were pre-
viously shown in section 5.1 to modulate by approximately 2-3% even whilst using a single

harmonic to maintain XPD. Hence it is still important to examine the methods of ECC
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Figure 5.17: XPD amplitude as calculated by MARS-F is shown in the first column of each
set of three adjacent columns. The following two columns are the corresponding global fast-
ion losses calculated by LOCUST for single and multi-harmonic RMP fields respectively. The
left set of three columns uses ng = 3 fields whereas the right ng = 4. The ng = 4 field in
case 3 is unique in that the high edge gradient of the ¢ profile greatly modifies the MHD
response to the imposed perturbation. Each grid showing losses are normalised to values
within that grid to show how changes in the mode spectrum modify the shape of the loss
distribution, not amplitude. MARS-F assumes an axisymmetric plasma whilst the LOCUST
losses were calculated at an absolute RMP phase of 0°. Figure reproduced from [153].

operation proposed earlier by evaluating the transport directly.

5.2.3 Fast-ion transport at fixed relative phase

The first ECC operating method to be studied here is similar to that studied in section
5.1 but at reduced ELM suppression; phases between the coil rows are chosen to maximise
XPD whilst ECC current is lowered to the smaller value in table 5.1. Oscillation of the
perturbation is achieved by cycling the absolute phase to rotate the field toroidally. This is
the most likely method to be used to operate the ITER ECC system.

Again, to mimic the effects of continuously rotating the RMP, fast-ion dynamics were
simulated at discrete phase intervals, but this time over all cases in table 5.1. A variation
of case 2 is included in which hydrogen is injected by the HNB system into a pure hydrogen
plasma, which is one possible variation performed during the PFPO2 phase.

Figure 5.19 shows the calculated loss rate as the absolute phase is varied. Compared to

figure 5.2, the response to RMP phase is flattened - varying by ~ £1% at most. The response
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Figure 5.18: Correlation between XPD and total fast-ion loss rate to all components. The
upper panel shows the fast-ion losses evaluated at the grid points in figure 5.17. Due to it
impacting the XPD, the effects of the second harmonic are shown by plotting linear fits of
the single and multi-harmonic fields in the lower two panels on the left and right respectively.
In these plots, the intercept is set to zero to isolate and compare the relative transport due
to the 3D field as opposed to axisymmetric and prompt losses. Figure reproduced from [153].

is flattest for low-power cases, making them poorly suited for optimising () = 10 operation
in the situation where the relative phase is fixed. However, with RMP rotation causing
such little variation in the confinement in case 5 at this ECC current, optimisation may not
be as necessary from the point of view of HNB heating efficiency. This is especially true
given that confinement can be worse in these low-power discharges. An alternative option
for optimising the ECC system in the baseline scenario may simply be to reduce the ECC
current; for case 5, the relationship between absolute phase and global losses is maintained
at both 60kAt and 90kAt ECC current (see figure 5.2). Therefore, if H-mode in the ITER
baseline can be accessed at lower XPD, an optimal way of tuning the HNB heating efficiency
is to lower the ECC current whilst somehow measuring global losses. On the other hand,
if H-mode does require maximal ECC current, then additional studies of fast-ion losses in
L-mode discharges are required to confirm that the losses do not significantly diverge from
those measured here. In any case, for this strategy to be considered lower risk, the power
loads must also be reduced at lower ECC current. Hence these are studied next.

For comparison with figure 5.3, the component-resolved power loads are shown for case

5 in figure 5.20. The relative power distribution amongst components is mostly retained
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Figure 5.19: Global fast-ion losses to PFCs as a percentage of deposited beam power for
different middle coil row phases, ®,,, whilst maintaining relative phases between all coil
rows. The scan begins at the point where the first middle coil is carrying maximum current
(P = 26.7°). ¢ remains plotted in the ITER machine coordinates for comparison with 3D
geometry. Brackets denote the NBI species. Figure reproduced from [153].

but reduced overall, with the re-scaling reflecting the drop in total losses in figure 5.16.
Furthermore, the relationship with absolute phase is also similar - more so for the ng = 4
variation. Only components designed to tolerate high power fluxes experience power loads

exceeding 0.1MW.
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Figure 5.20: Total power reaching each component in the @) = 10 ITER baseline scenario at
60kAt ECC current amplitude. Figure reproduced from [153].

The spatially resolved power loads are now evaluated to look for hot spots, as it was pre-
viously understood that reducing the ECC current may cause redistribution and an increase

in power loads on certain components. For both toroidal mode numbers, the overall shape
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and behaviour of the power load footprint and hot spots is similar to that at maximum ECC
current; wall panels diametrically opposite to the HNB port attract the largest power loads.
Examining these wall panels in figures 5.21 and 5.22 shows more closely this similarity. For
both toroidal mode numbers, the maximum peak power load lands on the same group of wall
panels. However, it can be seen that the power density distribution on a given panel changes.
The maximum power load reaching these tiles falls by a factor 5 in the ng = 3 field and by
a factor ~ 2 in the ng = 4 field compared to 90kAt. This confirms that a low-risk method
for optimising the absolute phase of RMPs in the ITER baseline scenario is to measure the

losses at lower ECC current.

Figure 5.21: Same view as used in figure 5.9 but for 60kAt ECC current. The distribution
of power loads is extremely similar to 90kAt, however the peak is now reached at &, = 86°
instead and the maximum power load is reduced by a factor 5. Figure reproduced from [153].

Figure 5.22: Same view as used in figure 5.10 but for 60kAt ECC current. Figure reproduced
from [153].
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The power density in the divertor is also shown in figures 5.23 and 5.24. Again, the peak
power flux is reduced in the ng = 3 field - by a factor ~2. The power is also reduced in many
areas in the ng = 4 field, however interestingly the power load on the inboard side of the
divertor dome remains the same as at 90kAt. This again shows how the impact of scaling
ECC current on fast-ion power loads is highly dependent on the PFC in question. Here the
threshold-like behaviour observed previously in figure 5.16 corresponds to a persistence of
power flux on some components. Whilst this may seem to jeopardise the previous proposal
that lower ECC currents can be used to help optimise the fast-ion transport, it should be
mentioned that the power loads observed here, in both fields, are still far below the design

limits of the PFC components that are affected.

N=3+6, O, m,| = -39,26,-19 N=3+6, Oy, 1= -19,46,0

N=3+6, O, | = 20,86,40 N=3+6, O, = 40,106,60 N=3+6, O, 1= 60,126,80

Figure 5.23: Same view as figure 5.12 but for 60kAt ECC current. The power density is
reduced by a factor two by the decrease in ECC current from 90kAt. Figure reproduced
from [153].

5.2.4 Fast-ion transport at variable relative phase

In this second alternative method to that studied in section 5.2.3, the XPD is reduced by
tailoring the relative phase of the upper and lower coil rows with respect to the middle,
before the XPD is restored by raising the ECC current. For a given value of absolute phase
®,,, this defines a contour in the &, — ®; domain along which the ECCs may navigate to
approximately maintain ELM suppression. Examples of these contours can be seen in the
subplots of XPD in figure 5.17. Like the previous method, the absolute phase may also be
cycled at the same time. However, for simplicity, it is fixed at the absolute phase which was

observed to produce the minimum global losses measured previously in section 5.2.3. Fast-
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Figure 5.24: Same view as figure 5.13 but for 60kAt ECC current. Whilst the power density
is reduced in most areas compared with the field produced by coils carrying 90kAt, the power
loads on the inboard side of the divertor dome still persist. Figure reproduced from [153].

ion transport was then measured at eight equidistant points along the isocontour defined
by 2/3 the maximum XPD and at the higher ECC current listed in table 5.1. Because
the perturbation field due to each coil row is poloidally localised, adjusting each coil row
independently this way changes the field structure more dramatically than simply rotating
the entire field - as in section 5.2.3. Therefore, the aim of this section is to determine whether
this method reduces ion losses and power loads, compared to solid rotation, for a given level
of XPD.

The same analysis as performed in section 5.2.3 is repeated here for comparison, starting
with the measurement of total losses shown in figure 5.25. Compared to the losses exhibited
during rotation of absolute phase shown in figure 5.19, the losses here are higher on average,
and there is a much larger degree of variation for all cases and mode numbers. At best, and
apart from ng = 4 fields in case 3, the XPD contour rotation can only reduce power losses
to those measured during absolute rotation, making this method much less preferred from
the point of view of time-averaged HNB heating efficiency. That is unless the field is to be
fixed in place. In this situation, the relationship between beam losses and position along the
XPD contour is maintained well across all cases and mode numbers, making it possible to
optimise the coil configuration using low-power discharges.

The corresponding component-resolved power loads for the ITER baseline scenario are
shown in figure 5.26. In comparison to the previous method, varying relative phase retains

the distribution of lost power amongst components but can, in the ng = 3 field, lead to much
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Figure 5.25: Global fast-ion losses to PFCs as a percentage of deposited beam power for
different equidistant points along an XPD isocontour in upper-lower relative coil phase space.
The middle coil phase is fixed to that which corresponds to minimum global fast-ion losses
during RMP rotation for each case and mode number at maximum XPD. Figure reproduced
from [153].

larger variations in the loss power to specific components. Again, at some phases the power
to individual components approaches that recorded during variation of the absolute phase.
The added variation in XPD introduced by the second harmonic could be contributing more
strongly for this method, as the difference between the results obtained with single and

multi-harmonic fields is much larger here than shown in 5.20.
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Figure 5.26: Total power reaching each component in the ¢ = 10 ITER baseline scenario
at 90kAt ECC current amplitude. Each measurement is taken at a point along an XPD
contour. The XPD is the same as in figure 5.20. Figure reproduced from [153].

The first-wall power loads for these contour points in the ITER baseline scenario are also

shown in figures 5.27 and 5.28. Compared with the previous method, the peak power load
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during XPD contour rotation is much higher; it increases from ~ 0.1MWm™= to ~ 0.5MWm™2
in ng = 3 fields and from ~ 0.3MWm™ to ~ 0.8MWm™ in ny = 4 fields. For both mode
numbers, the variation in the RMP poloidal spectrum during rotation can be seen to change
the wall panel upon which the maximum power load impinges compared to the previous
method. The average and peak power loads are also higher, though they are still within
the design tolerances of the first-wall panels. Furthermore, rotation along the contour can
be seen to potentially reduce the time-averaged power load by a significant fraction - as
relatively high power loads are observed at a select few phases, especially in the ng = 3 field.
Furthermore, these phases also correlate well with those that exhibit maximum global losses,

making optimisation simple in the case where the ECC system is fixed.

Figure 5.27: Same view and XPD as used in figure 5.21 but for RMP rotating along XPD
isocontour. The relative current phase of the upper and lower coil rows is varied between
eight points at which XPD is constant. Figure reproduced from [153].

The divertor region is again shown in figures 5.29 and 5.30. On the whole, the time-
averaged divertor power loads are worse during XPD contour rotation. Interestingly, for
both mode numbers, these power loads can be lower than those experienced at some phases
where absolute phase is varied. Despite this, the correlation between divertor power loads

and global losses is less clear. Nevertheless, the power loads do not exceed design limits.

5.3 Verification with the diagnostic neutral beam

The DNB is a single, low-power neutral beam system designed for active diagnosis of plasma

dynamics through charge exchange recombination spectroscopy (CXRS) at the point where
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Figure 5.28: Same view and XPD as used in figure 5.22 but for RMP rotating along XPD
isocontour. Figure reproduced from [153].

3+6, Oy, m, = -25,26,-54 n=3+6, Oy, m, 1 = -54,26,63:
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Figure 5.29: Same view and XPD as used in figure 5.23 but for RMP rotating along XPD
isocontour and reduced ECC current. Figure reproduced from [153].
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Figure 5.30: Same view and XPD as used in figure 5.24 but for RMP rotating along XPD
isocontour and reduced ECC current. Figure reproduced from [153].

Table 5.3: Geometric and operational parameters describing the DNB and HNB systems in
ITER. The ITER HNB system comprises two beams whilst the DNB is solitary.

DNB HNB
Initial particle pitch | -0.18 0.60
Energy [MeV] 0.1 1 or 0.87
Power [MW] 2 for 0.1s every 1.4s  33.3
RMS power [MW] 0.13 33.3
Species H DorH

the beam is ionised upon entry into the plasma. Table 5.3 compares key parameters of the
DNB with HNB equivalents. The beam geometry and operational characteristics make the
system likely to be resolved by detectors sensitive to fast-ion phase-space, such as the ITER
FILD system. The low injection energy of the beam makes it likely that deposited ions are
restricted to the plasma edge, potentially making its confinement highly sensitive to edge
perturbations, such as those from the ECC system.

In this section the impact of the ECC system on the DNB is evaluated. As well as acting
as an initial indication of the enhancement or degradation of signals originating from the
beam for future diagnostic studies, the calculation of the beam confinement is specifically
used here to judge the suitability of the DNB system as a sensor for experimentally verifying
the methods of RMP field optimisation studied previously. This is repeated across the ITER
cases in table 5.1 to determine which, if any, would provide a suitable low-risk testbed for
pre-emptively determining optimal ECC configuration prior to the high-power ITER baseline

scenario. As transport studies of the ITER DNB system are not yet present in the literature,
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the risk of power loss to the PFCs is also determined.

5.3.1 Implementation of the ITER DINB system

To supply BBNBI with the necessary injector geometry required to calculate the fast-ion de-
position created by the DNB, the DNB geometry was determined before being amalgamated
into the ITER machine description database in IMAS. The geometry of the DNB is similar
to that of the HNB system. The injector face is comprised of nested grids; individual beam-
lets, which each inject a single collimated Gaussian beam of neutrals, including halo [158],
arrange to form beam groups, which are arranged in grids on the injector face. Focussing
of the beamlets and beamlet groups is performed independently, with different focal lengths
in the vertical and horizontal planes. The IDSs previously used to describe the HNB sys-
tem geometry could not be re-purposed because some elements of the geometry differ: the
aforementioned focal lengths are different between beam systems, the DNB cannot adjust to
inject on or off-axis and the DNB beam line originates and aims differently to the HNBs.

The geometry was instead derived from CAD drawings of the injection system. For
simplicity, the injector face was assumed to be planar. The injection power was set to the
RMS value in table 5.3. However, it is noted that, after the simulations herein, it was
determined that the beam slowing down time is much shorter (~ms) than the beam pulse
length (~100ms). Consequently, any measured absolute PFC power can be considered up to
15x higher than displayed here - as well as being pulsed. These simulation results remain valid
due to the lack of self-interaction amongst fast ions, which means the marker weights may be
scaled freely to account for these effects whilst leaving trajectories unaffected. Nevertheless,
the loss power flux after scaling is still very small and poses little to the PFCs.

Figure 5.31 shows the coded DNB geometry and resulting deposition, compared to equiv-
alents produced by HNB1 and HNB2 injecting on and off-axis respectively. Though no prior
examples are available to compare to, the beam lines shown here, drawn from the injector
grid to the point of tangency, align well with CAD drawings of the beam line in plane and
elevation views. As expected, the deposition is much more edge-localised compared with
the HNB system. The difference in pitch space between the HNB and DNB is much larger
than the precision of the ITER FILD system studied elsewhere [159]. Combined with the
difference in injection energy, this shows that it is likely that the DNB will be distinguishable

from the HNB from the point of view of a FILD system - assuming that the detector field
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of view is sufficiently wide, the loss signal is strong enough and data can be gathered over

at least one DNB pulse period.

Z[m]

4 6 8 0 3x [m] 6 9
T DNB 2l 200 A-1
— MWA-
§ 30 — HNBL [ ]
= — HNB2 150
g —— HNB1 + HNB2
o 20 — LCFS
£ 100
o
)
< 10 50
g N
& o 0
4 5 6 7 8 -1 0 1 -1.0 -0.5 0.0 0.5 1.0
R [m] Z[m] Pitch (v /v)

Figure 5.31: Geometry (top row) and deposition (top and bottom row) calculated by the
DNB system in the ¢ = 10 ITER baseline scenario. Top left shows the elevation view,
including the beam lines from the DNB (green, top), HNB1 (red, bottom) and HNB2 (blue,
middle). Top right shows the plan view of a single quadrant of the device, showing the
different tangency radii between beam types. Bottom row shows the deposited power from
the DNB and combined HNB system along different projections. The concentration of the
DNB at the edge of the plasma can be seen more clearly on the left, and the effect of the
DNB geometry on the ion starting pitch can also be seen on the right to be much different
to that of the HNB system. This may make it possible for FILDs to distinguish and identify
fast ions specifically from the DNB system. Figure reproduced from [153].

5.3.2 DNB transport

To understand whether the DNB is a suitable tool for optimising the RMP field, the sen-
sitivity of DNB transport to changes in the RMP is first established. As variation of the
absolute RMP phase has been shown herein to be the optimal method for maximising global
fast-ion confinement and minimising time-averaged power loads, the DNB confinement was
measured over multiple values of absolute phase. To estimate the maximum transport, and
likely maximum diagnostic signal, fast-ion losses were calculated during maximum ELM sup-
pression - again through adjustment of the relative phase of the coil rows and maximisation
of the ECC current. In addition, a more realistic scenario was studied in which the current

was set to the lower value in table 5.1. To calculate the variability in transport over the full
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range of pitch and energy space, simulations were performed for longer time periods (500ms

218 markers).

cut-off time) and with increased fidelity (

Normalised variation in the distribution function, measured over four phases within a
rotation cycle, is shown for ng = 3 and ng = 4 fields in figures 5.32 and 5.33 respectively.
The variation in transport is very regular in pitch-energy space across all scenarios and cases.
Every case shows significant relative modulation of the fast-ion density near the injection
location, where ions are born trapped. Because particles are injected from the DNB at such
low pitch, near A = 0, they can spread over a larger range of pitches than would be possible
with a beam of the same energy injected at a high absolute pitch. And so in the time taken
for the markers to thermalise, the beam spreads to cover the entire pitch domain, increasing
its chances of detection by diagnostics - depending on the diagnostic weight function. In
some cases, markers are significantly transported in pitch space - leading to a change in the
trapped/passing fraction. ng = 4 fields are mostly likely to lead to this type of transport,
and it is typically more likely at higher ECC currents. In these cases, modulation of the
passing ion density is typically strongest at lower energies, as markers have had more time
to scatter and populate this region.

To examine this transport more quantitatively, the DNB distribution function is plotted
in figures 5.34 and 5.35, as a function of pitch and energy respectively, after being integrated
over all other dimensions. The modulation in pitch in figures 5.32 and 5.33 can now be
seen more clearly in figure 5.34 to correspond to a change in the pitch angle relaxation
rate, likely caused by perturbed orbits accessing different regions of the plasma compared
with the axisymmetric orbit. In some cases, the strength of this relaxation effect can be
controlled by the perturbation phase. Interestingly however, fast-ion redistribution and fast-
ion confinement do not always correlate; the fast-ion density in the ng = 3 variation of
case 3 fluctuates very little whereas it produces the largest losses. A possible explanation is
that fast-ion loss rate has become saturated by the RMP in a region of space, up to where
the perturbation penetrates no further. However, this is unlikely, as the same behaviour
occurs at lower RMP currents, where the fast-ion confinement is considerably improved (see
figure 5.37). Instead, these losses, shown to remain high even at 10kAt in figure 5.16, may
instead be too prompt to be affected by changes in the perturbation. In some cases, such
as case 5 and case 7, and ng = 3 fields with low currents, there is a measured increase in

the fast-ion density near the point of injection without a corresponding decrease elsewhere.
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Variation in DNB density due to n = 3 rotating RMP [a.u.]
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Figure 5.32: Normalised, absolute variation of the fast-ion distribution function measured
over four phases during rotation of an applied ng = 3 RMP. The distribution function is
integrated over all real space. Hot areas indicate regions of DNB ion phase-space which are
relatively sensitive to rotations of the applied RMP field. Figure reproduced from [153].
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Variation in DNB density due to n =4 rotating RMP [a.u.]
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Figure 5.33: The ng = 4 equivalent to figure 5.32. The overall transport pattern remains the
same, but the modulation is enhanced here. Figure reproduced from [153].
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In these cases, DNB losses in 2D and 3D fields are comparable, and increasing the RMP

field amplitude can even reduce losses. Hence it may be that the 3D field is improving the

DNB confinement in some regions of phase space. Looking at the energy distribution of fast

ions in figure 5.35, it can also be seen that the perturbation alters the prompt loss rate - as

evident in the difference in fast-ion density at the injection energy. Again, this variation can

be controlled by the perturbation phase in some cases.
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Figure 5.34: Steady-state distribution function of the ITER DNB in a rotating RMP field
plotted as a function of pitch. The distribution function in an axisymmetric field without
the RMP is also plotted for comparison in black. Figure reproduced from [153].

Whilst DNB transport may be sensitive to the RMP, a correlation between this trans-

port and that measured for the HNB system would enable the DNB to act as a proxy in

experiments. Figure 5.36 shows the DNB distribution function evaluated at A ~ 0 as the

perturbation is rotated. Though there is some stability in the relationship between density

and phase, for the ng = 3 field for example, it is much more sensitive to RMP phase than

the HNB losses shown in figure 5.19. Overall, the correlation between the DNB phase-space
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Figure 5.35: Steady-state distribution function of the DNB in a rotating RMP field plotted
as a function of energy. The distribution function in an axisymmetric field without the RMP
is also plotted for comparison in black. Figure reproduced from [153].
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transport and HNB losses plotted in figures 5.2 and 5.19 is unclear.
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Figure 5.36: DNB fast-ion distribution function evaluated at A ~ 0 and plotted against RMP
absolute phase as represented by middle coil row phase. Figure reproduced from [153].

Finally, to receive a signal in the first place, a detector at the first wall must intercept
lost DNB ions. The DNB losses to the PFCs were therefore calculated and are shown in
figure 5.37 for two values of current - maximum and the reduced values in table 5.1. The
overall fast-ion loss rate is steady, and it is much flatter than that exhibited by the HNB
system - even at maximum RMP current. Where there is appreciable variation, in the ng = 3
variation of case 3, it does not clearly correlate to the equivalent HNB losses. And ultimately,
the loss rate, especially at low RMP current, is extremely small. This makes it unlikely that

any diagnostics adhering to the geometry used in this CAD model will detect lost DNB ions.
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Hence, from the data shown here, it seems unlikely that the DNB is suitable for ECC system

optimisation.
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Figure 5.37: Global losses to PFCs in rotating RMP fields operated at maximum current
and the reduced current shown in table 5.1. Figure reproduced from [153].

5.4 Summary

In this chapter the fast-ion workflow was used to quantitatively estimate the impact of
externally imposed RMPs by the ITER ECC system on fast-ion transport and confinement.

In chapter 5.1, LOCUST was applied to study global fast-ion losses and local power fluxes
for the @ = 10 ITER scenario with maximum RMP applied and optimised to achieved best
ELM control. Depending on the symmetry of the RMP applied (ng = 3 or nyp = 4) and
absolute phase applied, the RMP fields were shown to reduce overall NBI heating efficiency
by ~ 2 —12% (0.7-4.0MW), though each of the two ITER heating neutral beams is affected
in turn if the RMP is rotated. The toroidal mode number was found to be the most sensitive

parameter for controlling fast-ion confinement, with ng = 4 modes found to be consistently
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worse for both global fast-ion confinement and PFC power loads. By adjusting the absolute
phase of the RMP, NBI heating efficiency can be increased by 1.7-3.2%, whilst the fast-ion
power loads can be redistributed. As such, rotating the RMP is useful to reduce the RMS
power flux to most components. This is particularly true for the first-wall, where mid-plane
tiles diametrically opposite to the HNB injection ports are subject to relatively intense power
loads for some RMP phases. The optimisation of local power fluxes versus global NBI losses
is deeply impacted by the ng of the applied RMP. For ng = 3 RMP fields, both local power
fluxes and global NBI losses are directly correlated; in which case the optimal solution may
be simply to fix the absolute RMP phase at the point where the first middle coil carries
maximum current - as both global fast-ion losses and PFC power flux are minimised here.
For ng = 4, use of RMP rotation may provide a better approach to optimisation, depending
on the local power fluxes to optimise, since there is no straightforward correlation between
local power fluxes and global NBI losses. However, it should be noted that, even in the
worst-case scenario, the resulting power loads are typically a factor of 5-50 lower than the
design value of the affected panel of the first-wall and divertor components in ITER.

In chapter 5.2, the unique speed and scalability of the workflow was used to massively
extend the methodology used in chapter 5.1 to study additional types of discharge, levels of
ELM suppression and methods of ECC operation. The response to changes in XPD created
by scaling ECC current and modifying the relative phase of the ECC rows was measured.
It was found that changes in the ECC current could lead to significant redistributions of
fast-ion losses, the nature of which changes across ITER cases. This may have ramifica-
tions for future planned diagnostics designed around the monitoring or sensing of fast-ion
power loads and losses - such as FILDs or infra-red cameras. Therefore, simulations cov-
ering a range of ECC currents and discharge scenarios will be necessary when optimising
their placement. By measuring the fast-ion confinement at different levels of XPD, it was
concluded that, as well as ELM suppression, XPD also correlates well with global fast-ion
losses - despite the 3D nature of the system geometry. Whilst the gradient of this correlation
changed between cases, its remained strong throughout, signifying that XPD forms a robust
combined metric for both HNB heating efficiency and ELM suppression. Based on this, two
methods of operating the ECCs, equivalent from the point of view of ELM suppression, were
then compared: one in which the absolute phase of the perturbation was varied and one in

which the perturbation was oscillated by changing the relative coil phase. Despite the same
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XPD, there was a strong preference for the former method with respect to global fast-ion
confinement. In this situation, the low-power discharges exhibited much less variation in
total losses compared with the baseline scenario, making them relatively inappropriate from
the point of view of pre-emptive optimisation if the RMP is chosen to be fixed at a single
absolute phase. However, if the ITER baseline demands maximum ELM suppression, then
these measurements showed that the best way of optimising the absolute phase may simply
to operate first at lower ECC current, as the correlation between global fast-ion losses and
first-wall power fluxes found at maximal ELM suppression remains at reduced ECC currents.

In chapter 5.3, a model for the DNB was implemented in IMAS and used in the fast-
ion workflow. To test the feasibility of diagnosing the HNB fast-ion confinement through
sensing of the DNB population, the confinement and transport of the beam was studied
over the full slowing-down time. In doing so, the regions of fast-ion phase space most
sensitive to variations in the RMP absolute phase were determined for potential future use
with diagnostics designed to resolve the fast-ion distribution function - such as reciprocating
FILDs. This variation was then quantified before being found to correlate poorly with the
changes in global HNB confinement. Furthermore, the absolute fractions of DNB ions lost to
the PFCs were found to be extremely small across the entire rotation cycle even at maximal

ELM suppression.
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Summary

6.1 Conclusions

In this work, a high-fidelity physics workflow was assembled, tested and used to propose and
verify methods of operating the ELM-control coil system in ITER, so as to maximise fast-ion
confinement and thus optimise overall NBI heating efficiency and PFC power loads.

Software to enable the assembly, testing and automatic execution of this workflow was
created. This achievement has demonstrated the feasibility of including the novel LOCUST
fast-ion code as a component in integrated models. Whilst the workflow assembled here was
constructed purely from Python, LOCUST was also adapted to read data from IMAS IDSs as
part of this work, allowing additional IMAS workflows in the future to access the performance
offered by LOCUST.

LOCUST was verified against experimental data and validated against prominent and reli-
able fast-ion codes, showing agreement to within expected Monte Carlo noise and theoretical
limitations. This activity led to the discovery and removal of bugs in some of the codes used
in this comparison, including ones at the centre of widely used integrated modelling plat-
forms. It was found to be important to employ tests which populate as wide a region of
fast-ion phase-space as possible, in order to maximise test coverage of implemented models,
as well as the boundaries between them; for example, the plasma near and outside the LCFS
and the implementation of the PFC wall were found to exacerbate finite Larmor radius ef-
fects which may be disregarded in certain codes. Achieving this coverage when comparing
codes and experiments together was found to require studying tokamak discharges in which

fast-ions are injected counter to the plasma current. Convergence tests were performed for
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the final workflow, as well as calibration of the 3D perturbation components. The effects of
including additional toroidal harmonics in the 3D field and modelling plasma collisions were
shown to be important when evaluating the fast-ion transport.

The assembled and tested workflow was then deployed to studying fast-ion transport
driven by 3D fields in ITER. Overall, this transport, and the resulting power loads, was
found to be greatly affected by the arrangement of the perturbation. The final positions of
lost markers were highly correlated with the perturbation amplitude at the plasma edge as
well as fast-ion pitch, confirming the mutual influence of orbit topology and perturbation
structure on fast-ion transport.

The effects of varying the ELM-control coil operating parameters on fast-ion confinement
were also studied. Ramping the current in the ECCs was found to steadily increase the fast-
ion losses in most cases, however the exact behaviour varied across toroidal mode number
and the type of plasma. This meant that neutral beam heating efficiency could fall by up
to 12% at maximum ECC current, depending on the scenario. Hence it was recommended
that, throughout the ITER experimental campaigns, ECC current should be minimised. It is
likely that ITER operates below the maximum possible ECC current - as low as 45kAt [72].
At this point, fast-ion losses decrease, and the heating efficiency in the worst case scenario
rises by ~3% points. This is in line with the losses estimated in the ITER baseline scenario
at maximum ECC current, which were found to be acceptable.

The impact of the relative phase between ECC rows on the fast-ion confinement was also
evaluated. In combination with the effects of ECC current, it was found that the X-point
displacement amplitude metric for ELM suppression also acts as an approximate measure
of fast-ion confinement. For a particular plasma scenario and applied RMP spectrum, the
metric was sufficiently robust that the Pearson correlation between XPD and loss rate of fast
ions to the first wall was 0.84 (0.69 for the outer divertor target and baffle). This may signal
that the conditions for ELM suppression mostly affect passing particles, which tend to be lost
due to the chaotic motion of their guiding-centres which diffuse out of the stochastic layer
at the plasma edge. This makes sense from the point of view of density pump-out, where
ELM suppression correlates with the onset of stochasticity at the pedestal edge. Though
it remains to be seen how much the perturbed X-point geometry directly dictates fast-ion
confinement; given the lack of fast ions reaching the X-point, even those on loss orbits, it

is likely small. The correlation between XPD and loss rate was not perfect, as losses varied
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whilst ECC system was guided through a configuration space which should maintain XPD.
This could be due to the influence of higher toroidal harmonics, which perturb the XPD
but are not accounted for in the calculation of XPD by MARS-F. Nevertheless, this discovery,
which remains relatively robust despite the realism of the geometry studied, offers potential
for the future development of reduced models. In this capacity, the reduction in HNB heating
efficiency could be approximately calculated throughout the entire ECC configuration space
by simulating the fast-ion loss rate at the two points of maximum and minimum XPD for a
given plasma configuration and applied mode spectrum.

The workflow was then deployed to estimate the largest possible impact that ECCs
would have on fast-ion confinement in the ITER baseline scenario. The reduction in heating
efficiency was estimated at 2-12%, depending on the toroidal mode number, spectrum and
phase of the perturbation. Of these parameters, toroidal mode number was found to be the
most sensitive, with ng = 4 fields consistently leading to higher losses. However, for a given
RMP spectrum, losses could be varied by 1.7-3.2% by adjusting the RMP phase without
significantly affecting ELM suppression.

Fast-ion losses were also calculated in the situation where ELM suppression could be
reduced. In this case, two parameter spaces were explored which both correspond to the same
XPD: the absolute perturbation phase and position along XPD contours in coil configuration
space. This study was expanded to include other ITER scenarios as well as the baseline. It
was found that optimising the ECCs by varying the absolute phase typically leads to lower
minimum and average losses. However, more optimal points along the XPD contour may
be found if additional harmonics are taken into account in its calculation. Furthermore, it
was found that moving along the XPD contour, unlike absolute phase, produces the same
fast-ion response in most ITER operating scenarios - making experimental verification using
low-power scenarios more straightforward. On the other hand, a relatively low-risk method
for finding the optimal absolute RMP phase in the ITER baseline was found to be possible
if the ECC current was lowered.

The power lost from the plasma to the PFCs, and ways to mitigate it, were also deter-
mined. PFC power loads in the ITER baseline were shown to be high yet tolerable. The
power densities are largest at the first wall and focussed on panels diametrically opposing
the HNB injection ports. The oscillation of the RMP to reduce the time-averaged power

loads in any given spot was also studied. In the baseline scenario at lower XPD, power loads
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were lower when varying the absolute perturbation phase, as opposed to varying position
along the XPD contour at increased current. The RMS power loads during this absolute
RMP rotation were found to be ~0.44MWm™ lower than at peak for both ng = 3 and
ng = 4 fields. For an ng = 3 field, this strategy may not be necessary, as it was found
that the peak and average power loads correlate well with peak reductions in HNB heating
efficiency. Therefore, the optimal solution may be to choose ng = 3 RMP fields whereby a
single absolute phase is selected, at which both global and local fast-ion losses are optimised
together.

Lastly, the diagnostic neutral beam was implemented, and the first simulations of DNB
fast-ion transport were performed. The feasibility of using the DNB to experimentally verify
the findings herein during low-power discharges was assessed. The regions of fast-ion phase
space that are most sensitive to changes in RMP phase were determined. Transport in
phase-space was found to be uncorrelated with HNB confinement. Furthermore, DNB losses
to the first wall were also found to be extremely low, implying that detection of these losses
with FILD systems will be difficult in ITER. Hence alternative methods may be required
to verify the optimisations recommended here - for example, the use of infra-red cameras to
observe the power loads predicted by LOCUST. Conversely, the direct detection of HNB ions

themselves may prove adequate.

6.2 Future study

As a result of the work performed here, the question of fast-ion confinement in ITER has
been elaborated, whilst new questions and avenues for ongoing research have been presented.

The workflow assembled herein now provides a platform upon which new models of fast-
ion physics in ITER may be continuously integrated (CI). This is specifically possible due
to the data translation and automation offered by LOCUST_I0; abstracting LOCUST in Python
to leverage of Python’s native test-driven developer utilities, such as Pytest; existing CI
services, such as GitHub actions; and workflow tools, such as Luigi or those in IMAS. This
ultimately makes the creation and automation of physics-informed CI easier. The adaptation
of LOCUST to read from IMAS IDSs also means that CI can be extended to the workflow level,
facilitating the quick and safe assembly of complex workflows through regression tests which

specifically cover the integration of physics components.
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The software infrastructure assembled here also enables users to leverage LOCUST’s speed
in new ways to reach even higher levels of fidelity. For example, LOCUST can now be used
as a component in the virtual development cycle of new tokamak components or systems,
such as diagnostics. This could be trivially expanded to account for variations in upstream
physics models, for example the 3D field, by running many variations of a simulation. In-
deed this general methodology could be applied in any context - for example, an ensemble of
LOCUST simulations could be performed, each using variations of a given input from different
upstream models, the results from which may then be combined. For instance, PFC power
loads calculated using a 3D field model that is accurate at the plasma edge may be com-
bined with the core fast-ion density calculated using a 3D field more accurate in the core.
Another context in which the automation provided here offers improved precision, outside
of individual simulations, is the performance of many unrelated simulations. For example,
independent parallelised simulations could be used to scan parameters, as was demonstrated
here, or the workflow could feasibly be deployed iteratively as a hill-climbing tool, perform-
ing a local search in an arbitrary configuration space. Once this combination of physics
component integration and GPGPU hardware is paired with novel numerical algorithms, for
example those which ease the adjoint problem [160], a new regime of fast-ion physics fidelity
will be accessible, potentially bringing the discovery of new physics.

As well as the addition of new software infrastructure on top of that assembled herein,
there is also the possibility for swapping or improving sub-components. For example, the
plasma data calculated by ASTRA, used in MARS-F and subsequently LOCUST, feature no model
for representing the plasma outside the LCFS. The finite density at the plasma edge is
however important to the edge beam deposition, the confinement of which is extremely
sensitive to the 3D field. Therefore, physics models which extrapolate the plasma generated
by fixed-boundary codes should be included in future incarnations of the workflow. Another
factor which may potentially affect this edge beam deposition is the 3D displacement of the
plasma by the perturbations - the magnitude of which can reach centimetres [161]. This
is especially true for ITER, given that most ions are born close to the trapped-passing
boundary, where orbit topology is highly sensitive to collisional transport and thus the
plasma composition. Therefore, it should be a priority that this 3D plasma perturbation is
taken into account in future beam models.

The thorough testing of LOCUST has prepared it for the study of many future reactor-
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scale devices. The inclusion of various tokamak geometries, such as spherical devices, allows
LOCUST to be confidently deployed amongst novel designs for future reactor-scale devices - for
example STEP and SPARC/ARC. Whilst it is difficult to verify the accuracy of the complete
workflow when simulating ITER plasmas, it will soon become easier after the addition of a
middle ECC row on the DIII-D device [162], which has already significantly contributed to
the study of ELM-suppressed ITER-like plasmas.

The final workflow was extremely capable of performing extensive parameter scans, but
there still exist regions which could not be explored due to computational constraints. For
example, the variation in beam injection geometry was not fully explored. However, it should
be noted that the simulations carried out in this work were performed on relatively modest
GPU clusters - a maximum of 5 nodes at any one time and each node comprising only
eight Nvidia P100 cards (or equivalent) - whereas it is not uncommon to see GPU systems
featuring hundreds of equivalent cards. In this case, exploring the entire operating space of
the ECC system is possible.

Whilst XPD was shown to be a relatively robust metric for fast-ion losses, as well as
ELM suppression, the correlation does not always persist across plasmas and spectra. It
would be useful to study exactly why this is the case - exactly how much the topology
at the X-point influences fast-ion confinement. Using this reasoning to formulate reduced
models, and the limits within which they remain accurate for a given tokamak system, would
prove extremely useful for including in larger, slower, and more complex legacy integrated
models. The decrease in the required computation would enable these workflows to very
quickly determine the average fast-ion confinement of a given tokamak/plasma design across
its operational space.

The predicted divertor power loads, which show an increased flux between cassette gaps,
suggests that power loads from fast ions could be greatly impacted by PFC misalignment or
deformation. Therefore, future studies may wish to include physics models for the evolution
of the PFC surface [163], which can be re-meshed using the IMAS GGD [135] and iteratively
re-entered into the simulation with LOCUST - resembling the methodology employed in [164].
This type of workflow could guide the iterative configuration and placement of components
close or invasive to the plasma, such as FILDs or radio frequency antenna - which should
aim to be included in future versions of the CAD model studied here.

The placement of FILDs in particular may also be informed by these simulations, which
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show that the ECC-driven fast-ion power flux to some PFCs may only appear after a thresh-
old RMP current has been passed. Above this threshold, FILDs may receive a near-constant
signal despite re-scaling of the ECC current - depending on the location of the FILD.

After showing the feasibility of varying the absolute and relative phases of the ECC
rows in this work, future methods of operating the ECC system whilst maintaining ELM
suppression may also be explored. For example, it may prove advantageous to combine the
two approaches - rotating along the contour of relative phase between the rows whilst the
absolute coil phase is also varied. If the ratio of the frequencies of these two independent
cycles is tuned correctly, then the ECC system may be operated in a way where, at any given
time over the course of an ITER discharge, the ECC system configuration, and resulting PFC
power load footprint, will be unique. The automation enabled by the workflow assembled
here would also allow the iterative determination of any arbitrary ergodic trajectory in the
ECC operation space, along which the local fast-ion losses are minimised.

Finally, it is becoming clearer that innovation is not only required to demonstrate fusion
but also deploy it at scale. It is hoped that the work herein demonstrates the potential for
high-performance physics codes to inform and accelerate the development of fusion reactors
which avoid technological lock-in, work synergistically at the grid level, and provide power

in a manner that is accessible to everyone everywhere.



Chapter 7

Appendices

.1 Guiding-centre equations of motion

The guiding-centre equations of motion as derived in [16] that are solved by LOCUST are

included here for reference:

qB
. 1
X="— (1)
where x represents gyro-phase,

n=0 (2)
| = —L_B*. E* 3
Y| mBﬁ( ) (3)

: B* b
R:’U”§+E*X§ (4)

and where parallel terms are vector components in the direction of the magnetic field b=

B/B. The modified potentials E* and B* are given by

OA
E'=-— —Vo*
5~V (5)
B* =V x A* (6)
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where

@*;m"f (7)
. m'l)”A
A=A+ —Db. (8)
q

.2 TRANSP settings

A noteworthy conclusion of this study is the environment required to accurately compare
codes on scales that did not disguise discrepancies. For reference, included in table 1 below

are the namelist settings required by TRANSP to achieve this fidelity.

Table 1: TRANSP namelist settings.

setting value comment

GOOCON 20 low orbit acceleration

AVGTIM 0.0 no statistical smoothing
DXBSMOO 0.0 no statistical smoothing
NZONE_FB 40 —

NZONE_FP 40 —

NZONE_NB 200 typically 20-60 with smoothing
NZONES 200 —

XBMBND 1.5 previously locked to 1.3
NPTCLS 107 1.7 x 10° in ASCOT, 1.3 x 10° in LOCUST
WGHTA 20.0 —

.3 Coulomb logarithm

The two definitions of the Coulomb logarithm, In(A), used by LOCUST in this study are
included here for reference. The complete expressions below describe the Coulomb logarithm
in NUBEAM, whilst removing the terms labelled by tildes yields the definition used in ASCOT.

The Coulomb logarithm, for a test particle species i colliding with background plasma

species p, is defined as

In(Ajp) = In ( B ) (9)

min,ip

where the b terms denote the maximum and minimum impact parameters. bpax,;i is defined
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the largest minimum impact parameter out of the classical expression and the expression

with quantum corrections:
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