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Abstract

While the higher fusion power achieved in high confinement (H-)mode make it a desirable
regime for tokamak devices, the transition from low confinement (L-)mode to H-mode is
a complex, multi-faceted process whose dynamics are still not fully understood. It would
not be possible to explore the entire physics of the L-H transition in a single project, but a
selection of aspects have been studied and presented here for the spherical tokamaks MAST
and MAST-U. Spherical tokamaks are known to differ from conventional tokamaks in a
number of physics areas, including the L-H transition, but our understanding is limited by
a comparative lack of experimental data. A comprehensive study of the density dependence
of the H-mode power threshold Py on MAST is presented, showing for the first time the
presence of the low-density branch and describing different types of boundary behaviours and
intermediate confinement states. As expected for spherical tokamaks, the commonly used
empirical scaling laws significantly underestimate P . The low-density branch is further
explored in a comprehensive study of the L-H transition values of the ion and electron
heat flux in the edge. Here the effects of fast ion losses on the NBI heating efficiency
are demonstrated, and a strong density dependence of the absorbed NBI power is found,
independent of the actual injected power. The presence of the low-density branch of Py
is not explained by the heating effects however, and appears to originate in the rate of
change of stored energy instead. As the improved confinement in H-mode is characterised
by a suppression in turbulence, the turbulence data in the form of 2D density fluctuations
measured by beam emission spectroscopy (BES) is explored for selected L-H transition shots,
with a cross-correlation time delay estimation (CCTDE) technique used to calculate poloidal
and radial velocities from BES data. Finally, a set of experiments performed on MAST-U to
explore the power threshold in conventional and Super-X divertor configurations is described

and preliminary results are presented.
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Chapter 1

Introduction

1.1 Introduction to fusion

The mass of an atomic nucleus is always less than the combined masses of the constituent
nucleons, with the di erence known as the mass defect. The energy equivalent to this mass

through Einstein's equation

is called the binding energyEg, which can be experimentally or theoretically determined for
each isotope. The binding energy per nucleoftg =A represents the average energy required
to remove one nucleon from the nucleus, and values in MeV are plotted against mass number
A for selected isotopes in Figure 1.1. A higher binding energy corresponds to a more stable
nucleus, and processes moving a nucleus from a region of lowEg =A to a region of higher
Eg =A release energy, while processes moving in the opposite direction consume energy. The
most stable isotopes are clustered around iror®Fe with Z = 26. For isotopes lighter than
this, energy is released through nuclear fusion processes, in which nuclei are merged to form
elements of higher atomic charge . Isotopes with greater mass tharP®Fe would require more
energy to fuse than the process releases, and they move to more stable con gurations through
ssion instead. Nuclear fusion is the process which generates the vast energies released from
stars, which begin their lives by fusing hydrogen Z = 1) and continue moving to higher Z
throughout their lifetime, with the most massive ones creating elements up to iron Z = 26)

and nickel (Z = 28). For elements with Z 26, the fusion process requires more energy

13



CHAPTER 1. INTRODUCTION 14

Figure 1.1: Binding energy per nucleon as a function of mass number for selected isotopes.
Elements below iron ®%Fe) will release energy through fusion, while elements above it will
release energy through ssion. Note the local peak fofHe. [4]

than it releases, so these are largely produced in supernovae instead.

Since nuclei are always positively charged, they are normally prevented from approaching
each other at distances close enough to fuse. For fusion to occur, the nuclei must therefore
have su cient energy to overcome this Coulomb potential, resulting in extreme conditions.
Because of this high energy requirement, the conditions under which fusion occurs are ex-
treme, resulting in the matter being in the form of a plasma, with most or all of the electrons
stripped away from the nuclei and the positive ions and negative electrons forming a quasi-
neutral (positive and negative charges very nearly balance) ionised gas which responds to
electromagnetic forces. In stellar cores, the high energies are obtained through high tem-
peratures (several million K in the core) and due to their immense masses, the gravitational
pressures in stars are extreme (hundreds of billions of atmospheres or larger). These con-
ditions do not naturally occur on Earth, and sustaining optimal fusion conditions for long
enough to generate a net energy output is a challenging task which the fusion community

has been working on for decades.
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1.1.1 Fusion for energy

The large release of energy per reaction and the potential for abundant fuels and com-
paratively safe products have made fusion an attractive prospect for future power plants.
Attempts to harness controlled nuclear fusion on Earth for human energy use have been
ongoing since the 1940s. While immense progress has been made in the fusion community,
the conditions in a fusion reactor have revealed many new physics phenomena which are
still only partially understood. As a result, the initial goal of producing more fusion power
than is required to heat the fuel and run the machine has yet to be realised. A number of
research devices of di erent designs have been built and provide a rich database of physics
and engineering knowledge which will ultimately allow the construction and operation of an
economic fusion power plant to provide near limitless, comparatively safe and clean energy
with low carbon emissions. Fusion in stars involves many di erent reactions, but for con-
trolled fusion for human energy use a few reactions are most promising. Fusing the lightest
elements releases the largest amount of energy per nucleon, and |@&vions are less suscepti-
ble to large radiative losses through bremsstrahlung, so most terrestrial fusion e orts focus
on fusing hydrogen isotopes. The most favourable reaction is generally considered to be the

fusion of deuterium (A = 2) and tritium ( A = 3),
2H+3H !  JHe+ in+17:6MeV (1.1)

as it has the highest fusion cross-section in the relevant temperature range as well as the
largest energy release per reaction. As about 0.017% of hydrogen in all water molecules is in
the form of the stable deuterium isotope, deuterium for fusion can be harvested in abundance
from seawater. Tritium however is radioactive with a short half-life of 12.5 years so must be
produced through other nuclear processes. For current limited research use, tritium produced
in some ssion reactors is enough supply, but for future reactors tritium will need to be bred
on site, likely through lithium blankets on the reactor which capture the moderated fusion
neutrons to produce tritium and helium [5]. Most current fusion experiments, including those

involved in this project, use pure deuterium plasmas instead, which fuse in two reactions with
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50 50 probability,

SH+2H ! 3H + 1p+4:0MeV (1.2)

H+2H !  3He+ jn+3:3MeV (1.3)

where the tritium produced in the rst reaction will then likely undergo the DT reaction in
Equation 1.1.

The fusion power density in a plasma is [6]
1, .
Pus = 7N hv i (1.4)

where n is the plasma (i.e. electron) number density in m 3, is the energy released in a
fusion reaction (e.g. 17.6MeV for D-T), and hv i is the reactivity for a particular fusion
reaction (such as D-T or D-D). The reactivity contains the reaction cross-section and the
particle velocity v. For the favourable and achievable temperature range of 10-20keV, the

reactivity for D-T can be approximated by [6]
hvi=1:1 10 ?*T?m3s ! (1.5)

with T in keV. To show the dependence of fusion power on plasma pressure, the fusion power
can be estimated [6] from the power density of Equation 1.4 with a simpli ed geometry of
a torus with a circular poloidal cross-section of minor radiusa centred around major radius

Ro,

a
Piis = 2Ro nhv irdr (1.6)
0

which together with the expression forhv i from Equation 1.5 demonstrates the dependence

of fusion power on plasma pressure,
Pus/ N?T2 ie. Pps/ p% 1.7)

giving some indication of what conditions will be favourable for fusion power output, which
will be expanded on in Section 1.4.

Since fusion conditions such as the temperature are so extreme, all current fusion projects
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have to supply external heating power to obtain the plasma at these conditions. The aim for
future power stations is that the plasma will be able to maintain fusion conditions mainly
through self-heating, achieved with improved con nement and alpha particle heating. Once
a plasma can sustain fusion conditions without external heating, it is said to have ignited.

An important parameter is therefore the ignition condition, the Lawson criterion

12T

ne>-——
E” hvi

(1.8)

which describes the condition in terms of the densityn, energy con nement time g, tem-
perature T, reactivity hv i and alpha particle energy . Together with the expression for
reactivity in Equation 1.5, the Lawson criterion for DT fusion can be rewritten as the fusion
triple product [6]

nT e 3 10m 3keVs: (1.9)

This form of the ignition criterion is used in magnetic con nement fusion (MCF), one of
the two main approaches for controlled fusion. The two approaches highlight the important
parameter dependencies, with MCF favouring a long con nement time at relatively low den-
sities, and the other being inertial con nement fusion (ICF), where the density is extremely
high and no attempt is made to increase the con nement time beyond simple inertia. For
this report, only magnetic con nement fusion is considered. The principle of MCF lies in
the fact that the plasma consists of charged patrticles, which can therefore be directed and

con ned using magnetic elds.

1.2 Tokamaks

A charged particle of massm; and chargeg moving in a magnetic eld B at velocity v;

experiences the Lorentz force,

m—L=qg(E+v; B) (1.10)
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(a) Tokamak geometry (b) Divertor

Figure 1.2: (a) Schematic of a tokamak geometry, showing the angle and radius parameters.
[2] (b) Schematic of JET illustrating concepts of divertors, separatrix and SOL. [7]

which causes the particle to gyrate around magnetic eld lines in Larmor orbits. The fre-

quency of gyration is given by the cyclotron frequency

_ IgiB
| =
e ,- (1.11)

and the size of the orbit is described by the Larmor radius

_ Vo _ MjVa
“T 1T igiB”

(1.12)

Charged particles in a magnetic eld are thus able to freely move parallel to eld lines while
their cross- eld transport is limited. Since the Lawson criterion for tokamaks (at densities
10?° m 3) requires con nement times of the order of seconds, the magnetic eld of a
tokamak must be optimised to avoid con nement losses as much as possible. In a simple
description, the tokamak concept begins by con ning the plasma in a cylinder with magnetic
eld coils placed around it. End losses are avoided by bending the plasma tube into a torus.
The shape enclosing the plasma can then be described by the major radil&y, which is the
distance between the symmetry axis and the magnetic axis, the minor radius, which is the
distance between the magnetic axis and the edge of the plasma, a toroidal angle going

around the symmetry axis and a poloidal angle going around the magnetic axis, illustrated
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in Figure 1.2a.

This toroidal magnetic eld is not su cient to con ne the plasma though, as drifts will
quickly lead to large particle losses. The point or line about which the particle gyrates is
known as the guiding centre, and particle drifts cause the guiding centre to drift away from
the eld line. The strength of the toroidal magnetic eld is not constant inside the coils
but is rather inversely proportional to the major radius, i.e. 1=R, leading to a high- eld
side (HFS) on the inboard and a low- eld side (LFS) on the outboard sections of the torus.
This spatial dependence of the magnetic eld causes a charge-dependentB drift in the
vertical direction, separating electrons and ions, which in turn forms a vertical electric eld
and causes arE B drift outwards, leading to loss of con nement. The E B drift does
not depend on charge and therefore causes both electrons and ions to drift outwards.

To prevent this outward drift, a second magnetic eld component is required. This
poloidal magnetic eld B, = B combines with the toroidal magnetic eld By = B to form
a helical eld around the torus. As the particles move along this helical eld, their r B drift
averages out to zero, and the outwardE B drift is inhibited. In a tokamak, the poloidal
eld component is generated by driving a current I, through the plasma in the toroidal
direction. In current devices, this current is induced by changing the magnetic ux through
the centre of the plasma, commonly achieved by ramping a current through a solenoid in
the centre of the torus. The interaction between the solenoid and the plasma is similar to
the action of a transformer. Inductive current drive sets an upper limit on the duration of
each plasma discharge (or shot), so for future devices non-inductive current drive methods
are being investigated.

The inductively-driven plasma current |, travelling through the plasma energises the

particles and causes electron-ion collisions, which create a resistance commonly described
P — 1=2

. . e _ 4 2 Zel2lmg “In
with the Spitzer resistivity [8] sp = 5 @ 0)2(keB o

nuclei, e is the electron charge,me is the electron mass, In is the Coulomb logarithm, "g is

where Z is the ionisation of the

the electric permittivity of free space, kg is the Boltzmann constant and Te is the electron
temperature. This resistance acts to heat the plasma through a process known as ohmic
heating, but since the resistance decreases as the temperature increased, T 3=2 ohmic
heating becomes less e ective at higher temperatures. To reach desired plasma temperatures,
auxiliary heating methods are therefore required.

The helical twist of the magnetic eld requires the use of a further parameter to describe
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the con guration, the safety factor g,

1 B m
g= —— —-—ds= o

> RE (1.13)

It is de ned as the number of times a eld line wraps around toroidally ( n) for each poloidal
revolution (m) and describes how tightly wound the eld lines are. The magnetic con g-
uration allows for a description of the plasma in terms of ux surfaces, which are surfaces
of constant toroidal magnetic ux = g and constant pressurep connected through
the twisting eld lines. The plasma can move freely along a ux surface, so only closed ux
surfaces which do not intersect solid structures con ne the plasma, while those which do in-
tersect are called open ux surfaces. The boundary between regions of open and closed ux
surfaces is called the last closed ux surface (LCFS) or separatrix, as shown in Figure 1.2b.
Plasma quantities which are constant on a ux surface, such as pressure or heat ux, are
known as ux quantities, and pro les of these can be presented along a spatial dimension of
normalised toroidal magnetic ux n or normalised e ective radius ¢ .y which are de ned
as N = = maxand N = P N respectively, and have a range of 0 in the core to 1 at
the LCFS. Most modern tokamak designs include one or two divertors, located at the top
and/or bottom of the device, where the open eld lines intersect with specially designed
plates to withstand the large heat uxes, shown as divertor target plates in Figure 1.2b.
These divertors therefore act as exhausts for the tokamak, allowing for the expulsion of the
helium ash which is created during fusion reactions and will lead to reduced performance
if not ushed out. The divertor plates are also the points at which the plasma will deposit
the large amount of energy that necessarily escapes con nement. Use of divertors allows for
the separation of the con ned core plasma and diverted plasma, by creating a magnetic eld
con guration with points of zero poloidal eld on the LCFS called X-points. Separating
the divertor plates from the main chamber allows for use of high melting point materials
such as tungsten without absorbing too many high-Z impurities into the core plasma, which
would otherwise lead to enhanced radiative losses. The thin region of open eld lines wrap-
ping around the torus which intersect with the divertor plates is called the scrape-o -layer
(SOL), and is marked in orange in Figure 1.2b.

Tokamaks have a number of sources of instabilities, many related to the magnetic eld

geometry. One of the factors that can in uence the plasma stability are the relative directions
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of the toroidal magnetic eld curvature and the pressure gradient. The curvature points
towards the centre of the perceived circle, so in a tokamak the direction of curvature is
always towards the symmetry axis R = 0). The pressure is highest in the plasma core,
so the direction of the pressure gradient goes from the LCFS to the core. This results in
the curvature and pressure gradient pointing in the same direction on the outboard side
(large R) and in opposite directions on the inboard side (smallR). On the outboard side,

r p > 0, so instabilities (known as interchange instabilities) are allowed to grow, while on
the inboard side r p < 0 and these instabilities are suppressed. The two sides are thus
known as the bad curvature region and good curvature region respectively. Many tokamak
instabilities, known as ballooning modes, have maximum amplitudes on the bad curvature
side.

Describing or modelling a tokamak plasma with individual particles is unfeasible due to
number of calculations that would need to be performed for each time step. The collective
e ects displayed by a plasma however enable descriptions in terms of kinetic or uid approxi-
mations. One of the simplest descriptions is magnetohydrodynamics (MHD), which assumes
the plasma to be one single uid where the mass is carried by ions and the current carried
by electrons. One of the more complex descriptions which can still handle a tokamak-sized
plasma is gyrokinetics, which averages kinetic equations over the gyromotion, so that the
movement of the guiding centre is calculated instead. The stability of a plasma can be anal-
ysed through any of these descriptions, though for many tokamak-relevant instabilities MHD
theory is su cient. While MHD theory is not su cient to describe some common other in-
stabilities, MHD instabilities tend to be more severe in their reaction and more easily driven
unstable, so they are of particular concern for tokamak operation. As will become clearer
in Chapters 4 and 5, they can strongly in uence both fast ion (i.e. neutral beam heating
particle) losses and the quality or availability of turbulence data in relevant turbulence di-
agnostics such as beam emission spectroscopy (more in Chapter 2). MHD instabilities can
be highly problematic for tokamak operation, and their avoidance is an important operating

goal.

1.2.1 Spherical tokamaks

As research reactors, every tokamak currently existing is unique, but di erent major design

choices can be identi ed which allow the description of sub-categories of tokamaks. One
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Figure 1.3: The magnetic con gurations of conventional (left) and spherical tokamaks (right),
showing an example path of a plasma particle. In the more compact and elongated ST, the
particles spend more time in the good curvature region. [9]

such category is the concept of a spherical tokamak, of which MAST and MAST-U, the
tokamaks used in this project, represent important examples. Spherical tokamaks have a
more compact shape compared to conventional ones, with a thinner inner column and taller
plasma shape. A simple way to di erentiate between the two concepts quantitatively is the
aspect ratio, the ratio between the major and minor radiusRg=a, which ranges from 11 1.8
in a spherical tokamak to 25 3:5 in a conventional tokamak. Spherical tokamaks generate
the toroidal magnetic eld through a current-carrying rod placed in the centre of the torus,
with a smaller space occupied by toroidal eld coils surrounding the plasma. This allows, for
a smaller, elongated (taller) torus, with a low aspect ratio. Spherical tokamaks are smaller
than conventional tokamaks operating at similar plasma pressures, reducing the material
costs and time for construction, and improved shaping capabilities (which can be used to
enable the particles to spend more time in the "good' curvature region) allow for operation
at high plasma beta [10], where

= BZ:I(Ozo); (1.14)
is the ratio of the thermal energy of a plasma to its magnetic energy, so that for the same
plasma pressurep lower magnetic elds B and therefore coil currents are required. For

conventional tokamaks, has an upper limit before the plasma becomes unstable to bal-



CHAPTER 1. INTRODUCTION 23

looning modes [11], and it is usually below 10% with most conventional tokamaks operating
with 1%. For spherical tokamaks, access to high- scenarios is improved through high
safety factor g values at the plasma edge, enabling the plasma particles to spend more time
in the “good' curvature region by the centre column, with improved con nement and re-
duced growth of MHD instabilities (see Figure 1.3). The pre-cursor to MAST, the spherical
tokamak START (Small Tight Aspect Ratio Tokamak) regularly achieved a 30% [12].
For this thesis, data from the spherical tokamak MAST and some experimental results
from the upgrade MAST-U are utilised and presented. These STs, along with relevant

diagnostics and the dataset used, are presented in Chapter 2.

1.3 Turbulence

While the magnetic eld con guration of a tokamak was designed to con ne the particles to
move along the eld lines on Larmor orbits, a nite amount of cross- eld transport which
degrades this con nement was always expected. In the simplest picture, collisions between
particles can cause their guiding centre to move outwards across eld lines. This type of
transport is called classical transport, and while it occurs it is not su cient to describe the
level of transport found experimentally.

Taking the magnetic geometry of a tokamak into account leads to a description of neo-
classical transport. As the particles move on their helical orbits from the outboard low- eld
side to the inboard high- eld side, the magnetic mirror e ect can reduce and even reverse
their parallel velocity, leading to a trapping of the particles to orbits on the low- eld side.
Due to a gradient in the magnetic eld, the particles experience aB r B drift, giving these
“banana’ orbits a characteristic width. The banana width is typically an order of magnitude
larger than the Larmor radius, leading to a greater rate of cross- eld transport than in the
classical case.

Even neoclassical theory does not predict the rate of transport actually observed in
tokamaks. Since this additional transport was not theoretically predicted, it was named
“anomalous transport'. Anomalous transport, which accounts for the vast majority of cross-
eld transport, is now widely accepted to be caused by turbulence.

Turbulence is a state of nonlinear, apparently random uctuations of plasma parame-

ters including density, temperature, velocity or electrostatic potential. The electrostatic or
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electromagnetic uctuations are strongly time-dependent, sensitive to initial conditions and
cover a large range of size- and timescales. The vast majority of cross- eld transport is due
to turbulent, radially outward motion caused by these uctuations, which therefore leads to
signi cant con nement degradation. Turbulence is characterised by a nonlinearly saturated
state of linear microinstabilities [13], which commonly are instabilities with wavelengths com-
parable to the ion Larmor radius, though electron scale turbulence is also present, particu-
larly in spherical tokamaks. They cannot be described with a simple magneto-hydrodynamic
(MHD) model, but rather require more complex models with separate treatment of electrons
and ions, such as gyro- uid, gyro-kinetic, or even full kinetic models. To rst order, some
of these modes are electrostatic and are driven by gradients in temperature and/or density.
These gradients are very steep in the edge region, where magnetic con nement results in a
drop in temperature from  1keV to e ectively zero, and a drop in density from the core
values of order 18°m 2 to e ectively vacuum. The instabilities driven by these gradients ex-
cite turbulent transport which acts to reduce these gradients by particle and heat transport
outwards, degrading con nement. Some examples of these instabilities are ion temperature
gradient (ITG) and electron temperature gradient (ETG) modes, driven by temperature
gradients, and TEM (trapped electron modes), which are driven by trapped patrticles.

Turbulence is di cult to model, and any predictive theory is required to be based on
statistical properties of the parameter elds. While the core turbulence can be modelled as
uctuations on a background with simpli ed approximations, simulating the edge region with
its steep gradients and proportionally larger uctuations would ideally require a full, multi-
dimensional kinetic treatment producing a distribution function f (t} r ' Vv ), something which
is computationally prohibitively expensive. Full kinetic simulations are incredibly di cult
to scale to full-size tokamaks, so gyrokinetic simulations, which average over the particles'
gyromotion to remove one velocity dimension and thus reduce the model equations to six
dimensions, have been used to approximate turbulence even in the edge region [14] and
during complex plasma state evolutions such as L-H transitions [15] (more on this in the
following sections).

Since turbulence leads to con nement degradation, and current experimental results are
still far below the required level of con nement, mechanisms that suppress this turbulence
are desirable and important to understand. One way the small-scale turbulent eddies can be

modi ed is through large-scale sheared ow, such as zonal ows.
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(a) E ect of zonal ows vs no ZFs [16] (b) Tilting of eddies through shear [17]

Figure 1.4: Zonal ow importance to turbulence suppression, (a) showing poloidal contour
plots for uctuation potential of a simulation allowing zonal ows (A) and suppressing them
(B), and (b) showing the tilting e ect shear ows can have on the eddies.

Zonal ows are poloidally and toroidally symmetric (n = m = 0) electric eld pertur-
bations, which appear in the plasma as radially shearede B ows. These laminar ows
act to tilt the turbulent eddies and elongate them (see Figure 1.4b), and are even able to
break up large eddies associated with extended modes [16]. Interestingly, the process that
drives these zonal ows is turbulence itself, resulting in a predator-prey situation with zonal
ows receiving energy transfer from drift-wave turbulence which reduces the intensity of
this turbulence [18] (see Figure 1.4a). This leads to a description of zonal ows as a self-
organisation process. A closely related mode is the geodesic acoustic mode (GAM) [19],
which exhibits similar behaviour, properties and drive processes, but can be identi ed by
poloidal mode numberm = 1 and its nite frequency branch (10 20kHz) in contrast to
the quasi-zero-frequency zonal ow.

Zonal ows and the factors that lead to turbulence suppression are highly relevant tur-

bulence phenomena for con nement regime transitions, and thus for this project.

1.4 Con nement regimes

As processes such as the cross- eld transport caused by turbulence can signi cantly in uence
the quality of con nement in tokamak plasmas, di erent operating regimes characterised by
their level of con nement exist in these devices. Since turbulence is the leading cause of
con nement degradation, the dierent con nement regimes can be described in part by
their states of turbulence. The default con nement regime for diverted tokamak plasmas
is known as the low con nement mode (L-mode), though it naturally received its name

only after the discovery of the high con nement mode (H-mode). The L-mode is a strongly
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(&) Te and ne proles (b) E; proles

Figure 1.5: (a) Temperature and density pro les for L- and H-mode plasmas, showing the
steep gradients in the pedestal region for H-modes. (b) Radial electric eld pro les for L-
and H-modes, showing the H-modeE,; well close to the separatrix [23].

turbulent regime, with the relatively large amount of cross- eld transport leading to a lower

con nement quality. The H-mode in turn is characterised by a suppression of turbulence in
the edge, where the formation of an edge transport barrier [20] prevents cross- eld particle
and energy transport and thus improves con nement and fusion performance. The steep
edge pressure gradients in H-mode allow for higher core plasma pressures, and the square
dependence of fusion power on pressure (seen in Equation 1.7) makes this a desirable regime
for ITER [21], DEMO and power plant operation.

The existence of di erent con hement states was discovered with the rst observations of
the H-mode in 1982 on the ASDEX tokamak in Germany [22]. As ohmic heating e ciency
decreases with increasing temperature, to achieve the required temperatures for the Lawson
criterion (Equation 1.9), it proved necessary to heat the plasma through auxiliary means
such as resonance heating or neutral beam injection. The initial response of the plasma was
disappointing, as the con nement time appeared to decrease with increasing auxiliary heating
power, now recognised as a feature of the L-mode [20], but the ASDEX team found that
once the heating power crossed a threshold value, the plasma con nement suddenly improved
signi cantly as the plasma transitioned into a new con nement regime, H-mode [22].

In H-mode, the edge transport barrier slows the particle and energy transport out of the



CHAPTER 1. INTRODUCTION 27

Figure 1.6: The line integrated density ne and the midplane and upperD emission traces
for a MAST shot that transitioned from L- to H-mode, with the transition time marked in
dashed red.

edge plasma. Steep edge gradients in density, temperature and pressure de ne a pedestal
region, while the bulk pro les are similar to those in L-mode, but shifted higher to sit on top
of this pedestal, as shown in Figure 1.5a. The density, temperature and pressure pro les in
the core region are "sti ", as microinstabilities such as ITG modes tend to limit gradients
there, which together with the edge pedestal that develops during the L-H transition leads to
the improvement (or increase) of core pressure seen in H-mod& emission occurs when the
plasma interacts with neutrals and is primarily located in the edge, so the reduction in inter-
actions with neutrals due to the change in con nement quality associated with the transition
to H-mode results in a sharp drop in theD signal. The drop in D and concurrent rise in
density are de ning markers for the identi cation of an L-H transition, as seen in Figure 1.6.
As can be seen in Figure 1.5b, a well in the radial electric eld is also observed [24], corre-
sponding to a shearedE B ow which is dominated by the ion pressure gradient [25]. The
edge transport barrier results in a steady increase in temperature and density throughout the
H-mode, which either periodically relax through violent edge localised modes (ELMs) [26],
visible as large spikes inD (see Figure 1.6), or move the plasma into a density region with
higher threshold power (more in Section 1.5.1), causing a H-L back-transition.

How an H-mode sustains itself is fairly well understood, thought to be a cycle of pressure
gradients, localised radial electric elds leading to shear suppression, which reduces turbu-

lence and transport, leading back to the pressure gradients. The transition into H-mode
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requires further study though, and a working predictive model still requires information on

the trigger mechanism and the plasma evolution leading up the transition.

1.5 L-H transition

Many often connected phenomena before and during the transition from L- to H-mode have
been observed and subsequently physically explained. While the exact trigger and order of
importance of these multiple e ects has not yet been de nitively solved, several e ects are
currently thought to play an important role. During the L-H transition, an edge transport
barrier forms just inside the last closed ux surface, and the improved particle and energy
con nement leads to a buildup of pressure in the core and a pedestal region with steep
gradients in the edge. It is universally accepted that the improved con nement in H-mode
is due to a reduction in anomalous cross- eld transport, i.e. turbulence. The fact that
turbulence is suppressed by interaction with shearedE B ows and that a lot of the
important micro-physics e ects are occurring in the plasma edge, just inside the separatrix,
is also widely accepted. The sheared mean ows form a predator-prey relationship with
the turbulence, until a critical kinetic energy transfer from turbulence to the mean (zonal)
ows suppresses the turbulence and the plasma transitions to a new con nement state, H-
mode [27]. The shear ow can be triggered by di erent mechanisms, such as a self-generation
by turbulent stresses or generation through neoclassical e ects [16]. One observation common
throughout di erent devices is the existence of a well in the radial electric eld E; pro le, just
inside the separatrix which grows more negative at the transition [25,28]. It is thought that
the strong E; shear induced by ther E; in the edge could produce the necessary sheared
E B ow for turbulence suppression. Neoclassical theory suggests that the gradient of
the ion temperature plays a signi cant role in the E; pro le, and studies on several devices
(e.g. ASDEX Upgrade [1] and C-Mod [29]) have found link between the ion heat uxg
at the edge and the L-H transition. Outside of an ideal density range with a minimum
power requirement to achieve an L-H transition (the power threshold described in the next
section), transitioning to H-mode becomes more di cult for both increasing and decreasing
density (called high-density and low-density branches). L-H transition theory as described
by Malkov et al. [30] suggests that the low-density branch might be caused by a decrease in

both the collisional electron-to-ion energy transfer and the heating fraction which is coupled
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to the ions, two processes which are known to strengthen the edge electric eld shear, so a

reduction in these processes would make a transition less likely.

1.5.1 Power threshold

For a tokamak plasma to transition into H-mode, the net power Ppet must cross a minimum
value Pret Py , de ned as the threshold powerP,y . P y reveals the necessary amount of
external heating power for H-mode operation which must be included in the design of future
fusion reactors or power plants. The threshold power has been experimentally found to have
many complicated dependencies on physics and engineering parameters such as plasma-facing
wall material [31], plasma current |, [32], toroidal magnetic eld By [33], electron density
Ne, shaping parameters [34,35] (including divertor con guration parameters, X-point height,
elongation, etc), edge neutral density [36], main species isotope [37], plasma rotation [38,39]
and many more. While progress has been made to improve our understanding of the physical
processes governing the L-H transition, there are so far no models which can prediB{y for
new devices or operating scenarios. This task instead relies on the use of empirical scaling
laws, which are based on large experimental databases of L-H transitions from a number of
tokamaks. The currently most widely used scaling law (also known as the ITER scaling)

was derived by Martin et al. [40] in 2008,
Py = 0:048 %5 /B89, (1.15)

which provides an estimate forP_y in MW and includes scalings of the density fezo in units

of 10°°m 3), toroidal magnetic eld Bt in units of T and plasma surface aresS in units

of m?. As can be seen, most of the experimentally shown parameter dependencies are not
represented, while those that are included are only valid for limited scenarios or ranges, and
many more are potentially still unknown or not quanti ed. The density dependence of Py

has been experimentally revealed to possess a characteristic hon-monotonic U-shape (e.g.
on JET [32], C-Mod [33], ASDEX Upgrade [41,42], or HL-2A [43]), with a minimum Py
achieved at a particular density nemin, @ moderate rise inP y for densities greater than
this value and an increased heating power requirement to achieve a transition at densities
lower than this value. This U-shape then varies with other parameters such as the magnetic

eld [34,44]. Scaling laws like Equation 1.15 attempt to t only the high-density branch of
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Figure 1.7: The performance of the Martin scaling for plasma shots of various device$?| 4
(PturesH in the gure) as calculated by the scaling is reasonably close tdP,ss (PL in the
gure) at the L-H transition for most conventional tokamak shots, while STs (circled in red)
consistently have higherPyyss ji=1,,, than the prediction. Reproduced from [40]

Py and the low-density branch is not captured.

For some cases, especially those where the conditions are close to those of the majority
of the shots included in the database, the scaling laws give reasonable estimates fBry ,
but for other cases the estimates can be very poor. One such case is presented by spherical
tokamaks. Figure 1.7 shows the loss poweP, ( Pyss) for a number of L-H transitions
in plasma shots from multiple devices against the calculatedPtyresy ( Py ) using the
Martin scaling. The conventional tokamaks mostly lie on the Pigss = Py line with some
deviations, but the spherical tokamaks MAST and NSTX, as well as the stellarator CHS,
circled in red, lie consistently above this line, i.e. the scaling appears to under-predict the
actual Py values. There are much fewer ST devices and discharges than conventional ones,

and a scaling based on an ST database has not yet been attempted.

1.6 Outline of thesis

This thesis describes work done improving our understanding of the L-H transition on spheri-
cal tokamaks. Chapter 1 introduced the concept of fusion as an energy source, the geometry
and associated parameters of tokamaks and the concept of spherical tokamaks (STs). It
further introduced plasma turbulence as the main source of con nement degradation, the
concept of con nement regimes such as L- and H-mode, the transition between them as well
as the required L-H power threshold. Chapter 2 introduces MAST and MAST-U, the spe-

ci ¢ STs used in this project, as well as selected diagnostics and codes which are relevant to



CHAPTER 1. INTRODUCTION 31

this project. The data set used for the power threshold and heat ux analyses discussed in
Chapters 3 and 4 is also presented. Chapter 3 presents power threshold studies of the MAST
data. The details of the net power calculation method are described. The plasma behaviour
of the discharges studied was categorised into di erent types of con nement states, and anal-
ysis of the D emission signals for the di erent categories is presented. The results of the
power threshold analysis are shown, along with comparisons to existing scaling laws and
experimental ts to the data. Chapter 4 presents a study of the ion and electron heat ux

in the plasma edge, with the motivation based on results from other devices and the method
using TRANSP described. The results are presented along with a discussion of possible
conclusions and reasons behind them. Chapter 5 presents the turbulence analysis performed
on selected MAST data, including the motivation and aim of calculating the energy trans-
fer, and the di erent types of data analysis performed on the beam emission spectroscopy
data including calculations of mode powers, phase velocities and the comprehensive CCTDE
velocimetry analysis. Higher order spectra such as the wavenumber-frequency spectra and
further steps required to obtain estimates of the energy transfer are also discussed. Chap-
ter 6 presents the conclusions of the work on MAST data from the previous chapters and
summarises the future work suggested for these studies. It also presents a summary of the
experiments performed on MAST-U, starting with the experimental aims and motivations
for studying divertor e ects, continuing with the timeline and experience of the experiments
along with the challenges faced, and concluding with the results of a preliminary analysis

and an outlook on how the experiments will progress in future campaigns.



Chapter 2

Tools used in this thesis

The analysis of existing data and collection of new data that underlies this thesis required the
use of tokamak devices, diagnostic instruments on these devices and large-scale established
plasma codes. Chapters 3-5 involve the analysis of legacy data from the spherical toka-
mak MAST, and the planning and execution of experiments on the new tokamak MAST-
U(pgrade) is described in Chapter 6. The two tokamaks are introduced in this Chapter,
along with relevant diagnostics and codes used in the di erent studies presented in this the-
sis. The MAST dataset from a previous L-H transition experiment which was used for the

power threshold and heat ux studies of Chapters 3 and 4 is also presented here.

2.1 Tokamaks used in this project

Both tokamaks in this project are continuations from the rst full-sized spherical tokamak
START (Small Tight Aspect Ratio Tokamak) which was operational between 1990 and 1998
and located in the Culham Centre for Fusion Energy. When START was retired in 1998,
it was succeeded by MAST (Mega-Amp Spherical Tokamak) which ran from 1999 to 2013,
and then after a longer period of reconstruction and improvements, the newest tokamak on
the Culham site, MAST-Upgrade, began its campaigns in 2020. All tokamaks mentioned
here are or were the UK's national fusion experiments of the time and located at the main
site of the United Kingdom Atomic Energy Authority (UKAEA). The next generation of
the national spherical tokamak experiment will be STEP (Spherical Tokamak for Energy
Production), a much larger power plant concept (DEMO-class) whose design phase began in

2019 and which is expected to have completed construction in the 2040s. One of the earliest

32
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fusion devices, the ZETA (Zero Energy Thermonuclear Assembly) pinch con nement device,
began operation at Harwell campus in 1957 as the largest and most powerful fusion device
at the time [45], but other devices of similar concepts managed to achieve better results with
much lower capital investments, the device su ered from insu cient diagnostic capabilities,
and the pinch concept revealed fundamental aws, so the upgrade plans were scrapped and a
former Royal Navy airbase was purchased to house development of new ideas. Construction
on site began in the early 60's and it was o cially opened in 1965 as the dedicated plasma
and fusion research facility of UKAEA, Culham Laboratory (now Culham Science Centre).
After Culham was opened as the dedicated site, fusion research had largely relocated there,
with it remaining the main site for (public sector) fusion devices in the UK, until the decision
(after a bidding and decision process between several suitable sites) to build STEP at the

site of a former coal power plant in Nottinghamshire. [46]

2.1.1 Mega-Amp Spherical Tokamak (MAST)

The Mega-Amp Spherical Tokamak MAST [47{49] was a medium-sized spherical tokamak
with an aspect ratio of Rg=a = 0:85m=0:65m 1.3, graphite walls, and auxiliary heating
provided by neutral beam injection (NBI). During its operational time, it was the UK's

o cial fusion experiment as well as one of two leading spherical tokamak experiments in
the world (the other being NSTX at PPPL (Princeton) in the US). MAST was a highly
diagnosed device and ran campaigns from 1999 to 2013, resulting in a wealth of data that is
still being analysed. As a second generation ST it was designed to study highly elongated
plasmas with low aspect ratio and low collisionality, with a plasma current and poloidal
cross-section comparable to medium-sized conventional tokamaks such as DIII-D [50] and
ASDEX-Upgrade [51].

The external heating system consisted of two neutral beams [52], South (SS) and South-
west (SW), with their toroidal locations shown in the later gure for the beam emission
spectroscopy diagnostic schematic, Figure 2.6. Both beams inject co-current (i.e. in the
direction of the plasma current), on-axis (at Z = 0), and with a beam energy of 75keV. The
maximum beam powers were typically 3.5MW, with 2MW from SS and 1.5MW from SW.
As its name suggests, it was capable of plasma currents of IMA (with maximum 1.3MA
achieved), with typical plasmas operated at 0.45-0.75MA. The pulse length was limited to

1s due to the central solenoid ux swing, and typical pulse lengths were 0.5-0.7s. Some of
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Parameter MAST MAST-U [current] MAS[T-U [planned]
First wall material C (graphite) C (graphite) C (graphite)
Major radius Rg [m] 0.85 0.85 0.85
Minor radius a [m] 0.65 0.65 0.65
Pulse length [s] 0.7 1.0 5.0
Maximum 1.3 1.0 2.0

plasma current [MA]

Maximum toroidal

magnetic eld [T] 0.52 0.65 0.8
Maximum
NBI heating [MW] 3.8 3.5 5
Maximum elongation 2.6 2.5 2.5

Table 2.1: Typical plasma and engineering parameters for MAST and MAST-U.

Figure 2.1: Cross-section of MAST-U vessel, with plasma-facing components in black, mag-
netic coils in orange, ux surfaces in blue and the last closed ux surface in red. The con-
ventional divertor con guration (left) is similar to MAST, while the Super-X and Snow ake
are new con gurations which can be studied on MAST-U. [53]

the important device and plasma parameters for MAST are summarised in Table 2.1, along

with current and planned parameters for the upgraded version, MAST-U.



CHAPTER 2. TOOLS USED IN THIS THESIS 35

2.1.2 Upgrade to MAST-U

After MAST completed its scheduled campaigns in 2013, the device was upgraded to the
new ST MAST-Upgrade with experiments beginning in 2020. MAST-U was designed with
enhanced divertor capabilities, allowing the study of advanced divertor con gurations such
as Super-X and Snow ake (see Figure 2.1), which aim to improve power handling for fu-
ture devices as the divertor heat loads are expected to be signi cantly reduced. As seen
in Table 2.1, MAST-U has retained many features of MAST, such as the vessel size and
graphite rst wall material, but upgrades were made to improve performance of certain shot
parameters and to allow studies in exciting new physics areas including for fast ions and ex-
haust physics. The new solenoid doubles the inductive ux, allowing for a maximum plasma
current of 2MA [54] as well as an increased pulse length (2s for maximurt, and B, 5s for
lp = 1MA). The maximum toroidal eld has been increased by 50% to 0.8T. The installa-
tion of 17 new poloidal eld coils allow the implementation of exible divertor con gurations
and separate study of aspects of the magnetic geometry, such as ux expansion and connec-
tion length [53,55]. The new closed divertor chambers tted with cryopumps (available in
later campaigns) will allow access to lower collisionality regimes to test pedestal physics and
ELM control for ITER [53]. Compared with a conventional divertor, the Super-X divertor is
expected to be strongly detached at similar plasma conditions [56]. Like MAST, MAST-U
receives external heating from two neutral beams (initially at similar total power, but with
the eventual upgrade anticipating up to 5MW total power), but one of the beams (SW)
has been moved o -axis £ = 65cm), facilitating better current pro le control and fast ion
physics studies, as the combination of on- and o -axis beams allow for a range of fast ion
pro les from centrally peaked to hollow [55]. The fast ion distribution and q pro le can be

tailored to avoid MHD instabilities [54].

2.2 Diagnostics most relevant to this project

Like all research tokamaks, MAST (and MAST-U) host a comprehensive suite of diagnostics,
which are scienti ¢ instruments designed to measure or deduce certain physical properties
of the plasma. Diagnostics can be active, i.e. requiring something (e.g. probes, gas, particle
or photon beams) to be inserted into the plasma and therefore perturbing it to varying

degrees, or passive, i.e. measuring the plasma as is and not perturbing it. Diagnostics
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are based on dierent physical mechanisms or principles in the plasma and are focused
on measuring selected aspects of one or multiple plasma (i.e. fuel ions (usually hydrogen
isotopes) and free electrons) or impurity species (originating from deliberate introductions
through e.g. seeding or diagnostics, leaks/impure vacuum, and nuclei or molecules \freed"
from the vessel components through processes such as sputtering). There are a large number
of plasma diagnostics in operation around the world, with many being slight variations on
common techniques, e.g. often the diagnostic setup is unique to a particular tokamak but
based on a common principle and thus variations of it are found across multiple tokamaks.
Both MAST and MAST-U employ a subset of possible diagnostic techniques, with the limited
space and to a lesser degree funding forcing the tokamak leaders and teams to make choices
on which diagnostics to include. STs with their smaller scale often have a greater space
limitation than conventional devices. Nevertheless MAST was still a very well diagnosed
device, and only a small subset of its diagnostics are introduced here, namely those which
are most relevant for the di erent sets of analysis performed for this project. As the MAST-

U study comprised only a small part of the thesis, the main focus here is on diagnostics for

MAST with notable changes in the MAST-U setup highlighted.

2.2.1 Deuterium Balmer emission (D )

The D diagnostic is one of the most fundamental tokamak diagnostics, describing the photon
emission from the interactions of the plasma with neutrals. Since neutrals are mostly found
in the SOL and edge, with the deuterium in the core generally fully ionised, the emission is
highly localised to this region as well (though it is collected from the entire plasma in the
line of sight). The D signal can reveal information about the con nement state and quality
of the plasma, as an improved con nement (such as in the transition to H-mode) leads to a
reduction in the interaction with neutrals and therefore a sharp drop in the D emission. It
involves collecting the photon emission from the plasma in one of several di erent view regions
(such as midplane, top divertor or bottom divertor) which is then fed into a corresponding
photo-multiplier tube (PMT) and digitiser such that a 1D signal is recorded (i.e. a time
history of the signal amplitude). As a spectroscopic system, this diagnostic collects and
Iters emissions of a particular wavelength or frequency (line emission). The plasma consists
of the hydrogenic isotope deuterium, and the signal usually focused on, including throughout

this project, is the rst in the Balmer series, D . D emission occurs when the electron in
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a deuterium atom transitions from energy level 3! 2, emitting a photon of a well-de ned

wavelength p . The wavelength p for D emission can be calculated from the Rydberg

formula,
!
1 1 1
-=R — = 2.1
1 nfz niz ( )

whereR; = sﬂg%c =1:097373 10’m ! is the Rydberg constant (with the electron mass
me, electron chargee, permittivity of free space "o, Planck constant h and speed of light
C), Me= % is the reduced mass of the electron (withme on the LHS taken from
R ) and the nucleus, andn; and n¢ are the initial and nal energy levels of the excited
electron during the emission process. For deuterium, the reduced mass is calculated with the
deuteron mass asmnp,q. such that = 0:9997276. The Balmer series describes transitions
to the nal energy level ny = 2, and the Balmer emission comes from the transition from
initial energy level n; = 3. The wavelength can thus be calculated as p = 656:291nm.
Since the deuterium in the core is fully ionised and the Balmer series emission lines are dark,
the signal collected is localised in the plasma edge where neutral deuterium atoms can be
found. The D signal has a high time resolution and is useful in determining the evolution
of the state of the plasma, as events or behaviours such as L-H and H-L transitions, ELMs,
I-phases and occasionally shbones are visible in the signal. Th® signal of the upper
divertor view especially is used extensively in Chapter 3, including a section describing the
study of the D  signal for a categorisation of di erent L-H boundary behaviours. Throughout
this thesis, the signal is used to illustrate types of L- or H-modes and the time points as well

as time histories of L-H transitions.

2.2.2 CO, interferometer

A high resolution time history of the line averaged electron density can be obtained from
the interferometer system on MAST. The system comprises two interferometers, a C®
interferometer which operates at 10.6 m and is sensitive to both the electron density and
to vibrations, and a HeNe interferometer which operates at 633nm and is only sensitive to
vibrations. Subtracting the HeNe signal from the CO, signal returns the electron density
integrated along the line of sight. The line of sight passes twice through the vessel, close to

the centre column, and is therefore 8 a wherea is the minor radius. The line integrated
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Figure 2.2: A schematic of the paths of the two interferometer laser (the FPGA-based system
on the right hand side has been cut 0 ). The path of the CO, laser has been marked in bold
black, and the path through the plasma can be seen to be approximately equal to 8 a.
[adapted from [57]]

electron density can therefore be converted to the line averaged density by dividing through
the length of the line of sight. A schematic of the interferometer system on MAST-U (very
similar to MAST) is shown in Figure 2.2. The line averaged electron density is used in
combination with the D signal to identify the L-H transition and can give information on

e.g. the size of ELMs and the impact of plasma behaviours, modes or instabilities on density.

2.2.3 Multi-channel bolometer system

A bolometer is a device which can measure radiation through the use of an absorptive element
which has a temperature-dependent electrical resistance. On MAST, the bolometer system
has gold foil sensors which are sensitive to total radiation from the near-UV to the soft X-
ray spectrum and neutral particle energy ux. The sensor element is heated by the incident
power, and the total incident energy is inferred from the temperature rise of the element,
corrected for losses due to cooling. The system consists of eight four-channel cameras, i.e. 32
channels, which are combined to form a poloidal (vertical) array with 16 channels and two
tangential arrays, one viewing co-NBI with 12 channels and the other viewing counter-NBI
with four channels. The poloidal and tangential views of the bolometer system are shown in

Figure 2.3. Data from the poloidal views of the bolometer system is used for a small section
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Figure 2.3: The bolometer system on MAST consisted of 32 channels in the poloidal array
(left image) and two tangential arrays, one viewing co-NBI with 12 channels and the other
viewing counter-NBI with four channels (right image).

of Chapter 3, where the power crossing the separatriPsep = Ploss Prag IS compared with
the loss powerPjpss, and the radiated power P,y is supplied by the bolometer system as an

integral over the poloidal views.

2.2.4 Thomson scattering (TS)

Thomson scattering (TS) is the scattering of electromagnetic radiation by free electrons,
an important process in plasma physics. It can be contrasted with Rayleigh scattering
(by bound electrons) and Raman scattering (by molecules). Both Thomson and Rayleigh
scattering processes are elastic, so the scattered photon will have the same wavelength as
the incident photon, while Raman scattering is inelastic and the resulting scattered photon's
wavelength will vary. In plasmas with a low ionisation degree, TS is often signi cantly
weaker than the other two processes, but for fusion plasmas this is less of a concern. In the
TS diagnostic used in plasma physics to measure pro les of electron density and temperature,
the incoming photon is generated with a laser pointing into the plasma, making it an active
optical diagnostic, and due to the small cross-section of the scattering process a high power
laser is usually required. The electric eld of the incoming laser photon accelerates free
electrons in the plasma, causing them to emit radiation in the form of a scattered photon of
the same frequency which is then collected by the diagnostic's collection optics. Collection

optics for a TS system usually involve a triple-grating spectrometer to reduce stray light and
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a mask blocking the central wavelength to lter out Rayleigh scattering. The TS spectrum

is then tted from the rest of the data. The intensity of the scattered light can give us the
plasma electron density as the total number of scattered photons is directly proportional to
the electron density, while the spectral distribution of the scattered light reveals information
on the electron temperature through the thermal velocity distribution. At low temperatures,
the spectrum of the scattered radiation is approximately centred around the laser wavelength
and the temperature scales with the square of the spectral widthT / 2, with an increased
spectral width corresponding to a higher electron temperature, while relativistic e ects at
high temperatures cause the spectrum to be blue-shifted to lower wavelengths. The TS
system on MAST [58] consisted of eight 1.6J Nd:YAG infrared (. = 1:064 m) lasers,
each with a repetition rate of 30Hz, which are combined in equispaced operation to provide
measurements with a sampling rate of 240Hz. The laser pulses are 6ns long and in standard
operation are red approximately every 4ms throughout the shot, or in a \burst" mode
operation every 5 s at selected intervals to allow for detailed (i.e. high time resolution)
study of the evolution of proles e.g. during an ELM. The Nd:YAG lasers are viewed by
the collection optics of a \core" system with 130 spatial points [59] and an edge system [60]
with 16 spatial points at R =1:2 1:5m. The number of spatial points is determined by the
number of polychromators and independent bre bundles. At the time of the experiments
on MAST which are analysed in this thesis, both TS systems had a spatial resolution of
< 10:5mm [58, 60]. Before then, at the time of the design of the edge system, the core
system had only 19 spatial points covering the entire plasma, so the new system's increased
resolution was necessary to capture pro le features at the pedestal [60]. With the update of
the core system in 2010 [59], the entire pro le including the pedestal region is well diagnosed
by the core system, and the edge system is not used for this project. The TS diagnostic forms
a vital part of the TRANSP setup process in the heat ux studies of Chapter 4, and ne and
Te pro les for di erent plasma states were investigated during the behaviour categorisations

in Chapter 3.

2.2.5 Charge-exchange recombination spectroscopy (CXRS)

Charge exchange recombination spectroscopy (CXRS) analyses the light emitted by impurity
ions when they undergo a charge exchange reaction. During this reaction, a fully stripped

impurity ion receives an electron from a neutral particle, such as those provided by a neutral
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Figure 2.4. CXRS data in the edge, such as the ion temperatur@; measured from the South
NBI, need to have desmearing corrections applied in order to be able to resolve down to lower
temperatures.

heating beam. The impurity ion receives this electron in an excited state so it will return
to the ground state, losing its excess energy through line emission. Since the neutral beams
are the only source of neutrals in the plasma core the measurement is highly localised.
The width of the emission line is caused by Doppler broadening, making it a measure of
the thermal velocity distribution and hence of the local ion temperature. The Doppler shift
of the emission line with respect to its rest wavelength gives the velocity in the direction
of the line of sight. Taking into account the geometry of the CXRS system this velocity
component can be transformed into a toroidal plasma rotation. Information about impurities
which can not otherwise be measured is also provided by CXRS, with the intensity of the
emission line being proportional to the density of the impurity ions. The vast majority of
impurities (especially in a carbon device like MAST) are low-Z and thus present mostly
as fully stripped ions, which do not emit line radiation by themselves and would therefore
provide no spectroscopic information without the charge exchange excitation from CXRS.
Due to the graphite PFCs on the walls and in the divertor, the dominant impurity species
on MAST is carbon, so the CXRS system [61] is set up to measure thd =8 ! 7 transition
of CVI (C*°) with wavelength = 529:05nm. The source of neutrals is provided by the

neutral beams. The MAST system has 64 toroidal channels on each beam with a spatial
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resolution of  1cm, while on MAST-U due to necessary restructuring of diagnostics only
the South (SS) beam and background views remain. The spectrometer has a 5ms time
resolution and a wavelength resolution of 0.4 per CCD camera pixel. The measurable
temperature range is 50eV-5keV and velocity range is -50km/s to +500km/s. The carbon
ion temperature T; and toroidal velocity vy are routinely analysed for every shot, but
the impurity density requires expert analysis with help of modelling, calibration, ADAS
coe cients and cross diagnostic consistency checks, and may therefore be more infrequently
provided. Some plasma scenarios can create conditions which make the production and
analysis of CXRS data challenging, such as strong carbon emission at the edge, low carbon
density in the core or rapid beam attenuation. The system is set up to measure ion quantities
in the core and the data can rapidly deteriorate towards the edge, with the separatrix and
SOL usually not captured at all. One way of improving the quality of CXRS data is through
correcting the CCD signal to account for frame transfer smearing before the spectra are
tted. This had at the time of the MAST experiments which are used in this thesis not been
performed automatically, so the current responsible o cer (RO) for the CXRS diagnostic
(Chris Beckley, PhD) helped improve the signal by applying the desmearing corrections for
use of theT; pro les in TRANSP. Figure 2.4 shows the di erence in the acquired T; pro les
before (dot-dashed black) and after (blue) performing this correction. Note especially the
improvements in the core and edge of the plasma.

For this project, CXRS data is used primarily in the heat ux studies of Chapter 4,
including as a major component in the set up of TRANSP runs to calculate heat ux and
heating e ciency components, with ion temperature pro les (along with electron tempera-

ture and density pro les from TS) tted for each simulation time step.

2.2.6 Fission chamber

Fission chambers in a tokamak measure the neutron ux of a plasma, which is essentially
a measure of the rate of fusion reactions, due to the fact that both D-D and D-T reactions
produce one neutron each.

MAST and MAST-U use pure deuterium (A = 2) as fuel, so the initial fusion reactions
will be D-D reactions. D-D fusion has two possible reactions which occur at approximately
equal probability (Eq. 1.2). The added tritium ( A = 3) in the fuel will almost exclusively

fuse with deuterium in a D-T reaction due to its high fusion cross-section, (Equation 1.1)
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while the addition of He-3 can result in either 3He-3He or D-3He reactions, both being

aneutronic,

3He+ 3He ! JHe+2lp+12:9MeVv (2.2)

?H + 3He | 4He+ ip+18:3MeV: (2.3)

We can therefore see that (in a perfect situation) each D-D fusion reaction will produce
exactly one neutron, however since it is not guaranteed that each tritium ion will react, this
is more of an approximation.

Due to their neutral charge and small interaction cross-section with materials neutrons
can be dicult to detect. Fission chamber neutron diagnostics generate a detectable elec-
trical signal from the neutron's kinetic energy transfer during collisions with a detection
medium [62]. The ssion chambers used on MAST and MAST-U are made up of uranium
oxide coated electrodes sealed in aluminium containers with an argon-nitrogen gas mix [63].
Neutrons incident on the uranium-coated electrodes cause a ssion reaction to occur, and
the high energy ssion products ionise the Ar-N Il gas which is then drawn to the elec-
trodes, registering as a current pulse that is measured by the data acquisition system [63].
As both neutrons and gamma rays can cause ssion reactions to occur, the ssion cham-
bers are shielded with lead to protect from gamma rays. Since the ssion cross-section of
the uranium coating is higher for neutrons at thermal energies than the 2.45MeV of fusion
neutrons, the shielding of the chamber includes a polyethylene layer to thermalise incoming
neutrons [63].  Fission chambers measure a time-resolved neutron u¥, which can be
assumed to be isotropic if the diagnostic is located at a far enough distance away from the
neutron source, which is the case for MAST and MAST-U. MAST had one ssion cham-
ber [64], whereas MAST-U has two ssion chambers which are located at di erent toroidal
and radial locations, and the results of the rst campaigns have shown that the isotropic
approximation is valid. The total neutron yield Y, on MAST typically ranged between 10"
and 2 10s 1. The ssion chamber(s) can be helpful to diagnose H-modes due to the
expected increase in neutron rate, and are especially useful for the transport code TRANSP
(introduced in the next section), as the measured neutron rate is compared with the neutron
rate calculated by TRANSP, which occurs during the run-time of TRANSP adjusting free

parameters to improve the match or with the results of the run to make a statement on the
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Figure 2.5: The location of the outboard vertical Mirnov coils at a toroidal angle of 270 on
MAST (squares), with the coils that contain usable data shown in red and those that had
no usable data for the shots in this project shown in grey. The sample Mirnov coil chosen
to visualise data in the following chapters is circled in red. The two separatrices for a
representative double null shot are plotted in blue.

quality of the TRANSP data. This process and therefore the data from the ssion chamber

is especially important for the heat ux studies of Chapter 4.

2.2.7 Mirnov coils

Mirnov coils are one of a number of magnetics diagnostics available on MAST. There are
multiple Mirnov coil arrays at di erent locations around and inside the vessel, with the
outboard vertical array mainly used in this project. The Mirnov oscillations measured with
these coils are amplitude perturbations of the vertical and radial components of the magnetic
eld in a plasma and are often simply called magnetic oscillations. They can reveal important
information on plasma instabilities in a tokamak since these create local uctuations in the
current, inducing a varying magnetic ux density which is picked up by the coils as described
in Faraday's law of induction. The outboard vertical Mirnov coil array consists of 19 coils
situated at a toroidal angle of 270, placed around the outboard side of the plasma at

major radius between 1.44m and 1.85m and heights of 0.0m to 1.325m above and below the
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Figure 2.6: (a) View of MAST from above, showing the location of the two neutral beams
and the BES view. (b) Poloidal cross-section of a MAST plasma, with the view location of
the BES array. [65]

midplane (shown in Figure 2.5), as well as two additional coils at the midplane R = 1:85m,
Zz = 0:0m) but at toroidal angles of 150 and 330. The full array of coils was used during
the turbulence studies in Chapter 5 when the velocimetry routine was applied to Mirnov coil
data to compare with the results from the BES data, whereas data from a representative coil
was used in the heat ux studies of Chapter 4 to verify conclusions about fast ion losses from
TRANSP results, and in Chapter 5 to visualise Mirnov data as a representation of MHD

activity.

2.2.8 Beam emission spectroscopy

One of the most common ways of measuring turbulence in experiments is through the spa-
tial and temporal localisation of small-scale density uctuations. To capture the complex
turbulence dynamics, these diagnostics must be able to image across di erent length- and
time-scales. Some common optical turbulence diagnostics include gas pu imaging (GPI),
beam emission spectroscopy (BES) and Doppler backscattering (DBS), with only the latter
two available on MAST and MAST-U. The main diagnostic used during this project in the
turbulence studies of MAST data (Chapter 5) is the 2D spatially resolved BES system.
Beam emission spectroscopy (BES) is an optical turbulence diagnostic which utilises
either a dedicated diagnostic beam or (as on MAST and MAST-U) one of the neutral heating

beams to extract a 2D spatially localised image of density uctuations [66]. The neutral
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particles injected into the plasma collide with the plasma particles and become excited.
Since the neutral particles enter the plasma with signi cant energy, the emission generated
by excitation and de-excitation processes will be a Doppler shiftedd emission line. This

allows the detector to distinguish the BES data from the background D emission, and

spatially localised measurements of the intensity variations can be obtained. The variations
in light intensity can be related to local density uctuations, and an array of detectors (4 8

for MAST, 8 8 for MAST-U) allows for a 2D image of plasma turbulence.

The MAST NBI beam energy of 75keV results in Doppler shifts of 2-3nm from the
characteristic D line at 656:3nm, with the splitting of spectral lines caused by the motional
Stark elds. The motional Stark e ect occurs when fast neutral beam particles move across
the magnetic eld in the plasma, experiencing a Lorentz electric eld in their rest frame
which causes wavelength splitting of the Balmer line and polarisation of the emission with
respect to the Lorentz electric eld. [67] The position of the heating beam and the viewing
location of the BES system are shown in Figure 2.6. The line of sight is oriented such that it
points along the magnetic eld where it intersects the beam, as the uctuations are elongated
in the direction of the eld and spatial localisation of the measurement is thus optimised [68].
To achieve a high signal-to-noise ratio, avalanche photodiodes (APDs) are used for the BES
detectors.

The sampling frequency of the BES data is 2MHz, allowing for a good temporal res-
olution, but the spatial resolution is somewhat limited. The pixel size limits the spatial
resolution to approximately 2cm per pixel [68], and further e ects due to high energies of
the beam particles result in spatial non-localities, as their velocities of around 1@ms 1 com-
bined with the D relaxation time of around 10 8s allow the particles to travel distances of
order cm before relaxing. Nevertheless, large-scale turbulent structures over the majority of
the beam width (10-20cm) should be resolvable [69].

The line of sight of the detector can be adjusted to measure data from (major) radial
locations of 0.706m to 1.6m, allowing studies of turbulence from the inner region across the
core to outside the LCFS. On MAST, one detector array allows for imaging of a 16cm 8cm
area of the plasma centred at a particular radial location on the midplane, so the stacked
arrays featured in the BES upgrade on MAST-U will be able to image a 16cm 16cm area,

covering a signi cant portion of the plasma.
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2.3 Established codes used for this project

Along with data from diagnostics such as those introduced above, output from established
plasma codes was used in analysis, interpretation and presentation of data. The two main
codes of interest are the equilibrium code EFIT and the transport code TRANSP, which are
both introduced in this section. TRANSP especially played a signi cant part in this thesis,
with the heat ux study of Chapter 4 based almost entirely on results from interpretive

TRANSP runs of the shots of an L-H transition experiment.

2.3.1 EFIT: equilibrium reconstruction

EFIT [70] is an equilibrium solver which utilises measurements from diagnostics such as Mo-
tional Stark E ect (MSE) [67,71], external magnetic probes and poloidal ux loops to solve
the force-balance-derived Grad-Shafranov equilibrium equation (and constrain the solutions)

in cylindrical coordinates
@ 1@ @ _  Ld() dF()

"@rrer T @ d d 4)

which contains three unknown quantities: the poloidal ux function (poloidal magnetic
ux enclosed in the equi-pressure (or magnetic ux) surface per radian), the pressurg( )
and the poloidal current function F( ) rB (total poloidal current enclosed in the equi-
pressure (or magnetic ux) surface per radian). The G-S equation is a non-linear, second
order partial di erential equation, and in order to obtain the physical locations of the ux
surfaces (r;z) for the complex shapes of a tokamak plasma, it must be solved numerically.
Optimising the solution with the available constraints, EFIT can then provide useful
information on the plasma geometry, stored energy and current pro les. Throughout the
project (and this thesis), the equilibrium provided by EFIT is used for the visualisation
of ux surfaces in the plasma, including the last closed ux surface (LCFS) or separatrix,
and various plasma geometry-related quantities and variables. For the turbulence studies of
Chapter 5, the EFIT-provided ux surfaces (r;z) are used in a quantitative manner in the
velocimetry calculations to provide accurate poloidal and radial velocities through mapping
the BES APD channels to their equivalent positions on the ux surfaces and measuring ei-
ther along (for v ) or perpendicular to (for v;) the ux surface associated with a particular

channel. Further details on the use of the equilibrium reconstructions in BES data analysis
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are discussed in Chapter 5. For the power threshold studies of Chapter 3, the plasma geom-
etry information calculated by EFIT includes estimates of elongations and triangularities,
and the midplane radial distance between the separatrices associated with each of the two
X-points, r sep. This last quantity is used to determine the plasma geometry's location on
the single null (SN) - double null (DN) scale, and for this particular dataset used in the
project the change in r sgp(t) represents one of the plasma control techniques used in these
experiments. More about this control technique and the signi cance of r s¢p is discussed in
Section 2.4. In Chapter 3, some EFIT outputs can be used as the components of the net
power Pnet, as EFIT calculates both the ohmic heating powerPqhm and the stored energy
in the plasma W. The ohmic power calculated by EFIT showed some unphysical behaviour
(e.g. negative values), so TRANSP (see next section) was used to determiri&,, instead.
As the settings for default EFIT runs were unsuitable for the requirements of calculating
the rate of change of stored energydW=dt, new dedicated equilibrium reconstructions with

a higher time resolution (0.2ms instead of the default 5ms) were performed. More details on
the use of EFIT in the power threshold analysis are contained in Chapter 3. For the heat ux
studies of Chapter 4, dedicated equilibrium reconstructions using EFIT are performed for
each new TRANSP run, during the setup process in OMFIT. The equilibrium produced by
EFIT is further used to localise the two-dimensional TRANSP output quantities explored
during this analysis, including the ion and electron heat uxes, to points along the nor-
malised e ective radius ¢ .y Or normalised toroidal magnetic ux y, which are de ned in
Chapter 1. This is possible since these quantities are ux quantities, i.e. constant on a ux
surface. For the MAST-U experiments of Chapter 6, the automatic post-shot EFIT runs
were useful on experiment days as they provided data quickly so could be used in between
shots to determine what happened in the previous shot and what to change or improve for
the next shot. EFIT could show whether a particular shot was vertically unstable or grew
too large in outer radius, as well as when these issues occurred, so that they could be cor-
related with shot design choices like beam start times, the time history of the height of the
magnetic axis, radial feedback control or changes in coil currents. As discussed here, EFIT

is extremely versatile and was used throughout the project.
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Figure 2.7: Generalised schematic work ow of an interpretive TRANSP simulation. [72]

2.3.2 TRANSP: transport code with NBl module (NUBEAM)

TRANSP [73] is a whole plasma model transport code developed and maintained by PPPL
which solves plasma uid transport and poloidal eld di usion equations, with separate nu-
merical models for heating, momentum, particle and current sources (such as NUBEAM [74]
for NBI heating). While the code can be run in a predictive (where the evolution of pro les

is predicted by models) or interpretive (where temperature and density pro les are provided
from experimental measurements and the transport coe cients, which are not otherwise
measurable, are inferred) mode, all simulations in this project were run in an interpretive
mode as they were used to analyse experimental data. The generalised schematic work ow
of an interpretive TRANSP simulation is shown in Figure 2.7. The time dependent ux
surface geometry can be constructed in TRANSP or input from EFIT solutions, and ex-
perimental data from many sources, including pro les from Motional Stark E ect (MSE),
Thomson Scattering (TS) and Charge-exchange (CXRS) diagnostics are utilised to constrain
the solutions to the transport equations. TRANSP can provide information on the power
balance, including heating terms and heat ux proles. Running a less-involved version of
TRANSP without dedicated EFIT runs and pro le tting for each timestep was su cient

for the power threshold analysis of Chapter 3, but as the heat ux analysis of Chapter 4
required the use of both time- and space-resolved outputs, a more comprehensive version
of TRANSP had to be employed. More information on TRANSP is therefore contained in

Chapter 4, such as the steps involved in setting up the more involved TRANSP runs as
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well as information on the equations solved by TRANSP (including a full derivation of these

equations in Appendix A).

2.4 Dataset from L-H transition experiment on MAST used

in Chapters 3 and 4

As low-aspect ratio (spherical) tokamaks are much less common, most of the results from
multi-device studies such as commonly used scaling laws like that from Martin et al. [40]
are based largely on conventional tokamak data and often don't describe ST behaviour very
well. While there have been L-H transition studies performed on MAST (introduced in
Section 2.1), especially early in its operation phase [75], no comprehensi¥gy study had
been published at the time of the start of this project. An experimental proposal to study,
among other things, the density dependence d? 4 had performed its allocated shots in 2011-
2013, but due to the experimental leader's time constraints the data hadn't yet been analysed
or the results published. Analysing this data to produce the rst comprehensiveP 4 (ne)
curve for MAST, and spherical tokamaks in general, formed part of this PhD project. The
dataset was used for Chapter 3 and Chapter 4, i.e. for the power threshold analysis and the
heat ux studies. Attempts were made to use this dataset for a turbulence study as well,
but the BES data was unfortunately not suitable (more detail on this in Chapter 5).

The experiment was performed on a number of days between 2011 and 2013, resulting
in 66 usable shots with shot numbers between 27035 and 28330. The shots included in the
analysis have plasma currents ofi, = 740 20kA and toroidal magnetic elds of Bt =
0:55 0:07T, are in double null con gurations with 1 sep=0:0 1:5mm for the time periods
analysed, have elongations of =1:78 0:05, and upper and lower triangularities of =
0:47 0:.01 and | =0:48 0:01. For the main purpose of the experiment, the NBI heating
power and the plasma density were varied, while keeping the rest of the plasma as consistent
from shot-to-shot as possible. Not counting further density increases during H-mode, the
density was varied between 0.16¢ and 0.6, where the Greenwald densityng = 1,=( a 2)
(units of 102° m 3, MA and m) describes an operational limit for the density in tokamaks [76].
As can be seen in Figure 2.8, the density peaking, i.e. the ratio between core density and
line averaged densityne(0)=ne¢, generally decreases with increasing line averaged density from

1.8 to about 1.2 in the presence of a partial or full transport barrier (i.e. for H-modes and
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Figure 2.8: Density peakingne(0)=ne as a function of line averaged densityn, for all time-
points in the dataset which have Thomson scattering data. The top panel shows the values
for transitions to H-mode and intermediate categories (more on the categorisation in Chap-
ter 3) while the bottom panel shows the L-mode points.

intermediate categories) and is 13 0:1 in L-mode, independent of line averaged density.
As a control technique for H-mode entry based on favourable and unfavourable con gu-
rations in a tokamak was used in this set of plasma shots, the reasoning behind and e ect

of the control technique are introduced in the following section.

2.4.1 Favourable and unfavourable con gurations

Conventional tokamaks most commonly operate in single null (SN) con guration, i.e. with
one dominant X-point, while spherical tokamaks often operate in double null (DN) with two
X-points, but are also capable of operating in SN. Either con guration will technically have
two X-points and a separatrix associated with each, but in a SN case the second X-point
will be very weak (note that weak here means that the point of zero poloidal eld lies far
away from the main separatrix marking the transition from con ned to uncon ned plasma,
and therefore less of the exhaust is channelled through this X-point) and the second (outer)
separatrix will be far removed from the main separatrix, so the plasma essentially behaves
as if there is only one X-point. For DN, both X-points are strong enough that both divertors

will share the power exhaust. In a perfect connected double null (CDN) con guration, the
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divertors share the exhaust equally, and the two separatrices will lie on top of each other,
so that the midplane radial distance between them r ey, ! O, fullling the condition of

I sep Li , I.e the midplane radial distance between the two separatrices is much less than
the size of the ion Larmor radius. If one of the two X-points is stronger, such that its divertor
will deal with a higher proportion of the exhaust, the con guration is known as disconnected
double null (DDN). A plasma can generally be understood to be in DDN ifj r sepj is greater
than the ion Larmor radius (  6mm on MAST) [77]. The separatrix associated with the
dominant X-point will always lie inside the less dominant separatrix, and r sep is calculated
as I'sep= Iseplow [sep,up: SO that a positive r sgp corresponds to a dominant upper X-point
and a negative r sgp to a dominant lower X-point. SN con gurations can also be associated
with an upper X-point (USN) or a lower X-point (LSN).

In SN plasmas, it was found on several devices that switching the con guration from
LSN to USN while keeping the direction of the plasma current and other plasma conditions
unchanged signi cantly increased the power thresholdP y [78]. The same e ect can be
seen if the dominant divertor is not changed but instead the plasma currentl, or toroidal
magnetic eld By direction is reversed [27]. This con guration is called \unfavourable", due
to the increased di culty in accessing H-mode, while the reverse is termed \favourable".
From our current understanding, the two con gurations are de ned by the direction of the
B r B drift with respect to the dominant X-point, with the drift pointing towards the
X-point in the favourable and away from it in the unfavourable con guration.

For DN plasmas, this can be utilised to prevent or delay H-mode entry by keeping the
plasma in a DDN con guration with the B r B drift pointing away from the dominant
X-point while H-mode is undesirable (with respect to the experiment aims) and shifting it
towards CDN when H-mode is acceptable. This H-mode entry control technique was utilised
on MAST [79], and an example shot is detailed in Figure 2.9. The plot on the left shows
the r s¢p trace as the plasma is shifted from DDN to CDN at around 0.25s, which prompted
an L-H transition as seen from thene and D traces. The separatrices associated with each
X-point are shown for two time points, one in the DDN phase and one in the CDN phase.
The separatrices for the CDN are very close together and the X-points are almost equally
weighted, while for the DDN the dominant upper X-point is noticeable and the distance

between the two separatrices is much greater.
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Figure 2.9: (a) Line averaged densityne, (b) upper D and (C) rsep traces for a shot
which transitioned from L- to H-mode shortly after the con guration was changed from a
disconnected double null (DDN) to a connected double null (CDN). The separatrices for two
time points, one during DDN phase (1 = 0:16s, red dashed) and one during CDN {, = 0:3s,
blue) are shown in (d) and (e). The r sep variable corresponds to the midplane distance
between the two separatrices associated with each X-point, withr sep = r'sepi  Isep,u, @and
the larger value for DDN can be seen in the zoomed in plot (e).



Chapter 3

Power threshold studies

3.1 Overview

This Chapter includes an analysis of di erent transition behaviours (including I-phases and
dithery H-modes), based especially on the types of uctuations in theD signal, and a
detailed calculation of the net power P for the transition times of each shot included in a
database from an L-H transition experiment performed on MAST. The methods of both the
net power determination and the descriptions of the transition behaviours are detailed, with
an analysis of theD signal for each behaviour category and a comparison of the results
for di erent de nitions of Ppe;. The results for both are shown and the t to the Ppei(ne)
data is compared with typical scaling laws forP_ . The impact of various choices (such as
the transition time selection and the TRANSP variables for the NBI power) are explored.
Finally, a scaling for nemin by Ryter et al. [1] is re-evaluated and modied to apply to
MAST data, and the signi cant discrepancies are explored. Much of this chapter and parts
of Chapter 4 have been published in an article in a special edition of Nuclear Fusion for the

H-mode workshop 2022 [3].

3.2 Motivation

As was mentioned in Chapter 1, the power thresholdP_y , i.e. the net power required
for a tokamak plasma to transition into the improved (particle and energy) con nement
H-mode regime, is an important quantity to know for present-day experimental and future

reactor-relevant operation. As L-H transition models are not yet able to predict P 4 , the

54
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fusion community relies on empirical scaling laws and experience with speci c tokamaks
to estimate Py for di erent operating scenarios. Knowing P .y and how it responds to
di erent parameter changes is important for experimental studies, whether the aim is to
avoid H-mode or to obtain it, and for the design of future devices, to answer questions such
as whether there will be enough auxiliary power available for H-mode operation or whether

there will be a su ciently large parameter space to explore alternative con nement regimes.

3.3 Net power calculations

Determining Py requires the calculation of the net powerP,e;, Which is determined from
the balance of input and output powers. The input powers are the ohmic heating power
Pohm and the auxiliary heating power Py, and their sum is then corrected for the rate of
change of stored energyV in the plasma, i.e. dW=dt. This version of the net power is called
loss powerPqoss, and is commonly used in most power threshold studies. If the net power is
then additionally corrected for the power lost by radiation from the core P,oq, the result is

de ned as Psgp, i.€. the power (due to plasma) crossing the separatrix.

dw

Ploss = Pohm * Paux dat (3.1
aw
Psep = Pohm * Paux at Prad = Ploss  Prad: (3.2)

While physics explanations of the transition suggest thatPsep is more relevant, most power
threshold studies as well as the scaling laws [40,80] take the net power Bgss, as the radiated
power is generally smaller than the other components and can be dicult to determine
precisely. Prag has a majority contribution from Bremsstrahlung losses, and as these scale
with Z2, Py is usually only signi cant in the presence of large amounts of highZ impurities,
such as on ASDEX Upgrade which has a tungsten4 = 74) rst wall. MAST and MAST-U
both have carbon (Z = 6) walls, so radiative losses are less signi cant. As part of the power
threshold study described in this chapter, the core radiated power for MAST P59 estimated
from bolometry data) was also investigated and the results forPsep are presented alongside
Pioss in Section 3.5.3.2, but asP;,q was not found to be of qualitative signi cance (since it
showed no signi cant dependence on density or transition type) this thesis primarily focuses
on results usingPgss.

For the Pjss calculations, both the equilibrium code EFIT [70] and the transport code
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TRANSP [73] were utilised (see Chapter 2 for a description of both).
As was mentioned in Chapter 1, the resistance generated by the plasma currett, heats

i 2dV,

the plasma through a process known as ohmic or Joule heating with pow&?opm =, |

where is the resistivity and j the current density. In a tokamak, the ohmic power can be
determined from quantities measured by di erent magnetic coils placed around the plasma,
with the simpli ed product of the plasma current and the loop voltage Ponm I pVioop
approximating a more complex expression ofPonm = lp(Moop 2d sep=dt) dWp=dt,
where sgp is the poloidal ux at the boundary and Wg the magnetic energy. Both EFIT
and TRANSP calculate estimates of the ohmic power which are returned as outputs, and
either of the two estimates can be used in theP 55 calculation. The Pthm estimate by EFIT
has a tendency to gradually decrease during the at top phase, which occasionally results
in negative (i.e. unphysical) Pohm values. This motivated the initial decision to perform
TRANSP runs on this dataset to obtain an alternative PR estimate. The ohmic power
calculation relies on settings in the TRANSP code which can be adjusted during set-up
to avoid negative Py, Values, such as enabling current evolution and utilising the Sauter
resistivity and bootstrap models. Even with several iterations of diagnosing run issues and
improving settings, for some of the shots in this dataset no successful TRANSP runs were
obtained, mostly due to either missing data for essential diagnostics such as TS or CXRS or
the fast ion density growing larger than the plasma density, which occurred in some shots
even with the inclusion of an anomalous di usivity (more on this in Chapter 4). To enable
the production of Pnet(ne) plots with the entire dataset and to check for di erences in the
results, two methods for the Pne; calculations were performed, namedP R or PEE after
their source for the Py calculation. Except for one plot comparing the results when using
PEF in Section 3.5.3.1, the TRANSP method is used throughout this thesis, andPjoss Will

generally refer toP /R
For both MAST and MAST-U the auxiliary heating is provided exclusively by neutral
beam injection, so that Pyx = Pngi. For the NBI power Ppngi, there can be signi cant
discrepancies between the injected power and the power absorbed by the plasma, especially
in low-density scenarios, where reduced attenuation of the beam by the plasma can lead
to shine-through losses [52]. Instead of the injected powelPiﬁjB' , the captured beam power
estimated by TRANSP P! corrected for shine-through losses is used. In addition to the

shine-through losses, fast ion losses such as charge-exchange and orbit losses can further
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