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Abstract

Neoclassical tearing modes (NTMs) are plasma instabilities that can limit the perfor-
mance of tokamaks and cause a termination of the plasma if allowed to grow. Systems to
mitigate NTMs exist but have significant power requirements, which motivates further
study of the mechanisms that lead to their growth in order to assist in the development
of NTM avoidance strategies. NTMs typically require a seed magnetic island, above
some threshold width, before they become unstable. The best available description of
this threshold is the modified Rutherford equation (MRE) for NTM evolution; a com-
bination of different models, which includes the effect of transport on NTM stability.
Finite transport across magnetic field lines means that magnetic islands smaller than
a critical width, w., do not completely flatten the pressure profiles and have a reduced

bootstrap current perturbation, which leads to a threshold width, wyy,.

This thesis describes novel measurements of NTMs with mode structure m/n =
2/1 on the MAST spherical tokamak (ST), which have allowed a direct evaluation of
the effect of transport on island behaviour for the first time on an ST. Temperature
profiles obtained with the upgraded Thomson scattering system on MAST have been
used to constrain the solutions of a heat transport equation for a magnetic island [1],
allowing the experimental determination of w,., an important parameter in the MRE.
The measured value of w, = 0.7 & 0.2cm obtained for an ensemble of MAST discharges
is used in an analysis of the MRE for 2/1 NTM onset and saturation on MAST. By
using a probabilistic method for parameter and error estimation, which takes account of
the experimental uncertainty on measured equilibrium parameters, it is found that the
temporal evolution of the island size is well described by marginally, classically unstable
NTMs (that is, A’ > 0) with strongly destabilising bootstrap current and stabilising
curvature terms. Finally, an analysis of two g ramp-down discharges is presented, in

which the measured w,. value explains the observed threshold width well.
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Chapter 1

Introduction

1.1 Fusion power

The sun is the solar system’s main source of power, producing approximately 3.8 x 102

Watts. In 1939 nuclear fusion was identified as the origin of this power [2]. What
emerged from this discovery was the idea that the human race could harness nuclear
fusion to generate electricity. Since the late 1940s there have been many experiments
investigating the production of controlled fusion reactions on Earth. Though many
advances have been made, a series of physics and engineering challenges have slowed

progress towards commercial fusion power.

Fusion power is arguably more necessary now than it was at the time of its conception
for a number of reasons. As of 2011, fossil fuels make up approximately 81% of global
energy consumption [3] but these resources are finite. For example, in the 1950s it was
predicted that the rate at which the human race consumes oil will increase until the
Earth’s oil fields are so depleted that the rate of consumption is forced to drop [4]. The
theory is known as “Peak oil” and it is forecasted that this maximum will occur in a
matter of decades [5] after which the amount of energy available from oil will decline and
alternative energy sources will be required to make up the deficit. Also, a combination
of population increase and the industrialisation of developing countries will continue to
push global energy demand upwards. By 2030, global demand is predicted to increase
by around 40% [6]. Furthermore, it is now widely accepted that the combustion of fossil
fuels has caused an increased concentration of greenhouse gases in Earth’s atmosphere,
that this is the main cause of the global warming observed throughout the 20" century

and that the temperature will continue to rise unless these concentrations are reduced
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very soon. Such a temperature increase is likely to cause droughts, rising sea levels and

a series of other potentially catastrophic events [7].

For these reasons it is clear that providing sufficient energy for the future will be
extremely challenging. It will be necessary to move away from fossil fuels and find
alternative sources of energy that can not only replace but surpass the current capacity

of fossil fuels to satisfy global energy demand.

It is likely that nuclear fission power will provide a significant fraction of the future
energy market but the proliferation of nuclear weapons, the safe and ecological storage
of long-lived nuclear waste and the risk of a large scale disaster all remain a genuine
concern. The main drawbacks associated with renewable technologies are their relative
expense, large land requirements and inconsistent power output due to natural variations
in the input source. Solar power from photo-voltaic cells is the most promising of these
technologies but with current levels of efficiency, approximately 0.5% of Earth’s landmass

would need to be covered to meet current energy demand [8].

It is possible to take the list of problems associated with current energy sources and
turn it into a “wish-list” of properties, which an ideal future source of power would
possess. It should have an abundant source of fuel, not produce greenhouse gases, not
produce long-lived nuclear waste, be free from the risk of large scale disasters, generate
energy at a consistent rate, use a small amount of land to produce a large amount of
energy and be commercially attractive for private sector investment. Fusion power has
the potential to fulfill all of these criteria but a number of problems remain to be solved

before it can be made commercially viable.

1.1.1 Fusion reactions

In a fusion reaction, two light nuclei must come close enough together that the short-
range, attractive, strong nuclear force becomes larger than the electrostatic repulsion
between their nuclei. Energy is released because the total mass of the constituents is
greater than the total mass of the products. The “missing” mass, m, is converted into

a certain amount of energy, F, given by the famous equation, E = mc? [9].

The reaction between deuterium and tritium is most commonly used in fusion reactor
design. The main reason for this is that the cross section peak is both higher and at
a temperature lower than that of any other fusion reaction, as illustrated by figure 1.1,

but also because the reactants can be obtained with relative ease and because a large
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FIGURE 1.1: Fusion cross sections for light nuclei as a function of particle energy.

amount of energy is released. Deuterium can be extracted from sea water and tritium
can be produced through nuclear fission reactions between lithium and a neutron. The
products of the DT reaction are a helium nucleus (« particle) with 3.5MeV and a neutron
with 14.1MeV (see equation 1.1). This neutron can then be used to breed tritium from

lithium (see equations 1.2 and 1.3).

D+ 3T — 3He +n+ 17.6MeV (1.1)
Li+n — 3He + 3T 4 4.8MeV (1.2)
Wi+n — 3He+ 5T 4+ n—2.5MeV (1.3)

For the nuclei to overcome the Coulomb barrier and achieve fusion, they require a
certain amount of energy. If this energy can be supplied by a sufficient number of fusing
nuclei then the reaction will be self sustaining. This threshold is called ignition and in
1957 John D. Lawson calculated the criteria for this to be achieved [10]. The calculation
uses a number of assumptions, such as the fuel being pure DT with no impurity or 4He
component, but it provides a useful lower limit for the ignition criterion. It is most

commonly expressed in the form of the fusion triple product:

12 17
nTrp > ———— ~ 10%keV s/m®  (for the DT reaction) (1.4)
ov

- Efus< >
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Here, n is the density, T is the temperature and 75 is the energy confinement time
which is a measure of the rate at which energy is lost to the environment. At this point
it is worth noting that throughout this thesis, and in plasma physics more generally,

temperatures are usually expressed in units of electron-volts (eV).

Equation 1.4 leads to the classification of two different schemes for fusion reactor
design. Both aim to increase the temperature towards the peak cross-section energy
in figure 1.1 (around 100 million degrees), an important consequence of which is that
the DT fuel becomes a fully ionised plasma (see section 1.2). In addition, one scheme
simultaneously tries to maximise the density for a short period of time whilst the other
alms to maximise the confinement time at lower density. In the first scheme, known
as “Inertial Confinement Fusion” (ICF), a pellet of DT fuel is heated and compressed
using pulsed, high powered lasers. The energy is confined for a short period of time
using the inertia of the collapsing fuel pellet. In the second scheme, known as “Magnetic
Confinement Fusion” (MCF) on which this thesis will focus, the plasma fuel is confined
by magnetic fields whilst being heated. If a sufficient fusion reaction rate was achieved,
an MCF reactor could operate steady-state with a relatively small amount of external
heating and current drive. It is worth noting that the sun’s core temperature and density
are not high compared to man-made MCF and ICF experiments but it is able to operate

as a successful fusion reactor because it has an extremely long confinement time.

In the race to find a configuration capable of achieving commercial MCF power, the
tokamak is generally considered to be the front-runner (see section 1.3). There are many
tokamaks conducting MCF experiments around the world, the largest of which is JET
at Culham, Oxfordshire. JET and TFTR (Princeton) have had some DT operation
but most current tokamaks use 100% deuterium fuel as the neutron flux from the DT
reaction requires costly safety measures. In addition, large supplies of tritium are not
available because it has a short half-life and is only currently produced in a limited
number of fission laboratories. Much of the research done in the MCF community is in
preparation for the ITER project. ITER will be the largest tokamak ever. The main
project aims are to demonstrate a DT plasma, producing 10 times more fusion power
than applied heating power, lasting for ~3000s [11]. This would be considered proof
that MCF fusion is technically feasible and would be followed by the construction of
a demonstration power station. Construction of ITER has commenced in the south of
France and completion is expected by the end of the decade. Though it will be larger

than any current tokamalk, it is likely to be faced with some similar challenges and a more
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complete understanding of phenomena on smaller machines will help in the preparation

for ITER. The tokamak on which this thesis will focus is MAST, also at Culham.

1.2 Plasma physics

A plasma is a gas-like ensemble of particles, a significant fraction of which are ionised.
An important characteristic of a plasma is that it exhibits collective behaviour. For
example, the charged particles in a plasma tend to rearrange themselves to cancel out
any electric fields, so that the plasma is ‘quasi-neutral’. These collective effects can
only be understood by considering the plasma as an ensemble but discussions of plasma
behaviour often begin by considering the motion of individual charged particles, as this

can help to demonstrate a number of other important effects.

A charged particle can respond to electric and magnetic fields in a variety of ways
depending on the field configuration. For example, a positive ion will experience a force
parallel to the electric field and will be accelerated in that direction. In a magnetic field,
the particle experiences a force perpendicular to the field which gives rise to a circular
motion (with speed, v, ) around the field line. The radius of the circular motion, given
by r, = mv, /eB, is known as the Larmor radius. If the velocity also has a parallel

component (v||) this circular path becomes helical.

When different fields and forces are combined, or vary in space, the particle can
experience an extra component of velocity known as a drift. Important examples are
the E x B drift and the VB drift. Figure 1.2 shows that these drifts can be explained
in terms of changes in 7. a) E x B - The ion circular motion is alternately parallel and
anti-parallel to E. It is accelerated during its descent and decelerated during its ascent,
so the net motion is downwards. This drift is in the same direction for electrons and
ions. b) VB - When the particle is in the high |B| region, 1, is smaller than in the low

|B| region. This causes a sideways drift in opposite directions for electrons and ions.

If the magnetic field strength increases in the direction of the field, the particle
will experience a magnetic mirror force in the opposite direction. Figure 1.2c shows
how magnetic field lines come closer together in a region of high field. Where |B]| is
increasing, there is a component of the field (B,) in the radial direction of the particle’s
circular orbit. As this is perpendicular to the velocity, there is a force, Fyrror = qv X By,
that pushes the particle towards the low field region. Another way to understand this is

to consider the fact that the magnetic moment, pu, is conserved. As the particle enters
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FIGURE 1.2: a) E x B drift (B out of the page). b) VB drift. ¢) Magnetic mirror.

the high field region its Larmor radius decreases so, to conserve p, its perpendicular
velocity increases. As energy must also be conserved, this leads to a reduction in the

parallel velocity.

Though study of single particle motion can be instructive, the task of simulating a
plasma requires a higher level formalism, such as the kinetic description or the Magneto-
Hydrodynamic (MHD) fluid description, which will be used in this thesis. The set of
four solveable MHD equations is obtained by taking moments of the particle distribution
function and using the adiabatic equation of state as a closure relation. The MHD
equations, outlined below, assume the electron mass is negligible compared to the ion
mass in order to treat the electrons and ions as a single fluid. The validity of these
equations breaks down when the system under consideration is small enough to be
comparable with the Larmor radius or when the mean free path of a particle becomes
comparable to the system length scale. This can be an issue when considering the
plasma’s behaviour in the direction parallel to the magnetic field, where the mean free

path is often much longer than it is perpendicular to the field.

dp
a5 +V-(pu) = 0 (1.5)
,O[zltl—i-(u-V)u} = —-Vp+JxB (1.6)
2@V = (Ve )
E+uxB = nJ (1.8)

Here, p is the mass density, u is the flow, J is the current, B is the magnetic field, p
is the pressure, + is ratio of specific heats, E is the electric field and 7 is the resistivity.

Equation 1.5 is the equation of continuity which is an expression of mass conservation.
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Equation 1.6 is the force balance equation which describes the flow of plasma under the
influence of a combination of magnetic and pressure forces. Equation 1.7 is the equation
of state, which assumes that the plasma behaves adiabatically. Equation 1.8 is a version
of Ohm’s law describing the influence of electric fields on a plasma with finite resistivity,
7. These equations ignore some important physics but they do provide a useful (and

surprisingly accurate) starting point for analysis of plasma stability.

If the plasma resistivity is small then Ohm’s law becomes E 4+ u x B = 0. Consider
the magnetic flux through a surface S, ¥ = fS B.dS (see figure 1.3). The rate of change
of flux through this surface is the sum of two parts: 1) The change in background flux.
2) The plasma flow changes the size and shape of the curve C, also changing the flux

through the loop. Equation 1.9 shows these two parts summed together.

FIGURE 1.3: The flux through surface S bounded by curve C in a plasma with flow u.

dv 0B

S C
dw::—/VxE%—fuxBﬂ
S

dt
C
4
— = —/va+uxmdszo (1.10)
S

Equation 1.10 shows that for n = 0, d¥/dt through any surface is zero. The signifi-
cance of this result is that in the n = 0 case, magnetic flux is frozen in to the plasma.
That is, the field lines move with the plasma and vice versa. In some cases, it is impor-
tant to take into account the finite resistivity of the plasma. Equation 1.11 is obtained

by taking the curl of equation 1.8 (Ohm’s law).
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%]?:v X (uxB)+%V2B (1.11)

This is has the form of a convection-diffusion equation. The movement of the field
lines with the plasma is described by the first term (this is the frozen in part) while
their diffusion through the plasma is described by the second term [12]. The ratio of
these two terms is approximately expressed as the Lundquist number, S (equation 1.12).
If S is small then the diffusive term becomes important and the magnetic field lines

can move through the plasma and even tear and reconnect to form a completely new

topology. This process is called magnetic reconnection; a key concept in this thesis.

S~ IV x(uxB)| poLVa
- V2B T g

| “L]o (1.12)

where L is the system length scale and V4 is the Alfvén speed. There are certain thin
layers within a tokamak plasma that have very short system length scales and a small
S value, which means that resistivity is important to consider and that magnetic recon-
nection can become favourable. Because of this, these regions can become susceptible
to the growth of a type of resistive plasma instability called a neoclassical tearing mode
(NTM). NTMs can impair the performance of a tokamak by reducing the temperature
of the core plasma or by causing a plasma disruption if allowed to grow to a large size
(see section 1.4). The aim of this thesis is to develop a deeper understanding of the

onset and growth of NTMs in order to find ways of minimising these effects.

1.3 Tokamaks

1.3.1 Magnetic field configuration

In the limit of zero plasma resistivity and viscosity (i.e. no collisions between particles,
so-called ideal MHD), the particles tend to stay within rz, of a field line. If a field line
joins back on itself, the particles will be confined to stream along it (neglecting drifts).
The simplest way to bend a column of plasma to join back on itself is the toroidal

geometry. Figure 1.4a shows half a torus with the relevant toroidal coordinates.

Here, r is the minor radius (a is the value of r at the plasma edge), R is the major
radius (Ryp is the value of R at the magnetic axis), 6 is the poloidal angle, ¢ is the toroidal

angle and Z is the vertical coordinate. The usual method for inducing a toroidal field,
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Low Field Side

FIGURE 1.4: a) Toroidal geometry. b) Toroidal field generation in a torus.

By, is to wrap a series of coils, carrying toroidal field current, I;¢, around the toroidal
vessel (see figure 1.4b). As the coils are more closely spaced on the inside of the torus,
the toroidal field strength varies approximately like By ~ 1/R. This makes it necessary
to distinguish between the high and low field sides of the vessel, known as the inboard

and outboard sides, respectively.

An important consequence of this 1/R dependence is that there is a VB drift; in op-
posite directions for electrons and ions. Similarly, the toroidal curvature of the magnetic
field gives rise to a curvature drift, in the same direction as the VB drift. Figure 1.5a
shows that if the field was purely in the toroidal direction, the ions and electrons would
separate, giving rise to an electric field. In combination with the toroidal magnetic field,
this electric field would cause both species to have an E x B drift out of the plasma,

resulting in complete loss of plasma confinement.

The solution is to include another magnetic field in the poloidal direction, By. This
can be done using specially shaped coils or by ramping current through a central solenoid
to produce a time varying magnetic field in the Z direction, which generates a toroidal
plasma current (I,) and an associated By, as shown in figure 1.5b. The sum of By and
By has a toroidal helix shape, which prevents either species from collecting at the top
or bottom of the vessel. The VB and curvature drifts still exist but by avoiding charge
accumulation, large scale E x B drifts are eliminated. In general, the combination of a

poloidal and toroidal field is known as the toroidal pinch.

The amount the helical field lines ‘twist’ in a toroidal pinch is quantified by a param-
eter known as the safety factor, g. This is defined as the number of times a field line
winds around the torus toroidally for every once poloidally. At this point it is necessary
to state, without proof, that magnetic field lines lie in closed toroidal surfaces. This is
discussed more thoroughly in section 1.3.2. The magnetic surfaces where ¢ has a ratio-

nal value are of particular interest, as the field lines connect back on themselves and
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FIGURE 1.5: a) Drifts with a purely toroidal field. b) Poloidal field. ¢) Total helical field.

perturbations to these field lines have periodic boundary conditions. This means that
these surfaces are resonant with particular modes, made up of toroidal and poloidal har-
monics with toroidal mode number, n, and the poloidal mode number, m. Modes with
a particular combination of m and n will be resonant on surfaces with ¢ = m/n. These
modes may be unstable and grow in amplitude so are often referred to as instabilities.
Furthermore, the plasma resistivity can become important at these rational surfaces,
making them susceptible to magnetic reconnection and resistive instabilities, such as
tearing modes (as was mentioned in section 1.2). The radial gradient of the ¢ profile
is also an important parameter in determining the stability of modes and is normally
expressed in terms of the magnetic shear defined as:

rdq

- 1.13
qdr ( )

There are three stable variations of the toroidal pinch, with different g profiles shown
in figure 1.6. These configurations often have ¢ profiles tailored to avoid the ¢ = 1
surface, as it can be become susceptible to large and rapidly growing m/n = 1/1 kink-
like instabilities. The stellarator consists of a series of twisted coils, which provide a
helical field without the need for a plasma current. Its safety factor profile usually has

negative magnetic shear and, though there are a variety of different stellarator ¢ profile
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FIGURE 1.6: Safety factor for different toroidal pinch configurations as a function of nor-
malised minor radius [13].

designs, the classical stellarator g profile goes from 2-3 at the axis to about 1 at the
edge. The reversed field pinch (RFP) uses a plasma current to produce a poloidal field
of similar magnitude to the external toroidal field. The RFP is a self organised plasma
configuration; a minimum energy state, in which the toroidal field spontaneously changes
direction close to the plasma edge. This leads to a very low negative shear safety factor
profile, with a central g of just below 1 and an edge ¢ of just below 0. The tokamak has
a toroidal field much stronger than its poloidal field. It’s safety factor profile usually has
positive magnetic shear, starting at around 1 at the centre and increases to somewhere

in the range 3-10 towards the plasma edge.

1.3.2 Equilibrium

It is instructive to study the MHD equilibrium in a tokamak. Conventionally axisymme-
try is assumed, which allows much of the analysis to be restricted to the poloidal plane.
If we assume that the global plasma flow is zero, the force balance equation (equation

1.6) becomes Vp =J x B.

Combining force balance and Ampere’s law gives:
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JxB = i(V><B)><B
Lo

The first term of equation 1.14 describes the forces due to the curvature of the
magnetic field. The fact that it takes energy to bend magnetic field lines has important
implications for plasma stability and this is discussed later. The second term describes
the magnetic pressure forces that act when field lines are compressed together. An
important equilibrium parameter is the ratio of the plasma pressure and this magnetic

pressure:

_ D
B = 52 (1.15)

The magnetic pressure is related to the strength of the externally applied field which
should be minimised to reduce the power requirements of the tokamak. A high 3 scenario
is desirable as it uses relatively little magnetic pressure to achieve a hot and dense
plasma. Another, similar parameter of interest is /3,, the poloidal 3, which is calculated

by replacing B with By in equation 1.15.

The plasma [ cannot increase indefinitely, as eventually global MHD instabilities
rapidly grow and terminate the plasma. Troyon calculated the g limit beyond which
the plasma, without a stabilising metal wall, becomes globally unstable to an ideal kink
mode [14]. For a large aspect ratio, circular cross section tokamak, this limit was found

to follow the scaling Sy = 4l; [15], where Sy = B[%] al[;n[]l\ig] is the ‘normalised 8’ and

l; =2 [ Bgrdr/a?By(a) is the plasma internal inductance.

In a successful MCF device, the pressure should be greater in the core than at the
edges, with nested surfaces of constant p (see figure 1.7). As p is a scalar field, Vp will
always point perpendicular to these surfaces. The surface area of the inboard side of a
torus is less than that of the outboard side. Since pressure is force per unit area and is
constant on a surface, the surfaces are pushed away from the inboard side so that the
maximum pressure is shifted off centre. This contributes to a shift of the flux surfaces
towards the outboard side of the torus, known as the Shafranov shift (see figure 1.7),
which leads to a distinction between the geometric and magnetic axes of the plasma. In

this thesis, ‘axis’ will generally refer to the magnetic axis.
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FIGURE 1.7: Surfaces of constant pressure with Shafranov shift off axis. Magnetic field lines
and currents lie in surfaces.

The dot product of the equilibrium force balance with B gives B.Vp = 0 and the
dot product with J gives J.Vp = 0. This means that both B and J lie in the surfaces
of constant p, perpendicular to Vp, which is illustrated in figure 1.7. This result can be
used to show that the magnetic flux due to the poloidal field, ¥, is also constant on a
pressure surface. It is often useful to label each surface by its local ¥ value (renaming
them flur surfaces) and to use ¥ as a substitute spatial coordinate, independent of

plasma cross section shape (unlike 7).

Transport of heat and particles is much faster parallel to magnetic field lines than
it is perpendicular to magnetic field lines. Field lines that lie in closed equilibrium
flux surfaces, are good for confinement because they only allow slower perpendicular
transport of heat and particles out of the plasma. Any perturbation or instability that
breaks open flux surfaces or provides a component of the magnetic field perpendicular
to the equilibrium surfaces will have a detrimental effect on confinement as heat and
particles can free stream out of the plasma. Instabilities such as neoclassical tearing

modes can have such an effect and this will be revisited in more detail later.

Force balance is also influenced by the rotation of the plasma. This rotation is
primarily in the toroidal direction and to a large extent is driven by momentum input
from the tangential neutral beams (covered in section 1.3.4), although there is some
intrinsic toroidal and poloidal rotation the cause of which is not fully understood. The
toroidal rotation usually has a sheared profile with a high rotation in the plasma core,
which tends to be beneficial for stability, although there is still some debate about the

effects of rotation shear. Loss of rotation often results in a disruption of the plasma.
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A range of other factors can influence plasma equilibrium from fast particles produced
in the plasma core by external heat sources to the influx of impurities and neutrals at
the plasma edge. Some of these other factors will be looked at in Chapter 2, when
considering MAST equilibria in more depth.

1.3.3 Plasma stability

Sections 1.3.1 and 1.3.2 described some of the properties of plasma equilibrium that can
lead to the growth of instabilities, such as high g or the presence of rational ¢ surfaces.
Plasma stability is often determined by considering whether there is free energy available
for a perturbation to grow, which can be influenced by a wide range of local and global

plasma parameters.

Pressure gradients are one potential source of free energy to drive instability growth.
One example of this is the Edge Localised Mode (ELM), a periodic eruption of the
plasma edge, which can cause highly damaging transient heat loads on the plasma-
facing components. In 1982, a new high § operational regime was discovered when a
new plasma edge configuration, called a divertor (see section 1.3.5), was used [16]. This
high confinement mode (H-mode, in contrast to the low confinement, L-mode) has a
steep edge pressure gradient (or pedestal) and a significantly higher core pressure (see
figure 1.8). The confinement time was found to approximately double. H-mode seems
to be an advantageous operational regime for an MCF reactor but this high pedestal
pressure gradient makes the edge plasma susceptible to ELMs, which are likely to cause

unacceptable levels of damage if not mitigated on ITER.

H-mode

Pressure

L-mode
\

vpedestal
\

FIGURE 1.8: Typical pressure profiles for L and H mode operational regimes.
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Another important parameter for determining plasma stability is the curvature of
the field, sz, defined as a unit vector which points from the infinitesimal arc of field
line towards the centre of the arc’s circle. MHD stability analysis shows that in regions
where Vp.s>r > 0, such as the outboard side of the torus, the curvature has a destabilising
effect on perturbations, whereas curvature acts to stabilise on the inboard side, which
has Vp.»>x < 0. This effect is seen in experimental observations of ELMs, which erupt

much more violently on the outboard side of the tokamak.

This thesis considers the various contributions to the stability of neoclassical tearing
modes, which includes the effects of pressure gradients, curvature and also other effects
such as the shape of the current profile. Further details can be found in Chapters 3 and

6.

1.3.4 Heating and current drive

The magnetic fields provide the plasma confinement, but to access the Lawson ignition
condition the plasma must also be heated. There are three main heat sources used in

tokamaks:

1. The plasma current provides ohmic heating.

2. Radio or microwave frequency radiation, resonant with certain plasma oscillations,
is used as a source of heating. Common examples are ion and electron cyclotron
resonance heating (ICRH and ECRH). A similar system can be used to drive

current (e.g. electron cyclotron current drive, ECCD).

3. High energy beams of neutral deuterium atoms are often injected into the plasma.
This neutral beam injection (NBI) provides heating, current drive and angular

momentum in the toroidal direction.

1.3.5 Tokamak design

Tokamaks are designed in a variety of different sizes and configurations, but a number
of features are common to most modern tokamaks. Figure 1.9 shows a schematic of a

tokamak with some of these features labelled.

The first wall faces the plasma and is built to withstand high heat loads and exposure
to x-rays caused by runaway electrons during a disruption. Graphite tiles are used for

the first wall in many tokamaks (e.g. MAST) but sometimes metal walls are used such
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FIGURE 1.9: A tokamak plasma cross section with shaping. The dashed red line is the
separatrix and the solid red line is the last closed flux surface. § is the triangularity and s is
the elongation.

as in JET, which is currently using an all metal wall in preparation for ITER. The centre
column contains the central solenoid and the inner loop of the toroidal field coils. It is
protected by the first wall. The divertor is the point where the plasma makes contact
with the first wall. The magnetic field configuration in a divertor tokamak has a field
null X-point, just above the divertor, which creates a separatrix flux surface and two
legs down which plasma streams onto the divertor target plates. Building these plates

to withstand high heat loads, particularly transient events, presents a real challenge.

Just inside the separatrix is the last closed flux surface (LCFS) and just outside it is
the region called the scrape-off layer (SOL). The flux region spanning from ¥ /¥ cpg =
0.95 to just outside the SOL is called the edge plasma. The physics of this region is
very complex due to the steep gradients in pressure and current and the large neutral
particle fraction, but this will not be covered in detail in this thesis. The core plasma
is fully ionised and is usually confined by closed toroidal flux surfaces. The low ¢ values
in this region make it susceptible to large scale, low m/n MHD instabilities, which will

be the focus of this thesis.
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