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Abstract

An improved confinement regime such as the H-mode is critically important for
the realisation of a fusion power plant based on a magnetically confined plasma.
The performance of the plasma core, stability and confinement are strongly influ-
enced by the interaction of many diverse physics processes. Among such processes
is transport at the plasma edge, and particularly the physics of field-aligned fil-
amentary structures which have been observed using high resolution cameras to
leave the edge and hit the confining wall. A thorough characterisation of this
transport in H-mode is therefore paramount since the filaments are directly re-

sponsible for power deposition onto material surfaces.

This thesis presents experimental analysis of filamentary structures at the plasma
edge in the Mega Amp Spherical Tokamak (MAST) during H-mode inter-ELM
periods. Using a background subtraction technique, camera images recorded at
a rate of 100 kHz during these periods reveal that similarly to L-mode and ELM
events, field-aligned filamentary structures also exist in inter-ELM periods. Anal-
ysis of their corresponding D, light emission shows that inter-ELM filaments are
the lowest amplitude fluctuations in the MAST scrape-off layer (SOL) relative to
L-mode and ELM filaments.

Using magnetic equilibrium reconstructions of field-lines, filaments in the cam-
era images are tracked in radial and toroidal directions both manually and using
semi-automated techniques. Analysis of their spatio-temporal evolution confirms
that despite the reduction in turbulence levels seen in the H-mode, inter-ELM
filaments exist on timescales ~ 50-120 us, and during this time contribute di-
rectly to transport: they are found to rotate in the vicinity of the last closed
flux surface (LCFS) with a mean toroidal velocity of 9 km s~! in the co-current
direction, and propagate radially outwards with a constant velocity in the range
1-2 km s~!. Motion of these filaments is found to depend strongly on plasma
density such that with increasing density, there is decrease in toroidal motion
and an enhancement of the radial transport manifested by an increased number

of filaments which leave the edge and travel faster into the SOL.



Semi-Automated methods are also applied to the inter-ELM camera images in
order to determine physical properties of these filaments. A wide range of mode
numbers is found (6-48) with a mean of 24. Analysis of toroidal and radial widths
indicate that inter-ELM filaments are elliptical in size with an average toroidal
width of 16 cm and a radial width of 4 cm. Camera images recorded at a rate of
100 kHz have been compared to data recorded simultaneously by the mid-plane
reciprocating probe. This cross-comparison shows that intermittent fluctuations
in ion saturation current (/sar) signals correspond to inter-ELM filaments pass-

ing the probe, appearing immediately before and after the ELM.

Peak detection algorithms have been applied to Isar signals in order to isolate
the peaks corresponding to filamentary structures. Based on these Isar val-
ues, a density estimate for inter-ELM filaments is found to be in the range 6.5
%106 — 6.7 x 10'” m~3. This result has been compared to L-mode and ELM

filaments.

The Igar signals from single and neighbouring probe tips have been used to verify
the properties of filaments at the edge, finding toroidal widths, mode number and

toroidal velocity - in good agreement with camera estimates.

The radial motion of inter-ELM filaments is also captured in Langmuir probe
data through measurements of the radial fall-off of Isar, denoted Asar. Fits of
the Isat values as a function of distance from the LCFS yield particle e-folding
lengths of /\gifr}[" ~ 41 mm at high density discharges (0.55 < n./ngw < 0.75
where n, is the line-averaged electron density and ngw is the Greenwald den-
sity), and A¥ ~ 28 mm at low density (0.3 < n./ngw < 0.45). Similar trends
are also obtained in simulations of a filament propagating radially with a velocity
V; and losing particles on ion parallel loss timescales 7, such that A ~ V.7 where
7y = Lj/C, (L) is the connection length and C, is the ion sound speed). Cru-
cially, it is shown through simulation that this simple model is only valid when

the radial dependence of C, and L parameters is included.

Radial velocity and Isar measurements reported in this thesis have been used in
order to test predictions made by the different models, namely the interchange
and sheath-dissipative models. The observed data are at least a factor of 2 smaller
than both model predictions. In fact, the scaling observed has been found to vary

as a function of distance in the SOL — a feature which is not captured in either

v



model.

Finally, physical properties of inter-ELM filaments are compared and contrasted
with those of L-mode and ELM filaments. Observations would indicate a strong
similarity between L-mode and inter-ELM filaments which leads one to specu-
late that these have a common driving mechanism which is different to the ELM

instability.
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Chapter 1
INTRODUCTION

Since the beginning of industrialisation, mankind has become increasingly de-
pendent on cheap and abundant energy. Energy consumption has grown steadily in
the past, and it is now widely accepted that this energy demand, which is currently at
5x10% J/yr [1], can no longer be sustained through the burning of fossil fuels. Growing
global industrialisation, emerging economies in China and India, increasing world pop-
ulation, demands for higher standards of living, the strong dependence of economies
on ever decreasing amounts of fossil fuels and their environmental impact on climate
change [2] all make for a certain energy crisis. Without a reliable supply of constant
energy, the industrialised infrastructure of the 21st century world would collapse: agri-
culture, transportation, waste collection, information technology, communications and

many of the pre-requisites that a developed nation takes for granted would vanish.

The renewables (biomass, hydro, solar, wind, geothermal and biofuels) show poten-
tial as clean and abundant sources of energy. While small now, ~ 9% of the global
power usage in 2005, it is possible that they will provide a significant share of the
energy in the future. However, it is unlikely that these sources will provide a baseline

electricity generation capacity due to fluctuations in the outputs.

Conventional nuclear energy that is based on the fission of heavy elements, like Ura-
nium, can contribute to energy production and does not produce any greenhouse gases.
However, the fission power industry suffers from poor political acceptance due to the
risk of a serious accident, long term radioactive waste and its connections to nuclear

weapons. Furthermore, without breeder reactors, uranium reserves are questionable.
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1.1 Nuclear fusion

A promising alternative energy source is fusion. Fusion reactions are brought
about by heating a hydrogenic fuel to a sufficiently high temperature that the thermal
velocities of nuclei are high enough to fuse into a heavier nucleus. The mass defect dm
in the reaction is turned into energy e according to Einstein’s ¢ = dmc? law. Fusion
brought about in this way is called thermonuclear fusion. Energy production in the Sun
occurs through nuclear fusion which proceeds predominantly via the proton cycle [3].
Despite the low cross section for this reaction, reaction rates are sufficient to produce
most of the energy output of the Sun (E ~ 3.86 x 102! J [3]) due to its large volume

which is confined by gravity.

1.2 Plasma

Due to the increase in the binding energy per nucleon up to mass numbers of
A 50, fusion reactions between light nuclei are generally exothermic. For the short
range nuclear forces to take effect, and hence fusion to occur, the nuclei involved must
approach one another with high relative velocities in order to overcome the Coulomb
repulsion due to their positive charges. In thermonuclear fusion, the energies required
are supplied by heating the reactants to high temperatures with the resulting ensemble

of electrons and fully stripped ions forming a quasi-neutral gas called a plasma.

1.3 Controlled thermonuclear fusion

In practice, only the reactions involving the hydrogenic isotopes (H, D, T) and the

lightest elements (e.g. He) are of interest. Fusion reactions involving these elements
include:

D+T — “He+n+17.6 MeV
‘He + 2n + 11.3 MeV

T+T —

D+D — °®He+n+327 MeV

D+D — 3He+p+4.03 MeV
D+3He — “‘He+p+183 MeV

~2N
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Of these, the reaction between deuterium and tritium is the most favoured for use
in a fusion power plant. This is because the fusion cross section, o, for this reaction
is much larger than other reactions within achievable temperature ranges. Figure 1.1
shows that o reaches a maximum (o ~ 7 x 1072*m~2) for a deuteron energy of 100 keV
(1IkeV &~ 107 K) on a stationary tritium nucleus - considerably higher at this impact

energy than the cross section for alternative combinations (D-D, D-H,?) [4].
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Figure 1.1: Fusion cross-sections for the most important fusion reactions as a function
of the centre-of-mass energy of the reacting particles.

More specifically, the plasma ions will be characterised by Maxwellian velocity distri-
butions at temperature 7;, and a more relevant parameter is the reaction rate (ov)
averaged over all velocities. Due to the contribution of energetic ions in the tail of the
distribution, (ov) is found to reach half of the maximum value for ion temperatures as

low as 20 keV [4] .

In these reactions, the charged 3.5 MeV helium atoms remain confined by the plasma
serving to heat it through collisions, while the majority of the energy ~ 14.1 MeV is
carried by the neutrons. These escape the plasma and interact with a surrounding
“blanket” transferring their energy into heat which is then carried away by a suitable
coolant (either water or He). This coolant is then used to drive a conventional turbine

to generate electricity.

While deuterium is readily obtained from water with an isotopic abundance in nor-

N3N
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mal hydrogen is 0.015% , tritium, which is an unstable isotope of Hydrogen, occurs
naturally only in negligible amounts due to it being radioactive with a half-life of 12
years. For this reason, the blanket capturing the neutrons is also engineered so as to
allow the breeding of tritium from lithium, in order to fuel the D — T fuel cycle through

one of the following reactions:

n+%Li — T+ ‘He

n+'Li — T+%He+n

where the reactant neutron n is supplied by the D-T fusion reaction.

1.4 The Lawson criterion

Since in any future fusion device, there will be continuous loss of energy from the
fusion plasma, it is clear that the minimum requirement for useful power production is a
minimum power output in excess of the total loss. The Lawson criterion is a statement
of this condition for the specific case of energy input from an external source. An
idealised process is assumed in which the power output can be converted to electrical

energy and regained later as useful heat.

Denoting Py the heating power, Pp, the total power loss, and Pr as the total useful
power leaving the plasma which can be converted to electrical energy with an efficiency

n, then for this simple model it is at least necessary that:
nPr > P, (1.1)

be satisfied for power balance within the plasma, Py = Pr.

The thermonuclear power per unit volume per unit time from a fusion plasma with

deuterium and tritium species of density np and nr is given by:
1 5
PTn = nDnT(av)DTE = Zn,- (UU)DTE, (1.2)

where E is the energy released per reaction (17.6 MeV).
Taking into account losses due to Bremsstrahlung radiation, and writing the remaining

power loss which result from other processes as a ratio of the total plasma energy

~ 4 ~
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density W and the characteristic time over which it is confined 7g:
W 3nT, + nT,;
Py = o = SNele T Nili ,
L TE 2 TE ! (1 3)
the total power loss can be written as:
§neTe + niTi

P, = Bnen; TY? + > - ,
FE

(1.4)

where £ is a constant (3.8 x 10~2% J2m3~! [5]). The total power leaving the plasma

is thus:

E ;T
PL=n} (iav)% + ﬂT”“’) + 3—:E— (1.5)

Substituting equations (1.5) and (1.2) into the requirement of equation (1.1), the cri-

terion for a system with net power gain is:

3T
1% 3{ov)prE — BT/

nte(T) > (1.6)

For n = 1/3, the curve of nrg versus T has a minimum of 6 x 10' m~3s for tem-
peratures in the range 20-30 keV. Since for a future power plant, nTp must exceed
this minimum value, the condition for net power gain, formally known as the Lawson

criterion becomes:

nTg > 6 x 10°m3s. (1.7)

1.5 Ignition

The continuous source of external heating power assumed in deriving the Lawson
criterion would not be required if the energy released from the fusion reactions within
the plasma volume could be used to balance the losses. When adequate confinement
conditions are achieved, a point is reached where the plasma temperature can be main-
tained against the energy losses solely by *He (a-particle) heating. In a D-T fusion
plasma this is possible through the retention of charged a-particle reaction products
by the confining magnetic field. When the heat losses are balanced by the o heating,

- the plasma ignites and any external power input may be discontinued.

By analogy with equation (1.2) the a-particle heating power per unit volume may be

written:

P, = =n;{ov)prE,, (1.8)
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where E, = 3.5 MeV is the a-particle energy. Using the relation (1.4) for the total
power loss, the condition for ignition P, > Py, is:

3T

1% 3{0v)prEa — BTV2

(1.9)

nTg Z

In common with equation (1.6), n7g(T) has a minimum value at T ~ 30 keV, giving

for the ignition criterion at this temperature[4]:
ntg > 1.5 x 10®°m3s. (1.10)

However, since 7 is itself a function of temperature, it can be shown that the ignition

criterion becomes:
nTT1g > 3 x 102 'm~3keVs. (1.11)

Ideally, fusion devices would seek to maximise both n and 7g parameters in order to
achieve the conditions of equation (1.11). However in practice, two existing approaches
have been followed. The first favours maximising n at the expense of 7, and is known as
Inertial Confinement Fusion (ICF). The second method adopts the reciprocal relations

where it is sought to maximise 7g through magnetic confinement.

1.6 Inertial Confinement Fusion (ICF)

The ICF method attempts to produce high densities and temperatures for a short
time to satisfy Lawson’s criterion. Fusion reactions are initiated by heating and com-
pressing a fusion capsule (typically D and T) situated within a gold-plated hohlraum
cavity by the use of intense laser or ion beams. A process known as “indirect drive”
is used during which the laser beams rapidly heat the surface of the hohlraum which
absorbs the energy and re-radiates it as X-rays. Thé X-rays then uniformly heat the
fusion target leading to (1) an explosive detonation of its outer layers, and (2) the
acceleration of the remaining target layers inwards, thereby creating a shock wave into
the centre. As a result, the fuel core in the target is compressed reaching a high
enough density (typically n ~ 103! m™3) and temperatures so as to ignite and cause
fusion reactions on time scales 7z ~ 107! s. For a multimedia animation, see [6].
First experiments are scheduled for 2010 at the National Ignition Facility (NIF) at the
Lawrence Livermore National Laboratory (LLNL)[6].

~ 6 ~



Introduction

1.7 Magnetic confinement

The second approach to fusion, which is the implementation considered in this the-
sis, is to use magnetic fields to confine D-T plasmas at temperatures of T' ~ 10 keV at
relatively low densities n ~ 102°m~3 for long periods of time 7z ~ 10s. As previously
mentioned, the plasma energy density must be maintained to ensure significant reac-

tion probability and power output.

The basic principle of magnetic confinement may be understood by considering a
charged plasma particle. In the presence of a magnetic field, the particle will gyrate in
a plane perpendicular to the field direction, and thus it follows that the flow of particles
across the field is restricted. With no other external influences, the particle will to first
order simply follow the magnetic field direction. Thus, by controlling the direction of
this guiding magnetic field, the plasma as a whole may be manipulated. The ionised
fusion fuel and charged « particles will be affected, whereas the neutrons released from
the fusion reactions will pass through freely to a surrounding absorbing blanket, where

they will generate tritium and deposit their energy.

A variety of magnetic confinement devices have been proposed. The two basic con-
finement concepts which have been successful are the stellerator [7] and the tokamak
[4]. Both confine a plasma in a toroidal configuration but differ mainly in the structure

of the guiding magnetic field, and the way it is produced.

Stellerators generate all the confining fields externally using highly complicated field
coils. Some important stellerator experiments include the Wendlestein stellerator (Ger-
many) and the Large Helical Device (Japan). The main advantage of the stellerator
concept is that they can be operated in steady state and do not require an internal
current. The expenses and complexity therefore of current drive are avoided. However,
the complexity of the field coils and asymmetry of the plasma complicates theoretical

stability analysis and the implementation of experimental diagnostics becomes more

difficult.
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1.7.1 The tokamak

The tokamak has emerged as the leading concept for high temperature confine-
ment of plasmas, with a simpler magnetic configuration in comparison to the steller-
ator. It was first developed in the Soviet Union in the early 1960s — the name, an
acronym from the Russian words Toroidalnaya Kamera and MAgnitnaya Katuchka,
meaning “toroidal chamber” and “magnetic coil”. The progress of experimental work
on tokamaks towards reactor conditions can be illustrated by the fusion triple product
where most of this progress is based on building successively larger devices rather than
through improvements of the thermal insulation. The largest and most powerful toka-
mak devices, JET and JT-60U, have reached plasma parameters equivalent to break
even. There are now two categories of tokamaks: the conventional tokamak such as
JET, and a more recently developed spherical tokamak. The two designs have similar
fundamental properties which will be described briefly in subsection 1.7.4, while their

differences are outlined in section 1.8.

1.7.2 Magnetic geometry

The principle of magnetic confinement in a tokamak is based on an equilibrium in
which a force balance is achieved between the expansion effects of a hot pressure-driven
plasma and the magnetic forces acting on it. The magnetic field arises from both in-
duced and self-generated plasma currents, as well as externally applied magnetic fields.

This section will describe the magnetic fields necessary for tokamak confinement.

Vidal, [0}

poloidal

[ ¥ SIS

Figure 1.2: Illustration of the magnetic field configuration with the topology of nested
fluz surfaces in a tokamak. The toroidal coordinate system (R, ¢, Z).

~ 8 ~
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Toroidal field

Two basic components of the total field are necessary for confinement: a toroidal
and poloidal component. First, the toroidal component which is responsible for the

basic plasma shape is discussed.

As mentioned earlier, charged particles follow the direction of the guiding magnetic
field line whilst gyrating around them. The idea of confinement is that all particles are
charged and that their orbits in the magnetic field remain within the confined plasma.
This implies that there can be no outward component of the magnetic field at the
plasma boundary. It was shown through a conjecture made by Poincaré that in order
to achieve this, the plasma confining surfaces are toroidal in shape, and that guiding
magnetic field lines would densely cover these surfaces. The confinement region within
a tokamak plasma is therefore described as a series of nested flux surfaces which ideally
provide a barrier to radial motion of charged particles. The innermost magnetic surface
is known as the magnetic axis, and is simply a toroidal line. The outermost surface
which marks the boundary of the confinement region is referred to as the last closed
flux surface (LCFS). A toroidal angle, ¢, is introduced to define the toroidal location
along the torus (See figure 1.2). In the tokamak, this component of the field is referred

to as By, it prevents end losses from the plasma and plays an important role for its

general stability.

Poloidal field

The toroidal field alone does not allow confinement of the plasma since the field
gradient would lead to a charge separation between top and bottom of the torus as the
electron and ion guiding centre drifts are in opposite directions; the resulting electric
field would then force a further E x B drift outwards in the direction of the major
radius. To eliminate the charge imbalance, a field line connection between top and
bottom of the torus is necessary. In the tokamak, this component of field, By, is known
as the poloidal field, and serves to maintain an equilibrium in which the plasma pres-
sure is balanced by the magnetic forces. The poloidal angle 8 is introduced to define
the poloidal position around a flux surface. Toroidal and poloidal directions are thus
shown in figure 1.2. The trajectory of charged particles can now be visualised through

the total magnetic field line which is helical and spirals on a given magnetic flux sur-

NgN
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face. Note that r - the minor radius, is the distance between the magnetic axis to the

plasma edge.

Axisymmetry

Axisymmetry is an important feature of the tokamak since this property greatly
simplifies the engineering and mechanical challenges as well as introduces a tractable
mathematical description of the system. It can be shown that an axisymmetric mag-

netic field in a quiescent plasma may be written as:
B=VyxVo+ f(¢)Ve, (1.12)

where 9 is called the poloidal flux function and represents the amount of poloidal
flux lying within each magnetic surface (i.e., between the magnetic axis and the radial
location R). The poloidal component of the magnetic field (which lies in the (R, Z)
plane), is represented by By = V¢ x V4, whilst the toroidal component of the field is
B, = f(¥)V¢. As the system is axisymmetric, it follows that B.V = 0 and magnetic
field lines lie on surfaces of constant flux, referred to earlier as magnetic flux surfaces.
Figure 1.2 shows a section through the nested toroidal flux surfaces. Details of the

derivation for equation 1.12 can be found in [8].

Note that any deviation from axisymmetry for the magnetic field, for example due
to a current perturbation, will result in magnetic field lines which travel through flux
volumes (rather than magnetic field-lines being confined to a specific flux surface). The

exact structure of this magnetic field depends on the currents inside both the magnetic

field coils and the plasma.

Safety factor

The magnetic field lines are located at the magnetic surfaces winding on them as
helical lines: under angle displacement d¢ along the torus, the magnetic field line
rotates by angle df in the poloidal direction. Since the arc length along ¢ is equal to
Rdg, and along # is equal to rdf, their ratio is equal to the ratio of the components of

the corresponding fields, and thus measures the field line pitch. This is expressed as:
r B,

q= __¢1
R By

where g is the safety factor, R the major radius and r the distance from the axis of

(1.13)

symmetry to a given flux surface.

~ 10 ~
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The value of g is of significance in a tokamak. The field lines may either be closed,
in which case they meet themselves after one or more transit of the torus, or open, in
which case a single magnetic‘ﬁeld line densely covers an entire flux surface. When the
field lines close, the value of ¢ may be interpreted geometrically: q will be a “rational”
number and may be written as g = m/n where n is the number of toroidal circuits a field
line makes before completing m poloidal circuits. If g is irrational, the magnetic field
line is never closed and the definition of g as the ratio of number of turns is understood
asymptotically, i.e. as the limit when the number of rotations tends to infinity. The
name derives from the requirement that ¢ > 1 everywhere for gross stability against

certain plasma instabilities.

1.7.3 Equilibrium force balance

The basic MHD equilibrium force balance which must hold in the plasma in
order to contain the plasma energy density, or pressure, by the magnetic forces will
now be outlined. The momentum balance equation for a plasma species, denoted by a

subscript a, is expressed as [9]:

% = —Vpo— V-, + 24enq (E + V, x B) + F,. (1.14)

o

This is similar to the Navier-Stokes equation for a fluid, with the addition of the

MaNg

Lorentz force and the friction, F,, between the plasma species. Here, m, and z, are
the mass and charge of the particle respectively, e is the unit electronic charge, n,,
T, and p, = n,T, are the species’ density, temperature and pressure respectively,
IT, is the viscosity tensor and V,, is the flow velocity of the species. The convective
derivative is taken in the frame moving at the velocity V,. To determine the plasma
force balance, the sum of the momentum equations for each species must be taken.
The inter-species forces cancel, as do the terms dependent on the electric field, due
to quasi-neutrality. To determine the equilibrium, the inertia and viscosity terms are
neglected [9]. Defining the total current j = eX4n4,2,V 4 and the total plasma pressure

p = EanaT,, the force balance takes the form:
jxB=Vp (1.15)

The dot product of this equation with B gives B - Vp = 0, so that, in equilibrium,

the pressure is constant on a flux surface. The plasma may be understood to evolve

~ 11 ~
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slowly through a series of quasi-equilibrium states. The force balance equation holds
at each flux surface, so that, at each radius, there is a balance between the pressure

and the Lorentz force due to the current contained in the interior.

By using the explicit form of the magnetic field in an axisymmetric system (see
equation (1.12)), the force balance equation (as shown in equation (1.15)), becomes
the Grad-Shafranov equation [4]. This is solved to give the 2-D description of the
magnetic flux surface cross-sections. Typically this is done numerically, using exper-
imental measurements of the magnetic fields to reconstruct the equilibrium magnetic

field distribution which is established in the plasma.

Plasma beta

The efficiency of confinement of plasma pressure by the magnetic field, as expressed

in equation (1.15), is represented in a simple way by the ratio:

__{m
b= (1.16)

where (p) is kinetic energy density, and B?/2y, is the magnetic energy density. For
the most effective use of the generated magnetic field, it is preferable to have values of

[ as high as possible.

1.7.4 Principles of a tokamak

Typical plasma densities in a tokamak are of the order of 10'® particles/m?, which
is roughly five orders of magnitude lower than air density. Therefore in magnetic
confinement devices such as the tokamak, the plasma is produced in a metal high
vacuum chamber, and evacuated to low base pressures. The chamber is then filled with
a gas mixture which has to be heated to temperatures in excess of 10 keV. Note the
temperature T=1 keV corresponds to 1.16 x 10”7 K. The confinement of this plasma is
achieved by the combination of magnetic fields generated by external current-carrying
coils and by current flowing through the plasma to produce a closed magnetic field line

system. Figure 1.3 is a schematic representation of a standard experimental machine

configuration.

~ 12 ~
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Figure 1.3: Schematic view of a tokamak and the three magnetic fields: Toroidal field
By, poloidal field By and vertical field B,. The ratio of the three components is typically
By, By: B, = 100:10:1 for conventional machines.

The main toroidal guiding field, By is produced by a series of discrete toroidal coils
which encircle the plasma in the poloidal direction - see blue coils in figure 1.3. The
number of toroidal coils varies depending on the device but are equally spaced in all
devices so as to minimise deviations from axisymmetry. Ampéres law applied to a

toroidal circuit within the toroidal field coil gives:
27I'RB¢ = /LQIT, (117)
where I is the total current in the toroidal coils. It is seen from equation (1.17) that

the vacuum toroidal field varies as By « 1/R.

The poloidal field is produced by a toroidal current induced in the plasma by trans-
former action with the plasma as a single turn secondary. The primary winding, or
primary solenoid, sits along the symmetry axis - see in green inner poloidal coils in

figure 1.3.
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In addition to toroidal and poloidal fields, a vertical magnetic field B, is produced
by external toroidal windings. This component is also required to counteract hoop

forces which expand the plasma ring due to toroidal geometry.

In addition to providing the poloidal component of the magnetic field, the induced
plasma current, denoted in this thesis as I, is also a source of plasma heating through
the resistance to the current caused by electron-ion collisions; this is known as Ohmic
heating. At low temperatures the Ohmic heating density is large but, because the

3/2

resistance of the plasma, 7, varies as T, */*, this heating power P, = nj? is less efficient

at high temperatures [4].

One limitation of the tokamak design is manifested in the short duration of the
plasma discharge which is limited by the maximum current that can be driven through

the transformer.

1.8 Spherical tokamaks

The shape of a torus is characterised using several parameters, the most im-
portant being the major and minor radii, denoted respectively as R and r. Initially,
all tokamaks were of conventional aspect-ratio (A4), that is with A = R/r > 2. This
evolved, and the concept of spherical tokamaks (STs), or small aspect-ratio tokamak,
was introduced. This is primarily obtained from a conventional aspect-ratio tokamak
by reducing its major radius while keeping the minor radius fixed. A further distinc-
tion is the natural vertical elongation which ensues from the compact design. These
two distinguishing features are illustrated in figure 1.4. Shown in (a) is a conventional
aspect ratio tokamak with its large distance between the machine axis and the plasma
such that A = 3, which is in contrast with an A = 1.3 ST tokamak characterised by a

distinctive D-shaped poloidal cross-section.

The main motivation for a smaller aspect ratio tokamak stems from the desire to
extend the operational limits, particularly in terms of higher plasma current. This can

be seen from the scaling of plasma current I, in a tokamak which is expressed as:
I, ~ (rBs/q) /A, (1.18)

~ 14 ~
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Large aspect-ratio

Figure 1.4: Illustration showing difference between an (a) large aspect ratio tokamak
with A = 3 and (b) small aspect ratio, A = 1.3. Major radius R shown as red arrow,
and minor radius r as black arrow. Querlaid are also field lines on the outer most

surface.

where any advantages of high current are more readily obtained with a small aspect-
ratio. Furthermore, the ST benefits from being able naturally to exploit the high field
region near the central column. Indeed, as the plasma in the ST is closer to the central
solenoid, the toroidal field which must be generated to ensure plasma stability is gen-
erally less than that required in a conventional tokamak for the same plasma current.
Considering that the power required to generate the magnetic field is the most signifi-
cant cost for tokamak operation, the ST design is an economically attractive option.
The theoretical advantages of the ST design were introduced in a publication by Peng
and Strickler[10], and predictions were subsequently verified experimentally on a range
of small STs (e.g CDX-U, HIT, TS-3, MEDUSA, ROTMAK-ST), and in particular on
the START device at Culham. Promising results have led to the design and construc-
tion of the current generation STs including PEGASUS (USA), GLOBUS-M (Russian
Federation), ETE (Brazil), and TST-2 (Japan), and two larger Mega-Ampere devices,
NSTX (USA) and MAST (UK). It is from the latter device that data for this thesis are
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presented. Key parameters of the MAST tokamak will be outlined in the next section.

The Tryon-Sykes limit

The 3 value, (as expressed in equation (1.16)) has a maximum achievable value given
by the Tryon-Sykes limit [11]. This is a pressure limit, and is related to the so-called
ballooning instability where magnetic field lines experience a “swelling” on the outer
region of the plasma where they are convex with radius of curvature. In this situation,
the magnetic tension of the field-lines provide a restoring stabilising force and draw
the field-lines back. However, if a critical value is exceeded, an instability occurs at
B = (p)/B2 ~ r/qR. Since the safety factor can be expressed as q¢ ~ Byr?/IR, the

expression for the limiting value of 3 is given by:

I
ﬂn—g;-]z=911v (1.19)

where Iy = I/rBy is the normalised current. The g coefficient is called the Tryon
factor which may be considered a constant: g &~ 3%. Spherical tokamaks are capable
of achieving a higher 8 due to a higher normalised current. The START tokamak was
the first ST to produce a hot (> 100 eV) plasma, and was able to produce record 3
values of 40%, which was much higher than the previous maximum 12.6 % obtained in

the larger aspect ratio DIII-D machine.

1.8.1 The MAST tokamak

The Mega Amp Spherical Tokamak (MAST) is a spherical tokamak which be-
came operational in December 1999. It was designed to test the promising results
obtained from its forerunner; the START device, which was operational at Culham
from 1991 to 1999. The objectives of the MAST programme are to establish the
physics basis for a Spherical Tokamak-based Component Test Facility (CTF) and to
advance understanding of key tokamak physics issues for optimal exploitation of next
step fusion machines ITER [12] and DEMO [13]. In support of these objectives, MAST
is equipped with two neutral beam heating systems, a cryogenic pellet injector, digital
plasma control systems, error field compensation coils, and internal coil arrays for (1)
control of edge localised modes (ELMs) and (2) excitation of Toroidal and Compres-

sional Alfvén Eigenmodes (TAEs & CAEs).

~ 16 ~
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In addition there is a comprehensive array of advanced diagnostics including high
spatial and temporal resolution kinetic diagnostics (Thomson Scattering, charge ex-
change recombination spectroscopy, etc.), a multi-chord Motional Stark Effect (MSE)
system, extensive 2D imaging diagnostics (visible, infra-red, multi-wavelength narrow
band systems), numerous spectroscopic systems including edge Doppler spectroscopy
and new beam emission spectroscopy (BES), magnetic measurements (integrated and

unintegrated) up to 5 MHz and an array of Langmuir probes.

1.8.2 MAST engineering parameters

Key MAST parameters are summarised in Table 1.1 below.

Table 1.1: MAST engineering parameters
Design  Achieved

Major radius, R (m) 0.85 0.85

Minor radius, r (m) 0.65 0.65

Aspect ratio, € 2.5 24
Elongation, 2.5 24
Triangularity, 0.5 0.5
Plasma current, I, (MA) 2 1.35
Toroidal field (T) 0.51 0.51
NBI heating (MW) 5 3.8
Pulse length (s) 5 0.65
Plasma volume (m3) 10 10

1.8.3 The vacuum vessel

The MAST vessel is a stainless steel shell. It provides the ultra-high vacuum
enclosure, and supports vessel components such as external toroidal field coils and
internal poloidal field coils (as will be described in section 1.8.5). As shown in Figure
1.5, the vacuum vessel is a large cylinder, 4.0 m diameter and 4.4 m in height. Access
for heating and diagnostics into the vessel is provided by three rings of large ports in

the outer wall with additional ports in the top and bottom end plates.

~ 17 ~
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Toroidal field Cur(ent in .
toroidal coil

Center
column

Figure 1.5: The MAST wvessel is cylindrical with access for heating and diagnostics
provided by three rings of large ports in its outer wall. The internal view (right) also
shows the open surface area, known as divertor, and the primary poloidal coil referred
to as the central column.

1.8.4 Toroidal and poloidal field systems

External to the vacuum vessel are 24 toroidal field coil limbs each capable of sup-
porting a current of 92 kA (see red outline in figure 1.5(b)). The coils are water-cooled
conductors connected in series giving a total current of 2.2 MA - this is known as the
rod current and gives rise to the vacuum magnetic field in the toroidal direction By.

In addition to the poloidal currents (from toroidal coils which link the plasma), a
set of 6 poloidal coils, shown in figure 1.6, exist in-vessel and provide toroidal currents.

Each coil pair is designed with a specific purpose and will be described briefly.

The main coil P1 consists of a solenoid wound around the central rod. The current
is ramped between =+ 50 kA in P1, and leads to a flux swing of 1Vs required to produce
toroidal current in the plasma, and an associated poloidal magnetic field. This compo-
nent of the field produces an inward force needed to balance outward force (along the
minor radius) due to the plasma pressure. The remaining flux volt-seconds remaining
after the ramp, in conjunction with that provided by the other poloidal coils (as will

be described) will then sustain the flat-top current for typically 0.3 - 0.5 s.
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The solenoid and the TF centre rod are made as a single entity, forming the MAST
centre column. During operations, a full-power shot typically raises the bulk tem-
perature rise of the centre-column by ~ 40°C. In order to prevent softening of the
epoxy-resin insulation system, and maintain acceptable electrical resistance, the heat
accumulated is removed between consecutive pulses: demineralised water flows in par-
allel in each layer of the solenoid taking typically 10-15 minutes with the aid of booster

pumps to cool the system.

P1 (solenoid)

e
=
z\\g

“ws
Toroidal electric
V field from current
& Ve ramp
7 < - L ; P
.x't-l.ﬂi N>

Figure 1.6: Layout of the PF coils in the vacuum vessel. The internal support structure
is designed to provide adjustable support to the internal components. The divertor coils
and target plates are supported from the vessel end plates while other internal coils are

supported from the vessel side walls.

The five pairs of poloidal field coils P2, P3, P4, P5 and P6 (shown in figure 1.6)
are used to produce the wide variety of plasma shapes in addition to providing plasma
positional control and providing a vertical field to counteract the hoop force. These

coils are inside the vacuum tank and consist of water-cooled conductors encased in

stainless steel jackets.
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1.8.5 Typical current waveforms

A typical plasma current waveform is shown in figure 1.7. The evolution of the
plasma current is directly linked to specific PF current waveforms, each serving a
different function. Prior to plasma initiation, the P1 waveform is marked initially by
a pre-magnetisation phase lasting ~ 100 ms. This is closely followed in the plasma
current waveform by an induction phase where I, ascends to I, ~ 200 kA in 5 ms.
Subsequently, the current is ramped up to the desired level and at a desired rate. This
value is then held constant during the flat top. Plasma termination is marked by I,
reducing to zero, typically on ~ 200 ms. Also shown in figure 1.7 are the typical PF

current waveforms which illustrate the different functions of the PF coils.

e Premagnetisation

The P1 coil is ramped up to its maximum current ~ 40 kA in ~ 100 ms.

e Initiation of the plasma discharge
The P2 waveform tracks the solenoid current in order to minimise stray field from
P1. It is also used to make a null in the poloidal field, otherwise known as the
X-point, by running a current in the same direction as the plasma current. The
P3 coils are a pair of induction coils used to initiate the plasma current. The P3
waveform shows a steep current rise during which deuterium gas is puffed in at
various locations in the vessel. A fast P1 current decay dIp;/dt then causes a flux
variation which induces an electric field able to ionise the low pressure deuterium
gas in the vacuum vessel. The gas breakdown is promoted by the toroidal field

which channels the electrons thus amplifying the avalanche effect.

e Plasma current rise and flat top

The P1 current (and therefore the flux variation) is controlled in order to
achieve the desired rate of rise of the plasma current and, once the current has
reached its nominal value, to maintain the current during the flat top duration.
As the plasma current ramps up from its post breakdown value ~ 200 kA to its
flat top value ~ 500 — 900 kA, so do the currents in P4 and P5. Negative currents
(i.e, in opposite direction to direction of plasma current) in these coils provide
the vertical field and the main plasma control. During the flat top phase, the

flux rate of change is determined by the resistive voltage in the loop: P4 and P5
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currents are held constant and the plasma loop voltage is typically in the range

0.7-1.7 V.
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Figure 1.7: Typical waveforms for P1,2,3,4,5 coils. P2 are used to produce a divertor
coil to generate a double null X-point plasma. P38 are a pair of induction coils used
to initiate the plasma current. Negative currents (in convention of positive current
being that of the plasma) in P4 and P5 provide the vertical field and the main plasma
control. P6 are connected in anti-series (upper and lower in opposite directions) so as
to produce a radial field used to control the vertical position of the plasma.

e Plasma termination
When the current in the P1 coil reaches its second maximum value (this may
also be in the opposite direction) imposed by the structural and thermal limits,
the plasma discharge is terminated. At this point, the P1 current (and flux) is

reduced so as to induce a reverse electric field and ramp down the plasma current.

P6 coils are connected in odd parity in order to produce a radial field used to control

the vertical position of the plasma. The current waveforms are therefore dependent on
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feedback signals from pick-up coils which detect vertical instabilities in the plasma.

During MAST operations, both P2 and P3 coil packs are particularly prone to
interactions with the plasma which may lead to significant thermal loading of the
stainless steel case and increased erosion. For this reason, graphite armours are fixed

to the faces that are most likely to interact with the plasma.

1.9 Introduction to the edge plasma

Much of the early experimental and theoretical efforts in the field of tokamak physics
was devoted to the study of global plasma parameters (T, n., 7g), their scalings with
important machine parameters (I,, By, R, r), and of the numerous instabilities which
prevent stable equilibrium. This emphasis on core plasma confinement derived from
the need to establish steady-state parameter operating windows in which optimum
plasma performance is achieved. However, it has become progressively clear that in or-
der to achieve steady-state operations with sufficient confinement, the performance of
the core plasma the physics of and edge-related phenomena could no longer be treated
independently due to a strong coupling between collective core and edge pressures. A
thorough understanding of processes that occur in the edge region is therefore vital.

A generalised picture of overall research programmes of present day tokamaks con-
cerning both reactor design and plasma scenarios is presented in figure 1.9. Research
topics from a reactor design include fuelling (gas, pellet, beam), heating, current drive,
magnetic coils systems and exhaust systems (control systems, cooling circuits). Also,
from a plasma scenario development, the exhaust of particles (He, impurity influx)
and power (neutrons, photons, plasma), heat loads to plasma facing components and
impurity influx all influence plasma edge conditions and are therefore pertinent issues

which parallel research on confinement and core plasma condition studies.

While the power exhaust in both neutron and photon channels is spread over the
whole vessel surface area, this is not the case for plasma exhaust which is found to
be localised in narrow regions. A crucial problem of realising next step devices such
as ITER is to handle the energy flux into the Scrape-Off-Layer (SOL) and control the
energy flux onto the deposition areas. A requirement on the first wall is that it must

withstand and exhaust the o particle heating power and helium-ash must be removed

~ 22 ~



Introduction

Figure 1.8: Current research topics concerning reactor design and plasma scenario
development. Erhaust issues ranging from particle and power ezhaust to plasma facing
components and impurity influz are crucial to the realisation of future fusion reactors.
(pumped). Furthermore, design materials for the first wall must take into account
the combined effects of numerous processes (such as erosion, ablation and sputtering
which will be described later) which not only lead to fuel dilution and energy loss due
to radiation from the plasma centre (within a single pulse), but also seriously affect the

lifetime of wall elements, reactor reliability and cost effectiveness of fusion as a whole.

1.9.1 The plasma edge

No unique definition exists for the “plasma edge”, or “plasma boundary”. The
region immediately inside the separatrix (to a few cms) is generally called the edge,
while the low density region between the separatrix and the wall is called the scrape-off-
layer (SOL). The plasma region of interest in this thesis is the entire plasma boundary

region comprising the SOL as well as part of the edge of the confined plasma.

As previously mentioned, the edge plasma is a complex region providing the interface

between the core and vacuum. Not only do heat and particle losses from the centre
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pass through the edge, but numerous processes sweep particles in the reverse direction
through the edge into the core. Among the processes which have been shown to have a
significant impact on the properties of both the edge and core plasma, are the processes

of recycling, sputtering, along with a host of atomic and molecular reactions.

Sputtering is the removal of atoms from the surface of a solid as a result of impact
by plasma ions or atoms. It gives rise to impurities which cause power to be radiated

from the plasma.

Plasma ions which are lost from the core plasma often reach the plasma again. This
may occur either through backscattering of ions incident on a solid surface of the vessel
wall, or diffusion to the surface of the solid after becoming trapped in the lattice. This
process is called recycling, and is often associated with many atomic and molecular
reactions which occur in the boundary layer as the incoming hydrogen isotopes meet
the energetic ions and electrons of the plasma. Further reactions also occur when
impurities created by sputtering and by other plasma surface interactions enter the
plasma. In most cases the dominant atomic reactions are excitation and ionisation.
These lead to emission of radiation and cooling of the edge plasma. For example,

considering the recycling of hydrogen isotopes from the wall, the following reactions

occur:
Excitation: H+e— H* +e€
Ionisation: H+e — Ht 4+ 2¢

Charge exchange: H*+H — H+H*

1.9.2 Diverted plasmas

As described in section 1.5 the fusion plasma is sustained by maintaining a power
balance between power input and power losses. The power loss which is not radiated
away or carried by neutrons must be carried by electrons and ions across field-lines
into the SOL ultimately reaching plasma facing components. To prevent the ensuing
plasma-wall interactions, limiters or divertors are used to “scrape-off” or divert particles

and energy in the peripheral zones of the plasma.

An illustration of the divertor configuration is shown in figure 1.9. It is produced

using an external coil carrying a current in the same direction as the core plasma
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current, thus producing a null point in the poloidal field (an X-point). A sink action is
achieved by introducing a solid target which cuts through the flux surfaces. The sink
action is due to a sheath which forms just in front of any electrically-isolated object
inserted to the plasma edge, namely in this case upper and lower solid targets. As
such, particles and heat which leave the plasma through diffusion across the separatrix

flow along a narrow region to the divertor tiles - see green arrows in figure 1.9.

. Last closed
Upper X-point flux surface
Vessel wall
Scrape-off
layer
Diffusion
Core plasma
Lower X-point 4 / Parallel flow
Divertor
target
late i
g Private Flux el
outboard
plate

Figure 1.9: Schematic of plasma flows in the SOL. Cross-field diffusion shown as red
arrows. Parallel flow along open field lines to target is indicated by the green arrows.

Sheath and presheaths
The formation of the sheath is a simple consequence of the large discrepancy between
the random thermal velocities of ions and electrons in the plasma. The greater mobility

of the electrons compared to the more massive ions:

>> Ui = ﬁ (120)

means that electrons tend to leave a plasma surface ahead of the ions. This gives rise
to a negative surface charge of sufficient magnitude to repel all but the highest energy

electrons. A floating surface thus resides at a negative potential with respect to the
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plasma potential at the sheath edge. The layer of negative charge is followed by a
region of positive space charge where n; exceeds n. and the potential drop occurs over

a distance of the order of the Debye length, Ap in the edge plasma, where

GokTe
Ap = . )
D \/ ne? (1.21)

The Debye length for typical SOL values (T, = 20eV, n, = 10"®m~3) is of the order

of 10 pm, meaning that the sheath is extremely thin. The Debye sheath shields the
plasma inside the sheath from the negative potential at the target. This shielding
is however not perfect and leaves a potential, a small electric field, in the presheath
penetrates the quasi-neutral SOL plasma. In fact, it is pre-sheath potential fall which
results in the ions being driven out of the source region toward the sink provided by
the target divertor plates. At the target, both species (electrons and ions) have a fluid

speed equal to the ion sound speed:

C, = ' /M (1.22)
m;

where « is the adiabatic coefficient, along open field lines which connect directly to the
solid surfaces.

Connection length

The presheath extends a distance L) from the target up to a stagnation point, which
is defined as the midway point between one point of contact on the target (say the
lower divertor plate) and the next point of contact along the magnetic field line in
the SOL (say the upper divertor plate). Electrons thus find themselves trapped in an
electrostatic potential well between the two surfaces, and crucially, their drift velocity
is much smaller compared with their parallel velocity along the field line. The safety

factor g is often used in theoretical models as a proxy for the connection length since

L|| ~ qR.

1.10 The scrape-off layer

Under the assumption that there are no ionisation sources in the volume of the
SOL, and that the sources are located inside the confined volume, the SOL is filled

solely by a cross-field diffusion in the radial direction r, with a flux density 'y such
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that:

'y =-D;0n/or, (1.23)
where D is the cross-field diffusion coefficient. This is generally known as the simple
SOL. In this picture, flux across the magnetic field is balanced by flows along the
open field lines toward the plates. The width of the SOL is determined by the radial
variation of particle density which can be derived from a simple 1D calculation based

on the conservation of mass along the field line:
0.D10,n = 0 (nc,) . (1.29)

The outwards flux from the core is balanced by flows along the field lines. Assuming
the latter to be constant, and that Jj(nc,) = n/7y where 7 is the characteristic ion
parallel transport time to the target, the particle density shows an exponential decay

inside the SOL, such that:

n(r) = n(0)exp (-r/\/D.7) . (1.25)

The exponential decay length is given by the expression:

/\nN/\N \/DLT", (126)

and is often used to first order as an approximation for the width of the SOL. Taking
typical values of D) ~1 m?s~!, and 7 ~ 1 ms gives a radial width for the SOL ~ 3 cm,
which is much smaller than the plasma minor radius r. The high power density in the
divertor, resulting from the narrowness of the SOL defines the heat load problem in the
development of a fusion power plant, since there is a maximum tolerable heat flux for
solid surfaces. The upper limit to what presently can be achieved in the best designs
for steady-state heat transfer is 10 - 20 MW m™2 and, for high reliability, values of 2
— 5 MW m~? are more typical. A proper understanding of the underlying mechanisms
giving rise to the cross ficld transport, and ways of controlling the deposition of heat

loads is a vital task on the route to a future fusion burning device.

1.11 Thesis outline

This thesis may be divided into two major sections. The first three chapters give an

introduction to the edge plasma and various transport processes leading to important
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evidence for cross-field transport relevant to this study (chapter 2). A brief review
of the various experimental diagnostic evidence of plasma edge turbulence during L-
mode and ELM phases is also outlined and finally theoretical efforts of edge turbulence
relevant to this study are presented in chapter 3. In the second section, a description
of the experimental setup and introduction to the data are presented. Chapters 5 and
6 encompass all experimental results of inter-ELM filaments from both camera and
Langmuir probes, with a detailed description of various analysis methods adopted for
each diagnostic: chapter 5 reports on results specific to the camera, while chapter 6
those of Langmuir probes. Overall results of inter-ELM filaments are compared and
contrasted with those for ELM and L-mode filaments leading to a global picture of
filamentary structures during the inter-ELM period. Chapter 7 summarises the major

findings of this research and outlines future work.



Chapter 2
Turbulence & Intermittency

Transport studies of heat and particles have shown that the plasma is a turbulent
medium, with major fluctuations dominating a significant part of the observed transport.
The turbulent transport is an issue which receives much attention in current fusion
research. In this chapter, basic turbulence concepts are introduced leading to the topic
which this thesis is based on, namely, the intermittent transport in terms of filamentary

structures.

2.1 Transport

Transport occurs in a tokamak because there is a source of free energy in the
system. When this occurs, the system relaxes toward a global equilibrium, removing
the driving thermodynamic forces - the gradients - via transport. Understanding the
transport properties of the plasma is therefore understanding the relation between the
observed fluxes and the gradients. This is further complicated if the plasma is turbulent.
Initial expectations of the level of transport which would occur in a tokamak were based
on predictions for linear devices. Transport in a straight magnetic field is known as

classical collisional transport.

2.1.1 Collisional transport

The most obvious source of heat/particle loss from a magnetically contained
plasma is due to collisions between particles which are gyrating along adjacent field
lines with frequency w. = eB/m;, where B is the magnetic field strength. Particles
will suffer collisions with a characteristic collision time/frequency 7,./vi., which allows

them to step across the magnetic field in a random walk with a step length equal to the
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particle Larmor radius, p = vy /w. where v} is the perpendicular velocity. The resulting

particle diffusion coefficient D€ is approximately the square of the step length:
DY ~ pPuje ~ 0 [Ties (2.1)

where v, and 7. are the ion-electron collision frequency and times respectively. Note

that collisions between like-particles do not produce net particle diffusion.

Since both collision time and Larmor radius of charged particles are proportional
to the square root of the particle mass m, the ion particle diffusivity DS should be
a factor of \/W higher than the particle diffusivity for electrons, D¢. However,
it is found that particle diffusivities are similar for both species, D¢ = D¢, since any
difference in the particle diffusivities generates a radial electric field which slows the

diffusion of the ions.

While the classical picture may be sufficient to describe the diffusion processes which
occur in a simplified homogeneous and stationary straight field-line configuration, it
does not apply for toroidal tokamak geometry. This is because transport processes in
the classical picture are by definition insensitive to the gross structure of the magnetic
field: they are spatially localised, that is, the classical fluxes are driven by forces at
approximately the same spatial location. This in turn arises because the plasma in this
regime is collision-dominated to the extent that the mean free path is much shorter

than the gradient length in the direction of the magnetic field.

It was shown in the early 1960s that global geometric characteristics of the confining
machine have a strong influence on the transport. The predictions of classical theory
could not be tested since end losses from early linear machines were so large that

scalings could not be determined for a tokamak.

2.1.2 Neoclassical transport

In toroidal devices there are other, stronger, collisional transport mechanisms which
are sensitive to the magnetic field structure and arise from the friction experienced by
particles as they move in the direction of the magnetic field. Indeed, as particles travel
along the parallel direction, particularly in a plasma with low collisionality, they may

explore most of the flux surface before suffering a collision. The theoretical efforts
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which emerged from these considerations are what is now known as the neoclassical
theory of collisional transport. Three distinct regimes have been identified, namely the
Pfirsch-Schliiter, plateau and banana regimes. The relevant regime depends crucially

on the collisionality of the plasma, v,;, expressed as:

4 2.4
b mnze’ In A ’ (2.2)
(2T.)%/2m."?

where In A is the Coulomb logarithm, and n,, T,, m,, e are the electron density, tem-
perature, mass and charge, respectively. A heuristic consideration (as was presented
for the classical transport) is used to identify the magnitude of the neoclassical trans-
port in these regimes. The dependence of the estimated diffusion coefficient, and hence

transport, on collisionality is shown in figure 2.1.

T

S
_—" Classical

Diffusion coefficient, D

-

Collisionality, v

Figure 2.1: Dependence of neoclassical diffusion coefficients on plasma collisionality.

At low temperatures for which the plasma is collisional, a process known as
Pfirsch-Schliiter diffusion occurs. This process is due to the gradient in the toroidal field
which causes particles to drift vertically. Since the electrons and ions drift in opposite
directions, an electric field is produced which causes an E x B particle drift, resulting in
enhanced diffusion. This is only slightly enhanced over the classical diffusion coefficient.
In this case, with the collision frequency given by equation (2.2), the diffusion coefficient
1S:

Dy = D°(1+¢?), (2:3)

s
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where D€ is given by equation (2.1). The additional factor of ¢> shows that the

enhancement arises as a result of the toroidal geometry.

In the high temperatures of a fusion reactor, the collisionality will be lower, thus
reducing the resistivity of the plasma p, ~ T3 ?_and hence restricting the validity
of the Pfirsch-Schliiter diffusion regime. The requirement on collisionality in this new
regime is that collisions are sufficiently infrequent that the trapping of particles in
the region of lower magnetic field becomes important. This occurs when the collision

frequency is less than the trapped particle bounce frequency.

Trapped particles (a fraction of the total number of particles ~ v/2¢), dominate the
transport in this regime, and execute banana-like orbits as shown by the solid black

lines in figure 2.2, whose half widths can be approximated as:

po = qp/e'/?. (2.4)

Figure 2.2: In the banana regime of the neo-classical transport theory, trapped particles
follow banana orbits. The constant detrapping and retrapping of these particles produces
a random walk with a large step length which enhances particle and heat transport. The
net flow between two adjacent banana orbits also gives rise to a current which dominates
the edge transport and overall stability of the plasma.

Since the factor q/€'/? is generally greater than unity, it follows that trapped parti-
cles have a larger step length than un-trapped particles. Consequently, the collisional

detrapping and retrapping of these particles produces a random walk with a larger
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step length, which considerably enhances the particle and heat transport. Diffusion

nc

e is expressed as:

coefficient
Dpe = DCq%3/2, (2.5)

This results in typical values of 1072 — 107! ms~!. Typical ion heat diffusivities are

expected close to 1 ms™! .

Finally, the plasma is said to be in the plateau regime when the transport is observed
to be independent of collisionality. The regime links the Pfirsch-Schliiter and banana

regimes, and allows both transport descriptions to be applied to the plasma.

2.1.3 Anomalous Transport

With an established neoclassical theory, transport of heat and particles was long
regarded in the tokamak community as an effective diffusion process, and the main
focus was toward the scaling of collisional and neo-classical diffusion coefficients with
respect to plasma parameters. However, a large number of experimental measurements
soon revealed that heat and particle transport occur at a much larger rate than pre-
dicted by neoclassical theories. As a result, transport was coined anomalous, i.e. larger

than values given by the theories.

The high levels of transport is a result of the state of the plasma equilibrium. Much
like the Earth’s climate system or an inverted pendulum, the tokamak equilibrium is
unstable, and there exists a certain amount of free energy contained in plasma pressure,
flow and current. Small disturbances are subsequently amplified and exist as fluctu-
ations about the equilibrium state which serve to extract the free energy. Transport
events are then often manifested through fluctuations in n, T, B and the electrostatic

potential ® which are much higher then the thermal levels.

Anomalous transport was attributed to microscopic turbulence as early as 1949 by
Bohm [14] who suggested that oscillating electric and magnetic fields due to plasma in-
stabilities can substantially increase diffusion. In the spirit of the previous subsections,
a random-walk estimate of this anomalous diffusion is now estimated from electrostatic
turbulence fluctuations alone. Indeed, electrostatic turbulence gives rise to fluctuating

electric fields E = —V¢ which affect the motion of electrons. The gyro-motion is not
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much affected but superimposed on it is a drift:

__ExB

Vg = B2 (26)

across the magnetic field. Thus, the turbulent electric field produces a random drift
velocity of electron guiding centres. The random walk estimate for the electron particle

diffusion coefficient perpendicular to B is:
D, = (Az)?/T (2.7)

where 7 is the time per step in the random walk, and

(2.8)

is the velocity. Taking the step size Ax ~ A to be of the order of the perpendicular
turbulent wavelength, it can be shown that transport coefficients are still about order

of magnitude higher than neoclassical estimates.

2.2 Turbulence

The term turbulence first appeared in fluid mechanics and was later generalised
for solids and plasmas. It occurs in many natural systems and remains an unsolved
problem of classical mechanics. Generally, turbulence is the state of physical systems
whose macroscopic description is characterised by large degrees of freedom deviated far
from equilibrium. Crucially, turbulence is a state with a “similar physics” occurring

on many spatial and temporal scales.

Studies of turbulence in magnetised plasmas has been driven by the need to under-
stand the anomalously high loss of particles and energy across the confining magnetic
field. Unfortunately, the task of diagnosing turbulence in plasmas is at a disadvantage
since the many-body plasma has not only all the complications of the neutral fluid,

but also has much richer behaviour because of the presence of electromagnetic forces.

Fortunately, the magnetically-confined plasma can exist in a quasi-stationary turbu-
lent state with effective transport coefficients larger than neo-classical values, provided
external driving sources are kept fixed. This is known as fully developed or saturated

turbulence. Even more remarkable (as will be shown later in section 2.4) is the fact
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that plasma turbulence is suppressed with increasing external driving sources.

The Navier-Stokes equations governing fluid turbulence have been known since 1845
[15], and their extension to MHD turbulence has been achieved [16, 17]. Many differ-
ent models have been proposed, some of which are capable of describing turbulence
successfully under specific conditions. One such example is the work by Reynolds who
showed that an obstacle (such as a pipe) of size L placed into a fluid moving with
velocity V provides for a turbulent wake if the Reynolds number R, = V L/v is large,

where v is the kinematic viscosity of the fluid.

Turbulent eddies

Turbulence is usually visualised as consisting of a sea of eddies of different sizes:
fluid structures of variable sizes continuously stretching, twisting and spinning under
the influence of their associated velocity fields. The angular velocity characterising
each vortex is what is better known as vorticity w where w = V X v and u is the

velocity. A schematic of these fluid elements are shown in figure 2.3.

O

0

Figure 2.3: Turbulence is often visualised as consisting of a sea of eddies: fluid-like
structures of variable sizes spinning and twisting under the influence of their associated

velocity fields.

Spatial and temporal scales of plasma turbulence
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The complexity in the study of tokamak electromagnetic turbulence arises due to
the wide range of spatial and temporal scales of the turbulent spectra. Generally, the
turbulent spectra can be classed into three categories depending on the wavelengths
of the fluctuations. A schematic of this classification is shown in figure 2.4 where the
largest are the macro-scales which are characterised by wavelengths of the order of
the system size ~ 1 m, and time-scales approximating the energy confinement time
(g ~ 0.1-10 s). The meso-scales are the intermediate fluctuations characterized by
wavelengths between the ion Larmor radius (p; ~ 1 mm) and the system size while
time-scales between the Alfvén time 74 ~ 1-10 ns and the confinement time. Finally,
the smallest scales, termed microscales, are characterised by p; < 1 with frequencies

w > 500 kHz.

Direct cascade

Zonal Flows § \

Streamers \ ,

Dynamo
currents

Macroscale Mesocale Microscale

<

Inverse cascade

Figure 2.4: Different turbulence scales in a plasma.

Energy cascades

These dynamical processes are thought to be mediated by interactions involving
direct (i.e., low to high wave number/frequency) and inverse (high to low wave num-
ber/frequency) spectral energy cascades — ideas first postulated by Richardson and
Kolmogorov[15]. These are based on the idea that turbulence consists of large-scale

eddies breaking up into smaller structures which in turn break up into even smaller
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structures in a cascade. Energy is injected into the system at the macro-scale range and

cascades down the micro-scales, at which point it is dissipated as heat due to viscosity.

2.3 Plasma instabilities - turbulence starting point

The strong gradients in density and temperature contained in the tokamak plasma
provide sources of free energy which drive a wide range of instabilities which in turn
provide a starting point for turbulence. Here, an instability is a plasma motion (trans-
port event) which decreases the free energy and brings the plasma closer to a quasi
thermodynamic equilibrium. The strongest instabilities are those described by the
MHD fluid model of the plasma, and can be classified according to the types of free
energy available to drive them. Small linear perturbations to the equilibrium grow to
a significant size and begin to interact such that one instability triggers another and
produces a range of non-linear dynamics and turbulent motions. The main destabilis-
ing forces arise from:

e  Current gradients and

e  Pressure gradients in regions of adverse magnetic field curvature.

Qo?d 9urvature‘ '.»i_ o2 BeIG Ul
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Figure 2.5: Side view of a torus showing good (inboard) and bad (outboard) regions of
curvature.

The resulting instabilities are characterised by an infinite spectrum of possible

modes, each being characterised by a typical range of mode numbers. In the case of a

SSenEes
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circular, large aspect ratio tokamak the mode variation is written as exp #(mf — n¢ — wt)
where m and n are the poloidal and toroidal mode numbers.

In a tokamak the regions of good and bad curvature are on the inboard (near the centre)
and outboard sides respectively. This can be seen in figure 2.5 which shows a side view
of a torus where a field line is indicated by the solid black line. The pressure gradient
Vp is always directed towards the plasma core, whilst the curvature vector is always in
the direction of major radius R. A perturbation to field-lines in a good curvature region
results in compression of the magnetic field, an increase in field strength and hence a
restoring force. On the other hand, in a region of bad curvature a perturbation results
in a stretching of field-lines and a reduction in field strength. This reduces the restoring
force on the plasma, resulting in further perturbation and an instability. Next, some

ylasma instabilities related to discussions later in this thesis are briefly presented.
I )

2.3.1 Ballooning modes

Ballooning instabilities are a class of MHD instability (an interchange mode) which
are driven by the combination of a pressure gradient and adverse magnetic field curva-
ture [4, 18]. These macro-scale modes owe their name to their tendency to have large
amplitudes in the outboard plasma where the destabilising pressure gradients originate.

The eigenmode structure of a simulated n=32 ballooning mode is shown in figure 2.6.

ballooning mode,
n=32

Figure 2.6: Mode structure of a n=32 ballooning mode. Figure adapted from [19].



Turbulence & Intermittency

2.3.2 Drift waves

Drift waves are a particularly important class of plasma instability which occur
in the micro-scale range and have been invoked as the source of plasma turbulence
responsible for anomalous transport. An overview can be found in [21, 22, 23] and
references therein. Drift instabilities are a class of electrostatic waves in which the
E x B drift moves plasma radially. They are the basic low-frequency oscillations of a
magnetically confined plasma, and result from tapping the free energy of the density
and/or temperature gradients. The drift instability is called “universal” because it is
driven by the gradient of the background density profile, which is inevitably present in

every confined plasma.

y' e V1

DENSE

Figure 2.7: Electron drift wave [21].

The simplest type of drift wave is the electrostatic drift wave. This wave can be
illustrated by considering a slab of plasma in a uniform magnetic field. In the presence
of a density gradient perpendicular to the magnetic field as shown in figure 2.7, an ion
density perturbation will create an electric field along the field lines. Because of their
low inertia, electrons will then flow parallel to the magnetic field in order to establish
a force balance in this direction such that:

oV,
mn(a—{” =enk) — V| F,, (2.9)

e
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where P, is the electron pressure, E is the electric field, and || denotes the component
in the direction of the magnetic field. Linearising equation (2.9) leads to a relation
between the perturbed electron density 7., and electrostatic potential ¢:

e %, (2.10)
where n, and T, are the equilibrium density and temperature respectively. The elec-
trostatic potential, and associated E x B drift enhances the density in the less dense
regions and reduces it in the more dense regions, causing the density and potential
perturbations to oscillate in time. The resulting wave propagates perpendicular to B
and Vn, and no radial transport occurs when ¢ and n are out of phase. This situation
is altered with some form of dissipation which could be in the form of resistivity. This
would have an effect on the time response of the electrons and result in a phase shift

between ¢ and n leading to growth of the mode and radial transport.

Both interchange and drift modes coexist in the regions of maximum density gradient in
the low B-field side. Distinction between such modes could in principle be determined

from phase shifts of density and electrostatic potential.

2.4 Tokamak confinement modes

Despite a wealth of experimental data obtained in fusion devices, understanding of
turbulence and transport in the edge of magnetised plasmas is still limited. For this
reason, experimental findings are mostly still categorised according to their empirical
signatures into confinement “modes” - operating regimes which are characterised by
sudden transitions in the overall turbulence level, and routinely observed across differ-
ent machines. The simplest regime is called Ohmic because energy is injected into the

plasma by driving a current, as described in section 1.7.4.

Fig. 2.8 illustrates qualitatively the characteristic pressure profiles of two other
regimes in addition to the Ohmic regime. The L-mode (“low” confinement mode) is
the most common mode of tokamak operation when auxiliary heating is applied. The
inner part of the discharge is generally affected by periodic, crash-like turbulent re-
arrangements of the temperature, density and current profiles (“sawtooth” crashes).

The H-mode (“high” confinement mode), which was first observed in the divertor of
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Figure 2.8: Typical pressure profiles for different confinement modes in a tokamak.

the ASDEX tokamak [24, 25] and later in other divertor and some limiter tokamaks, is
characterised by an improvement of the energy confinement time by a factor of about
2 compared to the standard L-mode. Empirically it has been found that the transition

to H-mode takes place above a certain threshold of the heating power.

The improved confinement of the H-mode regime is due to the build up of a transport
barrier a short distance away from the LCFS. As shown in Fig. 2.8, this occurs over a
narrow region in which the pressure profile is raised beyond the standard L-mode level
to form a pedestal. The top of the sharp pressure rise is often referred to as the height
of the pedestal. The width of the pedestal, known also as the width of the transport
barrier, is an equally important parameter used in investigation of transport processes

in the edge.

Crucially, transport coefficients of cross field diffusion during H-mode and advanced
opertaing modes indicate a strong reduction in anomalous transport, particularly turbulence-
driven radial transport. However, above a critical pressure gradient MHD plasma insta-

bilities develop which lead to so-called edge localised modes (ELMs). A brief description
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of this instability is presented in the following subsection.

2.4.1 Edge Localised Modes (ELMs)

ELMs are repetitive instabilities which occur in the macro-scale in many ma-
chines [26, 27, 28, 29], and are associated with the steep pressure gradient of the
H-mode profile. They are observed as explosive events during which the edge plasma
confinement is temporarily degraded, leading to (1) crashes in the pedestal pressure
and (2) fast energy and particle transport through the transport barrier into the SOL.
Crucially, although only a small fraction of the plasma energy content, the ELM-related
energy loss can happen fast enough such that the associated heat loads may pose sig-

nificant erosion risks to the tokamak first wall and divertor target plates.

Despite the deleterious effects above, ELMs provide a necessary relaxation process
of the H-mode edge transport barrier, expelling a proportion of an undesirable impu-
rity population which would otherwise accumulate in the core degrading the fusion fuel

and enhancing radiative energy loss.

Three main types of ELM are found. Type-I ELMs, or giant ELMs, are associated
with the largest ELM energy and particle losses, and a repetition frequency which
increases with heating power. Type-II ELMs and type-11I ELMs are smaller events.
ELM stability studies have shown that combining peeling and ballooning modes gives
a region of stability in the so-called s —a diagram [30, 31], where « and s are quantities
relating to the pressure gradient and current density respectively. Here, the quantity

s is the magnetic shear, which is expressed as:

=2(-%5),

where J o rg is the current density on the outermost flux surface, and (J) is the average

plasma current density in the plasma. Similarly, « is given by:

__2uog*dP
T eB? dr’

where r is the radial coordinate of the magnetic surface, By the vacuum magnetic field

at the axis. A typical diagram is shown below in figure 2.9. Different trajectories for

each type of ELM (types I, II and III) in this parameter space are shown.
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Figure 2.9: Typical s — a diagram showing the stability boundaries of the edge pedestal,
based on coupled peeling-ballooning MHD modes. Three distinct scenarios are indicated

by (i), (ii) and (i12) and are related to ELM type.
e Case (i) The high pressure and current density case is denoted by the letter
(i). In this case, both peeling and ballooning mode stability criteria are exceeded

and leads to a violent type-I ELM.

e Case (1) In this case, the pressure gradient is sufficiently high to destabilise
a ballooning mode while the peeling mode remains stable due to a low current
density. The triggered ballooning mode may subsequently give rise to a small
type-11 ELM. Furthermore, the increased transport may drop the pressure gra-
dient to below the critical value and stabilise the mode without giving rise to an

ELM.

e Case (i11) If the pressure gradient is low and the current density is sufficiently
high, the peeling mode alone could be triggered. These modes have an extremely

small radial extent leading to small type-I1I ELMs.

The burst-like energy release due to the largest type-1 ELMs is of no great concern
in present day machines, but extrapolation to future devices (e.g. ITER where 7.4
=8 x 10"”m=3 T,.s= 3.5keV) shows that the energy released by ELMs (which for
ITER would occur over ~ 500 us) might easily exceed the heat load limits of divertors
and first walls, and lead to damage or significant reduction of the lifetime of plasma
facing components [29]. In the case of ITER, a crude calculation of the power balance
exemplifies the heat load problem, and presents an important issue for the long term

viability of fusion as a future energy source. Assuming a fusion gain Qpr ~ 10, and
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that approximately 40 MW of heating power is provided (i.e. a total of 400 MW of
thermonuclear power is achieved), it is expected that P, = 80 MW with the remaining
320 MW to the neutrons (since Qpr = 5P,/Py). Assuming that 50% will be radiated
away to the wall area ~ 800 m?, leaves roughly 40 MW of power to the SOL. Assuming
that 2/3 will also be lost in periods between ELMs (30 MW), this leaves ELMs with 15
MW. Moreover, inner-outer power deposition assymetries also imply that heat loads

could easily exceed the steady state design limits currently set to 10 MW m~2.

In light of the above, a detailed description of transport events that occur in the
edge is paramount in order to establish the nature of the anomalous transport and
consequences for design of vessel components. Investigations should include not only

the ELM instability but also periods between ELMs. These, while not as short and

violent as the ELMs, are equally important due to the sustained transport during
these periods. First, the context of the work of this thesis is now outlined by closely

inspecting some H-mode and L-mode edge profiles from the MAST tokamak.

2.5 H-mode and L-mode edge profiles

Figure 2.10 shows typical profiles of n, and T, obtained from the YAG laser Thom-
son Scattering (TS) system on MAST [32]. The data has been obtained from six

L-mode shots and eight H-mode shots.

The profiles show four distinctive regions of the plasma edge during the L-mode
and H-mode periods. For the H-mode, the innermost region (i.e. -4 cm < Arrcrs <
-2 cm) shows the outer-part of the H-mode pedestal — this being the region of high
temperature and density that spreads over the whole core plasma and determines the
plasma performance. Around the LCFS, as indicated by the solid vertical line, is the
gradient region with a barrier width of ~ 1 c¢m, while the L-mode is characterised
by a relatively broader profile. The steep gradient region evolves slightly further past
its barrier width into the hot SOL (up to 1 em from LCFS) with increased scatter
particularly for the ELMing H-mode. This region of the SOL is often referred to as
the inner SOL. Beyond this region is the cold SOL where T, <« 20 eV. Crucially, the

main observation is that cross-field transport is highly intermittent with fluctuations of
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Figure 2.10: Typical midplane profiles obtained from the edge Thomson Scattering sys-
tem on MAST over six L-mode shots and eight H-mode shots. The position of the
LCFS, indicated by the solid line, is taken from the EFIT reconstruction; in the case of
the ElMing data, the reconstruction prior to the ELM event is taken. Averages shown
in red are obtained by binning data to 10 mm.

density and temperature observed as far out as 10 em from the LCFS in both L-mode
and H-mode periods. The profiles of n, and 7, indicate that in addition to a diffusive
background, spatially-localised and time-varying coherent events also contribute to this
transport. In the next few subsections further evidence for the non-diffusive nature of

the transport is presented from different tokamaks using a variety of diagnostics.

2.6 Langmuir probe fluctuations

Another commonly-used approach for detection of turbulent fluctuations is to view
the raw signals from Langmuir probes [33, 34, 35, 36]. These are the most basic tool for
plasma turbulence studies. They are relatively easy to design, and have excellent spa-
tial resolution which is determined by the probe tip and the accuracy of its positioning
within the plasma. However, one limitation is that they cannot withstand very high

fluxes of particles and heat; their application is therefore limited to the edge region in
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toroidal plasma experiments (i.e. the LCFS at best).

R'Rsep(cm)

8 6 4 A ;
40 [ : : St e

5 ‘ — {|l ] ] 'T‘

40 1 l | "l‘ ]' | | k | [ ! | l '

Sl TN LIS RRSE
30 -20'1_(_ ‘“ 'h_ ]I. | 4 j 1’ ! | ] “

0 ) 1 I8 i

02260 02265 02270 }

jsat (KAm2)
S

10

L . . L) l Al Ll . Ll l Ll L] L} L]

Bl | ; ' .
0 L

0.16 0.18 0.20 0.22 0.24
time (s)

A A A 1 A A A 1 A

Figure 2.11: Turbulent fluctuations shown on the raw signal of the ion saturation cur-
rent density measured at the outboard midplane SOL using the MAST reciprocating
Langmuir probe, as adapted from [38]. The time-averaged trace overlaid conceals the
underlying turbulence intermittency.

Historically, the traditional picture of a diffusive-like SOL was in fact ironically
supported by Langmuir probe measurements which showed an apparently exponential
decay in the plasma parameters across the SOL. This understanding was further sup-
ported across the community by simple interpretations of the SOL, as was shown in
section 1.10, where n, was shown to have simple exponential fall-offs. Now, a different
view based on the fluctuation component is drawn from the same data. An exam-
ple is shown in figure 2.11 where the ion saturation current density (Jsar) from the
MAST reciprocating Langmuir probe is plotted as functions of time (lower axis) and
distance (top axis) from the LCFS during L-mode. It follows that typical averaging

procedures of the data, as shown by the super-imposed blue line, do indeed show an
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exponential fall-off from beyond the LCFS. However it is also evident that applying
an averaging procedure hides the overall large scatter in the underlying data which is
highly fluctuating with a significant component dominant even close (i.e. below 1 cm)
to the separatrix. The inset in figure 2.11 shows an example of the temporal evolution
of the data obtained at a fixed distance Arpcrs= 2 cm from the LCFS. The data are
composed of a series of peaks with a width of ~ 20 us which are separated by 40 — 60
us. These peaks constitute the bursty behaviour of the cross-field transport, for which

the amplitudes are much higher than the standard deviation of the fluctuations.

These observations, along with those from figure 2.10, not only questions the tra-
ditional picture of a simple diffusive-like SOL, but also questions the relevance of any
mean-value based model of cross-field transport. The cross-field transport of heat and
particles has been represented in many leading edge fluid codes by perpendicular dif-
fusivities; clearly, it is ill-motivated to represent a signal with its mean value when the
fluctuating part is comparable, if not larger than the mean value itself. A detailed study

of these fluctuations is therefore essential for a proper understanding of the transport.

In this thesis, the use of the word “intermittent” is simply meant to imply that
transport is generated in a sequence of randomly time-distributed rise and decay of
burst-like events. Evidence for this is manifested in the experimental data of figures
2.10 and 2.11 which show that the fluxes at the plasma edge are not stationary, but
rather, exhibit fluctuations and that the energy and particle losses take place in nar-
row randomly-distributed time intervals. A more rigorous statistical definition has

been adopted in the community and will briefly be outlined in the following section.

2.6.1 Level of intermittency

In order to gain a better understanding of the properties of the underlying trans-
port, various statistical methods have been applied to signals from edge diagnostics on
both tokamaks [39, 40, 41, 42, 43] and stellerators [44]. In particular, the probability
distribution function (PDF) of signals is often evaluated. PDFs are computed by di-
viding the analysed signals in pre-determined amplitude bins and counting the samples
of the signals in each bin. The PDFs may subsequently be normalised to their maxima

in order to make comparisons between them easier.
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Figure 2.12 shows on a semi-logarithmic scale an example of five PDFs of Jsar
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Figure 2.12: Non-Gaussian PDFs of Jsar values during L-mode at different radial
positions in the MAST SOL, as adapted from [38]. The departure from Gaussianity is
indicative of intermittent transport.

collected at different radial positions from the LCFS during L-mode. It can be seen
that the PDF marked in red corresponding to the innermost radial position where
Arpers < 1 em is symmetric about the mean and can be approximated to a near
Gaussian. As successive PDFs are calculated as a function of distance away from
the LCFS, the signals become increasingly non-Gaussian with the emergence of high
positive tails. This exponential decay, as indicated by the straight line in figure 2.12
is often interpreted to be a characteristic of distributions which are “intermittent”,
rather than Gaussian. The reproducibility of intermittent PDFs has been confirmed
from an increasing number of precise fluctuation measurements in different machines.
The significance of the stretched exponential tails in the PDFs is that the probability
of large-amplitude events is anomalously large.

So the question which naturally arises is not “whether the transport is intermittent”,
but rather “how intermittent is the transport?”. The particular approach for determin-

ing the level of intermittency statistically relies on quantifying the degree of departure
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Figure 2.13: Semi-logarithmic plot of the PDF of Isat fluctuations in the TEXTOR
tokamak normalised to the standard deviation at (a) the plasma edge (r/a=0.95), and
(b) the SOL (r/a=1.07). The dotted line in each plot is the best Gaussian fit to the
PDF curve. Figure adapted from [45].

of the observed distributions from the Gaussian PDF for which skewness (S) (mea-
suring assymetry) and kurtosis (K') (measuring peakedness) characteristics are known;

namely, S = 0 and K = 3 for a Gaussian distribution. For a signal I, skewness and

flatness (F') parameters are defined as:

(1 - ()
S U=y (21)
and .

where (...) is the mean, and F is flatness factor defined such that K = F — 3. The
significance here is that (1) a distribution that is sufficiently deviated from a Gaussian
will have higher values of skewness and kurtosis, and (2) a higher kurtosis value indi-
cates that more of the variance is due to infrequent extreme deviations, as opposed to
frequent modestly-sized deviations. An example (adapted from [45]) is shown in figure
2.13 where the PDFs of Isar values during L-mode are calculated at (a) the plasma
edge (r/a=0.95), and (b) the SOL (r/a=1.07). The PDF in the SOL has a higher
skewness and kurtosis than those calculated for the PDF at the edge.
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Having shown that fluctuations in plasma quantities in the edge region contribute
directly to cross-field transport (which was originally thought of as simply diffusive), it
is useful to analyse the spatial structure of these fluctuations. A wealth of information
in this topic was compiled during this thesis. As a prelude, some of the important
results will be outlined therefore eluding to answers to some of the questions this thesis

addressed.
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2.7 Spatial Structure of intermittency

Assuming that the large scatter in TS profiles of figure 2.10 and intermittent events
in Langmuir probe measurements (see figure 2.11) are correlated, forming the same
transport event, it becomes useful to visualise these events as coherent density struc-
tures which exist near the plasma edge. The scatter in the 1D radial profiles afforded
by the TS system suggests a radial motion, while the non-stationary peaks in Isar
signals imply a toroidal motion at the midplane. Combining these two observations,
a picture starts to form: the transport events can be thought of as spatially-localised
structures in the toroidal direction that rotate with the spinning plasma and drift by
some unknown mechanism outwards in the direction of the major radius. Indeed, the
interpretation of Isar peaks as localised structures rotating with the plasma past fixed
Langmuir probe heads was originally supported by observations drawn in [46] where it
was shown by these authors that the separation between Isat peaks decreases as the

toroidal velocity of the plasma increases.

The interpretation described above has now been widely accepted and constitutes a
major advance in our understanding of anomalous cross-field transport. Studies have
focused on the spatio-temporal evolution of the density structures from formation to
decay. The evolution can generally be categorised into three distinct phases: a gener-
ation and growth phase, a saturation and detachment phase which is finally followed
by a propagation and exhaust phase. Transport starts with a growth stage where it is
assumed that an underlying instability in the micro-scale range leads to the formation
of small perturbations in pedestal quantities which grow initially around the plasma
pedestal region and remain connected to the plasma edge. This phase is then followed
by a saturation phase where fully-formed coherent structures in the macro-scale can be
scen at the periphery and detach from the main plasma by some magnetic reconnection
process. Once detached, the structures are driven by some mechanism propagating into

the SOL while draining energy until they decay.

In order to set the research of this thesis into context, examples of experimental
evidence on the spatial structure and dynamics of intermittent transport gathered
from different edge diagnostics will be outlined briefly. Thomson scattering, gas puff

imaging, beam emission spectroscopy and infrared thermography have all been used to
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probe the cross-field transport. Despite numerous experimental investigations, most
of the data are concentrated on the propagation and exhaust stage, while evidence for

the generation, growth and detachment are far less frequent.

2.7.1 Thomson scattering (TS)

While the n. and T, profiles presented in figure 2.10 served to demonstrate the
turbulent nature of the SOL fluctuations, the data does not capture the fast dynamics
of these events. However, the multi-time point edge Nd-YAG TS system on MAST
can be used to explore the fast dynamics since each laser can be fired independently of
others such that their relative timings can be as little as 1 us between them [47]. This
was first performed in [48] where four independent electron density and temperature
radial profiles were obtained during the rise time of a single ELM. An example is shown

in figure 2.14.

50 100 150 204
Time ELM (us)

ne (1019 m<)

1.30 1.35 1.40 1.45
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Figure 2.14: Time evolution of the (a) edge density and (b) temperature profiles for a
single ELM. (c) (inset) The target D, signal indicating the time of the density profile
relative to the ELM. Figure adapted from [49]

Before the ELM, the typical steep H-mode gradient is observed (solid filled circle).
The subsequent density profile (open red circles) shows the formation of an outboard
tail. The corresponding electron temperature is ~ 80 eV, which is eight times hotter
than the SOL (~ 2-10 e¢V) but not as hot as the pedestal (~ 150 eV). The next
density profile (solid black squares) obtained 5 ys later shows the density perturbation

having expanded radially by ~ 2 em (corresponding to a radial expansion velocity of
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4 km s~!) while remaining connected to the mid-plane plasma edge. Further proof
for this observation (i.e, that the density perturbation has not detached) comes from
the associated electron temperature in this tail being still ~ 80 eV - i.e no energy
loss observed. The third density profile (open triangles) shows a sudden change: the
density perturbation detaches from the mid-plane plasma leaving a depression (hole) in
the profile. This detachment process occurs rapidly on sub 5us timescales. Although
the structure appears to be fully detached at the midplane, the associated electron
temperature in this detached phase is still ~ 80 eV. This implies that (1) the coherent
structure is indeed an elongated structure that is still attached to the plasma elsewhere
and (2) that the exhaust of energy only occurs once the plasma has fully detached.
Further evidence for the existence of density structures outside the LCFS using the

Thomson scattering diagnostic can also be found in [49, 50, 51, 52].

2.7.2 Gas Puff Imaging (GPI)

Further compelling evidence was introduced in seminal papers by Zweben in [53, 54]
using the gas puff imaging diagnostic. This was achieved by puffing Helium gas at the
periphery of the NSTX spherical tokamak and recording the resulting Hel (587.6 nm)
line emission. GPI images were recorded for Ohmic, L-mode and H-mode plasma
conditions using a camera, and results were found to be the same. The 2D images
often showed regions of strong localised light emission that move both poloidally and
radially at typical speeds of 1 km s™!. An example of these structures is shown in
figure 2.15. They have since been termed blobs since they appear as blobs of plasma
which leave the edge.

The main advantage of this diagnostic method is that unlike the 1D profiles afforded
by the Thomson scattering system or single point Langmuir probe measurements, a
large number of spatial points can be sampled in two dimensions. This is done rapidly,
simultaneously using discrete detectors or fast cameras. However, the main drawback
is the complexity of the atomic physics of the line emission which depends non-linearly
on the electron density and electron temperature. This means that an independent
measurement of either n. or T, is required in order to directly estimate the actual

density or temperature fluctuation level.
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Figure 2.15: Two dimensional structure of edge turbulence perpendicular to the mag-
netic field in the Alcator C-mod tokamak, as measured by the GPI diagnostic near the
outer midplane separatriz. Shown is the single of the Hel (587.6 nm) light emission
in NSTX viewed by the PSI camera with an exposure of 10 ps. The 160 x 80 pizel
PSI camera is indicated by the white rectangle covers an area ~ 32 ¢cm x 16 cm in the
poloidal vs radial plane. The gas manifold is located 3 c¢m radially outside the radial
shadow of the RF antenna. The intensity scale is indicated by the color chart indicated
at the top left, and the magnetic separatriz is shown by the white dashed line. Figure
corresponds to Figure 2 as adapted from [54]

2.7.3 Beam emission spectroscopy (BES)

The radiation due to the interaction of the neutral beam heating particles with
plasma electrons and ions is used to derive local density and its fluctuations in the

diagnostic method known as beam emission spectroscopy (BES) [55].

Shown in figure 2.16 are various frames from the BES diagnostic on the DIII-D
tokamak [56] which reveals the ELM as a density structure appearing near the LCFS
and moving upward in the poloidal and radial directions. The LCEFS is indicated by
the black solid line. As time progresses from the onset of the ELM marked at time t,
a plasma ejection (marked with a white circle) produces a localised density perturba-
tion near the separatrix. Its evolution is followed in subsequent frames at various time
intervals from ¢y, namely at to +3, 7, 14, 16 us in figures 2.16 (b, ¢, d, e) respectively.

The density structure is seen to move radially at 8 km s~'. Figure 2.16 corresponds to
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Figure 2.16: Frames (b,c,d,e) from the BES DIII-D tokamak showing 2D density plots
which are taken every 1 pus. The type-I ELM starts at t, and the frames are taken at
key times thereafter to illustrate the propagation of density structures associated with
the ELM. Radial and poloidal motions can clearly be seen.

figure 7 as adapted from [56].

So far, experimental evidence presented in previous sections has demonstrated that
intermittency in Isar signals, which were long ignored by averaging procedures, is in
fact due to coherent blobby-like structures in pedestal parameters that exist in the
plasma periphery and contribute directly to cross-field transport. Due to increasing
concern that the density structures could reach the first wall due to their radial propa-
gation, infrared thermography has been used in some machines in order to evaluate the
resulting heat flux to plasma facing components. It is the purpose of the next section
to describe briefly the thermographic measurements, but also shed more light on the

spatial structure of the blobs - namely their distinct filamentary nature.

2.7.4 Infrared thermography (IR)

This was first performed on the ASDEX Upgrade tokamak where measurements

using the high time resolution of heat deposition to non-divertor in-vessel components
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were made [57]. The IR-camera was mounted at the mid plane viewing tangentially
into the vessel. A mirror inside the vessel is used to split the field of view between the
ICRH antenna and the limiter. Figure 2.17 shows snaphots of (a) the mid-plane view
into the ASDEX Upgrade tokamak as seen from the position of the IR camera, (b) the
calculated heat flux during an early phase of an ELM, and (c) the heat flux recorded in
between ELMs. A poloidally-localised narrow event on the scale of a few centimetres
is clearly observed in the ELM snapshot at the limiter with a heat deposition of 4-8
MW m~2, While still in the tolerable heat load range for an ITER-like tungsten wall,
the heat deposition from localised blobby structures is a serious issue problem for next

step fusion devices.
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Figure 2.17: Shown are: midplane view of the ASDEX Upgrade tokamak (far left), the
calculated heat fluz to in-vessel components of ASDEX-Upgrade during an early phase
of an ELM (middle plot), and an inter-ELM phases (far right) [57].

The experimental evidence presented thus far, whether 1D or 2D, has been centred
on the mid-plane region of the plasma. However, similar to first-wall measurements,
infrared thermography was used in the divertor region of tokamak plasmas in order
to assess heat loads at the targets. Measurements revealed the existence of spatially
localised heat depositions. An example is shown in figure 2.18 where heat flux mea-
surements at the lower divertor of the MAST tokamak [58, 59] reveals several toroidal
displaced stripes, in addition to the axisymmetric strike line. This characteristic spiral-
like footprint was interpreted as a direct signature of the mid-plane density perturba-

tions previously described. Spiral-like patterns were first observed at the target plates
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of the ASDEX Upgrade divertor - see [60] for details.
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Figure 2.18: Shown are (a) the calculated heat fluz at the lower MAST divertor, and
(b) view of the IR-camera image (for reference). Brighter spots in the form of spiral
patterns with loads to the divertor 15-25 MW m=2 [59]

2.8 Edge filamentary structures

Global plasma view

The collective evidence presented so far from different diagnostics and machines points
to a 3D interpretation of density perturbations as filamentary structures which are
localised in both toroidal/poloidal and radial directions but extend further distances
in the parallel direction (i.e, along the magnetic field). However, perhaps the most
compelling evidence for the blobby-like, or more adequately termed: filamentary nature
of cross-field transport, is best shown by the fast camera diagnostic used in the MAST
tokamak. Details of this camera will be presented in chapter 4 and only an example
is shown here. The midplane-mounted camera captures in single wide-angle snapshots
the entire plasma cross-section. The details of the edge plasma are clearly revealed
mainly due to a large neutral density. Figure 2.19 shows the raw images of the MAST
plasma during (a) L-mode and (b) H-mode phases. As can be seen, the structures in
both L-mode and ELMing H-mode are clearly observed as elongated toroidally whilst
being localised radially. The explosiveness of the ELM instability, and its manifestation
in terms of localised structures is particularly well demonstrated: The pre-ELM LCFS

(compare with figure 2.19(c)) is momentarily destroyed and plasma filaments appear to
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hit both the first wall and parts of the internal poloidal coil casing. L-mode filaments
are also easily seen to dominate the edge, but in comparison to the ELM filaments, are

much less explosive and appear more numerous.

L-mode ELM Inter-ELM

Figure 2.19: Typical raw images of the fast camera on MAST showing images of the
MAST plasma in (a) L-mode, (b) H-mode and (c) inter-ELM periods. Filamentary
structures are seen in both confinement modes.

A common feature of the L-mode and ELMing filaments is that they appear to be
aligned with the local magnetic field. This property is not surprising since the concept
of a filament is the manifestation of the ability of charged particles to travel along a
magnetic field and a Larmor radius across it. This, with the well-recognised fact that
transport timescales in the parallel direction are orders of magnitude faster than in the
radial and perpendicular directions.

In stark contrast to both ELM and L-mode images, the inter-ELM figure shows
a quiescent SOL and a sharp LCFS manifested in the narrow band of light intensity

marking the clear reduction in cross-field transport. However, questions such as
o “Is the cross-field transport during inter-ELM periods completely suppressed or
simply reduced in magnitude?”
e “do filamentary structures in these periods contribute to transport?, and if so,

what are their physical properties? are they similar to L-mode and ELM fila-

ments? how do they differ?’
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are questions which this thesis will address and forms the direct contribution to this

field.
Divertor view

It was soon established from the MAST camera images that the elongated filamen-
tary perturbations are responsible for the spiral patterns observed at the targets (with
visible and IR-cameras), and play a direct role in the energy loss in the SOL. An ex-
ample of a divertor view using the MAST camera is shown in figure 2.20(c). Moreover,
assuming that filaments are indeed aligned with the local magnetic field, Kirk and
co-authors [49] showed through simulations using field-line tracing that small changes
in radius of field-lines (i.e. filamentary structures) due to radial propagation would
lead to the spiral-like spatial structures observed at the targets. Figure 2.20 (adapted
from [49]) shows the toroidal location at the target for 6 field lines which start at the
same toroidal location at the mid-plane but step in 2 cm intervals away from the LCFS
(denoted by 7o). The radial extent of a field-aligned filament at the midplane translates
into a toroidal extent at the target. It is only as a filament moves away from the edge
that a spiral signature is produced. Figure 2.20(b) shows the predicted target pattern
(using the field-line tracing method) resulting from a single filament expanding 12 cm
[49] .

The foregoing discussion has provided the context into which the work presented in
this thesis may be placed. While efforts have been dedicated to the study of fluctua-
tions in ELM and L-mode phases, few efforts have concentrated on the H-mode period
between ELMs. As a result, understanding of edge transport phenomena during these
periods is still limited despite the diagnostic advances. In order to address previously
raised questions concerning the nature of the transport during inter-ELM periods, and
how it differs from L-mode and ELMing phases, it is necessary to present a brief sum-
mary of ELM and L-mode filament properties (such as size and propagation) that will
be used in the discussion chapter. Note that results will simply be quoted without re-
sorting to a detailed description of diagnostic or analysis method, whereas description
of appropriate analysis methods that form original work undertaken in this thesis will

be presented in the relevant chapters.
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Figure 2.20: Shown in (a) are six EFIT-calculated field-lines chosen at the same toroidal
location as a function of distance from the LCFS, (b) the divertor target pattern predic-
tion resulting from the radial propagation of a single filament with a 5° toroidal width
to a distance of 12 cm, and (c) view of the MAST divertor using the fast camera.

2.9 ELM filament characteristics

Radial and toroidal motion

Characterising the motion of ELM filaments in toroidal and radial directions has re-
ceived much attention due to the potentially damaging heat loads associated with
these filaments. Measurements of radial and toroidal velocities, denoted V; and Vj
respectively, have been reported from a myriad of diagnostics, particularly fast visible
imaging [49, 61, 62]. It follows naturally in this context that it is the toroidal com-
ponent of velocity that influences the region of interaction of the filaments with the
first wall, while the radial component, and energy content of the filament determine

the magnitude of the interaction.
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Kirk and co-authors showed in their investigations using the fast visible camera that
ELM filaments rotate at significant fractions of the pedestal velocity. After 50-100 us
from the onset of the ELM, filaments decelerate toroidally and accelerate radially out-
wards. Note that all ELM filaments leave the edge of the plasma during the ELM
event but they do not all leave at the same time. Furthermore, as the filaments propa-
gate radially they follow the direction of the local field-line and remain approximately
constant in width. Similar observations using the MAST camera were also reproduced
on ASDEX Upgrade: An ELM filament initially rotates toroidally in the co-current
direction, slows and then soon afterward hits the limiter located 12 cm from the LCFS.
Although it was not possible to track rigorously the radial position of the filaments
due to poor light levels, they are observed for ~ 60 us before hitting the limiter, which

gives a lower limit of the mean radial velocity of 2 km s~1.

Table 2.2: Measurements of the radial (V, ), toroidal (V) velocities and mode numbers
of ELM filaments from a variety of diagnostics and devices.

Machine Diagnostic V, (kms™!) Vg (kms™!) Ref
DIII-D BES 8 - [56]
Divertor tile currents - 13.5 [56]

CER - 40 [63]

AUG  t(probe;) — t(probes) >1 10-20 [64]
TS 0.8 - [65]

C-MOD Visible 1-2 - [66]
MAST Visible 1-9 25 [67]
JET t(probeym) — t(Dy) 0.7 - [68]

Measurements of V. and Vj from all devices are summarised in table 2.2. While there
is general agreement, where data are available, that filaments rotate near to respective
pedestal values, radial velocity measurements vary considerably in absolute magnitude
as well as in qualitative behaviour (i.e. whether they accelerate or decelerate). Indeed,
it was claimed in MAST [49] from analysis of the visible images that ELM filaments
accelerate away from the edge while electric field measurements in DIII-D which indi-
cate that filaments decelerate [56]. It was argued by Kirk in [69] that the discrepancies

were largely attributed to the different analysis techniques used by different authors:
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For instance, Kirk showed for the same data that the radial velocity calculated using
the difference between the peak in the Isar and the start in the rise of the D, light [70]
is smaller than the velocity calculated using the time difference between two radially

separated Langmuir probes [64).
ELM filament size

In addition to V; and V4, properties such as size and the number of filaments per toroidal
angle range (a pseudo toroidal mode number), have also been estimated. These results
are summarised in Table 2.3 where the radial size of the filament is denoted as L,,q, and
L, is defined as the size perpendicular to both the filament and the radial direction,

i.e, its toroidal extent.

Table 2.3: Measurements of the radial Lnq and perpendicular Ly widths of ELM fila-
ments, along with observed mode numbers from a variety of diagnostics and devices.

Machine Diagnostic Liag(cm) L) (em) mode number Ref
AUG TS 1-2 6 8-20 [65]
IR - 2-6 10-20 [57]

Visible - 5-8 - [70]

RP mag ~ 5-8 - [64]

C-MOD GPI 051  >45 - [66]
DIIL-D BES 1-2 25 - [56]
Visible - - 22 [71]

MAST TS 4-6 - - [51]
Visible 4-6 2-6 10-20  [67)

JET TS 4-5 - - [72]
IR outer limiter - 10-20 11-16 (73]

Furthermore, estimates of V4 and L) have also been obtained from the temporal
width 8¢ and separation At of the peaks in Igar signals of Langmuir probe arrays
[46, 56, 70, 74]. See the insct in figure 2.11, section 2.6 for an example of IsaT peaks
(for the case of L-mode), and Table 2.4 which shows some of the data collected in [69].
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Table 2.4: Measurements of the temporal width (6t) and waiting time (At) of peaks
observed in Isar traces during ELMs on a variety of devices. Table adapted from [69].
These measurements have been combined with toroidal velocity (Vy) to estimate the
perpendicular width L, and mode number of the filaments.

Machine 4t (us) At (us) Vp (kms™!) L, (cm) Mode number Ref

AUG 50-80  100-200 10 8-13 10-20 [70]
DIII-D  50-100 150-250 13 8-16 10 [56]
MAST 15 60 10 7 10-20 [46]
NSTX 10 20-50 10 7 9-15 -

JET  100-150 300 80 10-20 10-20 [46]
JT-60U  10-25 - 30 4-10 10-20 [74]

2.10 L-mode filaments

Though the L-mode tokamak operating regime does not provide the level of confine-
ment available in H-mode operation, it remains an important scenario for ITER and
fusion power plants because any tokamak must operate in L-mode prior to a transition
to H-mode, and L-mode operation avoids the high heat loads associated with ELMs.
Results for L-mode filaments are less frequent than ELM results and most of the data
has been carried on the MAST tokamak.

The dynamics of L-mode filaments on MAST show a complicated motion in both radial
and toroidal directions. They are observed to gradually disintegrate into smaller struc-
tures and occasionally collide. Radial velocities have been found to be in the range
0.5-1.5 km s~!, toroidal velocities in the range 1-7 km s~! in the co-current direction.
L-mode filaments are also more circular than ELM filaments where L, is in the range

7-9 em while L,.q is in the range 5-10 cm.

Table 2.5: Measurements of the radial L..q and perpendicular widths L, of filaments,

along with observed mode numbers from a variety of diagnostics and devices.
Machine Diagnostic  Type  Lraa(cm) Lj (cm) mode number Ref
C-MOD GPI L-mode - 1 - [75]
MAST Visible  L-mode  5-10 7-9 20-50 [62]
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2.11 Differences between ELM and L-mode filaments

In order to make a comparison with inter-ELM transport, the main difference be-
tween L-mode and ELM filaments is also briefly outlined. This is well demonstrated
through their interaction with magnetic probes. Indeed, studies of magnetic signatures
before ELMs have been performed for many years where authors usually focused on
magnetic precursors {76, 77, 78]: these are magnetic oscillations at various frequencies
that occur shortly before the onset of an ELM, and used mainly for ELM classifica-
tion. Almost no studies on the magnetic signature during the ELM itself were made.
However, interest in the magnetic signatures during ELMs has now been rekindled due
to advances in current understanding regarding filamentary transport. This has been
achieved in relatively few tokamaks, namely ASDEX Upgrade and MAST. In [52], the
MAST reciprocating probe head was mounted with three coils to measure the radial,
toroidal and vertical fields in both L-mode and H-mode phases. The magnetic coils
were located 5 cm behind the Langmuir probe tips. Shown in figure 2.21 are the (a)
D, time traces (b) ion saturation current signals and (c) magnetic fluctuation signal
dB/dt in the radial coil, for L-mode (dashed red) and ELM (solid black) filaments re-
spectively. While the magnetic signatures of ELM filaments (which were cross-checked
with visible images) were found to be well correlated with peaks in Isar signals; L-
mode filaments showed no significant magnetic signatures.

In reference [52], simulations were performed in which a moving current-carrying
wire was used to represent a filament. The induced field was calculated for the three
coils. The best match with experimental data was found with an ELM filament current
of ~ 190 A where the filament was assumed to be aligned with the magnetic field and
travelling mainly in the radial direction. Since magnetic signals decrease rapidly with
distance, further investigations where the magnetic probe is reciprocated closer to the

LCFS are required to verify with absolute certainty that L-mode filaments do not have

a magnetic signature.
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Figure 2.21: Shown are (a) the target D, (b) mid-plane ion saturation current and (c)
magnetic fluctuation signal as a function of time during a type-I ELM in MAST.
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Chapter 3
Radial Motion of filaments

This chapter reviews the theory of radial propagation of filamentary structures, in
order to make a comparison with experimental results. Two sheath-limited and inter-
change models will be discussed. Despite common underlying assumptions, predictions
from these theories for the radial velocity of filaments as they propagate in the SOL

differ. In chapter 6, these theories will be compared with exrperimetnal results.

3.1 Introduction

The mechanisms underlying the generation of filamentary structures and their sub-
sequent radial motion in the SOL have recently become the subject of substantial inves-
tigation. It is still not known whether observed filaments originate from a blobby-type
structure that elongates along the local magnetic field line on rapid parallel transport
timescales, or whether filaments are indeed immediately filamentary from the onset
of underlying instabilities. As such, the terms “blob” and “filament” are used inter-
changeably throughout this chapter. The assumption here is that blobs are the 2D
representation of the filament. So, although the theories discussed are strictly 2D
models that address specifically blobby transport, predictions from these theories are
assumed to be applicable to filaments.

The basic physics of filament /blob propagation was successfully identified by Krashenin-
nikov [79] to be the polarisation of the filament due to (1) the non-homogeneity
of the magnetic field, and (2) curvature effects. Several leading candidate theories
[79, 81, 82, 83, 84, 85, 86, 87, 88] have addressed the radial motion of filaments, with
varying predictions for the radial velocity. Despite common underlying assumptions,

their predictions for the radial velocity differ. This chapter provides a brief review of

~ 66 ~



Theoretical Mechanisms for radial motion

the most important theories.

3.2 Filament polarisation and E x B Drift

Charged particles in a magnetic field gyrate about magnetic field lines. Additional
forces can cause the guiding centre of the particle motion to move perpendicular to the
magnetic field. Denoting such a transverse force as F, the drift velocity of a particle
takes the expression:

_F;, xB

V.= .
1 N (3.1)

where e is the species charge. It was first shown by Krashennenikov [79] in the context

of filaments, which are none other than an ensemble of charged particles gyrating
around a field line, that two such forces, namely the centrifugal force due to curvature
and VB forces, lead to a vertical polarisation of a filament and its subsequent radial

E x B drift.
Curvature of magnetic field

As the guiding centre of gyrating particle motion move along a curved magnetic field,
it experiences a centrifugal force:

mvﬁ

Fo=

R,, (3.2)

where R, is the curvature radius of the magnetic field. This force is perpendicular to

the magnetic field. Expressing VB/B = —R./R?, the charge-dependent drift velocity

is: \
muj

Vo= —2
eB3

(Bx VB). (3.3)

Gradient of magnetic field

Another example of a transverse force is the gradient of the magnetic field strength.
Indeed, in a tokamak, the radially-varying toroidal field, By oc 1/R, leads to varying
particle gyro-radii p = mv,/eB. This causes an effective particle drift, the so-called
V B-drift,

pYL

~ 67 ~



Theoretical Mechanisms for radial motion

Due to V - B = 0, drifts due to both curvature and non-homogeneity of the mag-
netic field occur simultaneously. The total drift velocity from both forces can thus be

expressed as:

eB3 \ 2

Crucially, each drift is charge-dependent. Within the volume of a filament, the com-

R AL
Ve+ Vyp = 1 (—uj - vﬁ) B x VB. (3.5)

bined effect of both drifts leads to a charge separation within the volume of the filament
as ions and electrons drift in opposite directions. This results in a polarisation cur-
rent density (jpir) within the volume of the filament. This is illustrated in the cartoon

picture in figure 3.1. For a filament of density ngi, jpir is given by:
. _ngm (1, 2
Jplr = —3—3 <§Ul == l'”> B x VB, (36)

and an associated polarising electric field E;;, propels the filament as a whole in the
radial direction with a characteristic E), x B velocity. Note that E, is not the same

as E), due to time-varying electric fields.

N PR P re oo

Sy

Filament

Figure 3.1: The curvature and V B drifts drive a toroidal polarisation current Iy, with
an associated electric field Ey, that leads to a radial motion in the direction of the

major radius R.

Usual quasi-neutrality cannot be directly re-established as transverse currents are hin-
dered by the magnetic field: currents can only run force-free parallel to the magnetic

field. In order to establish quasi-neutrality within the filament, i.e balance the polari-
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sation current responsible for radial motion, two separate currents have been proposed.

These are based on either:

1. Parallel currents: A force-free current running parallel to the magnetic field along

the filament. The idea here is that parallel currents could be bridged at the end
of the filaments, for example by interaction with divertor target plates. Several
theories for filament propagation based on parallel currents have been proposed.

They will be described in section 3.3.

2. Even though particle motion perpendicular to B is hindered, there could be a
perpendicular toroidal current that is provided through drifts. One such drift is

the diamagnetic drift. This is a mechanism that provides a perpendicular current

and is based on a pressure gradient perpendicular to the magnetic field. In the
case of filaments, the pressure gradient is the filaments’ own pressure profile. The

origin of diamagnetic current is illustrated in figure 3.2

B

BN

Electron diamagnetic drift

Y

A

Figure 3.2: Origin of diamagnetic current. The magnetic field is into the page and a
density gradient is down the page. On the higher density flur surface there are more
particles performing Larmor orbits than a lower density flux surface. The result is a
net flow in the region between the flux surfaces (shown in the red box).

For a filament density ng, the result is mainly toroidal drift velocity:
B x VP

Vdia = ———, 3.7
S8 enﬁ]BZ ( )
with an associated current density of the form:
BEcVEE ‘
Jdia = Bz_- (38)
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In light of the above, the continuity equation can be written as [80]:
V-i=Vijr+V ji+ V. ja =0, (3.9)

and it states that the polarisation current I, (see equation 3.6) can be balanced by both
the diamagnetic current I, (see equation 3.8) and the parallel current ;. In the next
few sections, the different theories discussing the radial propagation of filaments based
on either of the two hypothesis described above (i.e. parallel currents or diamagnetic

current) will now be outlined in more detail.

3.3 Sheath-limited dissipative model

The first model considered is the so-called “sheath-limited dissipative” model which
is based on the presumption of electrostatic sheaths at limiters and divertor plates.
Authors in [79, 82, 83, 84, 88] consider the scenario that is illustrated in the cartoon
schematic in Figure 3.3. A filament detaches from the plasma core and connects to
the target plates, thereby allowing currents of ions and electrons to flow parallel to the
magnetic ficld. Parallel currents marked I flow along the filament and are bridged
over the target plates where plasma sheaths with finite resistivity form at the tiles
according to Debye theory. It is asserted by these authors that in order for the induced
electric field to survive on the observed transport timescales of 50-200 us, the particle
flow along the field lines must be hindered by either sheath or plasma resistivity.
Sheath models with varying levels of complexity have been proposed. First is the
seminal work of Krashenennikov with the simple 1D sheath model. This was later
extended to a 3D model of by D’'Ippolito and Myra using modified Braginskii equations.
Both these models do not take into account the edge region; rather, blobs/filaments
are considered as steady state structures already formed. However, the work of Bisai
and co-authors is also briefly outlined since their model equations treat the edge and

SOL regions in a consolidated manner [89, 90].

3.3.1 Simple sheath model

With the assumption that curvature and VB are the underlying mechanisms for

radial propagation (as described above in section 3.2), Krasheninnikov proposed that
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Polarisatrion current

Figure 3.3: As filament detaches from the plasma core and connects to the target plates,
currents of ions and electrons flow parallel to the magnetic field. These currents are
bridged over the target plates, where plasma sheaths with finite resistivity form at the
tiles according to Debye theory.

filamentary transport is damped in the SOL by the formation of resistive sheaths
at the target plates. This sheath is the result of filaments touching the target plates
while propagating radially outwards [79]. More specifically, Krasheninnikov’s 1D model
therefore included density variations along the filament in the parallel direction; namely,
a density ng near the midplane and a density n, near the target. For a small plasma
resistivity, the electric potential (due to the polarisation) is constant along B and was

found using the continuity equation for electric current (the quasi-neutrality condition):

where jp; is the polarisation current density. This current is the return current along

B that neutralises charge flow. Integrating along the field lines, and using the sheath

boundary condition:

Jilltarger = enCeee/T, (3.11)

where n, is the plasma density near the targets, C; = /T/M is the plasma sound

speed, M is the ion mass, a radial equation in [79] is derived from equation 3.10 such
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that:
0 0
(-a—t‘ + Vr_aR> nga = 0, (3.12)

where V; is the uniform radial velocity of the filament. An analytical solution for V;

Vi [ pi > Lyng
&= (LL) T (3.13)

where p; is the ion gyro-radius, R is the tokamak major radius, L; is the filament

follows:

perpendicular size and L ~ gR is the filament parallel length, where ¢ is the safety
factor. Crucially, the prediction of this model (through equation (3.13)) states that
the radial propagation speed is sensitive to both filament density and perpendicular
(toroidal) size, i.e, smaller and more dense filaments travel faster radially than larger

less dense filaments (assuming other parameters are constant).

3.3.2 Model equations for the edge and SOL

More recently, the sheath model was extended in slab geometry using a two-
dimensional, two-field fluid model of density n(x,y,t) and potential ¢(z,y,t) where
z and y denote the radial and toroidal directions respectively [89, 90]. Unlike the
simple sheath model, the electron continuity and current conservation equations were
derived so as to include both the edge and SOL regions in a consolidated manner.

Following the approach by authors in [89, 90], model equations take the form:

dn, on, 0o '

FIR (% - "ea_y) = D1 Vine = (Vijie)y + Sn, (3.14)
dVi¢ gon _ '

i Ty V=07 Vi (3.15)

Here g = p,/R is a measure of the magnetic field curvature, and (...); signifies an
average along the field line. Parameters D, and v, are the normalised diffusion co-
efficient and viscosity respectively. The full details cannot be described here but the
main qualitative points consist of the following:

e Parallel current jy in the first term on the RHS of equations (3.14) and (3.15) is
treated differently inside and outside the separatrix. Inside the separatrix where the
magnetic field lines form nested flux surfaces, jj has a finite parallel divergence and
is determined by finite parallel resistivity 7 = mv,/n2e? where v, is the collision fre-

quency of electron with the background. The turbulence in this region is characterised
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by radially elongated streamers. Outside the separatrix, the parallel current depends
on the sheath physics rather than on the collision frequency with the background.
Boundary conditions associated with the formation of a plasma sheath at the divertor
plate are employed.

e In order to connect smoothly the edge and SOL regions, Bisai and co-authors have
used spatially varying turn-on functions for the conductivity in the edge and sheath

conductivities in the SOL [89].

£7TTEERESNRAREERS FEETEEEERSTERENES T TR R AR RRRR R AR T CS IS T TE AR
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ERRERELS REEREER

Figure 3.4: Dynamics of a blob marked by the “o” symbol. and ejection into the SOL.
The formation of radial streamers and their subsequent detachment are observed.

Numerical simulations using this model show that a substantial part of the radial
particle transport in the SOL (~ 60%) is associated with blobs/filaments. An example
is shown in figure 3.4 where radially-directed streamers are observed to form in the
edge region that subsequently detach and propagate in the SOL. The trajectories of
the blobby structures are complicated near the edge-to-SOL region. They are found
to move radially, toroidally and spin about their axis. Because of the complicated
trajectories, not all blobs are ejected at the transition region. They show that ra-

dial propagation only occurs beyond a critical distance while many blobs decay before
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reaching this distance.

3.3.3 Braginskii equations

Variants of the equations used by Bisai and co-authors were used earlier by D’Ippolito
to elucidate the basic physics of blob propagation in the SOL. In [88], D'Ippolito and
Myra extended the physical arguments of Krasheninnikov [79] by calculations using
a three-field (density, temperature, pofential) Braginskii fluid model. The Braginksii
equations are a commonly-used fluid description of a plasma which describe the evolu-
tion of the first three moments of the Fokker-Plank equation [4]. The modified version

used by D’Ippolito consists of the following density, temperature and vorticity equa-

tions:
(2—7: +V(vn) = &n (3.16)
% +ViyT.) = %Vu(ﬂanTe) —&E; (3.17)
Eciznmiditvid) = Vi + ngb x k.Vp (3.18)

where d/dt = 0/0t + Vg.V, Vg = (¢/B)b x V1¢, b = B/B, k = b - Vb is the
magnetic curvature, v is the parallel mass flow velocity, n. = n; = n, K is the parallel
heat conductivity, £ = no{ov) is the neutral particle ionisation rate (no is the neutral
density) and %E',- is the total energy required per ionisation. Since ionisation in the far
SOL can sustain the filaments longer against parallel loss of particles, a simple analytic
model was used for the density decay time (7,) to the plates such that 7, = 1/(a — §)
is determined by the balance between the loss rate due to particle flow to the plates,

a = 2p;/Ly, and the rate of particles that are resupplied by ionisation, &.

Unlike Bisai and co-authors, the edge region inside the separatrix was ignored and
blobs were treated as steady state coherent structures propagating at constant radial
velocity. In their investigation, the SOL was divided into 2 regions. The first region
is located within one-exponential decay length from the separatrix and is determined
by radial diffusion from the core and parallel loss to the sheaths. The second is the far

SOL, distinguished purely by filamentary transport and neutral ionisation.

Assuming constant parameters along B, and integrating density, temperature and

vorticity equations (3.16), (3.17) and (3.18) along the field lines with appropriate sheath
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boundary conditions leads to the result that density blobs/filaments with Gaussian
profiles with a full width full maximum of L, propagate outwards with velocity:

Yol
Cs LR’

(3.19)

that is, smaller blobs move faster. Intuitively, smaller filaments move faster because a
higher internal polarisation density results in a larger Ej,;, and hence a greater Ey, x B
velocity. The result is the same as that derived by Krashenninikov (see equation (3.13))

but without density variations.

Filament fragmentation

Because the filament radial velocity (and hence radial particle flux) is sensitive to
the filament toroidal width L, D’Ippolito and Myra in [83] investigated mechanisms
that influence this parameter. They showed through 2D simulations that secondary
instabilities that are driven by the filament pressure profile can cause large filaments
to bifurcate forming two smaller filaments, which in turn travel faster than the parent
filaments. An example is shown in figure 3.5 where an initially circular blob distorts
and splits into two smaller child filaments which are separated in the toroidal direction
and elongated in the radial direction. Radial and toroidal directions are denoted as x
and y respectively. Many more details were reported by D’Ippolito [88] and D’Ippolito
and Myra [83]. These include for example:

e The temperature decays much more quickly than the density because parallel

energy transport is much faster than the particle transport.

e An induced vorticity is also generated due to a radial potential in the filament.

This subsequently leads to an azimuthal rotation of the filament about its axis.

3.3.4 BOUT simulation code

The BOUndary Turbulence (BOUT) code [91, 92] is a 2-fluid edge plasma sim-
ulation code. The equations solved are a reduced form of the Braginskii equations
similar to those derived in ref [93] which reduce the 13 variables present in the Bragin-
skii equations to 6: electron density n., electron and ion temperatures T, T;, parallel

ion velocity Vjj, parallel current j; and vorticity. The code was originally written at
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Figure 3.5: Blob propagation showing bifurcation due to curvature driven interchange
instability. Reproduced from [83]

Lawrence Livermore National Laboratory (LLNL) with the purpose to model large as-
pect ratio plasmas; however, it has since been adapted and suitably modified by Ben

Dudson to simulate small aspect ratio plasmas and particularly the spherical MAST

plasma.

The BOUT code is used to model many plasma instabilities including drift waves,
pressure-driven ballooning modes (ideal and resistive) and current-gradient driven
modes. Furthermore, the simulation domain covers both the edge and SOL. The BOUT
code is therefore well placed for simulations of filamentary transport. Initial BOUT
results concerning the generation and propagation of L-mode filament-like structures
at the plasma edge were recently presented by Dudson [62].

These simulations produce blob-like structures at the plasma edge. An example of
this is shown in Figure 3.6 where density perturbations of ~ 10" m™* are located at
the outboard MAST mid-plane. A plot of density perturbations and electric potential
at the outboard mid-plane as functions of radius and toroidal angle is also shown in

Figure 3.6(b). This shows isolated plasma density structures (colours) moving across
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Figure 3.6: (a) colour plot of density perturbations in the BOUT simulation domain of
MAST plasma. (b) density (colours) and electric potential (contours) at the outboard
midplane.

the separatrix (marked with a vertical red line) into the SOL. A bipolar structure to
the electric potential can also be seen, giving rise to a toroidal electric field across the
density blob, and hence a radial E x B velocity. A phase shift can clearly be seen

between the density and electric potential.

Corer=-1.5cm Separatrix r=0.0cm SOL r=0.7cm

Toroidal angle (degrees)

Poloidal Location

Figure 3.7: Density (colours) and potential (contours) on flur surfaces for the core,
separatriz and SOL. Field lines are horizontal dashed lines. The location of the outboard
midplane is indicated by a vertical red dashed line.

Analysis of the magnitude of the BOUT drive terms contributing most to the trans-
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port, in both core and SOL regions, indicates a change of behaviour across the LCFS
[94]: parallel electron conduction is more important in the core, while advection and
curvature terms dominate in the SOL. An example illustrating this change of behaviour
is shown in figure 3.7 where the density and potential contours in the core, separatrix
and SOL regions are plotted as functions of toroidal and poloidal angles. The location
of the outboard mid plane is indicated by a vertical red dashed line. In the core, the
turbulence has a three-dimensional character with variations along the field lines, as
well as in radial and toroidal directions. However, as the density and temperature
perturbations approach the separatrix, they become aligned with the local magnetic

field lines forming streamers with a purely 2D dependence.

3.4 Diamagnetic current

In contrast to the sheath-limited theories in which parallel currents balance the po-
larisation current ensuing from curvature and non-inhomogeneity of the magnetic field,
a fundamentally different model has been invoked by authors in [80, 95, 96] to explain
the SOL turbulence: it is asserted by these authors that the turbulence is governed
by non-linear interchange motions that form as part of the plasma inertial response
due to curvature drive and the excess pressure relative to the ambient plasma. More
specifically, the intrinsic pressure gradient of the blob in the region of unfavourable
magnetic curvature is responsible for a diamagnetic current; this current represents
the drive of interchange motions. In other words, when the charge separation in the

blob is dynamically balanced by this diamagnetic current such that:
\Y 'jplr = -V 'jdia, (320)

ie. the term V- jj = 0 in equation (3.9), the result is a large scale radial flow and
advection in the form of interchange motions. The mechanism is illustrated in figure

3.8 for a blob of plasma with an excess pressure relative to the ambient plasma.

ESEL code
Accordingly, an electrostatic fluid model for the particle density, electric drift vorticity
and electron temperature was derived and incorporated into a numerical ESEL code.

This code is a simplified 2D model of the SOL in which blobs are advected through
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Figure 3.8: [llustration of interchange mechanism leading to radial motion of a
blob/filament structure with an excess pressure relative to the ambient plasma. The
vertical polarisation current is balanced by the diamagnetic current leading to radial
motion into the SOL.

the curvature mechanism while an analytic model is used to determine loss of plasma
along field lines to divertor targets. The dynamics of the parallel currents, the role of
sheaths, and the presence of neutrals and impurities were neglected by the authors.
However, despite the simplicity of the model, many features of the observed turbulence
have been reproduced. Turbulence simulations of TCV midplane SOL plasma was
successfully benchmarked against turbulence simulations. One example is shown in
figure 3.9. The edge layer intermittently erupts blob-like structures into the SOL. The

mushroom-like shape of the blob front is associated with a dipolar vorticity field and

thus a large radial electric field.

Evolution of a filament

The evolution of a filament has been modelled by Garcia and co-authors by an

advection-diffusion equation for the density:

8n 2 2
<E e B X V¢.Vn> = xVin. (3.21)

The calculations start with a blob of circular-cross-section of the form:
1 2
na(z,t =0) = ngyoexp —E(I —20)°|- (3.22)

Diffusion with diffusivity DD would spread the filament as:

11il,0 (2 10)% ;
= BENL | S S 3.23
TR, [2(1 + 2Dt)] (222
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Figure 3.9: Spatial structure of (a) the particle density and (b) the electric drift vorticity
in the interchange simulation using the ESEL code. Exponential contour levelling is
used for the particle density in order to reveal the structure across all regions.
Figure 3.10 shows the filament evolution. Initially, the filament accelerates rapidly and
travels a radial distance of 1-2 times its initial size. A steep front and a trailing wake
can be seen. After the initial acceleration phase, the blob reaches a maximum constant
velocity which is given by:

Vo, (2LL06)" (3.24)
Cs R © : '
where Ad is the relative change of a thermodynamic variable, (P, T or n), with respect
to a background level. Taking the thermodynamic variable to be filament density, and
the background level to be that of the immediate SOL (ngor), this scaling may be
expressed in the reduced form as :

Vi 2L, ng )1/2
— ~ | —= 3 325
Cs ( R ngoL )

In the later stages, the filament/blob characteristics depend on parameters such as
the Reynolds number (R = 1/kv) and Prandtl (P, = x/v) numbers. Authors have
shown that filaments undergo strong distortion and obtain a mushroom-shape cap in
the toroidal direction as shown in figure 3.10. The filament may subsequently break

into two sub-filaments with opposite vorticity, which might bring the filament to a halt.

Surprisingly, equation (3.25) predicts that larger filaments travel faster in the SOL
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Figure 3.10: Evolution of the filament shape according to [80]. The behavior has been
shown to depend on the Reynolds and Prandtl numbers.

than smaller filaments. This is in contrast to the prediction for the radial velocity in
the sheath-limited models which show an inverse-proportionality of V, with L (see
equation 3.13). This would be a cause for concern for first-wall structures in a tokamak

since the faster-moving filaments would carry most of the particles.



Chapter 4

Introduction to data

4.1 Langmuir Probes

Langmuir probes are one of the oldest ways of diagnosing plasmas, by directly
sensing particle fluxes. Langmuir probes are bare wires or graphite disks, which are
inserted into a plasma and electrically biased with respect to a reference electrode to
collect electron and/or positive ion currents. Because they make direct contact with
the plasma, they are limited to investigating plasmas that the probe is able to with-
stand. This limits their access to the plasma edge. Because the measurement is made
using particle flux to the probe, the reading is local aﬁd care must be taken to ensure
that the probe is itself not perturbing the plasma to the point where the reading is no
longer related to that of the unperturbed plasma.

Langmuir probes can be operated as single probes, measuring either the ion satura-
tion current or the floating potential, as sweeping single or as triple probes to determine

plasma parameters [97].

Floating potential

When a Langmuir probe comes into contact with a plasma, the electron flux to the
surface of the probe is greater than the ion flux due to the higher thermal velocity of
electrons. The surface collects a negative charge and the plasma, depleted of electrons
acquires a positive charge which sets up an electric field. The field is localised to a small
region close to the surface due to Debye shielding. The region is known as the sheath,

and the electric field in this region acts to repel the slower electrons and accelerate the
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ions until the ion and electron fluxes reach equilibrium. The potential of the surface is
referred to as the floating potential ¢;.

When an electrical bias is applied to the probes, the probe tip collects electron and
ion currents. The usual practice is therefore to either apply a large constant bias, or
to sweep the voltage around either side the floating potential and record the probe
current-voltage I-V characteristic. A typical I-V characteristic of a Langmuir probe in

a plasma is shown in figure 4.1.

A

lsate Electron saturation current

lons collected Electrons collected

4t~

- P
>
lon saturation current [lsat,i¢f p v
\ Plasma potential
Floating potential

Figure 4.1: Langmuir probe I-V characteristic.

The potential at the probe corresponding to the zero current is the floating poten-
tial, ¢;. A Langmuir probe will draw an electron current, I, when biased to a voltage
Vg > é;. Similarly, an ion current is drawn /; when the probe is biased to a voltage
at Vg < ¢;. An expression for the current I to a probe of fixed area Ay, biased to a

voltage V, is [4]:

I=A,(I.+ 1) = Al [l—exp (V;‘bf)]. (4.1)

At sufficiently high negative bias, I — A,I;, and the current to the probe saturates

at the level of the ion saturation current denoted Isat;:
ISAT,i = eApneCss (42)

which corresponds to the probe becoming sufficiently negatively charged that all elec-

trons are repelled and so the current is limited by the flux of ions entering the sheath
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at the ion sound speed given by:

= \/kB (Tc 5 Z'YiTi) (4.3)

b
m;

where T, and 7T; are the electron and ion temperatures respectively, m; is the ion mass,

Z is the ion charge state and ~; is the adiabatic coefficient for the ions.

At sufficiently high positive bias voltage, the electron probe current saturates at the

level of the electron saturation current:

1
ISAT,e — ZeApne‘/th.es (44)

8eT,
Ve (4.5)
TMe

is the electron thermal velocity. The positive bias potential corresponding to the elec-

where

tron saturation current is referred to as the plasma potential. ~ The electron tempera-

ture T, can be determined from the slope of a semi-log plot of the I — V' characteristic.

Langmuir probe measurements are taken at two locations in MAST: by an array
on the divertor target plates to measure incident plasma flux and by a reciprocating
probe at the outer midplane. This second system is equipped with a circular array of
8 equally-spaced, flush-mounted Langmuir probes arranged in diametrically opposite

pairs (see figure 4.2). These Langmuir probes are each biased to -200V, and measure

the ion saturation current, Isar.

Figure 4.2: Schematic (not to scale) showing the reciprocating probe configuration of
Langmuir probes used in this thesis.

~oa 4%
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4.2 The Photron camera

Fast Imaging in tokamaks

The first attempts of fast imaging in tokamaks dates back to the mid 1970s when high
speed cine photographs of DITE [98], ALCATOR A [99] and the ATC [100] tokamaks
were taken with film speeds running at 5000 frames per second (fps). At the time,
the first commercial Charged Couple Devices (CCDs) were being designed offering a
100x 100 pixel resolution at 2000 fps. Since the 1970s there has been a sustained effort
to measure and understand plasma edge phenomena through imaging. CCD cameras
today are routinely capable of 128 x40 resolution at 100,000 fps, thereby offering a very

powerful tool to visualise plasma turbulence at the edge.

Advantages of the MAST tokamak

Imaging diagnostics are currently used on several tokamaks including TFTR [101},
ASDEX-Upgrade [102], JET [103], ALCATOR C-Mod [104, 105, 106] and NSTX [107,
108, 109, 110]. While successful in capturing the details of the edge turbulence, nearly
all imaging diagnostics in these machines make use of localised gas puffing to increase
light levels. Furthermore, these cameras are restricted to small sections of the plasma
due to a small plasma-wall/limiter distance which does not typically exceed 12 cm.
Both these disadvantages are alleviated naturally in the MAST machine which is well
suited for imaging studies, particularly those of filamentary structures. Indeed, MAST
benefits from both a large plasma-wall separation and a high neutral density. Owing
to the large vessel volume/plasma volume ratio, the high neutral density results in
significant levels of D, light in the SOL which increases the probability of identifying
the weakest of edge fluctuations as they propagate well before they hit the first wall.
Furthermore, the open MAST vessel layout and easy diagnostic access (see figure 1.5)
mean that cameras, when combined with a fish eye lens may view the entire plasma,

as shown in the single snapshot of figure 4.3.
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Figure 4.3: Ezample of full view image in MAST using the Photron camera

Description of the MAST camera

The Photron-APX RS camera, shown in figure 4.4, was installed on MAST in Oc-
tober 2005. It is a powerful visualisation tool which allows the capture of fast moving
structures and subsequent slow motion observation, image processing and analysis. The
Photron camera is used to capture a continuous set of images of the MAST plasma
throughout an entire MAST shot. The unique wide angle view of the plasma and the
gap between the LCFS and the first wall in MAST allows the radial propagation of any

moving structures to be clearly tracked without interaction with vessel components.

The camera has no filters so that the light is dominated by D, emission from the
excitation of neutral gas by hot plasma electrons. The camera has a uniform (i.e. non
rolling) electronic shuttering system making it possible to control the exposure time
regardless of the selected frame rate. By using an exposure time that is shorter than
the frame time, high-speed events may be captured as still images without any blur-
ring.

The camera has a CMOS sensor, which, like a conventional CCD, consists of an array

of 1024x1024 pixelated metal oxide semiconductors which accumulate the charge in
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Figure 4.4: The Photron-APX RS camera used in MAST

each pixel proportional to the local illumination intensity. However, in contrast to the
standard CCD technology where (after one integration time) the charge packet of each
pixel is sequentially transferred to a common output structure for charge-to-voltage
conversion, the conversion procedure in the CMOS detector takes place in each pixel.
This difference in readout techniques allows cameras such as the Photron APX-RS the
capability of reading out only a subsection of the sensor which in turn allows increased
frame rates for smaller regions. At the full frame size, the camera can only record up to
10,000 fps, insufficient for following fast edge dynamics; however, smaller regions may
be selected which then allow a higher frame-rate and tracking of individual features.
For filament studies in this thesis, the preferred region of the plasma typically selected
is the midplane view, shown by the white rectangular box in figure 4.5. This is because
the midplane view avoids reflected light from poloidal field coils. This view also has
the advantage that radial position (which changes the field-line pitch) has little effect
on field-line shape across this narrow strip and so the toroidal velocity component can

be distinguished from radial velocity.

Figure 4.5 shows the poloidal cross section of MAST with a typical equilibrium in a
double null configuration. Shown on the figure are the locations of inboard and out-
board targets, the midplane location of the reciprocating probe and the field of view
of the camera when in fast mode. The bright spot on the midplane centre column is

due to the gas feed used for fuelling the plasma.
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Figure 4.5: Poloidal cross section of MAST with a typical equilibrium in a double null
configuration. Shown on the figure are the midplane location of the reciprocating probe
and the field of view of the camera when in fast mode. The bright spot on the midplane
centre column is due to the gas feed used for fuelling the plasma.

4.3 Background subtraction

In order to distinguish the D, emission of the filaments from the overall slowly-
varying background, an image-processing technique developed in [94] is used, whereby
for each frame, a minimum light intensity (i.e. background) is calculated for each pixel
over a variable number (6-21) of neighbouring frames, and subsequently subtracted
from the original pixel. An example of this image processing is presented in figure
4.6: (a) a typical camera image during an inter-ELM period (resolution 512x462 at a
speed of 3 kHz and 11 us exposure time), (b) the minimum background calculated over
11 frames (the intensity is a significant fraction (typically up to 80%) of the original

image), and (c) the result of subtracting the calculated minimum from the original
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image; note that this image (figure 4.6(c)) is also gamma-corrected and amplified for

illustration purposes only and does not form part of the image analysis procedure.

Figure 4.6: Full view images of the MAST plasma. Shown from left to right are a) the
original, b) calculated background and c) subtracted images. Note that in (c) gamma
correction and amplification are also used for illustration only.

The background subtraction produces the image in figure 4.6(c) which reveals the
existence of relatively dim features across the entire plasma boundary — these are the
inter-ELM filaments. It is important to note that while some filaments are observed in
the raw images, the background subtraction method allows the less bright filaments to
be more easily seen. Figure 4.6(c) indicates that in common to both ELM and L-mode
images, and despite a seemingly quiescent SOL marking a reduction in the magnitude
of cross-field transport, filamentary structures during H-mode inter-ELM periods also

exist, and as will be shown in the next chapter, contribute directly to transport.

Tests, such as (1) varying the number of frames over which the minimum background
is calculated, and (2) repeating this for a wide range of discharges and for different
phases (L-mode and H-mode), have been performed to verify that the subtraction
technique does not artificially generate these structures. Furthermore, a strong cor-
relation (which will be shown in chatper 6) between Langmuir probe and image data
for these structures provides further evidence for the robustness of the background
subtraction technique. The background subtraction is valid for L-mode and inter-ELM

phases but cannot be applied to the ELM.
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Chapter 5

Analysis of camera images

This chapter describes the analysis of the camera images. Features in the images
are located by manual tracking of projected field-lines from EFIT magnetic reconstruc-
tions onto the images. An automated method of field-line projection is used to calculate
the mean image intensity along field-lines leading to intensity signals as a function of
toroidal angle. Peak detection algorithms are then applied to these signals in order to
determine properties such as pseudo mode numbers, sizes, toroidal and radial velocities
of the filaments. Ezamples of radial and toroidal propagation are outlined and their
dependence on plasma parameters is measured. Finally, properties of inter-ELM fila-

ments are compared and contrasted with those of L-mode and ELM filaments.

5.1 Camera calibration

In order to extract any useful information from the 2D images, it is necessary to
calibrate the camera so that the line of sight through each camera pixel on the CCD is
known. From known 3D world (X,Y, Z) coordinates, it is possible to reconstruct the

corresponding 2D (z,y) image coordinates in a simple camera model. Such a model

depends on camera parameters, namely:

e Dosition of the camera denoted here as Xcaar, Yoanr, Zoan- In figure 5.1, these
are expressed in terms of the world plane distance from the centre of the camera

lens along the optical axis, and is denoted .
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Figure 5.1: Camera projection model

e Focal length f of the camera which is the distance of the image plane from the

centre of the camera lens along the optical axis of the camera.

e Tilt, pan and and swing angles denoted respectively ¢, p and s. The pan angle is
the horizontal angle of the optical axis with respect to the Y axis. The tilt angle
is defined as the vertical angle of the optical axis of the camera relative to the Y
axis of the world coordinate system. The swing angle is the rotation angle of the

camera along its optical axis.
e Distortion of the image due to fish-eye lens.

In the absence of distortion, this calibration is achieved using a similar method used
to calibrate a road traffic camera for visual traffic surveillance [111]. Assuming that
Q(Xg, Yo, Zg) is an arbitrary point in the 3D (X,Y,Z) world, and g(zq, y,) is its cor-

responding image point in the (x,y) plane, a forward mapping function ®:

q=2(Q), (5.1)

01
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is calculated according to the projection equation:

T XQ
Y
Y1=rrp| @ |, (5.2)
yA ZQ
0 1

where T, R and P are translation, rotation and perspective transforms respectively.
Further details can be found in [111] and the expressions of these matrices are given
below for completeness.

The rotation transform is expressed as:

1 0 0 0
0 1 0 0
T= , (5.3)
0 0 1 0
—Xcam —Yocam —Zeam 1

The rotation transform is the product of three matrices, Rx, Ry and Rz — each repre-

senting rotation with respect to the X, Y and Z axis respectively.

cosp —sinp 0 O
sinp cosp 0 O

Rz = , (5.4)
0 0 10
0 0 01
1 0 0 0
¢ s
Ry = 0 cost sint O , (5.5)
0 sint cost 0
0 O 0 1
coss 0 —sins O
0 1 0 0
Ry = (5.6)
0 sint cost O
0 0 0 1
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Finally, in order to simulate perspective distortion, the projection equation as expressed

in equation (5.2) includes:

10 0
00 1/f
P= ; (5.7)
01 0
00 O
By substituting Xcanr = Isinpcost, Yoan = —lcospcost, Zoay = —Isint and re-

arranging equation (5.2), the x-coordinate z, is given by:

Xg(cospsin s + sin psintsin s)
f | +Yo(sinpcoss — cos psin tsin s)
+Zgcostsin s

Ty = , - 5.8
¢ —Xgsinpcost + Ygcospcost + Zgsint + 1’ (5:8)

and the y-coordinate y, is expressed as:

Xo(— cospsin s + sin psin ¢sin s)
| +Yo(—sinpsins — cospsin tsin s)
+Zgcostcoss

= . - . 5.9
Ya —~Xgsinpcost+ Ygcospcost + Zgsint +1 (5.9)

The general expressions for the image coordinates given by equations (5.8) and (5.9)
take simpler forms due to the MAST camera set-up: Mounted at the mid-plane and
located approximately at 2.16 m in major radius, the MAST camera is fixed hori-
zontally and views the entire plasma through a relay fish-eye lens of focal length 4.8

mm, with no tilting, panning or swing. The relevant projection equations thus become:

Yo
= 5.10
T Xy (5.10)
[Zq
= ; 5.11

These equations were adapted into an initial IDL code where refinement and cali-

bration of the camera model was subsequently necessary to ensure accurate projection.
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A series of systematic tests was conducted by projecting MAST vessel components
such as the centre-column and poloidal field coils (whose 3D coordinates are known to

better than a centimetre), and matching their locations in the images.

T

Poloidal coils ,«f”l o

\ Divertor

Figure 5.2: The 3D coordinates of MAST components within vessel are known at an
accuracy of £1 cm. Shown is the 3D graphic representation of the MAST wvessel in-
cluding the P5 and PG poloidal coils (in white), the center column (in red) and the

divertor plates (in blue).

Figure 5.2 shows a 3D rendering of the MAST vessel with the poloidal coils and the
center column and the divertor plates marked by the white, red and blue lines respec-
li\'(‘l_\i

Full view images from the start and end of discharges, during breakdown and at dis-
ruptions respectively were used since the vessel is well-illuminated during these times
without being obscured by the plasma. In order to verify accurate projection, the align-
ment of the camera was changed manually (in software) through a series of iterations,
until a fit was found to all structures. Figure 5.3 shows an example of this calibration
where in (a) vessel components are more easily seen during disruption and (b) P5, P6

poloidal coils and the center-column are projected by the white lines.

O



Results from camera

W m‘m‘xa’u&‘m TN i ST ST M-m-

HYe 3 iy A5 ""3“&1‘2
PRI 2 e L B%

RN ADCHRALES.
Rt ENF T TR
T MG R ui»v#.nmm
St et 1 Toria e Y
P A R s SRR
SRESUTNG I TG
STt IV LA it = R ]

PRGN e 18 r*vma.ﬁw.m Y Sl
mmmn SN o INTHD e L NI T Y
L e Lloed e e M'NWQ, l‘(l U], 'knn :qaa
S AT WL 0l AT AR IR,

O TR ST AN
‘R.’! \l'lﬁll

E:a.abww TR
TETL i
ERRE Lot 1
SOTC T Y
BTG it
IR ELN rr
SHELLR #W'mxu-
XS T2 IV
WAHINRIT gD X
u“’t‘ﬁfiﬂn T"’#‘. v o G ;

Vv ) W 7 e Wt:m (NN
wmng-:t%«:w,% NN ML e FLN 15 RECITEY
By G R "wr:nuwmhm,x.- A e
SEPRES DG ERIATAN, | 0 s &0 o L L R e T
(mw\sﬁm.ﬁuww&-wvmmrmm? 3

IRy

9:1 m&mm‘*mam e i ? -

N B, LA wr»»%m;rm i v»’m-!thv
kﬁ)Mt‘!‘K!‘ Rag R ¢.r.!s:..mz°. "
¥ WEL DT WIS UYLY)

WP A AT S D A w‘an =
CREATIR i VBN PR E RN R e S
-@fsl,tm.w%.‘h‘gazam.*ﬂ L

s PALBNE Y
;-a-a».n ST o R AR e, i
PTTHNND RO 254 e WRa N TR TR ﬁ;r x.qeae'wu' N P33 P -’-u. T4 '.M‘Nis
mef;.:muv; ! HRD U et LR 25&.‘&!!:‘.'&-( : WER 00 T IR
WESRG ST PRI 4 ‘nﬂh}.ﬂ{- ‘otit:f"amﬂ.,u K SN »&- L
BRI AmAty RERTEAS sﬂm@d FHLL |\.m.z'xm
I EBE DI SAEEN RN ss:wg.w.-.. 5 b g PR R
WAL wisf Rl 2" prveie %10 Rk unk SIS T s IR
LN N 230 AR AP TN LI (2T RSB
RARRT B s CHVTHRZI R IS B Ay Eans AT
B s 0 4 L 5 § N e TR < N

U SATo & #ardh SUrnnE ol G ARKE

< cw‘w-t:—r A z.* »»‘-;. SRR S T AT LI MY DAL R

Figure 5.3: Shown in (a) is the Photron image of the MAST wvessel at disruption
clearly indicating the location of certain vessel components used in the benchmarking
of the projection, (b) the same image as (a) with projected P5, P6 poloidal coils and
center-column, in white.

Camera distortion

The camera is fitted with a fisheye lens with a barrel-type distortion, i.e. the dis-
tortion where the magnification decreases with distance from the optical axis. The
distortion has the effect that straight lines become curved. Investigations into the
effect of this distortion were carried out in the laboratory. The corrections were de-
termined analytically by measurements of distorted images of straight lines forming a
rectangular (z,y) grid: deviations in z and y coordinates of points tracing a line are
measured on a rectangular grid. A line of best fit to the deviations then determines the
analytical correction to projection equations. It was found during these investigations

that this distortion was not significant.

Camera movement

The largest source of error in the projection was due to the movement of the relay
lens which resulted in the movement of the optical axis. This occurred mainly dur-
ing a MAST shot due to vessel movement especially at breakdowns and disruptions.
Misalignments were also observed between MAST operating days where routine main-
tenance tasks on other diagnostics in the MAST experimental area surrounding the

camera were identified to be the inevitable cause of camera movement. It was there-
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fore essential to account for both sources of movement on a shot-to-shot basis without
intervention in the MAST area. This was achieved by allowing a small adjustment in
software of pixel offsets Ax and Ay of the optical axis. The Az and Ay pixel offsets
would be used to re-align the image relative to a known component. An automatic
method was also introduced where the difference between the projected contours of the
centre-column and that of the image would be determined and corrected throughout
the shot if this difference was larger than 5 pixels; however, manual checks were always

preferred.

5.2 Magnetic reconstruction using EFIT

Since the filaments appear to be field-aligned density structures, equilibrium mag-
netic ficld lines are used to track the filaments. This analysis procedure is now de-
scribed in this section. Having calibrated the camera system and optimised the projec-
tion, magnetic reconstructions of equilibrium MAST discharges using the EFIT code
[112, 113, 114, 115, 116] are used to calculate the 3D shape of magnetic field-lines at
varying radii and toroidal angles. The 3D structures are then projected onto the 2D
images to match the observed filaments. An example of this procedure is shown in
figure 5.4 where a field line is projected at 20 cm from the last closed flux surface

(LCFS) to match the observed filament which is shown more clearly in the background

subtracted images (b) and (c).
This analysis procedure described above is done in the following steps:

e A magnetic equilibrium is calculated for the discharge at the required time ¢,.
This is achicved by calling the EFIT code and is done to within 200 us of fo.
This results in a 2D cross-section (assuming toroidal symmetry) of poloidal and

toroidal magnetic field strength and the location of the LCFS in major radius is

also determined.

e Starting at the mid-plane z = 0 and radius of the LCFS, and for a given toroidal
angle, the magnetic field is followed in both directions towards upper and lower
targets. This gives the shape of a single field-line in 3D. Due to the toroidal

symmetry of the total magnetic field, this field-line can then be rotated toroidally
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to map out the flux-surface at the chosen radius.

e The 3D calculated field is then mapped onto 2D pixel locations using the projec-
tion method taking into account camera characteristics. To fit filaments in the
toroidal direction, the toroidal angle is changed and the mapping re-calculated

until the observed filament in the image is matched to the observed field-line.

e To fit filaments in the radial direction, the procedure described above is usually

repeated for a range of field lines which are generated in 1 cm steps from the

LCFS.

Figure 5.4: Shown are (a) half view images of the MAST plasma with a filament clearly
marked by a white solid line. (b), (¢) the background subtracted images of (a) showing
the projection of a field line projected at 20 cm from the LCFS providing a good fit to
the observed filament. There is no difference between (b) and (c) except the projected
field line in (c).

Crucially, the tracking of filaments is made possible not only because of their field-
aligned property, but because changes in radius of the field-lines from the LCFS in the
MAST machine have an observable effect on the field-line pitch. This in turn is due
to the spherical tokamak geometry. Shown in figure 5.5 are the 3D representations
of field-lines at an arbitrarily-fixed toroidal angle projected in 1 cm steps from the
LCFS. The twisting effect is better illustrated in the second plot figure 5.5(b) where

the EFIT-generated field-lines are plotted in (¢, Z) space. This shows more clearly

= DN
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that as the filament is radially-propagating, and in order to follow the local magnetic

field-lines, the filament becomes steeper as it moves outwards starting from a position

g . separatrix
"Inside separatrix P

_ Outside separatrix
-40 -20 0 20 40
¢ [deg]

Figure 5.5: Shown are (a) 3D representation of a field-line for a fized toroidal angle in 1
cm steps from the LCFS. The filament in green is at the LCFS, (b) 2D representation
of a field-line in Z,¢ space from Arpcps = —2 cm inside the separatriz (blue), at
the separatriz (red) to a position Arpcps = 15 ¢cm outide the separatriz (black). A
significant change of the pitch angle is observed outside the separatriz. The varying
field-line pitch forces the filament to become steeper (i.e. more inclined) with distance
in the SOL to follow the magnetic field lines.
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inside the separatrix Arpcps = —2 cm, through the separatrix marked by the red line,
to a position Arpcps = 15 em. The implication here is that there is significant change
in the field-line pitch angle that a tracking of filaments during their radial motion is

possible outside the separatrix.

In addition to the above, and when mapped onto the 2D images, the toroidal positions
can be determined to within 1°. This estimate for the radial accuracy is determined
by measuring the minimum angular shift between adjacent field-lines which can be
resolved for a fixed radial step. So, for a radial accuracy of lem (i.e, field-lines are
generated, mapped and followed in lem steps), the difference in angle in (¢, Z) space
for each pair of consecutive field-lines in the SOL at a fixed height around the mid-
plane must exceed the minimum angular resolution of 1°. This has been determined

by calculating the inclination difference between adjacent field lines at a height of

Z = —0.15m below the mid-plane.
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Figure 5.6: Shown are (a) the measured pitch angle change at Z = —0.15 m below the
mid-plane for each pair of consecutive field-lines as a function of Arpcrs, (b) shows
the intersection of the Z = —0.15 m line with EFIT-calculated field-lines which have

been generated in 1 cm steps

Figure 5.6(a) shows the measured pitch angle change at Z = —0.15 m below the mid-

~ 99 ~



Results from camera

plane for each pair of consecutive field-lines as a function of Ar;crs (the distance away
from the LCFS). Figure 5.6(b) shows the intersection of the Z = —0.15 m line with

the generated field-lines which have been generated in 1 cm steps.

As can be seen, a radial accuracy of 1 cm is maintained up to a distance of 15 cm where
the minimum angle change is approximately 1°. Beyond this distance, the minimum
angular separation falls to 0.5° but filaments in this thesis will not be tracked beyond
this distance. However, it is important to note that in reality radial and toroidal
motions are not entirely decoupled. As will be shown later, filaments are seen to

propagate in toroidal and radial directions simultaneously.

Divertor views

It follows from figure 5.6 that the optimum choice of camera views for tracking field-
lines are those near the mid-plane because of the significant changes of pitch angle
as a function of SOL distance. This is in stark contrast to regions near the X-point

region: Figure 5.7 shows the twisting of field-lines in 1 cm steps near the magnetic

-1.00 T e T .
Inside separatrix ]
1.05F J

separatrix

X-pt

E 115
N
420 F T
125 Outside separatrix 7
-40 -20 0 20 40

0 [deg]

Figure 5.7: Twisting of a filament near the X-point region as it propagates radially in
1em steps from the LCFS outwards. The filament in red is at the LCFS. Distinction
between filaments beyond 2 cm outside the LCFS is more difficult.

null point from Arpcps = —2 cm inside the separatrix (blue), at the separatrix (red)
to a position Arzcrs = 10 em outside the separatrix (black). It can be seen that the

distinction between field-lines is much less obvious near the X-point region, especially
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after a distance of 2 cm.

5.2.1 Manual tracking of filaments
Since the analysis process involves several steps, ranging systematically from:
e loading the images according to the time and discharge,

e reconstruction of the magnetic equilibrium and field line generation using the

EFIT code,
e projection of the 3D data (field lines and vessel components) onto the images,

all the while allowing for easy use and simple comparisons between consecutive frames
from the same/or different discharges, a suite of analysis codes was developed to max-

imise efficiency of performing all these steps.

The DEFINER code was developed, and makes use of the IDL interactive widget
facilities. A sample snapshot of the interactive widget can be seen in figure 5.8. In

addition to the steps outlined above, the code also allows the user to:

e casily optimise the important projection parameters such as the focal length,

and correct for any mis-alignement of the optical axis by projection of vessel

componcents,

e cnhance images by increasing the image brightness and applying the non-linear

ganmuma correction process in order to enhance certain features,

e manually track ficld-lines in single or consecutive frames, in both radial and
toroidal directions. Indeed, a crucial feature is the straightforward selection of
the radial position of generated field-lines, which can then be easily changed and
mapped when sclected. The field-line for a given radius may also be rotated
toroidally by moving the cursor on the sliding bar representing the full range of
toroidal angle. The radial and toroidal positions of individual filaments can then
be manually determined by choosing the best fit between the mapped field line

and the observed filament.
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Figure 5.8: The definer program: Due to axisymmetry of the magnetic field, mapped
field-lines can be rotated toroidally at any given radius, or moved radially for a fived
toroidal angle. The radial and toroidal positions of individual filaments can then be
determined manually by choosing the best fit between the mapped field line and the

observed filament.
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5.2.2 Semi-automated tracking of filaments

When locating filaments and tracking their radial and toroidal motions, manual
analysis has the advantage that unusual situations or spurious noise can be dealt with.
However, manual analysis is time-consuming and limited to small samples. An auto-
mated mode of analysis is needed in addition to the manual tracking, to overcome the
limitations of small samples, time constraints and subjective judgements. To this end,
a semi-automated mode of analysis is also adopted in which a radial position is fixed
a priori and the toroidal locations are determined. As will be shown, although this
solution is not perfect since the radial position needs to be fixed, it has the advan-
tage of removing subjective judgements from the analysis, and is particularly useful
for inter-ELM filaments since measurements of their spatio-temporal evolution (as will
be shown in section 5.4) show that the majority of filaments remain near the LCFS.

More specifically, the following stages are followed:

e The radial position is fixed at the LCFS (or another chosen radius), and field-lines
are mapped in 0.5° steps over a chosen toroidal range A¢. The toroidal range
can be chosen so as to span the whole plasma in full view images, or a smaller

range for smaller camera images.

e For each toroidal location, the intensity is calculated as the mean image intensity
along a projected field-line at that angle. Each field-line is then ascribed an

average intensity (I) which is stored along with the field-line angle.
The toroidal locations of the filaments are subsequently obtained by:

e unfolding the total intensities so as to obtain an intensity as a function of toroidal

angle trace I(¢), where
Iy = Z i=0*I(ARLcFs, 1), (5.12)
corresponding to all mapped field-lines, and
e and applying suitable peak detection algorithms.

Averaging along the field line has the advantage of picking out peaks in intensity which

are aligned with the field-lines, while reducing the amplitude of noise which will not
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be aligned with the projected field-lines. Note also that since the image intensity
may vary significantly across the image, especially in the divertor region (where the
light intensity dominates), the length of projected field-lines in the analysis method is
cropped to a specific region of interest which is selected at the start. This has the effect
of reducing the effect of ambient light in bright areas which would otherwise distort
the results. Finally, note that the assumption of a fixed radial position introduces a
further uncertainty of ~ 2° in toroidal angle for each 1 cm deviation in radial position.
An example of this technique is illustrated in figure 5.9. Here, the radial position of

field-lines is chosen to be the LCES.

50730405060
Ag (deg)

Figure 5.9: (a): full view image with superposed field lines. (b): average intensity
measured along each projected field line spanning the toroidal angle shown in (a). The
maxima (marked by continuous red lines) correspond to filaments, and the minima
‘dashed blue lines). (c) the 3 detected filaments numbered 1-3 in (b) are shown along
with other field-lines. (d) the background subtracted image shown for reference. Note
the far left filament in (¢) is not considered in toroidal range Ap. The filament labe lled

1 is a low intensity filament.
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Shown is (a) the background-subtracted inter-ELM image with 130 projected field-
lines on the near side of the plasma at 0.5° intervals covering a toroidal angle A¢ = 65°
as indicated by the white arrow, (b) the unfolded total intensity as a function of A¢
clearly showing the existence of three peaks with varying intensities within A¢, (¢) is
the result of this technique applied for the same inter-ELM frame to a full toroidal turn,
(d) the background-subtracted image is shown for reference. The field-line averaging

procedure is limited to the image intensity bounded by the red box.

As can be seen from the I(¢) trace, peaks (marked by solid red lines in 5.9(b)) and
troughs (blue dashed lines) are found within A¢ and their positions recorded. When
projecting the field-lines at the toroidal locations of the three maxima, the field-lines
are indeed found to correspond with the locations of the visible filaments seen in the
image. The minima which exist either side of each maximum are also stored since
their locations can be used as a first approximation for filament boundaries. Applying
this technique to the full toroidal turn in (c) leads to all filaments being detected.
Filaments on the side nearer the camera (near filaments) are marked by solid blue lines
while those on the far side of the plasma (far filaments) are marked by the magenta
lines. As can be seen, despite the initial assumption of a fixed radial position, filaments

are successfully localised using this technique.

5.2.3 Effect of far/near filaments on I(¢)

Effect of far/near filaments on I(¢)

Since the measured image intensity in the field-line fitting procedure is a combination
of the intensity of the far (near) filaments for a given angle with a contribution from
the near (far) filaments, a clarification of the effects of spurious contributions on the
field-line fitting is now made. For this, it is important to note that near filaments are
located at ~ 0.7 m, and will appear as a result to be wider than the far filaments
located at ~ 3.5 m from the camera. As a result, although the total amount of light
from near filaments is greater than from far filaments, the increased apparent breadth
of the near filaments makes them appear faint relative to the far filaments which appear
brighter. It is for this reason that, when fitting field-lines on the far side of the plasma,

the contribution from the broad faint near filaments can be ignored since it is spread
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over many far filaments. An example of this is shown in figure 5.10 where the near
filament indicated by the red double arrow in the rectangular box A spreads over many

far filaments.

“Y’T_YT'.. rr‘v—v] ™ "' T

Figure 5.10: (a): full view image of inter-ELM frame. In region A, the contribution
of near filaments is spread over many far filaments. Region B has the advantage of no
background light. A comparison of I(¢) traces obtained in regions B and C confirm that
far filaments have no significant effect on the I1(¢) signal. Example of 1(¢) measured
along centre-column is the vertical signal next to main image.

Furthermore, the reverse situation is also true: although the filaments on the far side are
generally brighter and “apparently” narrower, their contribution to the light intensity
when fitting field-lines on the near side can also be ignored, due mainly to the difference
in field-line pitches between near and far side filaments. More specifically, since it is the
average intensity that is calculated for each near field line, this means the contribution
of even the brightest of far filaments will only affect a small number of pixels along the
near filament. In order to verify this, a comparison is made of the I, signals obtained

from the analysis procedue is applied separately to two distinct regions: (1) the centre-
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column region where there is no contribution of background light (see region B in figure
5.10) and (2) an adjacent region (region C) where the image intensity is a combination
of both near and far filaments. It was found from the comparison that no significant
effect was found on the shape of the I, signals. Inclusion of the far filaments may result
in a small distortion to the measured shape of the peak in the I(¢) trace, but does not

significantly alter the location or number of observed peaks.

5.3 Light intensity comparison

Another example of semi-automated detection is presented in figure 5.11. Posi-
tions of filaments in L-mode, inter-ELM and ELM phases that cover the toroidal angle
A¢ ~ 110° on the near side to the camera are found, and their light intensities are
measured and compared. Note that light intensity measurements of field-lines, when
mapping at half-degree steps, are restricted to the centre column region only (marked

by the dashed white box in figure 5.11(a)).

Shown are (a,b,c) full view images of inter-ELM, L-mode and ELM phases from the
same discharge (#15586), and their corresponding traces of light intensity as a function
of scanned toroidal angle. In (d), the intensity traces of all phases are superposed in
order to compare the fluctuations of each phase. Because the ELM filaments dominate
the light emission, all intensities are normalised to the maximum peak ELM ampli-
tude. Filaments of each type have been overlaid onto the images such that inter-ELM,

L-mode and ELM filaments are marked by the blue (dotted), red (dashed) and green
(solid) lines respectively.
The magnitudes of the relative light intensity fluctuations across the discharge vary

considerably in the SOL, with maximum registered relative amplitudes of 14, 40 and

140 in arbitrary units for inter-ELM, L-mode and ELM regimes respectively.

A complementary piece of information can also be obtained: the number of filaments
per fixed toroidal angle A¢, which is an indicative figure of the quasi toroidal mode

number, is largest for the L-mode phase, followed by the inter-ELM, and lastly the
ELM.
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Figure 5.11: Intensity traces of mapped field-lines as a function of toroidal angle span-
ning the centre-column during (a) inter-ELM, (b) L-mode and (¢) ELM periods within
the same discharge (shot #15586); detected filaments are subsequently projected on
the corresponding full view camera images. In (d) the intensity traces are superposed.
These are normalised to the peak ELM intensity showing the contrast in measured in-
tensities across the three phases.

A statistical analysis of the light intensity for each type of filament is obtained by
repeating the procedure above for many frames within the same discharge. Though
fluctuations in the D, light intensity I = ngn.f(7,) are due to fluctuations in either

neutral density ng, electron density n. or electron temperature 7,, a comparison of
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light intensity measurements is still useful given that neutral density levels do not vary
significantly for a MAST discharge. However, no attempt at directly unfolding density

fluctuations from light emission fluctuations will be made in this thesis.
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Figure 5.12: PDFs of light intensity corresponding to L-mode (dashed-red), inter-ELM
(dotted-blue) and ELM (solid-green) filaments, for the same discharge. The mean inten-
sity of each distribution and the RMS are plotted in (b). Light intensity of fluctuations
in the SOL vary considerably: inter-ELM filaments are the lowest-level fluctuations,
followed closely by the L-mode phase, whilst ELM filaments dominate the light emis-

Sion.

Shown in figure 5.12 are (a) the probability distribution functions (PDF) for the
light intensity, (b) a quantitative plot showing the mean of each distribution; the error
bars are the RMS of each distribution. Mean values of the PDFs are 12, 22 and 63 (in
arbitrary units) for inter-ELM, L-mode and ELM phases respectively. Note that the
PDF intensities are not gamma-corrected or amplified. While the inter-ELM filaments
are the weakest fluctuations in the MAST SOL, the light emission of L-mode filaments

is twice that of the inter-ELM; and both these are much smaller than the stronger

ELM disturbance.
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5.4 Physical properties

Filament width measurement
As mentioned previously, estimates of the filament width (L,) have been obtained from
the width of its corresponding peak in D, emission. For any given peak, the method
is to take the point in the /(¢) trace where the intensity falls to half the difference be-
tween its maximum and the lowest of the two neighbouring troughs as the half-width
half maximum (HWHM). The angular size of the filament is subsequently defined as
twice the HWHM. Indeed, using the HWHM corresponding to the lowest minimum en-
sures the deviation from the actual filament width is minimised. An example is shown
in figure 5.13. A measure of this angular size, and the plasma outboard edge radius

(typically 1.4 m on MAST) then allows a conversion to a width in cm.

underlying filament profile
total intensity from 1(¢)
measured maxima

— — — — measured minima

|

Toroidal angle

half width between maximum and lowest minimum

distance between measured minima

filament width quoted as full-width half maximum

Figure 5.13: Measurement of filament width: method is to take the point in the I(¢)
trace where the intensity falls to half the difference between its mazimum and the lowest
of the two neighbouring troughs as the half-width half mazimum HWHM (indicated by
the green double arrows). Filament width is then quoted as Full Width Half Mazimum.
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The measurements of filament widths using this method are a good first approx-
imation when the filaments are regularly spaced; however, as will be shown later in
section 5.5, separations between filaments are not constant and due to toroidal motion
are constantly changing. Figure 5.14 shows one example where the close proximity of
a small amplitude filament (see red curve in figure 5.14) to a neighbouring large am-
plitude filament (black curve) may lead to an over-estimation of the width of the large
amplitude filament. Indeed, due to the close proximity of both filaments, the algorithm
for peak detection in the I(¢) signal only picks out the larger filament, and records
the large filament with an even larger width (see blue curve) because the minimum is

displaced further from its true minimum.

Single large
filament

\

Toroidal angle

missed filament

Figure 5.14: Erxample of the case where the close overlapping of filaments leads to an
overestimate of the width of the largest amplitude filament in the 1(¢) trace.

Blurring effect

The measured widths from the I(¢) traces are overestimates due to broadening which
results from filament rotation over an integration time. This effect has been estimated
in simulations where the D, emission of a filament is prescribed as an initial Gaussian
profile, and the Full Width Half Maximum (FWHM) corresponds to a pre-determined
initial width. Assuming an average toroidal velocity of 9+2 km s™! (as will be shown
later), it was found that during a typical integration time of 10 us, the final simulated

filament width (which is the integrated sum of all Gaussian profiles) is broadened by
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L% = 4-6 em. Taking also into account the field line pitch, the perpendicular filament
width (L) is given by:
L; = (Ly—LY) cosa, (5.13)

where a is the pitch angle, typically ~ 30° on MAST.

PDF of filament widths

Examination of 2000 filament widths in beam-heated MAST discharge #15622 (1,
~ 0.73 MA; By ~ - 051 T; n./ngw ~ 0.3 — 0.5; qo5 ~ 5.5 — 6.5) reveals the PDF
shown in figure 5.15. The PDF is non-gaussian with a peak value (most likely) ~ 10

cm, and a mean value L; ~ 11.5 cm.
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Figure 5.15: Probability density function (PDF) of filament perpendicular widths (L. );
the top z-axis corresponds to the original measured widths (Ly). Peak and mean values
are marked by long and short dashed lines respectively.

The long tail in the distribution is mainly due to the reasons outlined earlier: (a)
the occurrence of closely-spaced and overlapping filaments whose separate widths have
been measured as single filament widths, and/or (b) enhanced blurring resulting from
filament rotation above 9 km s~'. In order to test whether the occurrence of closely-
spaced and overlapping filaments may lead to a non-gaussian PDF, artificial data was
generated in Ref [94] so as to randomly change the filament separation. For this, a fixed

number of Gaussians of a given width were added at random locations on a circular
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grid, and the intensity as a function of toroidal angle recorded. The effect of randomly
changing the filament separations was to produce a spread of filament separations such
that the underlying PDF's for filament separations and widths were indeed non-gaussian

with long extended tails. Crucially, the peak in the distributions was recovered.

Filament separations
The separation (Ar) between filaments have also been measured: the PDF, shown

in figure 5.16, has a peak value (most likely value) of Ar ~ 15 cm and a mean value

Ar ~ 18 cm.
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Figure 5.16: PDF of separation between filaments (Ar). Peak and mean values are
marked by long and short dashed lines respectively.

Quasi Toroidal mode numbers

Although toroidal mode number n is strictly only defined for a regularly spaced
structure with n peaks toroidally around the tokamak, some measure of quantifying the
spacing and the number of filaments is still needed. For this reason, the terminology
of a “quasi” toroidal mode number is used instead. One method to estimate the quasi
toroidal number during the inter-ELM period, denoted herein as njem, is to measure

the filament separation and then to use the expression:
Nielm = 27 R/ Ar, (5.14)
where R is the plasma radius. Using the peak separation of Ar ~ 15 cm (see figure
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5.16), a peak quasi toroidal mode number njq, ~ 24. The second method is to count
directly the number of observed filaments which span the full toroidal circuit in the
full view images. When smaller views are used, the method would then consist of
counting the number of filaments over a toroidal domain, and then to define njq, =
number x 360/toroidal domain. Using the second method when filaments are counted
over the full toroidal domain, quasi mode numbers within the same discharge are found
to vary significantly: they are found to be in the range 10-40 with a peak value of 20
and a mean, N, ~ 26. This estimate is in agreement with the earlier estimate
of Njem ~ 24 from using the peak filament separation. Furthermore, the range of
observed quasi mode numbers for the inter-ELM period is also in good agreement with
the observed mode number range on ASDEX Upgrade using the vertical Thomson

scattering system [50].
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Figure 5.17: Probability density function (PDF) of the number of filaments per toroidal
circuit (quasi mode-number). Peak and mean values are marked by long and short

dashed lines respectively.

5.5 Toroidal propagation

A quantitative measurement of the spatiotemporal evolution of filaments during
inter-ELM periods is made. In order to capture the fast dynamics, narrow views of the
outboard midplane (see figure 5.18) are obtained at a frame rate of 100 kHz and an

integration time of 7us.
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Figure 5.18: An example of an analysed image with superposed field-lines marking the
positions of far filaments.

Filaments at the far side of the plasma are detected in consecutive frames for a fixed
toroidal range A¢ spanning 90° for MAST discharge #16040 (1, ~ 0.63 MA; By ~ -
0.48 T ; (nPed) ~ 1.65 x 10®° m~3; go5 ~ 7.2). Figure 5.18 shows an example of an
analysed raw mid-plane image (frame #3831) over which several field lines indicate
the positions of the localised filaments. For each frame, toroidal positions of the far
filaments in the toroidal range A¢ have been found from the /(¢) signals (of that
frame) using the semi-automated analysis technique. These filament positions are
subsequently collected and concatenated as a function of frame number (time). Note
that 10 us separates each frame. The result is presented in figure 5.19. Shown are (a)
the midplane D, signal as a function of time showing the inter-ELM period, (b) plot
of the filament toroidal locations as a function of frame number (f=100kHz).

The trajectories of individual filaments are identified by manually joining intensity-
correlated peaks and are marked by continuous lines. Note that the error bars are an
indication of the relative uncertainty in the toroidal position.

The filamentary structures can be tracked over 5 to 12 frames, i.e, timescales 7 ~
50 — 120 ps. Inspection of the images also reveals that inter-ELM filaments for this
MAST discharge show little sign of radial propagation (though as will be shown later,
filaments do propagate radially outwards): they are found to remain in the immediate
vicinity of the LCFS, i.e. ARpcps < 2cm, while continuously rotating toroidally in
the co-current direction. During their evolution, the filaments are found to rotate by
a constant 2 — 5° every 10 us which corresponds to a toroidal velocity in the range
5-12.5 km s~'. As such, filaments rotate in the same direction as the pedestal, and at

a significant fraction (up to 75 %) of the toroidal pedestal velocity measured by the

charge exchange recombination spectroscopy system.

It is also found that whereas toroidal steps for any given filament are on average

constant, the collective motions of the filaments is more complex: filaments are not
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Figure 5.19: (a) The D, signal at the lower outboard target showing in blue the inter-
ELM period, and (b) plot of the peak toroida l locations in the 0-90° range as a function
of time. Trajectories of distinct filaments are marked by continuous lines.

regularly spaced, and due to different toroidal velocities, their spacings are constantly
changing. It is for this reason that inter-ELM quasi-mode numbers vary within the
range 10-40 (see figure 5.17). It is important to note that due to the finite lifetime of

these filaments, collisions between filaments are not observed.

Finally, a comment is made regarding poloidal motions of filaments. Due to toroidal
geometry, it is impossible to distinguish between toroidal and poloidal motions, since
geometrically, rotations in both directions are equivalent. This is known as the “Barber
Pole” effect. As such, a poloidal motion can be described as a toroidal motion (and

vice versa) such that:

Vi/ Ve = tan ay, (5.15)
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where V} is the poloidal velocity and a,, is the inclination of the field lines. In MAST,
a, ~ 30°, and the conversion factor for the velocities is V;/Vp ~ 1.73. All rotations

quoted in this thesis will be assuming only toroidal rotation.

5.6 Dependence on plasma parameters

In order to investigate any dependence of filament motion on various plasma pa-
rameters, the toroidal rotation of filaments has been tracked in MAST plasmas with a
wide variety of parameters involving the line-averaged density (#.), the toroidal field

(By), plasma current (I,) and neutral beam heating power (Pyg;).

The density scan was performed at similar values of I, ~ 670 kA, toroidal field
By ~ 0.52 T and heating power Pypr ~ 3.2 MW. Note also that measurements were
recorded in the current flat-top phase of the discharge where all parameters are kept
constant, and in time intervals of ~ 1 ms before and after ELMs. The densities quoted
here-in are normalised to a critical density called the Greenwald density, ngw. This

is an empirically-observed limit of plasma density in tokamaks, and is given by the
expression:

new(10®°m=3) = I,/Arr?, (5.16)
where r is the minor radius measured in m and I, is the plasma current measured in MA.
As shown in Table 5.6, the low density discharges are characterised by a line-averaged
plasma density normalised to the Greenwald density, such that 0.3 < 72./ngw < 0.5,
whilst high densities are characterised by 0.55 < 7i,/ncw < 0.8. The threshold be-
tween high and low density intervals is simply the definition adopted in this analysis,

and is not physically motivated.

Table 5.6: A list of MAST discharges considered in the density scan showing the line-
averaged plasma density normalised to the Greenwald density (fi./ngw), parallel con-

nection length (Ly) and pedestal density (n2*?)
Dataset  Shot # range #./ngw (Ly)(m) (nP*d) (10'° m™3)
Low density 18347-18353 0.3-0.5 7.20 2.1
High density 18354-18357 0.55-0.8 6.95 4.0
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Figure 5.20: PDFs of filament toroidal velocity in the case of plasmas at (a) low density
0.3 < f/ngw < 0.5, (b) higher density 0.55 < fi./ngw < 0.8; (c) plot of the mean
toroidal velocity as a function of n./ngw for all scans, where the color coded and

represent the low and high density cases respectively. PDF's at low i, show no significant
changes with Vy ~ 9 £ 2 km s™'; however, PDFs at high @i, show a systematic shift
toward lower toroidal velocities (Vs ~ 5% 2 km s7') with increasing ..

Examination of 1000 filaments leads to the results presented in figure 5.20. Shown
are (a) PDFs for the low density scan, (b) PDFs from the high density scan, and (c)
plot of the mean toroidal velocity values for all scans with error bars 1 as a function
of n./ngw. Whereas the PDFs in the low density discharges show little change with
mean values of ~ 9 km s, it is found that the PDFs in the high density intervals show
a distinct shift toward lower toroidal velocities with increasing n./ngw. The choice of
cut-off does not change this overall trend. Regardless of the choice of cut off density, the

main result here is that the observed toroidal velocity of inter-ELM filaments decreases
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with increasing 7. /ngw. Furthermore, as will be shown in the following section, the
mid-plane camera images reveal that while lower toroidal propagation velocities are
recorded in the higher density intervals, a significant radial propagation of filaments

into the SOL also occurs in this case.
Filament angular widths have also been measured in order to investigate any de-

pendence on density. A total of 350 filaments were sampled in each case and results

are shown in figure 5.21: there is no significant change in filament widths at high and

low densities.
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Figure 5.21: PDFs for filament angular widths at high (solid) and low (dahsed) density
plasmas. There is no significant change of filament width with density.

Scans of toroidal velocity in 1,, B, and Pygr have also been performed. Shown in
figure 5.22 are (a) the PDFs for the two-point current scan, at I, = 630 and 940 kA, (b)
the PDFs for the three-point NBI power scan taken at Pyp = 1.4, 2.2 and 3.2 MW and
(c) the PDFs for the two-point toroidal field scan By = 0.42 and 0.51 T; note the By
scans have been performed at high density. For each scan, the mean toroidal velocity
(V,) of each distribution is plotted as a function of the scanning parameter. The error

bars represent 1. The PDFs in I, and Pyp; parameters show no significant change
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in the measured toroidal velocities. A small change cannot be ruled out for the B,

parameter but it is not significant.
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Figure 5.22: Shown are (a) the PDFs for the two-point current scan at I, values of
630 and 940 kA, (b) the PDFs for the three-point NBI power scan taken at Pxpr =
1.4, 2.2 and 3.2 MW and (c) the PDFs for the two-point toroidal field scan of By =
0.4 and 0.5 T. Note that the By scans are preformed at high density, whereas I, and
Pxp1 were performed at low density. For each scan, the mean toroidal velocity, Vs, of
each distribution is plotted as a function of the scanning parameter. The error bars
represent +a. No significant change is observed in these scans.

5.7 Radial propagation of inter-ELM filaments

Whilst it was shown in the previous section that filaments during inter-ELM peri-
ods usually remain close to the LCFS (ARpcps < 2cm), with a dominantly toroidal
rotation, it is found that they do occasionally propagate radially outwards; i.e. be-
yond the inner SOL region defined as ARp¢ps > 2cm. The motion of such filaments

is markedly different from the previous description of continuous toroidal rotation.
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Figure 5.23: Colour plots of intensity in mid-plane images show a radially-propagating

structure.

An example is shown in figure 5.23 where the mapped image intensity at the edge of
a mid-plane image shows a radially propagating filament. Similar observations have
been reported on NSTX [119]; however, as previously mentioned in section 2.7.2, their
views were confined to the poloidal-radial plane due to the diagnostic set-up. This

section presents new data concerning the radial propagation of inter-ELM filaments.

5.7.1 Tracking of radial motion

In order to gain more insight into the radial propagation on MAST, an example is
shown in figure 5.24 where the motion of one protruding filament and its immediate
neighbours are tracked using the manual tracking method described in section 5.2.1.
For each frame, the radial distance of filaments from the LCFS (Arpcrs) and the
toroidal steps (A¢) are simultaneously measured. Figure 5.24 shows in the top left
corner the D, time trace and a sequence (a-i) of images showing the temporal evolution

of four filaments on the outboard mid-plane during the green-shaded time slice. The
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projected field-lines for each tracked filament are marked by colour-coded solid lines
which for clarity extend beyond the image boundaries. The EFIT-calculated LCFS

is also mapped onto the images marked by the dashed white and magenta line. The
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Figure 5.24: Ezxample of radial propagation of one filament during an inter-ELM pe-
riod. Shown are (a) Time trace of the D, signal showing the inter-ELM period, and
a sequence of images from frames 2338 - 2346 showing the temporal evolution of one
filament and its immediate neighbours during the period shaded in green. The filament
marked by the red solid line rotates from frame 2338 to 2340 inclusive; the toroidal
rotation then stops, and the radial expansion into the SOL starts from frame 2341.

filament marked by the red field line initially rotates near the LCFS for the first 60
ps until frame 2340; soon after this, the toroidal rotation slows and as it does so,
the filament accelerates radially outwards leaving the LCFS such that it is no longer
attached to the plasma at the midplane. The start of the radial expansion is emphasised
on the images by increased filament light emission due to increased interaction of

filament plasma electrons with neutrals in the immediate SOL. The subsequent outward
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radial drift lasts for ~ 60us, making the total lifetime roughly ~ 120 pus. During this

propagation, the radial excursions measure ~ 2 c¢m which corresponds to a constant

radial expansion velocity of ~ 2 km s,
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Figure 5.25: Radial and toroidal excursions as a function of time for tracked filaments
are shown in (a) and (b) respectively. During the radial expansion of the filament
marked by the red triangle, neighbour filaments continue to rotate.

Shown in figure 5.25 are measures of the toroidal and radial excursions of each
tracked filament from figure 5.24 as a function of time. Despite co-existing with the
radially-expanding red filaments, the yellow, green and blue filaments do not leave the
edge of the plasma, but continue to rotate. This indicates that the radial motions of

individual inter-ELM filaments are uncorrelated.

5.7.2 Dependence of radial motion on plasma density

Inspection of many images across a wide range of discharges with varying plasma
conditions and parameters indicate that radial expansions during these periods are
sporadic: the number of filaments which leave the boundary plasma and their relative

penetration into the SOL varies considerably.

Similarly to toroidal rotation, the radial motion on inter-ELM filaments is found

to depend strongly on plasma density .. In order to show this, a solid line is drawn
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on two mid-plane images, as shown in figure 5.26. The images are snapshots from a
high and low density discharge respectively, considered in section (see Table 5.6). The
intensity along this line is then recorded as a function of time for each discharge for
a period of 4 ms. Figure 5.26 (a,b) shows the colour intensity plots as a function of
time and distance along the solid line in pixels, for low and high density discharges
respectively. It is not possible to convert each pixel into a distance from the LCFS
since the midplane view is not tangential to the local field-line and so, observations

here are only qualitative.
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Figure 5.26:  Colour plots of intensity along white solid line as a function of time
(up to 4000 ps) and distance (in pizels) for (a) low and (b) high density discharges.
The striking contrast in the radial transport between high and low n. is immediately
apparent. At high ., there is an enhancement of the radial transport which is marked
by a significant increase in the number of filaments leaving the edge.

The colour intensity plots show a dramatic change with 72.: at low 7., a total of 3
intermittent events are detected; these correspond to short-lived filaments which leave

the LCFS and penetrate into the SOL. At higher 7., there is a significant increase
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in the number of intermittent events for the same time window, corresponding to
an enhancement of the radial transport. There are approximately 5 times as many
filaments leaving the edge of the plasma - compare a frequency of 6 kHz at high 7.

with a minimum of 1 kHz at low n, for these MAST discharges.

5.7.3 Radial propagation speeds

The radial position from the LCFS (Arpcrs) of individual inter-ELM filaments has
been tracked as a function of time for high and low density discharges as a function of
time since leaving the LCFS (see figure 5.27). Due to the fact filaments leave the LCFS
individually and at different times in any given inter-ELM period, ¢, has been defined
as the time at which each filament is last in contact with the LCFS. The data has been
binned in 10 us time intervals relative to the ¢, for each filament. For each time period,
the mean value and the R.M.S of the distribution has been determined. Figure 5.27
shows a plot of the mean value of Arpcps at each bin as a function of time relative

to o for filaments at low (0.3 < n./ngw < 0.45) and high 0.55 < 7./ngw < 0.75
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Figure 5.27: The radial distance of filaments from the LCFS (Arpcrs) as a function
of time relative to the point at which the filament left the LCFS (ty) for inter-ELM
filaments in a low density discharge 0.3 < n /ngw < 0.45 and a high density discharge
characterised by 0.55 < n./ngw < 0.75. The dashed lines represent fits to the radial
expansion assuming a constant velocity.
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densities.

Filaments at high and low densities have been tracked in their radial propagation
for periods up to 80 us and up to distances ~ 10 — 12 cm from the LCFS.

During this time, there is no evidence to suggest that, after an initial acceleration,
filaments accelerate radially away from the edge: For both sets of data presented, linear

fits corresponding to a constant radial velocity are good fits to the data.

Filaments in high density discharges expand away on average faster than fila-
ments in low density discharges. Mean radial velocities are ~ 1.6540.15 km s~! and

~ 1.240.1 km s~! respectively for high and low densities. These results will be dis-

cussed later.

5.8 Comparison with L-mode and ELM filaments

Having established some of the physical properties of inter-ELM filaments using
the camera diagnostic alone, it is interesting to compare with L-mode [94] and ELM
[48, 52] filaments in order to shed some light on underlying driving-processes for inter-
ELM transport. These results are summarised in Table 5.7 for the observed lifetime
(), radial and perpendicular widths (Lyes and L, ), toroidal mode number n and ve-
locities (V, and Vj). Note that the radial size of filaments is measured by manually

fitting field-lines to a side-on filament. Several differences between the filaments are

apparent, as will now be discussed.

e ELM and inter-ELM filaments are found to be longer lived than L-mode filaments.

o Inter-ELM filaments have the largest perpendicular widths (L, ) and are followed
closely by L-mode filaments. The ELMs, however, are much narrower and have
a similar extent in the radial direction; thus they are circular structures. The
inter-ELM filaments are more elliptical in shape and have a narrow radial extent
relative to their perpendicular width, as shown in the schematic of figure 5.28.

Both inter-ELM and ELM filaments have a similar radial extent, which is smaller

than L-mode.
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Table 5.7: Measurements of the lifetime (), radial width (L.q), perpendicular width
(Ly) defined as direction perpendicular to both filament and L,.q, mode number (n)
range, radial velocity (V;), toroidal velocity (V) and standard deviations of filaments
during inter-ELM, L-mode and ELM phases. The range of mode numbers correspond
to the number of filaments observed per toroidal circuit. Toroidal rotation velocities
(V) are measured from both camera and probe data (described later). Radial velocities
(V) correspond to measurements from the camera data only.

Phase 7 (us) Ly (em) Lyga(em) n V. (kms™) Vj (kms™!)

Inter-ELM  50-120  9-12 3-5 10-40 1-2 3-12.5
(£10%) (£10%)  (£10%) (£5%) (£5%)
L-mode  40-60 7-9 5-10  20-50  0.5-1.5 2-9
(£10%) (£10%)  (+10%) (£5%) (£5%)
ELM  100-180 26 4-6 10-20 1-9 10-30
(£10%) (£10%)  (£10%) (£5%) (£5%)
Lperp Inter-ELM ELM L-mode
Lrad

Figure 5.28: Illustration of ELM, L-mode and inter-ELM filament sizes in both per-
pendicular and radial directions.

e Toroidal rotation of all filaments is in the co-current direction. The rotation speed
for L-mode filaments is typically 3-4 km s~!, though filaments are observed with a
wider spread as shown in table 5.7. In H-mode, the plasma edge rotates faster and
indeed, ELM filaments are observed to rotate faster than those in L-mode. Inter-
ELM filaments, however, do not rotate much faster than L-mode filaments with
typical rotation velocities roughly 3 times that of L-mode filaments. A possible
explanation for this is that inter-ELM and L-mode filaments originate in a similar

region within the pedestal closer to the plasma edge where the bulk plasma
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rotation is slower, whereas the ELM filaments originate from deeper within the
plasma where the bulk plasma rotation is faster. This would then indicate that
the driving mechanisms for L-mode and inter-ELM are similar, while both being

different to the underlying mechanism responsible for the ELM.

e For both inter-ELM and L-mode filaments, the toroidal rotation velocity was
found to be constant for any given filament but to vary between filaments. This
leads to constantly changing separations between filaments. This is in contrast
to the ELM event where the spacings between filaments are constant. See figure
5.29 where it can be seen that filaments are regularly spaced with a well defined
mode number. It is for these reasons that a significant spread in the range of
quasi toroidal mode numbers for L-mode (see Table 2.5) and inter-ELM phases
has been observed, whereas the spread in ELM toroidal mode numbers is less
significant (see table 2.3) . Again, these observations would indicate that inter-
ELM and L-mode turbulence conditions are similar whereas the ELM is a distinct
MHD plasma instability markedly different from the general turbulent state of

inter-ELM and L-mode.

Figure 5.29: (a) Dy signal at the midplane showing several small ELMs. (b) Midplane
view of a small ELM on MAST. The mode structure shows a clear spacing between

ELM filaments.

e Although the edge turbulence is suppressed and the confinement improved, the

transition to H-mode does not mean that filaments in inter-ELM periods do not
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leave the edge plasma. Indeed, the radial propagation of filaments in all regimes
has been observed. Radial velocities for inter-ELM and L-mode filaments are
similar in the range 0.5-2 km s~1. ELM filaments, however, are observed to travel
at much faster speeds which are in the range 2-9 km s~!. A crucial difference is
that the radial propagation for inter-ELM and L-mode is found to be constant
(after an initial acceleration), whereas the ELM filaments accelerate explosively

on the observed transport timescales.

The non-global nature of the radial expansion in inter-ELM periods is also unlike
the ELM event where all filaments leave the plasma boundary (-albeit at different
times [69]); instead this transport bears a strong similarity with L-mode filament
behaviour where individual filament motions are largely uncorrelated. The non-
uniformity of the motion of filaments during inter-ELM periods is thus suggestive .
that the transport mechanism for inter-ELM periods is similar to that for L-mode

periods, whereas a different transport mechanism is responsible for the ELM

filaments.

Measurements of toroidal velocities for L-mode and inter-ELM filaments are also
similar despite the increase in the pedestal rotation velocity through the L-H
transition — this may indicate that filaments do not necessarily rotate at the
plasma rotation velocity. The differences in toroidal velocities between inter-
ELM and ELM filaments may also indicate that both these types of filaments

originate from different locations within the pedestal, and therefore would point

to different drive mechanisms.

Transport during inter-ELM periods bears some similarity with L-mode filament

behaviour. This is perhaps suggestive that the transport mechanism for inter-ELM

preiods maybe similar to that of L-mode periods, whereas a different mechanism is

responsible for the ELM instability.

e The non-global nature of the radial expansion is unlike the ELM event where all fila-

ments leave the plasma boundary (-albeit at different times [?]); instead this transport

bears a strong similarity with L-mode filament behaviour where individual filament
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motions are largely uncorrelated. The non-uniformity of the motion of filaments dur-
ing inter-ELM periods is thus suggestive that the transport mechanism for inter-ELM
periods is similar to that for L-mode periods, whereas a different transport mechanism

is responsible for the ELM filaments.
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Langmuir Probes Results

A cross comparison with camera data reveals that small amplitude H-mode fluctu-
ations in the ion satuation current (Isar) signals correspond to inter-ELM filaments.
These are found to exist immediately before and after an ELM. Physical properties
such as width and toroidal motion of inter-ELM filaments are derived from probe data
and found to agree with camera estimates. Density estimates are also obtained based
on Isat values, and a comparison with L-mode and ELM filaments is presented. Fur-
thermore, the exponential fall-offs of Isat are determined experimentally and confirmed
through simulation of a simple model. Results are combined to test the sheath-limited

and interchange theories of radial motion of propagating filaments.

6.1 Intermittency of IspT trace

The outboard midplane reciprocating probe (RP) system on MAST is equipped
with a circular array of 8 equally spaced, flush-mounted Langmuir probes arranged in
diametrically opposite pairs (see figure 4.2). These probes are biased to -200V, and
measure the ion saturation current, Isat. An example Isat time trace for beam-heated
discharge # 18057 from Langmuir pin 2 is shown in figure 6.1: (a) is the target D,
trace as a function of time through the L-H transition, (b) is a plot of the distance
of the reciprocating probe head from the EFIT-calculated LCFS as a function of time
and (c) is the resulting time series of the Isar signal. In addition to the ELM peaks,

the time series of the IsaT signal reveals a number of intermittent peaks above the
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standard deviation in several periods separating the large ELM events. These peaks
are found consistently across all probe pins, albeit with different amplitudes. Moreover,
the frequency and amplitude of Isar fluctuations increase as the probe approaches the
LCFS. This is particularly evident when the reciprocating probe is near the LCFS, as
indicated in the shaded band region in figure 6.1.

6.2 Camera identification of Ispt peaks

In order to determine if the peaks in the Isar traces during inter-ELM periods
are due to filaments, midplane views using the fast camera are combined with the
reciprocating probe measurements. Figure 6.2 (a) shows a magnified interval of the
Isat time trace from figure 6.1(c). The peak highlighted by the shaded region lasts for
~ 50 us, is situated at the LCFS, and is shown in the magnified figure 6.2(b).

Also shown are the successive background-subtracted mid-plane images which span
the duration of this Isat peak, obtained at 10 us intervals. A sampling frequency of
300 kHz for the RP system implies that data is acquired every 3.33 us; so the time

resolution of 10 us is sufficient for a diagnostic comparison with RP data.

The motion of the filament on the images is tracked and its physical boundaries,
marked by the solid green lines, are located using the manual tracking method described
in the previous chapter. The reciprocating probe position corresponds to the dark full
circle on the midplane views. The filament makes first contact with the probe in frame
2, establishing a steep front in the Igat signal. In the following frames, the filament
rotates past the probe, and the background Isat level is subsequently restored until

the arrival of the next filament.

6.3 Contribution of filaments to Isat levels

The cross-comparison between Langmuir probes and fast camera images is proof
that the small-amplitude peak (relative to ELMs) in H-mode periods corresponds to
visible filaments passing the probe. While this is useful, it is not sufficient to assert
with absolute certainty that the origin of most large-amplitude fluctuations in the Isar

signals are due to inter-ELM filaments. It is important therefore to verify whether the
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Figure 6.1: Data from MAST shot #18057: (a) is the target D signal as a function of
time showing the L-H transition and the appearance of several ELMs, (b) is the position
of the reciprocating probe head relative to the EFIT-calculated LCFS as a function of
time, and in (c) is the ion saturation current signal as a function of time showing the
existence of a number of intermittent peaks in several inter-ELM periods. The ampli-
tude of these peaks is above the standard deviation of the entire signal. Furthermore, the
frequency and amplitude of intermittent fluctuations increase as the probe approaches
the LCFS. The dark band corresponds to the inter-ELM period analysed in Figure 6.2.

peaks in these signals can routinely be used to represent the filaments seen in the camera
images, or whether these peaks are just the large fluctuations of a larger underlying
continuous distribution of Isat signals. In order to check this, the probability density

of all the Isyr values recorded during an arbitrary inter-ELM period is calculated.
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Figure 6.2: Analysis of inter-ELM periods for MAST shot 18057: (a) The ion satu-
ration current signal as a function of time showing intermittent peaks. (b) A single
Isar peak as a function of time lasting ~ 50 ps. Shown to the left of (b) is a sequence
of mid-plane images showing the toroidal propagation of a single inter-ELM filament
past the probe (seen as a dark circle). The filament boundaries are marked by the green
lines. The filament makes first contact with the probe in frame 2, as shown establishing
a steep front in the Isar trace. In subsequent frames, the filament rotates toroidally
past the probe in the camera images, leaving a trailing wake in the Isar trace.

The raw data are taken at the LCFS. Figure 6.3 shows (a) the Isap from pin 2 (b)
the target D, signal of an inter-ELM period lasting over 100 ms separating two large
ELMs, and (c) the PDF of Isar values recorded for the duration of the inter-ELM
period. The data reveals that the underlying distribution is not continuous. Rather,
it consists of a main distribution with the emergence of a marked bump-on-tail. The

main distribution has been fitted to a Gaussian, marked by the red dashed line, and
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is centred around 0.03 A. The latter represents the contribution of the high frequency
low amplitude background of the Igxr signal. Crucially, the contribution of the higher
amplitude fluctuations (corresponding to filaments) is sufficiently large that it can be

seen in the raw data (as the bump).
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Figure 6.3: (a) the Isar signal from pin 2 (b) the target D, signal of an inter-ELM
period lasting over 100 ms separating two large ELMs, and (c) the probability density
of Isar values recorded for the duration of the inter-ELM period.
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6.4 Density of inter-ELM filaments

While the Isar signal is not the fundamental property of the plasma, it is related

to the number density and the temperature through:

/k T,+ T,
ISAT = enﬁle ~ eng) (T'), (61)

where ng is the filament density. The linear dependence of Isar on the number density
and its weaker square root dependence on ion and electron temperatures (via C,) are
sometimes used to justify the assumption that Isar fluctuations are a reasonable proxy
for variations in the number density. Making this assumption, and having established
the physical origin of the fluctuations in the Isar signals, a number density estimate
is obtained for filaments in inter-ELM periods from their corresponding Isat values,
taken at the LCFS. In order to isolate the structures from the high frequency back-
ground, an event detection technique (a standard peak detection algorithm) for the
Isat traces is employed: this is performed by defining a threshold level, fixed at 2.5¢,
where o is the standard deviation of the whole Isat signal. As such, a total of 233

filaments are detected and their Isat values are systematically collected.

0.30F
> r
-"‘(-"‘-; 0.25:'
g :
> g
= 0.15F
g r
o 0.10f
o i
O 0.05F

0.00:...’—!-..... ........ L

00 0.1 02 03 04

Figure 6.4: PDF of Isar values corresponding to inter-ELM filaments; the mean value
is 0.12 A.
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Figure 6.4 shows the resulting PDF. Inter-ELM Igar values are found to be in the
range 0.04-0.25 A. A peak value of 0.08 A and mean value of 0.12 A are found.
The ion saturation current density Jsar is given by the measured ion saturation

current divided by the pin cross section:

Isar  Isar (6.2)

JSAT = =
2 2
™ Tpm 78.5mm

From a comparison based on 160 inter-ELM profiles obtained from the edge TS system,
the edge electron temperature T, during these periods is found to be in the range 10
- 25 eV at the LCFS [47, 51]. Assuming equal electron and ion temperatures for the
probe collecting area, a range of ion sound speed values is found such that C/i® ~
32 km s7!, and CI"™™ ~ 49 km s~!. Note that the background SOL temperature is
estimated at 5 eV. A lower limit for inter-ELM filament number density is estimated
such that nii" = JHA/eC™* = 6.5 x 10'® m~3. Similarly, a maximum value is
such that nfj#* = JI¥/eC™" = 6.7 x 101"m~3. In conclusion, ng = f(Jsar,T}) =

6.5 x 10" — 6.7 x 10'7(£20%) m~3.

A similar analysis has been performed for L-mode filaments: Igat values are found
to be in the range 0.2-0.8 A. For measured temperatures in the range 1040 €V, i.e.,
C, values in the range 32-63.5 km s~!, the density for L-mode filaments is found to be
in the range 2.5 x 107 - 2 x 10®*m~3. The density estimates of inter-ELM, L-mode

and ELM filaments based on their IgaT values are summarised in table 6.8.

Table 6.8: The estimated densities for L-mode, inter-ELM and ELM filaments based
on the measured range of Isar values. A range of electron temperatures taken at the
LCFS from the edge Thomson scattering system is also assumed in this calculation.
The range of inferred densities correspond to the minimum and maximum of both Igar

and T, ranges.

Ion saturation current Filament temperature Filament density
Isat[A] TrleV] ng[m 3]
Inter-ELM 0.04-0.2 10-25 6.5 x 101 — 6.5 x 10"
L-mode 0.2-0.8 10-40 2.5 x 1017 — 2 x 10"
ELM 0.5-3.5 50-80 1x10¥—2x10"

While the densities for filaments in the inter-ELM phase are lower than those in
L-mode, both are much smaller than the density of ELM filaments. This observation is

in qualitative agreement with the PDF of light intensity from imaging data presented
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in figure 5.12. The agreement is expected since both D, light emission from the camera

data and Isat are proportional to the number density.

It should be noted that filament density estimates, as described above, assume that
filaments hit the reciprocating Langmuir probe pins flush, and rotate past with a purely
toroidal rotation, i.e. move past the pin with no net radial motion. In this “ideal”
scenario, the pin maps out the entire density distribution of the filament; the maximum
value in the Isat peak would then correspond to the central area where the filament
is most dense. However the radial motion of filaments complicates the situation. A
small velocity component in the radial direction would mean that the Langmuir pin
would not map the entire filament. Rather, it could make contact with the filament
in either the dense (central) part or the less dense boundary region of the filament,
depending on the finer details of each individual filament motion. The implication
therefore is that Isar peaks corresponding to radially-propagating filaments would
underestimate the peak values, and hence affect measurement of the number density.
The error changes with the velocity ratio V,./Vj. Nevertheless, despite the complications
of radial motion, this effect will not present significant deviations from the true values
when measurements are taken at the LCFS. As such, the values can be treated as good

first order approximations to real filament density.

6.5 Toroidal velocity

From the time shifts (At) of the Isat traces of probe tips, and a knowledge of the
arc tip separations (As), toroidal rotation velocities of filamentary structures are given
by:

V, ~ As/At. (6.3)
This calculation is based on two assumptions: firstly, that an inter-ELM filament
remains as a coherent entity as it rotates past the probe, and secondly that the probe
does not significantly slow down the filament as it rotates past. Both assumptions
are reasonable since in figure 6.2, there is no evidence to suggest that filaments either
disintegrate or that the toroidal velocity decreases. Furthermore, if the filament did
slow, this would not be problematic for the determination of the peak since the position

of the peak is established in the steep front (see figure 6.2(b)).
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In order to determine V, using this approach, 250 peaks are located in the Isat time
traces of diametrically opposing probe tips 1 and 5, and the time shift for each peak in
both signals is subsequently measured. In this case, As is simply the diameter. Note
the caveat of radial propagation as discussed in the previous section also applies to this
calculation, and therefore measurements are taken at the LCFS to reduce this effect.
Data are binned according to the maximum sampling frequency of 300 kHz. Shown
in figure 6.5 is the probability density of the measured time shifts; these have been
converted to toroidal velocity in the upper horizontal z-axis. Toroidal velocities are in
the range of 3-12 km s~! with a peak velocity of 9 km s™!. These Isar-based estimates

are in good agreement with estimates using the fast camera (see section 5.5).
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Figure 6.5: PDF of toroidal velocity (top z-azis) as calculated from the time shifts
(bottom r-axis) in Isar signals between diametrically opposing tips. The error bars
represent the RMS of distributions for each bin. The shaded region corresponds to the
Limit of sampling frequency of the RP system (3.33 pus).
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6.6 Width estimates

With a knowledge of toroidal velocity, filament widths (L,) may be inferred from

the time duration of corresponding Isat peaks, A7, such that:
Ly ~ V4AT. (6.4)

The method here is to take the time duration width between the maximum value of the
Isar peak and the first minimum (to the left of the peak), since typically the Isar peaks
are asymmetric as shown in figure 6.6. As can be seen, the Isyr peak is characterised
by a steep front and a slower trailing wake. Although the trailing wake is only slightly
less steep than the front, an overestimate of the filament width would result if the
whole Isat width was used (i.e., the distance between the blue dashed vertical lines in
figure 6.6). Instead, the width of the filament is defined as twice the Half Width Full

Maximum, as shown by the red line at the base of the Izt profile.
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Figure 6.6: Characteristic shape of Isar peak showing a steep front with a trailing wake.

1

Measurements are taken at the LCFS. Although in general V; ~ 3 — 12 km s™°, close

inspection of the toroidal excursions of the filaments in the camera images in the periods

of interest showed that Vj, for the majority of filaments varies on a much smaller range
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of 8-10 km s~! (see for example figure 5.22), and therefore a mean toroidal velocity

! rather than calculating Vj for each filament. Analysis of 250

is used (Vy) ~ 9 km s~
filament peaks in a high and low density discharge leads to the PDF shown in figure
6.7. The peak width value for inter-ELM filaments is L, ~ 13 cm, with mean ~ 16
cm. These are similar to the angular widths inferred from the camera data (see figure

5.15). We note that the filament widths inferred from probe data do not vary with

density, again in agreement with fast camera data (see figure 5.21).
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Figure 6.7: PDF of widths estimated from duration of Isxr peaks at high (solid) and
low (dashed) density discharges. Mean values are represented by the dashed lines.

6.7 Proximity to ELMs

While the camera data served to demonstrate the existence of filaments in the inter-
ELM periods, it was not possible to analyse how soon these appear after the ELM,
or how long they last till the ELM onset. Indeed, inter-ELM filaments could be seen
till ~ 150 ps before the onset of the ELM; after this, an underlying ELM precursor
mode dominated the image intensity to the extent that dim inter-ELM filaments can no
longer be seen. These density fluctuations are observed in the line-integrated density

as excursions from interferometer data, and details can be found in the Ref [51]. Fur-

~ 141 ~



Results from Langmuir probes

thermore, it was not possible to infer how soon filaments appear after the ELM event,
due to an increase in overall light emission resulting from the explosive ejection of the
(ELM) filaments. These disadvantages are overcome by analysing Isat signals which
show with clarity the characteristic inter-ELM behaviour before and after the ELM.
Figure 6.8 shows (a) an example Isar from Langmuir pin #2 where the fluctuations
between two large type-I ELMs are magnified by a factor ~ 15, (b) the corresponding
D, signal and (c) the bias voltage of the pin with respect to the vessel (fixed at -200

V).
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Figure 6.8: (a) the Isyr from pin 2 (b) the target D, signal of an inter-ELM period
lasting over 100 ms separating two large ELMs, and (c) the bias voltage on the pin.

~ 142 ~



Results from Langmuir probes

Two large type-I ELMs are shown in the blue shaded region. For both ELMs, Isar
peaks can be seen immediately prior to the ELM crash indicating the existence of inter-
ELM filaments until the ELM onset. Subsequent to this, a loss of voltage to the pin
is observed because the power supplies cannot sustain the large currents seen during
the ELMs. The implication is that a finite amount of time is required for the voltage
to regain the fixed value of -200 V. Denoting Trec as the time duration between the
ELM onset and that at which the power supplies recover to the pre-fixed value of -200
V, it can be seen that in the case of the first ELM in figure 6.8(a) that there exists
a time delay ~ 200 us between Trec and the appearance of the first inter-ELM peak.
However, this situation is different for the second ELM where the first inter-ELM fila-
ment appears as soon as the bias voltage resumes to the standard -200V. This example

therefore shows that inter-ELM filaments appear almost immediately after the ELM.

In light of this, it may be speculated that the driving mechanism of the inter-ELM
filaments appears to be distinct of that of the ELM phenomenon. The picture which
emerges is that intermittent filaments in the inter-ELM periods exist independent of
the ELM, and are dwarfed by the onset of the ELM. Almost immediately after the
ELM crash, the inter-ELM filaments re-appear.

6.8 gzt fall-off lengths

Motivated by the radial propagation observed in the camera data, the radial ex-
pansion of the filaments can also be captured through Langmuir probe data in terms
of a radial e-folding length of particles. Assuming Isar is a good proxy for number
density, the Isat fall-off can be taken as a first order approximation for the density
fall-off. In order to measure the Isar fall-off, the Isar peaks corresponding to the fila-
mentary structures are selected using the standard peak detection algorithm, and the
corresponding values are recorded as a function of distance from the LCFS, Arpcrs.
Furthermore, motivated by the fast camera data where filaments in high 72, were found
to travel faster than filaments in low 7, discharges, these measurements are performed
at high (0.55 < n./ngw < 0.75) and low (0.3 < n/ngw < 0.45) density discharges
(see table 5.1, section 5.6). Figure 6.9 shows on a log-linear scale the measured values

of Isat as a function of Arpcps. Data have been binned in lem intervals and the

~ 143 ~



Results from Langmuir probes

error bars are the RMS of the distributions at each bin. Exponential fits of the form
exp(—x/A) where A is the e-folding length have been fitted to both sets of data from
1 — 6 cm from the LCFS and are shown by the dashed lines. The fits yield e-folding

lengths of A ~ 4143 mm at high n., and A ~ 28+3 mm at low 7n,.

A 0.55<ne/ngW<0.75 o (.3<ng/ng<0.45
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Figure 6.9: Log-linear plot of Isxy values corresponding to inter-ELM filaments as a
function of distance from the separatriz (Aricrs) in high (0.55 < ne/new < 0.75) and
low (0.3 < ne/ngw < 0.45) density discharges. Exponential fits of the data indicate a
higher fall-off length at higher density.

A simple paradigm frequently used in the literature (see [118] are references there-
in) is one which assumes the radial extent of a radially-propagating filament to be
directly related to the time required for all the particles within the filament to be lost
through parallel transport. For the simple idealisation where a filament propagates
radially with a velocity V;, and loses particles on the ion parallel transport time scales
7 = Ly/Cs (where Ly is the connection length and C, is the ion sound speed), the

Isar e-folding length, considered as a radial extent, is described in terms of Ly, V; and

~ 144 ~



Results from Langmuir probes

C, parameters through the relation:

L

A=V,
Cs

(6.5)

While this paradigm may appear to be a reasonable first approximation, inserting
typical values for the different parameters leads to values far from those observed
experimentally. Indeed, taking for the inter-ELM, L ~ 7m, Cy, ~ 49 km s~! (i.e.
T, ~ 25eV) and V; = 1.2 km s™! (see figure 5.27) yields A =17 cm. This “simple”
paradigm is therefore not sufficient to explain the number density variations during
the complex dynamics of a radially propagating structure from the edge. The reason
for this is that there is no account for the variation of these parameters with radius. In
order to verify this, simulations of the ion saturation current are performed taking into
account variations as a function of radius. A filament is assumed to propagate radially
outwards with a velocity V;, and lose particles on 7y such that:

Vi(r) _ Ci(r)

Xr) L)’ (6.6)

where r is the radial coordinate. The code was originally used to successfully describe
the target profiles and the fraction of power arriving at the targets during ELMs on

MAST and AUG [120, 121].

Filaments are modelled through a flux-tube representation. Two simulated filaments
with initial radial velocities of 1.65 and 1.20 km s™! respectively (see figure 5.27), and
an initial ion temperature of T;=30 eV are populated with 1 million particles which are
initially distributed according to a Gaussian in the radial and perpendicular directions
and uniformly in the parallel direction. Each particle within the filament has a velocity
as derived from a Maxwellian velocity distribution according to the initial temperature
set above (i.e. T;=30eV). The method here is that for each time point in the simulation,
the position of each particle is tracked along the relevant field-line until it arrives at the
target, or intersects the wall. Naturally, as time increases, the total number of particles
within the filament decreases. It is in this way that the total number of particles is used
to represent the density variation within the filament (and therefore the corresponding
Isar value). In addition to this, the velocity distribution is also re-calculated at each
time point, and the resulting mean absolute velocity is used as a measure of the ion

temperature T;. This therefore includes the radial variation of C, (through T;). The
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result of the simulation is shown in 6.10. The radial distributions of /gap for high
and low density cases are recovered (with e-folding lengths) in the simulations. More
specifically, the simulated fall-off corresponding to the high density case (where V, ~
1.65 km s7') is AHNGH ~ 40 mm, while the fall-off length corresponding to the low

density case (where V, ~ 1.2 km s7!) is AL}V ~ 30 mm. These are in good agreement

with experimentally measured fall-off lengths of AGH ~ 41 mm at high and AJQY ~
28 mm.
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Figure 6.10: The radial distributions of (a) ion saturation current, and (b) ion temper-
ature at the mid-plane for two simulated filaments moving with constant radial velocities
of 1.65 km s7' (dotted), and 1.2 km s=' (dashed) respectively.

The result of the simulation therefore confirms that the model as shown in equation
(6.5) is not sufficient in describing the complex dynamics of a filament in its radial
motion, but rather, the radial dependence of parameters must be included. When

this is the case, the physics of filament particle loss seems to be well captured in the

paradigm.
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6.9 Comparison of theories with experiment

Motivated by the discrepancy in the prediction for the radial velocities, experimental

data is used to test the theories in the following subsection.

The quantities L1, Ly, Cs, n¢, nsor, expressed in equations (3.13) and (3.25) from
both sheath and interchange theories were found to be approximately the same for the
high and low density discharges presented. This allows a comparison of the predictions
in a model where the ratio of the velocities at high and low density from equations

(3.13) and (3.25) is used such that:
V,.high high @ Iél:xg’? (6 7)
View ~ ,nlow ~ ]low : .
r fil SAT

Here the a exponent, would equal 0.5 and 1 in the case of interchange and sheath

scalings respectively. In the following, the radial velocity measurements obtained from
the Photron camera images, and the Isar measurements expressed can be used to

identify the experimental value of o, and therefore the underlying theory.
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Figure 6.11: Ratio of (a) experimentally measured and (b) simulated Isar values at
high and low density, binned in 1 cm steps from the LCFS.
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Figure 6.11 (a) shows the ratio of the measured Isat values at high and low 7, binned
as a function of distance from the LCFS, for Arycrs > 1 cm. The immediate SOL
has been avoided since filamentary transport dominates this region. The solid line
is the exponential fit obtained by taking the ratio of exp(—xz/AMEL)/ exp(—z/Amin,
where /\}éi,%}l‘; and A%, are the experimental particle e-folding lengths at high and low
i, estimated in section 6.8. Furthermore, simulations of the ratio of Isat signals at
high and low i, also yield a similar trend, as shown in figure 6.11(b). The difficulty
which arises when relating to the predicted velocity scalings is immediately apparent
since the ratio of the Isar values is not constant as a function of distance from the

LCFS.

Nevertheless, taking the radial velocity measurements drawn from section 5.7.2,
namely, V"8 = 1.6 km 57!, V¥ = 1.2 km s7! at high and low densities respectively,

and re-arranging equation (6.7), the o exponent is given by the expression:

Ihigh
a~0.29/In ( SAT )| (6.8)

SAT
Figure 6.12 shows a plot of the a exponent as a function of distance. Experimental
values of a decrease from 0.3 in the proximity of the LCFS to 0.2 approximately 6 cm
from the edge, and are therefore factors of 4 and 2 smaller than sheath and interchange
limits respectively. In fact, both experimental data and simulation confirm that the

scaling of the a exponent varies as a function of distance in the SOL — a feature which

is not captured in either model.

So far, predictions from both theories have been compared in a model where the
filament density and related radial velocity are correlated, and Ly, Ly, Cs, n¢, nsoL
are assumed to be constant to a first approximation. Because the conclusion drawn
from the absolute value of a are very dedicated, the effect of the neglected parameters
is now discussed. In other words, can the fluctuations in the background SOL density

nsor for example account for the small deviations or even increase the values of the a
exponent.

It was shown from both camera data (see section 5.21) and probe data (see sec-
tion 6.7) that inter-ELM filament widths are similar at high and low n.. The electron

temperature profiles from Thomson scattering data are also similar, meaning the con-
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Figure 6.12: Plot of the a exponent as a function of distance from the LCFS. The two
dashed lines indicate the interchange and sheath dissipative limits. Experimental values

of a are below both limits.

tribution of the Cs term when taking the ratio also cancels out. The same applies
for Lj since the magnetic geometry is the same for the set of high and low density
discharges. The remaining quantities are nsoy, and n,. Since they play equivalent roles

in equations (3.13) and (3.25) (see chapter 3) only the ngor, parameter is discussed.

In order to investigate the effect of ngor, variation on the a exponent, changes in the
background Isat signal in periods separating filaments are assumed to be proportional
to a first approximation to changes in ngor. Figure 6.13 shows on a log-linear scale
the Isat values recorded as a function of (Arpcrg) in high and low density discharges.
Data have been binned in 1 cm intervals and the error bars are the R.M.S. of the
distributions at each bin. Also shown in the bottom plot of figure 6.13 is the ratio

low [phigh £ Ap opg > 1 cm, since this is the range over which results for the a

of ngdL/nsoL
parameter are drawn. Now, taking into account variations of nsor, the expression for

a from equation (6.8) is given by:

Ihxgh
a~0.29/ [ln ( S(‘)”) +1In ﬂJ , (6.9)

low
ISAT
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Figure 6.13: Shown are (a) plot of Isar values as a function of distance from the LCFS,
and (b) plot of the ratio nfg"(";’L/nggt for Arpeps 2> 1 cm.

According to equation (6.9), inserting the value of ni%y; / n{;‘g{{ = (.96 would increase «
from 0.26 to 0.27+25% at 1 cm from the LCFS. The effect of ngop, variation on the a

parameter is therefore negligible for the set of discharges described in this thesis.
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Chapter 7

Conclusions

An improved confinement regime such as the H-mode is critically important for
the realisation of a fusion power plant based on a magnetically confined plasma. The
performance of the plasma core, stability and confinement are strongly influenced by
the interaction of many diverse physics processes. Among these processes is transport
at the plasma edge, and particularly during an ELM where field-aligned filamentary
structures have been observed using high resolution cameras to leave the edge and hit
the confining wall. The impact of the power loadings during these events onto material
surfaces is one of the main constraints on the design of future tokamaks such as ITER
and DEMO (and other fusion devices). However, transport in the relatively quiescent
inter-ELM periods is also found to be a complicated process in which plasma is inter-
mittently ejected from the core into the scrape-off layer (SOL). This results in particle
and heat flux far from the last closed flux surface (LCFS), which is very different to
what is expected for a diffusive process. So while the H-mode is the main reference
scenario for the ITER tokamak, understanding the mechanisms underlying these pro-
cesses is therefore important in calculating and controlling the resulting power loads

on the vessel components.

In this thesis, experimental analysis of filamentary structures at the plasma edge
in the Mega Amp Spherical Tokamak (MAST) during H-mode inter-ELM periods is
presented using both a midplane-mounted ultra fast camera and reciprocating Lang-
muir probes (see chapter 4 for details of these diagnostics). A background subtraction
code is applied to the camera images in order to distinguish the D, light emission

of filamentary structures from the overall slowly-varying background. Camera images
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recorded at a rate of 100 kHz during these periods have provided the first evidence
which shows that similar to L-mode and ELM events, field-aligned filamentary struc-
tures also exist during inter-ELM periods. A comparison of their corresponding D,
light emission shows that inter-ELM filaments are the lowest amplitude fluctuations in

the MAST SOL relative to L-mode and ELM filaments.

Using reconstructions of the magnetic equilibrium, field-lines are projected onto 2D
images to track filaments in radial and toroidal directions. Projection codes which take
into account the camera properties have been developed to perform these tasks. The
tracking of filaments is done both manually and using semi-automated codes. Analysis
of the spatio-temporal evolution of these filaments confirms that despite the reduction
in turbulence levels seen in the H-mode, inter-ELM filaments exist on timescales ~
50-120 ps, and during this time contribute directly to the cross-field transport: they
are found to rotate in the vicinity of the LCFS with a mean toroidal velocity of 9
km s~! in the co-current direction, and propagate radially outwards with a constant

velocity in the range 1-2 km s™1.

It was also found that whereas the toroidal steps are on average constant (i.e. no
toroidal acceleration) for any given filament, the collective motions of the filaments is
more complex: similar to L-mode and unlike ELM phases, filaments are not regularly

spaced, and due to different toroidal velocities, their spacings are constantly changing.

Toroidal and radial excursions of filaments have also been tracked in order to deter-
mine any dependence of these motions on plasma parameters such as the plasma density
fie, current I, heating power Pypr and toroidal field By. While no significant variation
was observed with I, Pygr and By, the motion of these filaments was found to de-
pend strongly on plasma density: with increasing 7., a marked decrease in the average
toroidal rotation velocity has been observed, and an enhancement of radial transport
clearly manifested by the departure of a higher number of filaments. Furthermore, fil-
aments at higher densities (0.55 < n./ngw < 0.75) have been found to travel radially
faster (V; ~ 1.65 km s~!) than filaments at lower densities (0.3 < n./ngw < 0.45)
(V;, ~ 1.2 km s~!). Similar observations from a number of machines have reported that
increases in 7, are associated with a broadening of the particle density profile, higher

fluctuation levels and stronger turbulence-driven radial transport [122, 123, 124, 125].
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Experimental findings on the Alcator C-mod tokamak have also elucidated a possi-
ble link to the density limit in References [126, 127] which postulate that the density
limit is simply the extreme case of many filaments leaving the edge. The observation
of faster and more frequent filaments leaving the edge plasma at higher densities in
MAST discharges is consistent with the conjecture made in [122] which suggests that
filamentary structures may become electrically disconnected from the target sheaths at
large collisionality, and thus experience less sheath dissipation, resulting in a substan-
tial enhancement of the radial convective transport. The precise relationship of the
filamentary transport in the SOL to the density limit remains to be checked in future

dedicated experiments.

Semi-Automated methods are also applied to the inter-ELM camera images in order
to determine physical properties of these filaments. A wide range of toroidal mode
numbers is found (6-48) with a mean 24. Analysis of toroidal and radial widths indi-
cate that inter-ELM filaments are elliptical in size with an average toroidal width of

16 em and a radial width of 4 cm.

Camera images recorded at a rate of 100 kHz have been compared to data recorded
simultaneously by the mid-plane reciprocating probe. The cross-comparison shows
that intermittent fluctuations in ion saturation current (Isar) signals correspond to
inter-ELM filaments passing the probe. Peak detection algorithms have been applied
to Isar signals in order to isolate the peaks corresponding to filamentary structures
from the high frequency background. The contribution of inter-ELM filaments can be
seen in the PDF of the entire Izt signal as a bump-on-tail. The probability density of
corresponding filament Isar values is in the range 0.05 — 0.25 A. Assuming that Igar
is a good proxy for number density (with a weak square root dependence on temper-
ature), a number density estimate for inter-ELM filaments is obtained based on these
values. Density is found to be in the range 6.5 x10'® — 6.7 x 10! m~3. A similar
analysis was repeated for L-mode and results compared with ELM data. While the
densities for filaments in the inter-ELM phase are lower than those in L-mode, both
are much smaller than the density of ELM filaments. This observation is in qualita-
tive agreement with the PDF of light intensity from imaging data. The agreement is

expected since both D, light emission from the camera data and Isar are proportional
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to the number density.

Closer inspection of peaks in Isat signals indicates that these filaments appear im-
mediately before and after the ELM. The existence of these filaments in the precursor
stage of the ELM (lasting 150 us till ELM onset) is suggestive that the driving mech-
anism of the inter-ELM filaments is independent of the ELM. Equally, the immediate
appearance of filaments following the ELM crash also suggests that the critical gradient

threshold for inter-ELM filaments, if any, is far lower than that of ELMs.

The Isar signals from single and and neighbouring probe tips have been used to
verify the properties of filaments at the edge, finding toroidal widths, mode number

and toroidal velocity - in good agreement with camera estimates.

The radial motion of inter-ELM filaments is also captured in Langmuir probe data
through measurements of the radial fall-off of Isar, denoted Agat. Exponential fits of
the Isar values as a function of distance from the LCFS yield particle e-folding lengths
of )\giﬂ. ~ 41 mm at high density discharges (0.55 < n./ngw < 0.75 where n. is the
line-averaged electron density and ngw is the Greenwald density), and )\IS?XT ~ 28 mm
at low density (0.3 < n./ngw < 0.45). Similar trends are also obtained in simulations
of a filament propagating radially with a velocity V; and losing particles on ion parallel
loss timescales 7, such that A ~ Vo7 where 7y = L)/C, (L) is the connection length
and C, is the ion sound speed). Crucially, it is shown through simulation that this

frequently used model is only valid, (i.e. that agreement with experimental data is

only obtained) when the radial dependence of C, and L parameters is included.

Radial velocity and Isatr measurements reported in this thesis have been used to
test predictions for the radial velocity made by the interchange and sheath-limited
regime models. Taking the velocity scalings from each theory, predictions for the ra-
tio of the velocity scalings at high and low density were instead used and expressed as
Vhigh jylow (Igﬂf / Ié‘x‘!r)a where a = 0.5 and 1 for interchange and sheath-dissipative
regimes respectively. Radial velocity and Isar measurements were subsequently used
to determine the experimental values of the a exponent. The observed data were found
to be at least a factor of 2 smaller than both models. In fact, the scaling observed was

found to vary as a function of distance in the SOL - a feature which is not captured

in either model. For a better comparison with experimental findings, a future model
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which takes into account interchange dynamics, parallel motions and the collisional

resistivity in the SOL is required.

Finally, physical properties of inter-ELM filaments have been compared and con-
trasted with those of L-mode and ELM filaments. A common feature between all
filaments is that they are field-aligned structures and contribute directly to transport.
However, collective observations from data collected in this thesis and previously re-
ported data regarding ELM and L-mode filaments (summarised in chapter 2), indicate
that on the whole physical properties of inter-ELM filaments and their behaviour are
more similar to L-mode than they are to ELM filaments. The original idea that inter-
ELM filaments are mini-ELM events, or “failed” ELMs can be ruled out. Rather,
inter-ELM filaments are distinct from ELMs. The understanding of the ELMs is the
same: that these are repetitive plasma instabilities which are associated with a steep
pressure gradient, marked by a strong magnetic signature and appear with a regular
spacing of narrow filaments which accelerate explosively in the radial direction. This is
in contrast to the inter-ELM and L-mode filaments whose motions indicate no acceler-
ation in the radial direction, and spacings are constantly changing (due to individual
filament motions) leading to complex dynamics with a considerable spread in toroidal
mode numbers.

No noticeable magnetic signature has thus far been detected for inter-ELM filaments,
suggesting therefore that these are electrostatic phenomena (although this remains to
be checked in future experiments with an improved magnetic diagnostic).

The transition to H-mode means that the plasma edge rotates faster and inter-ELM
filaments do indeed rotate faster than L-mode filaments. However, both L-mode and
inter-ELM filaments are slow-rotating relative to the ELM. A possible explanation (as
suggested in chapter 5) is that inter-ELM and L-mode filaments originate in a similar
region within the pedestal closer to the plasma edge where the bulk plasma rotation is
slower, whereas the ELM filaments originate from deeper within the plasma where the
bulk plasma rotation is faster.

Finally, the fact that inter-ELM filaments persist all the way till the ELM despite the
onset of a precursor mode 150 us before the ELM crash is suggestive that the driving
mechanism for inter-ELM filaments is different and independent of the ELM.

In light of the above observations, it may be speculated that the inter-ELM filaments
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are the “H-mode manifestation” of the L-mode filaments, i.e., L-mode filaments in the
presence of a transport barrier. One possible interpretation is that L-mode and inter-
ELM filaments are drift waves since all that is required is a density gradient which is
universally inherent in each plasma. ELM filaments however are the manifestation of

ballooning modes.

7.1 Future work

One important area of study would be to simulate inter-ELM filaments using a
global 3D code. This is currently challenging, because the L-H transition is relatively
poorly understood and self-consistent simulations of H-mode on transport time-scales
have yet to be performed. This is partly because H-mode involves large gradients
in temperature and density spanning a range from collisionless to collisional regimes
which introduces a wide range of length and time-scales. Observations reported in this

thesis can be used to test the simulation codes when these challenges are eventually

overcome.

Statistical analysis of data from the reciprocating Langmuir probe in MAST could
also form part of ongoing research. Recent work in references [40, 41] identifies two
scaling regions for MAST L-mode data, and finds that the rescaled PDFs associated
with these two scaling regions are different, with good fits to the Fréchet and Gumbel
extreme value distributions respectively [40, 42]. It would be interesting to apply these
statistical techniques to inter-ELM data to test the conjecture made in this thesis
that L-mode and inter-ELM fluctuations are similar. Furthermore, it was recently
shown in [128] that the statistical properties of turbulent Isyt fluctuations in the
ASDEX-Upgrade tokamak in H-mode are not modified when compared with L-mode;
this statement echo’s the observations made in this thesis, and has lead the authors in
[128] to suggest that suppression or modification of turbulence is neither a necessary nor

a sufficient condition to achieve H-mode in tokamaks. A comparison would therefore

be worthwhile.

It was shown in Ref [52] that no magnetic signatures were observed in inter-ELM
periods using the current reciprocating magnetic coil which is only capable of reaching

the LCFS to within 2.5 cm. It would be particularly useful to check this at the LCFS
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since magnetic signatures are quickly attenuated with distance from the LCFS. This

would require the design and implementation of a new magnetic probe head on MAST.

Finally, since it is possible that resonant magnetic perturbations (RMPs) will be
applied to the edge in a future tokamak fusion device in an attempt to mitigate large
ELMs, it would be interesting to determine the effect of these on the motion and
properties of inter-ELM filaments in a new set of experiments using camera, Langmuir

and magnetic probes.
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