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Abstract

On the influence of background including neutrals on the

dynamics of 3D scrape-off layer filaments in fusion devices

David Schworer

This thesis investigates the influence of background profiles and neutrals
on scrape-off layer (SOL) filaments in fusion devices using 3D simulations.
This was achieved by seeding filaments on steady-state background profiles
including neutrals. In terms of the filament motion, both direct and indirect
interaction between the neutrals and filaments have been studied.

The simulations have been carried out using the STORM module, which
is implemented using the BOUT++ library. STORM has been extended to
include neutrals, using a new neutrals C++-API which also uses BOUT++.
Filaments have been seeded on top of plasma backgrounds with changing
plasma density and temperatures. The profiles have been generated by
running a reduced set of equations to steady state. The backgrounds cover
different regimes, namely low-recycling regime, high recycling as well as
detached plasma conditions.

In the attached conditions, the filament’s radial velocity increased with
increasing target temperature, suggesting that sheath currents and plasma
viscosity significantly influence the studied filaments. Interaction with the
neutrals reduced the filament’s radial velocity, especially in the high tem-
perature and high density conditions.

As detachment was reached, the filament’s velocity increased temporar-
ily, as sheath currents were strongly suppressed by the high resistivity,
caused by a highly dense, cold plasma in front of the target, before the
general decreasing trend is recovered for higher densities. In detached con-
ditions the neutrals had an increased impact on the filament dynamics, and
partially replaced sheath currents by friction in the detachment front.
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CHAPTER 1

Introduction

1.1 Why Fusion?

One of today’s major challenges is the climate crisis of global warming.
Global warming may have severe consequences for the future [1-3]. By
today, our need for energy is mainly supplied by fossil fuels [4]. Greenhouse
gases are the main cause of the current climate crisis. There is a need to
produce energy without the by-product of greenhouse gases. One possibility
to achieve this is fusion, the process which powers the sun and supplies us
with light and heat. If it would be possible to reproduce this reaction on
earth in a controlled environment, the energy produced could replace fossil
fuels [5].

Alternatives to produce energy without greenhouse gases are fission or

renewable energies. However renewable energies are limited. The avail-
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ability of renewable energies such as solar or wind cannot be controlled
by humans. It would require energy storage, which are challenging to be
provide in an economically viable fashion at scale [6].

Solar power, one of the renewable energy sources which deployment
strongly increasing in the recent years, uses the surface that is radiated
by the sun. While solar panels can be installed on roofs, and otherwise
“unused” space, these spaces are limited. Beyond that, solar panels compete
with crops or farmland in general.

Fission on the other hand, has additional to the unsolved problem of
the long lived, highly active radio active waste, the risk of catastrophic
events like the one in Fukushima or Chernobyl [7, 8]. This is not a risk in
fusion reactors, as there are only a few grams of fuel in the reactor, unlike
in fission reactor where tons of uranium are used [9].

Wide spread use of fission also increases the general availability of en-
riched uranium. While for an energy producing reaction less enriched ura-
nium is needed, the general availability of enriching technologies and en-
riching plants will make it easier to produce, and harder to control the
production of weapons grade enriched uranium.

Fusion has the potential, assuming that appropriate materials for the
irradiated regions are chosen, no long lived radio active waste is produced.
Further, fusion requires relatively little space compared to other renewable
energy sources, and is thus an attractive energy source for the ever growing

energy demand for the ever growing metropolises as well as for industry.
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1.2 What is Fusion?

Fusion is the nuclear process where particles fuse and the process results
in a heavier particle. The fusion process in the sun fuses 4 hydrogen H*
ions to a helium He?* ion. The fused ion is in a lower energy state, i.e. the
process releases energy, and is the process that heats the sun.

Heavier hydrogen isotopes are easier to fuse, compared to “normal” hy-
drogen 'H. The easiest reaction is between deuterium D - a hydrogen isotope
with one proton and one neutron, and Tritium T, a hydrogen isotope with
one proton and two neutrons. The fusion process of Deuterium and Tritium

is
D+T —*He+n (1.1)

which has relatively large cross section at 10keV [5]. A cross section de-
scribes the area orthogonal to the direction of movement of two particle,
that they need to be in, in order to undergo fusion. In other words, the
area describes how likely it is, for the reaction to happen. The reaction is
highly exothermic, releasing 17.59 MeV [10]. Hydrogenic nuclei have, com-
pared to heavier elements, only a single charged proton. Heavier elements
have a higher Coulomb repulsion, which requires higher temperatures to
overcome this barrier [5]. Compared to conventional fuels such as coal, the
energy density is much higher. The energy density of coal is 39.3kJ /g [11],

whereas the energy density of deuterium tritium fuel is

17.59 MeV

o 3m, = 557 TJ/g (1.2)

Achieving D-T fusion is relatively straight forward, accelerating one
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species in a linear accelerator and shooting them into a gas of the other
species results in a few reactions. In order to produce energy, this is not
a viable approach, as the energy required to accelerate is higher than the
released energy, as the fusion cross section is rather small, thus making
fusion reaction unlikely. Thus the goal of fusion research is not to achieve
fusion by itself, but to do so in a manner that yields more energy than is
needed for heating the matter in the first place.

Since the 1950s, the goal of fusion research is to confine the hot matter
sufficiently such that the matter is mostly heated by the energy from the
fusion process, which is called ignition [12]. The Lawson criteria describes
the requirement for ignition as a product of confinement time 75 and plasma
density n and is further a function of temperature 7' [13|. For temperatures
in the range of 10 to 20keV this can be approximated by nrgT > 5 -
102! m—3skeV, which is in this form also called the triple product. This
simple criteria has been extended, but is still used to measure the progress
of fusion research towards ignition [12]. As the triple product is approaching
the Lawson criteria, most of the energy loss is replaced by the nuclear fusion
process, and the plasma can burn without significant external heating [10].

As matter at the required temperatures is mostly ionised, magnetic
fields are used to confine the plasma. As there are no magnetic monopoles,
confining the plasma in a spherical shape is not possible, and thus the next
most preferable geometry is a torus. There by two concepts are now in the
focus of research. The tokamak, from the Russian word Tokaméak, confines
the plasma in a torus, and at the same time a strong current is driven in the
plasma, which significantly improves confinement, compared to the purely
toroidal field, as the current produces a poloidal field, which suppresses

instabilities. The tokamak will be introduced in more detailed in sec. 1.4.
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Another fusion device that is promising is the stellarator [14, 15]. A
stellarator, has like the tokamak, a toroidal magnet field that is produced
by external magnetic field coils. However, the poloidal field is also created
by external magnetic field coils. This has the disadvantage that the field is
inherently three dimensional. As no current drive is required, which is in
tokamaks, at least in parts, achieved by inducing a current by changing the
current in a centre solenoid, the stellarator would allow for a continuous
operation.

Due to the complicated 3D geometry, computational models are re-
quired to optimise the geometry for various transport mechanism, such as
magnetohydrodynamics (MHD) instabilities or neo-classical transport [16,
17]. The tokamak was initially the preferred device, as it is rather straight
forward to derive various properties for a tokamak with toroidal symmetry,
than for the full 3D geometry of a stellarator. Also neo-classical transport
is, due to the toroidal symmetry, lower in tokamaks than stellarators. While
stellarators avoid the troublesome instabilities which are caused by the large
currents in a tokamak, there has been less research in stellarators, as the
initial designs had much larger losses, due to the lack of optimisations. For
advanced stellarators, engineering constraints are also a major issue. To
achieve the intended magnetic field with sufficient precision, precise con-
struction and assembly of the magnetic coils is required. Both, stellarators
and tokamaks, need an improved understanding of edge physics, if they are
to be used in power plants [18].

However, harvesting these enormous energies is significantly harder than
was anticipated in the early years of fusion research [12]. Since then physical
understanding of the involved, non-linear, turbulent transport processes has

significantly increased. Sufficiently high temperatures have been achieved
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in many fusion devices [12]. During the D-T campaign in Joint European
Torus (JET) a fusion power of 16.1 MW has been achieved [19]. The

corresponding triple product was around 9 - 102 m~3skeV.

1.3 Plasma

Plasma is often considered the fourth state of matter, after solid, fluid and
the gas state. A plasma generally consists of three components: electrons,
ions and non-ionised, neutral particles. Wesson requires that a plasma is to
be almost neutral, as any significant charge separation would result in very
large restoring force [10]. Chen defines a plasma as “a quasi neutral gas
of charged and neutral particles which exhibits collective behaviour.” [20].
The two parts that need to be further defined are the “quasi neutrality” as
well as the “collective behaviour”.

As the gas consists of charged species, on short length scales, the gas
is not neutral. Due to the high conductance, on longer length scales the
charge is compensated by the surrounding free charges. The Debye length
Ap is the length scale over which a charge is compensated

Ao =)L (1.3)

ne?

with ¢y the permittivity in vacuum, 7T is the temperature, n the density of
charged particles and —e the electric charge of an electron. For the gas to
be quasi neutral, there need to be enough charged particles within a sphere

of radius Ap. This leads to the definition of the plasma parameter Np

4
Np = ?ﬂnx}) (1.4)
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which is the number of charged particles within a sphere of radius Ap. With

Np quasi neutrality can be expressed as:

Np>1 (1.5)

The collective behaviour is caused by the long-range interaction of charges.
In contrast, in uncharged gas, collisions are dominating the behaviour,
which are local. For electric forces to be dominating, two conditions must
be met. First, the system needs to be large enough. For a system of length

L, this can be expressed as:

L> \p (16)

The other requirement is that the plasma frequency w, is larger than the

inverse collision time 7,

wyTe > 1 (1.7)

as otherwise local collisions are dominating, and the gas is reasonably well
described by gas equations.

Thus the state of a plasma is not only dependent on local quantities
such as temperature and density, but also on the system size L. As there
is also no phase transition between the gas state and the plasma state, as
with increasing temperature, the ionisation degree continuously increases,
and dependent on the system size, at some point the above criteria are
fulfilled. This means that the plasma state is not really a fourth state of
matter, but rather a special case of gas, where electro-dynamic forces are

dominating the behaviour, rather than collisions. This does however not
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change the fact that plasmas are chaotic in nature, and thus challenging
to predict and control. Plasma cannot be modelled with the same set of
equations that can be used for gases or fluids, due to the electromagnetic
forces of the charged particles.

As plasmas, especially hot ones, are not collisional, i.e. collisions are not
occurring often, the particle distribution in velocity space can be highly non-
Maxwellian. Additionally, to a Maxwellian or thermal distribution, there
can be a significant amount of faster particles, if the time scale over which
they are accelerated is shorter than the collisional time scale.

The interaction for the charged species, namely ions and electrons, are
consisting of long range electro static and electro dynamic forces, as well
as collisions. For the interaction with neutrals, only short ranged collisions
are possible. If an electron and ion collide, they can recombine, rather than
scatter. For that reaction to become likely and thus to produce a neutral
atom, both need to have sufficiently low energies. Neutrals can be ionised,
if they collide with some particle, in the process producing an ion and
electron. A third reaction that can happen is charge-exchange. Thereby
an ion and a neutral collide, and the electron switches from the neutral to
ion. As the ions can be much hotter than the neutrals, this can produce
energetic neutrals, which are no further influenced by magnetic fields.

Due to the presence of charged particles, plasmas are good conductors.
Thus they can easily balance any electrical fields within the plasma. Light-
ning is a natural example where a plasma is conducting a large current of

several kA [21].
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1.3.1 Magnetised Plasma

Plasmas are influenced by magnetic fields, due to the presence of charged
particles. Without collisions, the charged particles perform a gyro-motion
in the direction perpendicular to the magnetic field, while they can travel
freely along the magnetic field lines. In this thesis the word perpendicular
refers to perpendicular to the magnetic field, and parallel refers to parallel
to the magnetic field, unless otherwise specified.

If a particle feels a force f in the perpendicular direction, ( f L é) it
gets accelerated in the direction of f As it gains velocity, the Lorentz
force starts acting on the particle, and applies a force in v x B direction,
preventing a further acceleration in the direction of the applied force. Thus

the total force is
F=f+4+qixB (1.8)

This can be solved in a homogeneous magnetic field B by choosing a coor-
dinate system, where without loss of generality the Z-axis is parallel to E,

then the above equation becomes:

F, = qBvy, + f, (1.9)
F, = —qBv, + f, (1.10)
F = (1.11)
mi, = qBv, + f, (1.12)
mv, = —qBuv, + [, (1.13)
mo, = f, (1.14)
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where the solution for v, (v,) is the real (imaginary) part of

Ve + iv, = Coe™" + @ (1.15)

with w = % the gyro frequency. The motion consists of a harmonic con-
tribution, the gyro motion, and the second part of (1.15) represents a drift
motion. A force in & direction results in a motion in y direction - or in
general words the drift motion of a force f is given by the drift velocity
fxB
Vg =
d 1B’

(1.16)

as mentioned before, the motion is perpendicular to the applied force. The
solution is only valid for static forces, i.e. forces that change much slower
than the gyro frequency. If we assume a strong magnetic field, we can
neglect the gyro motion, and only retain the drift motion, which results in
the model of drift-ordered plasma equations.

In the case of an electric field E the electro static force is qE, and thus

the associated drift is

vp = = (1.17)

and thus independent of the charge. This drift is called the F x B drift.
The radius of the gyro motion depends on the initial condition, and is a

function of the velocity. For the thermal velocity vy, = \/g the gyro-radius

ymi

is then p = Y5~

For magnetised plasmas, a parameter that describes the ratio between

the pressure of the magnetic field on the plasma, and the plasma pressure,

10
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is called the plasma-f3, or just 3

P, nT
= = = — 1.1
b= (118)
2p0

In fusion research it is often preferable to achieve a high [ in the core, as
powerful magnets are expensive, and thus increasing the plasma pressure
with respected to the applied magnetic fields, increases the produced power
per magnetic field cost. In terms of plasma physics, 5 describes to what
extend the plasma is able to influence the magnetic fields. In a low
plasma, the magnetic field can be assumed to be not influenced by the
plasma, where as in higher magnetic fields, the plasma can influence the
magnetic field.

In magnetised plasma often Bohm units are used [22, 23]. In Bohm

vm;Ty
eBg

units the lengths are normalised to the gyro radius p = , m; being the
ion mass and e the electron charge. Ty and By are the “typical” temperature

Ty and magnetic field By of the system studied. Times are normalised to

. -1 ; . . .
the inverse gyro frequency w; = = eng,o. This leads to the normalisation of
velocities by the speed of sound c¢; = % Temperatures are normalised to

the “typical” temperature T}, potentials to Tj/e. Densities are normalised to
a “typical” density ng. While an appropriate choice of the typical quantities
makes the handling of the numbers easier, and may be of advantage for
numerical accuracy and efficiency, this does not restrict the general validity
of the units to the respective ranges. These normalisations can be used if
there are strong differences present in the system.

In the case of a strong magnetic field, it can be beneficial to use a field-
aligned coordinate system. Thereby the coordinate system is chosen such

that the magnetic field is always parallel to one of the base vectors, e.g.

11
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B | e.. Note that this can lead to complicated coordinate systems, if the

magnetic field is not homogeneous.

1.3.2 Drift-ordered Plasmas

The drift ordered plasma equations are for magnetised, collisional plasmas.
That means that enough collisions are occurring, to have a Maxwellian
distribution, but not to many to be not further magnetised. This leads to
the assumption that cross-field transport is well described by drifts (1.16).

In the case of a single ion species, it is, due to quasi neutrality, sufficient
to evolve either the density of the electrons or the ions. As mentioned
before, the charged species can flow freely in the parallel velocity, thus
the parallel component of the velocities is evolved. While it is sufficient to
evolve one density, both velocities must be evolved, as quasi neutrality does
not prevent currents, only the divergence of the currents must vanish.

In the perpendicular direction, rather than evolving the velocities, the
drifts are computed. In the above derivation, a single particle picture was
used. While the result is still valid in the fluid picture, additional terms
can arise, such as the diamagnetic drift, that is a drift in the fluid picture,

where no single particle is performing a drift. The drift is of the form

D__Vpxé

= 1.1
Ud anQ ( 9)

and is caused as there are, within a reference frame, more particles from
the higher pressure side than from the lower pressure side.

Another term that is evolved in this model is the vorticity w. It is used
to calculate the electrostatic potential ¢ and is defined as w = VnV ¢, i.e.

the potential is found by inversion of the vorticity. In the context of fusion

12
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Figure 1.1: Schematic drawing of a tokamak [25, 26|, reproduced from Li
et al. [27].

devices, the E' x B drift is often the most important drift, thus the vorticity
is of especial importance for the cross-field transport in these magnetised
plasmas.

As the inversion can be computationally demanding, often the so called
Boussinesq approximation is used. Thereby the density dependence of the

inversion is removed, i.e. w = V2 ¢.

1.4 Tokamak

A tokamak is a toroidal shaped fusion device that uses magnetic fields to
confine plasma, as shown on fig. 1.1. The toroidal magnet field is created by
magnetic field coils. Additional to the toroidal field, a weaker, poloidal mag-
netic field is created by an electric current in the plasma [24]. This twisting
of flux tubes is required to achieve good magnetic confinement [10]. The
twisting causes to connect region of bad curvature, where perturbations are

accelerated outward, with regions of good curvature, where perturbations
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are accelerated inward. This stabilises perturbations, and thus reduces
radial transport. A tokamak is in first order approximation toroidally sym-
metric, thus can be solved using 2D domain, and assuming symmetry in
the toroidal direction.

The minor radius is the distance from the inner most closed flux surface
to the last closed flux surface. The major radius is the distance from the
centre of the torus to the inner most closed flux surface [10]. The aspect-
ratio a is the ratio of major to minor radius and is an important design
parameter for tokamaks [10].

The plasma can be separated into two regions based on magnetic topol-
ogy, one with closed field lines, and one with open field lines. In the region
of closed field lines, the plasma is well confined, and does not interact with
any surfaces. The open field lines are not closing on themself, but rather
ending on surfaces, where the plasma can interact with the surfaces. The
last closed flux surface (LCFS) is also called the separatrix, and is the
boundary between the closed field lines and the open field lines [10].

The naive approach to create the LCFS is to limit the plasma by a
material surface, known as a limiter. This however causes to have the hot,
confined plasma interact with a material surface. This leads to sputtering,
and thus pollutes the plasma [10]. Better confinement is achieved by mag-
netically separating the hot core from the limiter by pulling out magnetic
field lines, that then interact with the wall in a more controlled manner.
This creates the LCFS by magnetic topology, rather than by inserting a
limiter. This allows for the plasma to be cooled before it interacts with the
plasma facing component, thus helps reducing sputtering and improving
the life time of the plasma facing components [28].

The schematic cross-section of a tokamak with divertor configuration
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Figure 1.2: Drawing of the edge of a tokamak, reproduced with kind per-
mission from EUROfusion.

is shown in fig. 1.2. In the centre are the closed magnetic flux surfaces,
coloured in red. Further outwards follows the LCFS. Going further out-
ward, the field lines end on material surfaces and are therefore called open
magnetic field lines. The region outside of the LCFS is called scrape-off
layer (SOL), which is discussed in more detail in sec. 1.5.

In the centre is where the fusion reaction is happening, and thus temper-
atures around 10keV are required. The plasma at the edge of the confined
region within the LCFS is already significantly colder, below 1keV.

In this case the divertor is at the bottom, where the open magnetic
field lines are pulled outwards, towards the divertor tiles. There the plasma
interacts in a controlled manner with the plasma facing components. The
divertor tiles of fusion devices are expected to handle high heat and particle
loads. As the plasma flows from the LCFS towards the divertor tiles, the
plasma can be cooled, e.g. by introducing additional neutral impurities
to increase radiation of the plasma. A result of the pulled out, diverted

magnetic field is the X-point. At the X-point the poloidal magnetic field
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vanishes, and only a toroidal component remains. Below the X-point is the

private plasma region, which is only fuelled by the SOL.

1.5 Scrape-off layer

As shown in fig. 1.2 the Scrape-off layer (SOL) is outside of the core plasma
and is magnetically connected to the divertor. The SOL is fuelled and
heated by cross field transport from the hot core plasma. On the outside
is the first wall, which protects the vacuum vessel from the plasma. Most
of the heat from the core is flowing from the separatrix towards the target.

In recent years the focus has been shifted towards the edge of the plasma.
Not only is it necessary to reduce the heat fluxes onto the plasma fac-
ing components to extend their life times to reduce maintenance down
times [29], but also the plasma material interaction is causing sputtering,
which introduces unwanted impurities in the core [30]. These impurities
dilute the fuel which reduces the fusion yield. Additionally, heavy elements
such as tungsten can significantly cool the plasma through radiation, as
such tungsten accumulation in the core can lead to radiation collapse of
the plasma.

After the plasma crosses the LCFS and enters the SOL, the plasma
flows along the magnetic field lines towards the target. As the plasma hits
the target, the ions and electrons can recombine. Most of the ions are “re-
cycled” as neutrals into the vessel. In addition to the parallel transport,
along the magnetic fields, a part of the plasma is transported across the
field lines. While the parallel transport along the magnetic field lines is
much faster, the plasma facing components are much closer in the radial

direction than in the parallel direction, thus the perpendicular transport
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needs to be considered. A significant amount of the cross field transport
in the SOL is caused by filamentary transport [31]|. Filaments are magnet-
ically aligned non-linear pressure perturbation, that are observed in most
magnetised plasmas [32]. A detailed introduction to filaments is given in
chapter 2. The cross field-transport is often approximated with a perpen-
dicular diffusion constant [33|. This yields an exponential decaying profile,
however measured profiles deviate from this trend [34, 35]. This is as the
transport is non-diffusive and the SOL profiles are not purely exponentially,
as described in sec. 2.1.2. Filamentary transport is proposed to explain

this [36, 37].

1.5.1 Divertor

The divertor concept allows one to increase the control of the plasma-surface
interaction. As the hot plasma is separated from the surface, the plasma can
be cooled. Additionally, the separation can reduce the amount of impurities
that are generated from sputtering that get into the confined plasma.

The reduced amount of impurities allowed the discovery of H-mode |38,
39]. H-mode is a regime of increased confinement, in contrast to L-mode.
In H-mode a pedestal forms at the edge of the core region, which features
strong temperature and strong density gradients, which is enabled by a
reduction of turbulence as well as the presence of strong shear. The strong
gradients enable higher pressure in the core, which thus allows an increased
fusion gain, and is thus the envisioned operational regime of ITER (latin for
“the way”, previously International Thermonuclear Experimental Reactor).
While not strictly necessary for H-mode, H-mode is often associated with
the presence of a divertor configuration [40].

A divertor does allow a reduction of the heat flux that reaches the tar-
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get. It also allows one to spread the heat flux. The expected fusion power of
ITER is 500 MW, of which 400 MW will be leaving the plasma in the form
of energetic neutrons, as they are neutral particles and thus not influenced
by the magnetic field. The major radius of ITER is around R ~ 6.2m. For
a strike-line width of A &~ 6 mm, [41] this makes P/(47R)\) ~200 MW /m?,
while material limits are around 10 MW /m?. To reduce the heat flux, es-
sentially two options are possible, either increase the surface, or decrease
the power. The wetting area can be increased by expanding the magnetic
field lines. To achieve lower power, a part of the power can be radiated.
Neutrals can interact with the plasma, and radiate significant amounts of
power. This will be discussed in the following sections.

The target tiles typically consist of tungsten or carbon. Tungsten has
a low sputtering yield, as well as a high melting temperature. However,
as a tungsten atom has Z = 74 electrons and the binding energy of the
innermost electron roughly scales as Z2, tungsten is even at temperatures
around 10keV an efficient radiator, and thus can significantly degrade the
core confinement. The reason for this is that the bounded electrons can be
excitated by collisions, and as they relax to the ground state radiate the
energy in the form of an photon, which can leave the confinement. This
is less of an issue with carbon, as it has only 6 electrons, it is much easier
to fully ionise, and thus less of an issue for the confinement. It also has a
high thermal conductance, as well as low sputtering yield. It can however
form chemical bonds with hydrogen, which thus can significantly increase
tritium retention, which is the major reason the the divertor in ITER is
made from tungsten [30].

As the plasma hits the target, various processes are happening on the

microscopic scale, such as adsorption. Independent of the exact process,
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Figure 1.3: Schematic illustration of the two-point model. Taken from
Pitcher and Stangeby [42].

most ions get neutralised and re-emitted, and are thus moving back into

the plasma. This process is called recycling.

Two-point model

The two point model [42, 43| consists of three equations, that describe
the relation between plasma values in the upstream SOL and the plasma
conditions at the sheath. This analytical treatment assumes that energy
and particles flow from the upstream area down towards the divertor. It
includes sinks for particles, energy and momentum as the plasma flows along
the magnetic field lines, but does not quantifies these sinks, i.e. they are
input quantities in the two-point model. As shown in fig. 1.3, the two-point
model separates the flux tube in two regions. The length of the recycling
area is in reality significantly smaller than shown in the figure. The shown
temperature is assuming equal ion and electron temperature T; = T,. The

model assumes in the conduction region a Spitzer conductivity:

dT
= —koT?°— 1.20
q Ko dz ( )
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where z is the length along the magnetic flux tube and

(47ep)?
=— 1.21
o m051n AetZ (121)
with €y the permittivity of vacuum, m. the mass of an electron, its charge
e. InA =~ 15 is the Coulomb logarithm and Z is the effective charge, here
assumed to be unity.

The two-point model assumes further that all the energy enters the SOL
at the symmetry point. Equation (1.20) can then be integrated, to yield

Tqu L,
772 = p7/2 g [l (1.22)
2/420
As the temperature is incorporated as to the power of % the dependence on
the length of the flux tube is only weak. Whether the energy actually all
enters at a single point, or is extended has only a minor influence on this

expression.

The heat-flux into the target is assumed to be
& = qK + qp = MCo YTt + NuCs p€por (1.23)

where v =~ 7, the sound speed at the target is ¢;; = /273/m and the
potential hydrogenic energy €, ~ 16 €V.

The flow at the target is assumed to be sonic, resulting from the Bohm
boundary conditions [44]. The static pressure at the target is roughly half

the upstream pressure
2n, T, = fun, T, (1.24)

where 1 — f,, is the fraction loss of pressure due to friction, and is in the
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range 0 to 1. In the case of f,, &~ 1 the neutral friction is negligible, and
the neutrals can be neglected. In this case the system of equations (1.22),
(1.23) and (1.24) can be solved analytically.

Two regimes are distinguished in this regime. The linear regime is the
case if T), = T;, i.e. there is no significant drop in temperature towards the
target. This regime is sometimes also called sheath-limited, but this might
be confused with the sheath-limited regime of filaments, where the currents
of filaments are mainly closed via the sheath. The other regime is called the
high-recycling or conduction-limited regime. In this case the temperature is
significantly reduced at the target compared to the upstream temperature.
This can be achieved by moderately high plasma densities and not to high

energy influxes upstream.

Shoulder formation

In order to maximise the fusion power, it is beneficial to have the plasma
close to the vacuum vessel. Thus it is beneficial to be able to predict the
radial profiles in the SOL, such that the first wall has a sufficient distance
that the fluxes are low enough to prevent a fast degradation and prevent
tritium retention. At the same time, it should also be as close as possible,
to reduce the cost.

The SOL can be separated into two regions, the near-SOL, and the
far-SOL. The near-SOL consists of the flux-surfaces near the LCFS. It is
typically a few mm wide. Beyond that is the far-SOL, that extends all
the way to the wall. In the near-SOL, the density decays quickly, and the
fluctuations are of moderate level. In the far-SOL, the fall-of is much flatter,
and the fluctuations are much stronger [45]. The two different exponential

fall-off lengths are the main reason for the distinction between the two
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regions in the SOL [36]. Filaments might be responsible for the observed
SOL profiles. This will be discussed in more detail in sec. 2.1.2.

It has been observed that the density profiles become flatter across the
whole SOL with increasing density. In addition to the flattened SOL, strong
fluctuations in the near-SOL have been observed in high density cases [46].
While this has been known for L-mode plasmas, the situation for H-mode is
less clear [34]. It has been observed that detachment onset is coinciding with
the shoulder formation, however, not in all cases. Detachment describes
the cooling of the plasma, before reaching the divertor, and is described
in more detail in sec. 1.5.3. It has also been observed that an increased

divertor collisionality Ay, coincides with shoulder formation.

1.5.2 Neutrals

As mentioned in sec. 1.3, a plasma consists not only of the charged ions
and non-bonded electrons, but also of the non-ionised background gas. The
charged particles can interact via electro-magnetic forces, but the neutral
interaction is limited to local collisions. Also, neutrals are not strongly
influenced by the magnetic field, thus can move easily across field lines.
If the plasma is mostly ionised, the neutrals can sometimes be neglected.
In the core of tokamaks, the temperatures are sufficiently high that the
neutrals can be mostly ignored. An exception is however neutral beam
inject (NBI), where ions are accelerated, before they get neutralised, and
the accelerated neutrals can then penetrate far into the core before they get
ionised [47]. This is used to heat the plasma, as well as to drive a current,
as the neutrals can deliver energy and momentum to the plasma. Another
example where neutrals, even at low densities can be of importance in the

core, is the creation of fast neutrals via charge exchange. If a hot ion under
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goes charge exchange with a neutral particle, the process creates a hot, or
rather a fast neutral that can leave the core and cause sputtering at the
first wall.

Further outwards, in the edge, neutrals become more important, as
more neutrals can penetrate into this region, and this can be used to fuel
the plasma. Outside the LCFS, neutrals importance increases further, and
are often included in transport codes, to capture the plasma physics suffi-
ciently [48-53].

Neutrals can cool the plasma, as the ionisation requires energy. If the
temperatures drop to low enough temperatures, in the order of a few €V,
the neutrals are excited, rather than ionised, and thus further cooling via
radiation is possible, which can provide an efficient mechanism to radiate
energy. As already mentioned in the previous section 1.5.1, a significant
amount of the power crossing the LCFS must be radiated, rather than
reaching the divertor tiles to prevent a fast degradation.

Additional to the neutrals of the main plasma species, namely D for
MAST, or D and T for a future fusion plasma, other neutrals can be present
and influence the dynamics. These additional minority species can be either
intrinsic, meaning they are unintentionally introduced, e.g. from sputtering,
or they can be intentionally introduced, e.g. by gas puffing.

Depending on the atoms involved, radiative losses become already at
higher temperatures an efficient mechanism, if the electrons are strongly
bound, as is the case for high-Z impurities. Impurities are atoms (or
molecules) that are not the main species of the plasma. In the case of
fusion plasmas, this means any species but hydrogen isotopes. Nitrogen or
Argon are for example used for cooling the plasma in the edge [54].

Neutrals are required for reaching sufficiently low temperatures at the
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divertor, to prevent melting and to reduce sputtering [55]. This is especially
prominent in detachment, which will be discussed in the next section 1.5.3.

As the neutrals are of significance to the design and operation of di-
vertors, control and prediction of neutrals in the edge is of major interest.
The main aspects in which neutrals contribute, is they act as an energy sink
as well as a momentum sink. This can be included in a simple flux tube
SOL model, as the two-point model. The two-point model does however
not predict the rates. Getting however the actual rates for momentum sink
and energy sink is more complicated, and often requires kinetic treatment
of the neutrals [56]. Additional to atomic neutrals, modelling of molecules
may be needed to reproduce experimental observations [57].

Compared to present day machines, future fusion devices will have an
increased density in the divertor. This further increases the importance
of understanding the influence of neutral plasma interactions in the SOL.
Plasma wall interactions are a main issue, not only for the operation of
ITER, but also for future fusion devices. Therefore increasing the under-
standing of filaments, one of the main transport mechanisms in the SOL is
needed, especially in the presence of neutrals.

Plasma turbulence interactions with neutrals studies have recently been
conducted [58-60]. Leddy et al. [58] show that the neutral interaction
can be increased by resolving the fluctuations, compared to the mean field
approach. Leddy et al. [58] used a fluid model for the neutral model. The
neutral model evolved additionally to the neutral atomic hydrogen density
the parallel velocity along the magnetic field and the neutral pressure. The
decision to include the parallel velocity was motivated as that way it is
possible to conserve momentum in the plasma neutral interactions. The

cross-field transport was assumed to be diffusive. These simulations where
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done in a full 3D geometry with drift ordered fluid equations for the plasma
using the BOUT++ library [58, 61]. Bisai and Kaw show that neutrals can
reduce electric fields, reduce fluctuations and increase pressure gradients
in the SOL [59]. The model includes molecular gas and evolves only the
neutrals density including diffusion. Bisai and Kaw state that the neutrals
diffusion constant depends as 4, /n. on the electron density. In terms of
filament neutral interaction, a recent study by Thrysge et al. [62] showed
that filaments can significantly increase the fuelling of the core by creating
energetic neutrals. Thrysge et al. [62] used a fluid model for the atomic
hydrogen neutrals. The neutrals exist in two separate temperature states,
a cold fluid at 7,, = 2¢eV and a hot neutral fluid at 7,, = 50eV. The hot
neutrals are born from charge exchange. Each of the fluids is evolved with a
diffusion equation, where the diffusion constant depends on the temperature

of that fluid [62].

1.5.3 Detachment

As mentioned before, the heat load on the divertor plates needs to be sig-
nificantly reduced, compared to power that enters the SOL from the LCFS.
Neutrals can provide both a reduction of plasma energy by radiative losses
and by ionising the neutrals, as well as a momentum sink, mostly via charge
exchange. If only a small amount of the plasma is reaching the target, and
most of the plasma is cooled in an area of high neutral density in front of the
divertor, detachment is reached. An experimental definition of detachment
is that with increased upstream plasma density, the target plasma density
is reduced. For attached conditions, the target plasma density increases
with increasing upstream plasma density. For higher plasma densities the

target plasma particle flux decreases after detachment is reached, which is
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known as target flux roll-over [63, 64]. This coincides with a strong decrease
in the heat load near the strike line, while the reduction in the far SOL is
less significant [65].

As detachment is a continuous transition, if the above mentioned obser-
vations are not fully observed, the state may be called partially detached,
in contrast to fully attached, where most of the plasma’s energy and mo-
mentum reaches the target, and fully detached, where most of the energy
and momentum is absorbed by the neutrals.

ITER is going to be expected to operate in partially detached or fully
detached state, to prevent excessive heat load on the divertor tiles, and
thus reduce melting and sputtering. This is required to prevent a too fast
degradation of the divertor tiles, and to prevent tungsten accumulation in
the core.

As detachment is reached, a cloud of cold plasma including many neu-
trals exists in the divertor. If the cloud moves further up towards the
mid-plane, it can reach the X-point, at which point the detachment can
significantly reduce core confinement, as many neutrals enter the confined

region.

1.5.4 Mega Ampere Spherical Tokamak

The Mega Ampere Spherical Tokamak (MAST) is a spherical tokamak op-
erated in Culham at the Culham Centre for Fusion Energy [26, 66, 67]. It
has been recently upgraded to MAST-U, which is in most parts a complete
rebuild. MAST-U is going to increase to total, magnetic field, as well as
increased pulse duration and plasma current.

MAST as a spherical tokamak has a small aspect ratio. The aspect

ratio is defined as the ratio between the major radius R over minor radius
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1.5 Scrape-off layer

r,i.e. a = R/r. Tt is the successor of Small Tight Aspect Ratio Tokamak
(START), and was build after the promising results of START [68, 69].
START achieved a magnetic beta of 30 % - which was much higher than the
previous record of 12.6 % achieved at DIII-D [69]. A spherical tokamak has
a minor radius r similar to the major radius R and thus confines the plasma
close to central solenoid. As the magnetic field decays as % this means that
higher pressures can be achieved at lower magnetic field strength. Thus the
spherical tokamak design might allow to achieve fusion reactors at reduced
costs compared to the standard tokamak design [26]. The major radius of
MAST is R ~ 0.85m and the minor radius is r ~ 0.65m, giving an aspect
ratio of a ~ 1.3 [70]. The magnetic field drops from 2T to 0.25T at the
outboard. The maximal plasma current is around 1.2 MA. MAST often
operates in a asymmetric double-null divertor. Compared to the single-
null geometry shown in fig. 1.2, where a single X-point exists in the lower
part of the domain, a double null geometry has a second X-point on the
top. Each of the X-points has an associated separatrix. If the differences
between the inner and outer separatrix is much less than the heat flux width,
the configuration is referred to as connected double-null (CDN). In such a
configuration the connection length in the near SOL is around 10m [71].

MAST has an open vessel, which allows wide angle views using optical
observation of the plasma [26, 72]. The SOL of MAST is in general well
diagnosed, which makes it suitable for studying filaments [26, 66, 67, 73, 74].

The magnetic field is mostly in toroidal direction. This implies that the
connection length along the magnetic field lines from the mid-plane to the
divertor is even for medium sized tokamaks like MAST several meters [22].
The pitch angle relates to the ratio of the toroidal magnetic field B, and
poloidal magnetic field By as arctan (By/By) [75].
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Figure 1.4: 2D cross section of MAST-U showing the divertor design as well
as a conventional divertor configuration on the left and a super-x divertor

configuation on the right. Reproduced with kind permission from Fishpool
et al. [76].

MAST-U is going to be used to study advanced divertor geometries.
The large number of magnetic coils in the divertor region allows one to
also study other magnetic divertor geometries including standard divertor
configuration or snow flake divertor, where a secondary X-point is close to
the primary one. One of the new divertor geometries that can be achieved
with MAST-U is the super-x divertor, as shown in fig. 1.4. Thereby the
outer leg will be pulled further out, to a radius of 1.6m, compared to
the 0.8 m radius of the conventional divertor [76]. MAST-U has a closed
divertor configuration, this means that the divertor is partially disconnected
from the main chamber, which is expected to allow for a signifcantly higher
neutral pressure in the divertor, compared to the rest of the device [76].
MAST-U can also be opperated in the double-decker configuration, where

the inner leg is also pulled outwards in the divertor chamber.
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1.6 Outline

This thesis studies the dynamics of filaments in order to increase the un-
derstanding of the impact of plasma backgrounds on the dynamic of per-
pendicular transport in the scrape-off-layer (SOL) of fusion devices. This
is of interest as filaments are expected to be the significant transport mech-
anism [77]. A broadening of the SOL has been observed at high densities
in different machines [37], and it has been suggested that filaments may be
the cause of this transition, in particular an increased resistiviy has been
proposed as a mechanism that increases the radial filament velocity. This
is discussed in more detail in chapter 2.

This study is addressing the impact of the plasma backgrounds on the
dynamics of filaments. This includes the impact of spatially varying back-
grounds, especially in the presence of detachment where the plasma in front
of the target is much colder than the upstream plasma. As cold plasma in
front of target has been suggested to increase filaments’ radial velocity,
are detached plasmas causing the broadening of the SOL? Also the impact
of neutrals on the dynamics of filaments will be studied. Besides a direct
impact of neutrals via neutral-plasma collisions, indirect changes are also
studied, in particular changes in the plasma backgrounds due to neutrals
that are impacting the dynamics of filaments. These questions are answered
by studying the radial filament velocity using self-consistent backgrounds.
The STORM code was extended to include neutrals, as a step towards more
realistic modelling of the backgrounds. The codes including the extensions
are discussed in chapter 3.

A 1D version of the codes is used to generate the self-consistent back-
grounds. The backgrounds created as part of this work are discussed in

detail in chapter 4. This includes the details of the creation of the back-
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ground profiles, as well as the physics of the different regimes reproduced
by the backgrounds.

The study of the radial filament velocity is presented in chapter 5 for
the backgrounds in attached divertor conditions. This includes a detailed
discussion of the temperature dependence on the temperature backgrounds,
in particular of the distinction between upstream and target temperature
dependence.

As chapter 5 raises the question whether the target temperature depen-
dence is holds in detached conditions, which would imply no variation of
the filament radial velocity in detachment, chapter 6 extends the study into
detached conditions. Thereby a deviation from the target temperature is
observed.

The thesis is concluded by a summary of the presented findings. Chap-
ter 7 also puts the results in context, and aims to answer the question on

how this thesis has contributed to the broader fusion research.
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CHAPTER 2

Review of Filament Physics

Filaments are positive density perturbations which are strongly magnet-
ically aligned, meaning their perpendicular extent is much smaller than
their extension along the magnetic field [32]. Filaments have been observed
in many magnetised plasmas, for example in space plasmas [78], the here
presented review will however only discuss filaments in fusion devices. Var-
ious names have been used for filaments, such as blobs, filamentary-blobs
or streamers. The name blob stems from 2D imaging, such as Gas Puff
Imaging (GPI), where only the cross section of filaments is visible. In this
thesis only the term filament is used for consistency.

D’Ippolito et al. [32] define three main requirements for filaments:

e Monopole density perturbation, at least 2 times higher than the sur-
rounding rms fluctuations. Different thresholds are also used, e.g.

2.5 [79].
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e Magnetically aligned, i.e. much smaller perpendicular extension that

parallel extensions d; < 9.

e Dominant £ x B advection in the direction of a charge-polarising
force, with an associated dipole vorticity and potential structure per-

pendicular to the filaments motion.

Note that measuring the quantities like the potential or vorticity in exper-

iments can be challenging [32].

2.1 Experimental observations and proper-
ties

Filaments have been observed in most fusion devices in the scrape-off layer.
In tokamaks for example in JET [80], Axially Symmetric Divertor Exper-
iment - Upgrade (ASDEX-U) [81-83], Tokamak & configuration variable
(TCV) [84-86] and DIII-D [31, 87] as well as in spherical tokamaks. e.g.
NSTX [88, 89| and MAST |26, 67, 73] as well as in stellarators e.g. Wen-
delstein 7X (W-7X) [90] and Large Helical Device (LHD) [91]. They have
also been observed and studied in linear devices e.g. TORoidal Plasma
EXperiment (TORPEX) [92].

The above definition for filaments stem from theoretical models. In ex-
periments, it is often not possible to measure these quantities, or at least
it is challenging [32]. Thus for experimental observation, often the inter-
mittency of filaments is used to detect their presence. Langmuir probes
are often used to diagnose plasmas, and the signal from Langmuir probes
can be used to detect the presence of filaments. If there is an enhanced

number of large amplitude events in the SOL, they are typically attributed
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2.1 Experimental observations and properties

to filaments. A single probe gives only limited information about the spa-
tial structure and does not allow one to measure the filament’s vorticity
or velocity. While the spatial size  cannot be measured, the rise and fall
time 7 of the signal can be measured, which gives the size-to-velocity ratio
T ~ %. This gives still some information about the observed filaments [93].
If the same filament is measured by a different probe, the velocity of the
filament can be estimated, assuming that the two measurements can be
associated. One mechanism to measure the spatial distribution of filaments
is conditional averaging [32, 35, 94|. Thereby a reference signal is used to
detect filaments, and average over several observed filaments. If the main
probe is moved in between, this allows one to construct a spatial image of
an average representation of a filament [95]. Using this technique it is also
possible to obtain the evolution of a filament, and also to measure averaged
electric fields during the occurrence of such an average filaments, via mea-
suring the potential with the probe. Electric fields of a single filament can
also be measured with two probes [93].

Another approach for measuring filaments is optical imaging. This al-
lows one to measure the spatial structure of single filaments, as well as
their time evolution, which can be used to infer the filament’s velocity.
Measuring the temperature or density of filaments however is not directly
possible, as the amount of emitted light is a non-linear function of plasma
density, temperature as well as neutral density [96]. One commonly used
approach is gas puff imaging (GPI). Thereby a cloud of neutrals is puffed
into the SOL, and the emission of the neutrals is measured with fast op-
tical cameras. This has been used for example in Alcator C-Mod [97, 98|,
National Spherical Torus Experiment (NSTX) [88, 89, 99] and ASDEX-
Upgrade [100]. Beam emission spectroscopy (BES) is similar to GPI, as
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also the optical light emitted via neutrals is measured, but unlike GPI, a
continuous signal is used [101]. This has been used for example in DIII-D
to observe filaments [31]. Both GPI and BES allow one to measure the
2D structure of a filamentary structure in the poloidal, radial plane with a
resolution of up to ~1 mm and ~1 ps [32]. Another way is to rely on the
background neutral gas. This allows for an overview of filaments. This has
been applied for example on MAST [73] or TCV [34]. Unlike the active
imaging methods, this does not result in the observation of the filament
cross section. Rather a 2D projection of the full 3D image is recorded.
To get the filament cross section, the image needs to be inverted [37]. In
this case the observation is typically done using unfiltered light, which is
dominated by the D, line [72].

Filaments have been observed to be a significant transport mechanism
in the SOL of tokamaks [31, 72, 77, 102]. Especially in the far-SOL fila-
ments are causing most of the cross-field transport [97, 102]. As filaments
are also in the near-SOL a significant cross field transport mechanism, they
might help handle the power in the divertor [103|. Large plasma fluxes
onto the first wall materials may degrade the wall and cause sputtering.
The thereby introduced impurities can dilute the plasma and degrade con-
finement. The plasma wall interaction can cause dust production as well as
increased tritium retention, both concerns for ITER [30]. Filaments are also
considered to explain the flattened density profiles in the far-SOL, which
will be discussed in more detail in sec. 2.1.2. Understanding filaments with
a view to predicting and controlling them in future devices is therefore of
interest. While fully turbulent simulations, including filament generation,
transport and interaction with the background are certainly of interest, the

high computational cost make it challenging to use them for designing fu-
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ture devices. Stochastic models, using an accurate description derived from
seeded filament simulations can provide a computationally cheaper option
to predict SOL profiles for future design, that can then later be verified
using fully turbulent simulations. This will be discussed in sec. 2.1.2.
Filaments are born in the edge of tokamaks. On JET it was first ob-
served that they are born in the edge shear layer [104]. On MAST measure-
ments of the skewness suggest that they are born in the region of maximum
electric field in the edge [67]. Gas puff imaging from NSTX suggests that
the filaments are created in a region of high relative pressure gradients in the
edge [89]. The filaments are then accelerated outwards. As the filaments
have a significantly higher amplitude than the background fluctuations,
this leads to a skewed probability distribution function (PDF), meaning
there are more large positive fluctuations than negative fluctuations. The

skewness of the PDF has been observed in many experiments [32].

2.1.1 Experimental observations on filament scalings

In experiments performed on DIII-D the filaments’ radial velocity was found
to be around 2.6km/s 0.5cm outside of the LCFS, and are dropping to
around 330m/s near the wall. The decrease in radial velocity is positively
correlated with an decrease in radial size, which decreases from 4cm to
0.5 cm [31]. The sizes are given as the full width of the filament. Rudakov
et al. measured in H-mode the radial velocities to be around 1.5km/s, and
the filament sizes where around 1.5cm [87]. This was measured in the
near SOL, 1 cm outside of the LCFS. Rudakov et al. measured the size of
filaments in L-Mode to be around 2.5 cm compared to the 4 cm measured
by Boedo et al. [31, 87].

A measurement of filament peak density, temperature and radial veloc-
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ity is shown by Rudakov et al. for the DIII-D tokamak [35]. The measured
data does not show a strong correlation of average density and filament
velocities. For the case of fqw ~ 0.27 the SOL temperature is increased
around 6 to 10cm outside the LCFS compared to the the other shots.
The filament velocity is slightly increased compared to the other shots at
the same plasma current. The velocity increase for the shot with lower
plasma current is stronger, in which case both the filaments density and
temperature is increased. In all cases the filament velocity increases from
around 0.5km/s at the LCFS, towards around 1km/s at around 2 cm out-
side the LCFS, and drops to less than 0.5km/s at around 6 cm outside of
the LCFS [35].

At NSTX GPI has been used to track single filaments, which has been
used to calculate the filaments’ radial velocities [89]. The velocities lie be-
tween 100m/s and 1.4km/s. There is no obvious trend for the filament
velocities as a function of distance from the separatrix - one filament ac-
celerates, one decelerates and one first decelerates, then accelerates before
decelerating again. The observed velocities lie mostly within the expected
range from theoretical scalings, but the range of expected velocities span
partially over an order of magnitude.

In JET the filaments are found to have a radial velocity around 0.38 km /s
4 cm outside of the separatrix for edge localised mode (ELM) filaments,
while L-mode filaments are measured with 95m/s and inter-ELM filaments
with 60m/s. The size of L-mode filaments was around 1cm [80].

Kirk et al. observed in MAST that the perpendicular width of L-Mode
filaments have a dependence on the plasma current [105]. The increase of
the plasma current resulted in a shift of the PDF of the bi-normal fila-

ment size to larger sizes. Kirk et al. suggest that the dependence might
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be introduced via the dependence of the parallel connection length on the
plasma current [105]. The radial filament size decreases slightly with in-
creasing plasma current. Kirk et al. find an average radial velocity of
0.84 4+ 0.03kms™! for a plasma current of 400kA, and an average radial
velocity of 0.36 + 0.03kms™" for the 900 kA plasma current [105]. This
means that in addition to the radial filament size, the radial velocities of
the filament decrease with increasing plasma current. Kirk et al. also
found that the density fall-off length in the SOL decreases with plasma
current [105]. This supports the picture that density profiles are governed
by the dynamics of filaments.

Katz et al. [106] study the impact of a neutral background on the dynam-
ics of filaments. A filament is generated using a microwave pulse and the
resulting motion due to curvature drive is studied. By varying the neutral
pressure, the impact of the neutral on the filament dynamics was studied.
The study does not include a plasma background or plasma sheaths effects,
as the filament is propagating in closed field lines. For the parameters
used an inverse proportional dependency on the neutral density is observed
for the filaments’ radial velocity [106]. Theiler et al. [92] measure for the
filaments observed in TORPEX a small decrease of the filaments’ radial

velocity with increasing neutral density.

2.1.2 Impact on SOL profiles

Traditionally the SOL of fusion plasmas has been modelled with 2D trans-
port codes, that take a diffusion constant for the cross field transport. As
mentioned in the previous section, the SOL, and especially the far-SOL is
dominated by intermittent, large scale fluctuations. These are non-local

events, and thus a local diffusion coefficient cannot predict the resulting
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profiles. As the transport is inherently turbulent, turbulence transport
codes have been developed for the SOL.

The flattening of profiles is an issue for fusion devices, as that can in-
crease impurities as well as increase tritium retention. Understanding and
predicting this is of interest. Currently filaments are one of the prime can-
didates to explain the SOL profiles. A change in the dynamics of filaments
may thus trigger the flattening of SOL profiles. Stochastic models, that de-
scribe the SOL in terms of independent filaments have not only been used
to reproduce the flattening in the far-SOL, but they can also reproduce the
skewness of the PDFs in the far-SOL [73, 107, 108]. Thus filaments are a
promising candidate to explain the SOL flattening.

As filaments are born in the edge of the tokamak, the filaments observed
in the far-SOL are not born local, thus filaments are a non-local phenomena,
and thus previous approaches of local diffusion rates are not sufficient for
capturing the SOL transport [84, 97, 102]. Filaments have been observed to
cause significant radial transport in the SOL in several devices [31, 72, 102].

Militello et al. [36] propose a stochastic model that assumes filaments
as independent, randomly appearing events. The model requires the fila-
ment dynamics and the filament occurrence rate as input. The occurrence
rate depends on size and amplitude. Filament shape, velocity and drain-
ing function are needed in terms of the filament dynamics, to calculate
the SOL profiles [36]. Thereby several ways are discussed to achieve the
double-exponential scrape-off layer profiles that are observed in many exper-
iments [37]. The first effect to achieve this is to assume a double exponential
decay in the draining function of the filament amplitude, rather than as-
suming a single exponential. This however results in decreased fluctuations

levels in the far-SOL, which is in contrast to experimental observations,
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where in the far-SOL increased relative fluctuation levels have been ob-
served [37]. The next mentioned possibility is accelerating filaments. If
filaments accelerate further out in the SOL, this results in non-exponential
density profiles, in contrast to the decreased drain, the relative fluctuation
level increases. Also a distribution of filaments of different amplitudes, and
more so filaments of different perpendicular size can also lead to a flattening
of the far-SOL [37]. Similar to the case of an increasing filament velocity,
either results in increased fluctuation levels in the far-SOL.

This model has been used to reproduce the SOL profiles in MAST.
Thereby the filament occurrence rates of filament size and amplitude are
taken from experimental measurements. The radial velocity was assumed
to be constant and the drain exponential. This method reproduces the
experimentally observed SOL profile and fluctuations [107].

A similar comparison was done for JET [108]. Thereby the experimental
observed PDF, the auto-correlation function of the Langmuir probe (LP)
and the scrape-off layer profiles where matched. Thereby SOL profiles
featuring different conditions where featured, ranging from a steep radial
profile, via a SOL profile which is partially flattened, to a third SOL profile,
where the density was further increased, all of which where measured at
JET during a density ramp [73]. A set of parameters for the filaments
was found that matches the LP measurements in the low density case.
The parameters include a filament velocity scaling factor and filament size
probability distribution, given by a Gaussian distribution. Additionally to
finding good agreement with the above mentioned LP data, the filament
occurrence frequency as well as the velocities are in agreement with previous
observations in JET.

Fedorczak et al. proposes an similar model for modelling the SOL that
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assumes saturated turbulence [109]. Thereby the results for the density
fall of length is compared to the results of fully turbulent simulations using
TOKAM2D, the 2D version of TOKAMS3X. The model derives the filament
properties, which are required for the stochastic SOL model by approximat-
ing the quantities in spectral space.

Paruta et al. [110] compare the filament motion observed in fully turbu-
lent simulation in a full diverted tokamak geometry with analytical scaling
predictions. The numerical model is a cold-ion drift ordered fluid model.
They track filaments above a 2.5 rms fluctuation threshold, and measure
velocity and size for the filaments. For small filaments they find that the ve-
locity is limited by the inertial scaling prediction. Paruta et al. [110] claim
that large filaments show good agreement with the resistive X regime, how-
ever many larger filaments are faster than predicted by the analytical model,
while smaller ones are slower. From the data no clear trend is visible [110].
This may be caused by an use of an average of radial and bi-normal size,
that is mainly dependent on the radial size. As Omotani et al. found, the
inertial scaling depends on the radial size, while the sheath limited scaling
is rather dependent on the bi-normal size [111]. Such a discrepancy can
emphasise that further work in predicting filament’s motion is required.
Such studies complement scaling studies, as such simulations allow a more
direct comparison of seeded filament simulations compared to experimental
observations. While the stochastic SOL model by Militello et al. [36] can be
used to explain experimentally observed SOL profiles, studies such as the
comparison of analytical scalings to fully turbulent simulations can be used
to verify the scaling laws. Unlike experimental observations, they allow a
detailed tracking of filaments, as well as a reliable analysis of density and

temperature profiles of the filaments.
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To match the profiles in the higher density cases, the parameters used
for the initial scan where varied. Thereby the three methods, as outlined by
Militello et al. [36], that result in a flattened SOL, where studied. Thereby
an increase of the drain time 7 by a factor of 25 showed good agreement
with the experimentally observed flattened SOL profiles. In the case where
the filament velocity was increased to match the profiles and the PDF, the
auto-correlation function did not match the experimentally observed one.
Walkden et al. note that they only tried varying a single parameter while in
the experiment probably different parameters change [108]. Thus the often
observed correlation between shoulder formation and collisionality A might
just be one of the driving mechanisms of shoulder formation [108].

Vianello et al. [34] found that the shoulder formation is not triggered
by a change in collisionality, but rather by a change in line-averaged den-
sity [34]. Vianello et al. [112] scanned the dependence of the SOL profiles
as they changed the connection length [112]. As the collisionality is the
integrated resistivity along the flux tube, this changes the collisionality.
The density fall-off length in the near-SOL showed a strong dependence on
the line-averaged density, but only weakly on the connection length. In the
far-SOL, the density fall-off length depended on neither [112]. The increase
in density resulted in an increased size of the filaments. At the same time,

the filament’s radial velocity decreased slightly.

2.2 Modelling of filaments

The basic properties of filaments can be captured using a two dimensional
system of fluid equations, i.e. the parallel spacial dimension can be dropped

and no higher moments of the distribution functions are required to capture
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the drift motion of filaments [32, 96]. A basic model and the associated set
of equations is introduced in sec. 2.2.1.

This basic model has been extended, in order to refine the accuracy and
thus the predictability in various ways, e.g. inclusion of a finite electron
temperature perturbation [113], inclusion of a third dimension [22| or the

inclusion of finite Larmor radii effects [114].

2.2.1 Basic model

For filament simulation field aligned coordinate systems are often used [32].
If the full geometry is retained, this results in the use of curvi-linear ge-
ometry. This can be significantly simplified by replacing the full curva-
ture terms with a curvature operator. This allows one to replace the full
curvi-linear geometry with a Cartesian coordinate system, and replace the
curvature operator by an analytical expression. This is commonly used for
filament models [22, 26, 32, 115, 116|. The radial direction is denoted by
x, the z-direction is along the (equilibrium) magnetic field, and y is in the
bi-normal direction ¢, = ¢€, X é,.

A further simplification is to drop any dependency in the parallel z
direction. Using the previously mentioned definition of a filament, a simple
model can be derived. It consists of a density field n, which is governed by

the continuity equation

dn oOn
E—E—FUE'VHNO (2.1)

with vg the E' x B drift velocity. Tdt defines the convective derivative, being
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the sum of the partial derivative and and advective contribution:

d 0

Applying charge conservation results in the vorticity w and its equation:

ow c - -
— = —b- F 2.
5 VHJ” + B V x ( 3)

where J| is the parallel current. The potential ¢ is given by:
—V(nV,5¢) =w. (2.4)

Solving for the potential can be challenging, both numerically as well as
analytically. Therefore often the so called Boussinesq approximation is
used. Thereby the density term is pulled out of the derivatives, such that
the two first order differential operators can be contracted to a second order
perpendicular Laplacian [117]. Using this approximation, the equation for

the potential ¢ can be rewritten as

~Vie=" (2.5)

This system of equations can be solved analytically neglecting the plasma

background and a Gaussian perturbation of amplitude §,, and width 0 :

2.2
n = d, exp (#) : (2.6)
07

The force is assumed to be due to the toroidal curvature and the drop

of B due to the inversely proportional dependence on radius. A linear
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dependency between the current and potential is assumed, namely J; =
ne?c,¢/T,. Further assuming a stationary solution, the radial velocity is

given as

Up = Copp (ps/0)" . (2.7)

Without the above mentioned assumption and linearisation, the system is

not analytically solvable [32].

2.2.2 Three dimensional effects

As mentioned before the parallel direction is often neglected. In this case
some assumptions must be used. One of the commonly used closures is the
sheath dissipation closure. This closure neglects parallel gradients. Another
closure is the vorticity advection closure, which neglects parallel currents.
The vorticity advection does not work for large filaments, where parallel
currents are important [22|. The variation along the magnetic field lines
introduces also Boltzmann spinning [22], which is a spinning motion due
to a monopole contribution in the potential. Also the associated poloidal
drift is not observed with 2D closures. Including the parallel dynamics can
influence the dynamics of filaments. Resistive drift waves can slow the mo-
tion of filaments by producing more diffusive filaments [118]. This effect is
particular strong for filaments with small cross section. Due to the diffusive
nature of the drift waves, small scale structures are reduced [118]. The drift

waves are especially important for filaments of large amplitude [22].
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2.2.3 Finite temperature perturbation

Another step towards a more complete picture of the physics involved,
finite electron temperature perturbation can be included. The inclusion
can significantly influence filament dynamics, as it increases the poloidal
motion and decreases the radial velocity [113]. The thermal perturbation
can cause a strong current in the filament, due to the fast motion of the
electrons. This causes a monopole in the potential, which then causes the

rotation of the filament.

2.2.4 Scaling of filaments

Scaling laws, describing the filaments radial velocity as a function of plasma
background parameter, have been derived [113, 119, 120]. The scalings
neglect not only neutral plasma interactions, but simplify the equations in
further ways, to get an analytical expression for the filament velocity.

Depending on the perpendicular size §, of the filament, the scaling can
be strongly different, as the ways the vorticity is closed is dependent on
the regime the filament is in. For small filaments, typically the advection
closure is used.

To derive the typical velocity, the typical electrical field is required.
This derivation follows the approach outlined by Walkden et al. [113]. The
steady state solution of the vorticity equation is used to approximate the
electric field in the filament. Starting from eq. (2.3) only the source and

the advection terms are retained for small filaments:

on
0=vgVod+ g— 2.8
Vo g@y ( )

1

5> as the length scale on which a
1

Spatial derivatives are replaced with
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quantity changes is the size of the filament. Further the velocity is propor-

tional to the electric field, thus %. Using the Boussinesq approximation
—V2%¢ = w, the derivatives can be replaced by i and thus ¢ = —§%w.

Substituting the terms in the above equation yields

¢* O
5—2 = ga (2'9)
1

with 9,, the density perturbation. Solving for v, gives the inertial scaling

v = 1/ g0,01 (2.10)

In the case of high viscosity, the vorticity is predominantly closed by
diffusion, in which case the diffusion term, rather than the advection term

in eq. (2.3) needs to be retained:

on

9 + 1, Viw (2.11)

0=g

Using the above introduced assumption, this yields the viscous scaling

oy = Lng2 (2.12)

o

For large filaments typically the sheath closure is assumed, where the

drive is mostly closed by sheath currents

on ¢

approximating again derivatives with the filament size, gives the sheath
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scaling [22]
Vp = g5nL||5J__2 (2.14)

The scaling has been observed in several numerical simulations [115, 121].
In the case of dominant neutral-ion interaction the neutrals can be the
main closing path for the curvature drive. Kube et al. [122] derive a neutral-

friction scaling of
U X = (2.15)

with I' the ion-electron collisionality. The numerical investigation by Kube
et al. [122] reproduces this scaling for sufficiently large collisionality and
thus reproduce the results by Katz et al. [106].

To analyse the dynamics of filaments in theoretical studies, the fila-
ments perpendicular size is often discussed with respect to critical size of
filaments [119, 121]. The critical size §* is the perpendicular filament size
where two different closing mechanism are similar in magnitude, typically
the sheath closure, involving parallel dynamics, and the inertial scaling,
also known as resistive ballooning regime [22, 89, 121]. Myra et al. derive

a critical size [89]

2 4N\ 3
5 = (%) (2.16)

Easy et al. [121] compared the theoretical prediction from Myra et
al. [89] for the transition from inertial scaling to sheath limited scaling
using a 3D, isothermal version of STORM, which is introduced in sec. 3.3.

By scanning the radial velocities of filaments as a dependence of the per-
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2.2 Modelling of filaments

pendicular size of filaments, the transition size was determined. By arti-
ficially changing the parallel viscosity, the scan was repeated for different
viscosities. This showed that the transition happens at smaller sizes than
predicted by analytical theory [89, 121].

Easy et al. compared scaling of filaments in two and three dimen-
sions [22]. In two dimensions, using the vorticity advection closure, a scal-
ing of the peak radial velocity v, with the filament size 6, of v, o /&,
is observed. With the sheath dissipation closure, the \/d, scaling is only
observed for small filaments, i.e. for filaments smaller than the critical
size 0, < ¢*. For filaments much larger than ¢* the scaling converges to
Uy X 512. The 3D filaments agree mostly with the observation from the 2D
sheath dissipation closure. Depending on the parallel extend of the filament,
the observed radial velocity is faster or slower, than the 2D model predicted.
For larger filaments, the decay is not as fast for the 3D model than for the
2D model. Such large filaments are not observed in experiments. Easy et
al. [22], following the derivation of [92, 118]|, derive an analytical expression
for the critical filament size 6*. The assumption is that viscous effects are
small in the SOL and can be neglected. The main contribution balancing
the generation of vorticity are polarisation currents and sheath currents.
Polarisation currents are dominant for small filaments, and sheath currents
for large filaments. If both currents are of similar magnitude, the filament

is of critical size, which leads to

gLt 6, 1\’
= 2.1
d ( 2 ng + (Sn ( 7)

Such scalings are important, as they significantly contribute to the un-

derstanding of filaments. Further they can be used as input into broader
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2.2 Modelling of filaments

models, as it has been done e.g. by Militello et al. to model the shape of
scrape off layer profiles including the velocity scaling of filaments [36].

Most studies look at circular shaped filaments. Omotani et al. [116] have
used the STORM model to extend this by studying elliptical shaped fila-
ments. Thereby not only the eccentricity of the seeded filament was varied,
but also the angle of the seeded perturbation with respect of the direction of
drive. Omotani et al. [116] found that plotting the filament’s radial velocity
against the radial width §,, showed a dependence proportional to /4, for
small filaments. The dependence for large filaments was similarly found if
the peak radial velocity was plotted against d,, i.e. against the width in
the bi-normal direction, where a d,? dependence was observed [116]. While
this was done with a 2D code, and verified with 3D simulations, it is intend
that the results can be more or less directly extended to filament simulation
which include a more complete physics model.

Similarly most filament studies are done on single, non-interacting fil-
aments. Militello et al. studied the interaction of filaments using 2D and
3D simulations [123]. The study found that filament interaction is caused
by the overlapping of the electric fields caused by the vorticity of the fil-
aments. The interaction however quickly drops off, and is only important
for distances on the order of the filament size, for larger distances the fila-
ments can be modelled as independent [123]. Militello et al. conclude that,
at least for the filaments detected in MAST, the distance of the observed
filaments justifies as to treat them as single filaments [123].

The above mentioned filament codes have been benchmarked with ex-
perimentally observed filaments in the TORPEX device as well as with
filaments observed in the SOL of MAST [96, 124].
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2.3 Sheath physics

If a plasma interacts with a surface, a sheath develops at the boundary.
As the electrons are more mobile, leading initally to a larger electron flux
than ion flux to the wall and thus the sheath consists of an area that is
depleted of electrons. The charge density causes an electric field which in
turn causes the ions to be accelerated. In order to study the sheath, a model
allowing for charge separation as well as a small enough spatial resolution
to resolve the sheath is required, thus rather than modelling the sheath
itself, the sheath physics is replaced by appropriate boundary conditions.
For a plasma fluid model these boundary conditions consist of the Bohm
criterion for the ions [44], where the ion velocity U has to reach the speed
of sound ¢, depending on the electron temperature 7., ion temperature T;

and ion mass m; at the entrance to the sheath

U=c, = ' (2.18)

The electrons are much lighter and respond faster to electric forces, thus
balance the potential ¢ at the target. The electron velocity V' at the sheath

18

Vi ¢
V=vT — — 2.19
VI exp(—E = ) (219)
with V} the floating potential given by
SVf 1 Me E
=—1 2r— 1+ = 2.2
T, 2 Og( T ( +Te)) (2:20)

For the steady-state background the ion and electron velocity need to

be equal, thus U = V and thus the potential at the target is ¢ = —V}.
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2.3 Sheath physics

If the filament causes a temperature perturbation, this also results in an
perturbation of the boundary condition for the electrons.

The current J is given by J = n(U — V') thus the sheath current is given
by

J=n(U - V) = nVT (1 — exp(—V; — %)) (2.21)

This expression is non-linear in the potential ¢ but a taylor expansion can
be used to get the first order response for small perturbations, which then

gives the linear sheat boundary condition mentioned in section 2.2.1.
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CHAPTER 3

BOUT++4 and STORM

The simulation presented in this thesis have been run using the STORM |22,
113, 116, 121, 123, 125, 126] code, which is a physics model using the
BOUT++ library. As part of this thesis, STORM has been extended with
a neutral fluid model. The neutrals model is implemented as a separate
module, to allow easier reuse in other codes, and will be presented in sec. 3.4.
First however, the BOUT-++ framework will be introduced in sec. 3.1 and
the STORM physics model in sec. 3.3.

3.1 BOUTH+-+

BOUT++ is a library written in C+4 which allows for writing parallel
plasma-fluid simulation in curvilinear geometry using the message pass-

ing interface (MPI) and OpenMP for parallelisation [61]. BOUT++ is a
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3.1 BOUT++

rewrite of the BOUT code, having its name from its use as BOUndary
Turbulence code. BOUT++ is developed on github! by an international
group, receiving contributions from the University of York (UK), Lawrence
Livermore National Laboratory (LLNL), Culham Centre for Fusion Energy
(CCFE), Technical University of Denmark (DTU) and other international
partners [127]. BOUT++ was written to allow a more flexible implementa-
tion of BOUT [128, 129]. As such there is a physics model called BOUT++
which is using the BOUT++ framework, but in this theses BOUT++ al-
ways refers to the framework, unless otherwise noted. BOUT-++ is licensed
under the Lesser General Public License version 3 or later (LGPLv3+) li-
cense [130, 131], that ensures that BOUT++ is free and can be used in

research. The license is introduced in appendix D.

3.1.1 A short introduction to CFD

Plasmas fluid simulations are a special case of computational fluid dynam-
ics (CFD). One of the main differences between standard CFD codes and
the plasma codes in fusion research is the difference in the supported ge-
ometry. While the shape of a tokamak or stellarator is simple compared
to the shapes required in other fields of CFD, such as plane modelling, the
magnetic field makes it beneficial to use a complicated coordinate system,
thus preventing the use of general CFD codes in fusion research.

In CFD, the fields that are to evolved are first discretised onto a grid.
Additionally, the time is discretised, and the field is evolved iteratively in
time. We will here focus on regular grids, as these are preferred due to the
simple geometry. One option to discretise a field is by approximating the

field locally by simple functions. The other option is to sample the field

'https://github.com/boutproject/BOUT-dev
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at several points, and approximating the field using these values. The first
approach is often used in engineering in the finite elements method (FEM)
that is beneficial for non-regular grids. On regular grids, approximating
the derivatives of a field f with finite differences is conceptually simple and

computationally efficient:

% ~ —fic1+ fim

ox 2Ax (3.1)

where 7 is the spatial index and Ax is the grid spacing. The field is locally
expanded in a Taylor expansion of arbitrary order, and the above shown
centred derivative is stencil is to second order accurate. A 4-th order accu-

rate stencil is

3_f Jica = 8% fi1 + 8% fiy1 — fiyo
Ox 12Ax

(3.2)

Increasing the order of accuracy of a stencil increases the computational
cost. In order to calculate the derivatives at the boundary of a domain,
the centred stencils require cells outside the domain, which can be set by
boundary conditions. Similar to the derivative stencils, the values can be
calculated by Taylor expansion. Typically either the value at the boundary
or the derivative of the field is given, and can be included in the calculation
of the cells outside of the domain. High order schemes do require more
boundary cells, which can lead to numerical instabilities caused by them.
Besides that, higher order schemes are not necessarily the most appropriate
way to improve accuracy. In the presence of shocks, refining the mesh
gives a more accurate result than increasing the order of the differencing
scheme [132].

Assuming the equation to be solved is a first order differential equation
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of the form

of

—=F t 3.3
2~ F(f,2,1) (33)
where f can be a scalar field, a vector field, or several of either, and F
is a functional giving the time derivative, which may include differential

operators and can be calculated with e.g. the above mentioned stencils.

Such a system can be evolved in time using the simple Euler-Method [133]:

fj+1 = fj + F(fj, J],tz) . At (34)

where j is the time index, and At is the time step. Note that this is only
accurate to first order in time. Higher order can be achieved by using
a Runge-Kutta method, where one or more intermediate steps are calcu-
lated [133]. If the time steps are explicitly calculated as described above,
the time step needs to be sufficiently small, at least the time step needs
to be smaller than the time it takes for the advection to cross one cell, i.e.
At < %x where u is the velocity. Another type of time solver are implicit
time solver. In contrast to the before mentioned explicit methods, F' is

calculated at the new time, i.e.
fivi = [+ F(fjs, 2,6+ At) - At (3.5)

Note that this does not directly allow for the calculation of f; ;. Various
iterative methods can be used to calculate this, where the appropriate choice
depends not only on the system of equations but can also depend on the
parameters used [134]. Ome such group of methods are Newton-Krylov

methods, where the Newton iteration is used to find the solution, and the
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Krylov subspace method is used for inverting the jacobian matrix [134, 135].

3.2 Overview of BOUT-++

BOUT++ uses the finite difference method, although additionally some
finite volume schemes are available. Finite volume stencils are a variant
of finite differences, that take the cell volume into account for flux deriva-
tives, and can thus conserve the number of particles up to numerical pre-
cision. Additional to centred differences stencils, weighted essentially non-
oscillatory (WENO) stencils are available as well [61, 136]. Additional flux
and upwinding schemes are implemented for advective derivatives. Fur-
ther BOUT++ has support for the bracket operator, which computes a

derivative of the form

by f (3.6)

which appears quite often in drift ordered fluid equations due to the E x B
advection. BOUT-++ also supports staggered grids, where one of the grids
is offset with respect to the main grid by half a grid spacing. Normally
quantities are defined in the centre of the cell. In the staggered grids the
quantities are defined on the cell edge. By defining flux quantities on the
staggered mesh, the checker-board instability can be reduced [137], which
in other cases may appear due to a partial decoupling of odd and even cells,
a consequence of the stencilch eq. (3.1) being used for advective derivatives.

Although BOUT++ is not strictly limited to tokamak geometry, it is
developed with a focus on the edge and SOL region of tokamaks. One of the
consequences is an assumed toroidal symmetry of the geometry. A varying

metric tensor in the toroidal direction is not supported, although currently
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work is under way to remove this restriction, in order to allow simulations
in stellarator geometries. The metric tensor can vary freely in the radial
and poloidal direction.

The BOUT++ library comes with support for several solvers for the
time evolution. Implicit as well as explicit methods are supported, as
well as implicit-explicit (IMEX) schemes, which allows one to evolve some
fields using explicit schemes, while other fields can be evolved using implicit
solvers [138]. Note that most of the time solvers are not part of BOUT++
itself, but rather BOUT++ provides an interface to use various external
solvers, such as Portable, Extensible Toolkit for Scientific Computation
(PETSc) [139], pvode [135], arkode [140], cvode [140] or Scalable Library
for Eigenvalue Problem Computations (SLEPc) [138, 139].

Additional to the above mentioned differential operators, BOUT++
provides convenient ways for basic maths operations on fields, such as mul-
tiplication or subtraction, which is implemented using operator overloading
in C++ [61].

The library is written in C++ and by providing a high level application
programming interface (API) allows one to write the physics equation in
close to analytical form. This can significantly reduce the development time
for physics models. It further simplifies to read, modify or study equations.
While this abstraction does allow for faster changes to the physics model, it
comes with a certain runtime cost. As the fluid models are often changed,
and e.g. certain terms added or other effects temporarily disabled to check
their impact, thus often more time and cost is spent on developing the
codes than running them. Thus this is often a favourable trade off, if an
appropriate model for the system is not fully established.

Another recent development in BOUT++ was to extend the test suite
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significantly. Additional to running a few simulations and comparing with
earlier or analytical results, various tests using the method of manufactured
solution (MMS) and unit tests have been added [138, 141]. This ensures
not only that no major mistakes are introduced over time, but also can be
used that e.g. the differential operators are correctly implemented, or that
the boundary conditions converge with the expected order.

As the physics model is written in close to analytical form, the amount
of code that needs to be checked can be limited to a few dozen to some
hundred lines. It also can be used to write code with limited understanding
of the inner mechanisms of BOUT++. BOUT++ aims to find the balance
between performance and usability to enable new and original research.

As BOUT++ is written mainly in C+-, this allows one to achieve good
performance, as well as rather straight forward implementation of physics
modules.

A BOUT++ module is a program that mainly uses the BOUT++ li-
brary for solving a physics problem. Such a module consists of the code
that implements the equations using the API discussed above. Additionally
an input file is needed, that specifies the differential operators, and either
defines the grid or refers to a grid file if a full tokamak geometry is used.
The input file allows one to control parameters, in the physics model, such
as filament size, providing a convenient way of running scans without hav-
ing to recompile the code, or having to parse parameters. BOUT++ also
ensures that the set of parameters is stored, thus simplifing to reproduce
the results.

A more detailed description of BOUT++ is available in the manual

folder of the BOUT++ project. A pre-compiled online version is also avail-
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able?.
During this PhD several improvements have been contributed to BOUT++,

some of them are described in appendix C.

3.3 STORM

STORM |22, 113, 116, 121, 123, 125, 126] is a physics model for simulations
of filaments in the scrape of layer of fusion devices using the BOUT-++
framework. The model is mainly developed at CCFE in the UK. The version
discussed here was extended to include the interaction with neutrals. The
neutrals model will be discussed in more detail in sec. 3.4.

STORM is a drift ordered full fluid model, following the approach of
Simakov and Catto [142, 143]. The equations are given in Bohm units,

which are introduced in sec. 1.3.1.

3.3.1 Geometry and setup

In the here presented simulations STORM is using a slab geometry. Thereby
a flux tube, as shown in fig. 3.1 is straigtend. In the slab geometry used,
z denotes the parallel direction along the magnetic field lines. As shown
in fig. 3.2, at z = 0 is a symmetry plane and at z = L sheath boundary
conditions are applied. In y direction periodic boundary conditions are set,
and in x direction zero gradient boundary conditions.

The general work flow is as follows:

e 1D background profiles are generated by providing an energy source
and density source upstream in the domain. Only the parallel direc-

tion z is included.

’https://bout-dev.readthedocs.io
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ladg

Figure 3.1: Sketch of the mapping between the slab geometry and a flux
tube in a tokamak. The radial direction r is mapped to z in the slab
geometry. z is the direction parallel to B, and y is the bi-normal direction.
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Figure 3.2: Sketch of the geometry including a seeded filament.
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e The 1D profiles are extended onto 3D by setting each quantity a(x, y, 2)
to the computed 1D values as a(z,y, z) = a(y). The 3D background,

as extended from 1D, has only a dependence in the parallel direction.

e A density and temperature perturbation is added, as described in

sec. 3.3.5.

e The 3D system with the added perturbation is evolved, using the

equations discussed in sec. 3.3.2

e The resulting dynamic is analysed. Some of the methods used are

introduced in sec. 3.5

3.3.2 Equations

The STORM equation describing the plasma consist of the density n equa-

tion for the electrons

on _

o Ar+ Al + B, +C,+ N, (3.7)
At = Vo xb vn (3.8)
B
Al ==V (Vn) (3.9)
B, = i1,V + (V) - (Vn) (3.10)
0¢ onT
= —gn— - 3.11
Nn — Fion o Frec (312)
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where ¢ denotes the potential, which is the Laplacian inversion w = V2 ¢ of
the vorticity. The vorticity in this context is only the parallel component of
the vorticity, which is the curl of the flow, and thus denotes “vorticies” in the
perpendicular plane. A, denotes the advection contribution for quantity «,
here a = n. A, has been split in parallel Al and perpendicular contribution
AL, Advection denotes the transport with the flow of the fluid. Al is due
to E x B advection. The magnetic field is of direction b. Lo s the diffusion
rate for quantity «, so u, denotes the diffusion rate for the density, resulting

in the diffusion term B,,. p, is [144]

Te eiZ2
) Y (3.13)

- 2 Ze
pin = (1+1.3¢°) ((1+ T ) Jen,

with the safty factor ¢ = 7 the ion temperature T; = T, for the collisions
and §; = ZeB/m, the ion cyclotron frequency with effective charge Z and
ion mass m;. The electron ion collisionality is the rate of collisions between

ions and electrons and is given by

noZ%e*A
Vei =

__wzre A 3.14
3\ /mee2ral's (3.14)
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with €y the electric permitivity in vacuum, T = 40 €V the normalisation tem-
perature and A is the Coulomb logarithm. 7 is also known as Archimedes’
constant and ~ 3.14. ¢ is the effective gravity constant playing the role of
magnetic curvature. g is related to the major radius R, which is set to 1.5m
thus g = R% ~ 1.33m™!. The terms C,, which contain g, are drive terms. In
the code, calculating the neutrals term NN, is the responsibility of the neu-
trals code, the STORM equation for density only request the term from the
neutrals model, using an API call neutrals->getDensitySource() which
is then added to the right hand side of the time derivative of the electron
continuity equation. I'°" is the ionisation rate, I is the recombination

FCX

rate and is the charge exchange rate. The equation for the parallel

electron velocity V' is

%—‘t/:A‘L/+A|‘|/+Bv+q>v+Pv+Fv+Tv+Nv (3.15)
Ay = % -VV (3.16)
Al = -vvv (3.17)
By = iy ViV (3.18)
Oy = pVo (3.19)
Py =—Evnr (3.20)
Fy = (U =V) (3.21)
Ty = —0.71uV T (3.22)
Ny = —%rion (3.23)
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with the ion-electron mass ratio u = m;/m.. The parallel ion-electron
resistivity is given by [144] v = venT~2 and is the cause of the friction
term F,,. The viscous term By with the viscosity p was introduced to
improve the numerical stability, with the magnitude j; = 1600m?s™! or
in Bohm units s = 20 well below the Braginskii level [10], as the full
Braginskii level strongly flattens the acceleration within the flux tube and
is thus unphysical. The electro static term &, is due to parallel electric
fields. The pressure term P, is caused by the electron pressure P, =T, - n.

The T, term is due to thermophoresis, and N, is as mentioned before due

to neutrals. The equation for the parallel ion velocity U

oUu
E:A§+A'[']+®U+FU+TU+NU+BU (3.24)
Vv b

ar = Voxb gy (3.25)
B

Al = —uvUu (3.26)

Oy =—-V)¢ (3.27)

Fy=—y(U-V) (3.28)

Ty = +0.71V T (3.29)

Ny = = Ypion 4 n = Upex (3.30)
n n

BU = ,uHVﬁU (3.31)

the equation for the electron temperature 7'
or _ ..
S = AT+ Ap+Qr+Tr+ Br+ Fr+Cr+ Ny (3.32)
b

ar = Voxb G (3.33)
B

Al =—vvT (3.34)
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2

Qr = —3—V||C]|\ (3.35)
1.42

Ty = =~(U = V)V|T - 5Tv”v (3.36)
2

Br = gﬁ—LviT (3.37)
2 2 Vv

Fr= §U||(U — V)2 + 3/LH V”V (3.38)

agb 2 T?°0n 7 0T 2 _,10nT
——g — 20— — 9T — g
(9y 3"n oy 37 Oy 3 /may
1.097 — 13.6eV Eon

T, . .
NT - _ (FIOH + FCX) _ rree — FlOn Rimp (340)
n n n

Oy — (3.39)

The parallel heat conduction term ()7 is depending on the parallel conduc-

tion coefficient [144]

2

g = —?KOVHT% —0.71nT(U — V) (3.41)
169,  3.16ZeB

Ko = 3.168% _ 3.16Ze (3.42)
Ve Ve

The perpendicular transport coefficient  is given by [144]

2

n
= 14 1.6¢9%)4.66
Rl TQ( + q ) szi

2
ezmeZ

(3.43)
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The first term in Ny is as by both charge exchange and ionisation a new
ion enters the bulk, thus reducing the temperature. The second term
stems from recombination, and the 13.6eV is the energy released dur-
ing recombination assuming three-body recombination where the energy
is transfered to the plasma rather than emitted as a photon. The factor of
1.09 is chosen such that the recombination process heats the plasma below
5.25eV [145, 146]. E™" is the energy required to ionise an atom and is here
assumed to be 30 eV [146]. The impurity radiation R™P is using the carbon
radiation model from Hutchinson [147] using an impurity fraction of 1 %.
The radiation seems to have only a minor impact, and is not responsible for
the total plasma pressure drop in front of the target. The equation for the
vorticity w is derived from charge balance, and thus currents are important

for the derivation. The equation is given by

g—j:Ai+Aﬂj+Jw+Bw+Cw+Nw (3.44)
AL = Yoxb g, (3.45)
B
Al =-Uvw (3.46)
U-V
Jo=V)(U-V)+ - Vn (3.47)
B, = poV?w + Vi, - Viw (3.48)
g onT
c, =< 3.49
T (3.49)
1 : 1 .
Nw _ _Evi¢(FCX 4 Iuon) _ EVL¢ . VL(FCX + PIOII) (350)

66



3.3 STORM

The advection contribution A, are caused by the frame of reference - as if
the plasma moves, the drifts are with respect to the plasma, rather than the
lab. As will be shown later, these terms are small, especially the parallel
advection term is mostly negligable. The diffusive term B, is due to the
viscosity of the plasma, and is assumed to be neo-classical level, and thus

Ly, is given by [144]

6 pinZiA n

o= (1+1.6¢%~= —
o = (L4 160 ) g s oy s ™ 78

(3.51)

Due to the density and temperature dependence, this term is especially
important in the case of high density and low temperature, as will be seen
in the analysis of the detached simulations. In the vorticity equation the
current term J,, is responsible for conducting vorticity in parallel direction,
and is in general more important than the advection terms A, as will be
shown in the analysis of the simulations. The drive term C,, is due to the
slab approach, where the field lines are streched out, and the terms C|, is
to reintroduce the curvature effect in the system. The neutrals provide a
frictional force [148], and as the neutrals only have a velocity in parallel
direction, the perpendicular component is zero, and the neutrals provide
only a dampening term.

The cross field transport coefficients are calculated self consistently, fol-

lowing the derivation of Fundamenski et al. [126, 144].

3.3.3 Geometry and boundary conditions

As STORM is using the BOUT++ library, it can be run using a full toka-
mak geometry. However, the version used here is run in a slab geometry,

thus the drive terms are introduced to capture the curvature drive. A draw-
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ing of the geometry is shown in fig. 3.2. The Cartesian slab represents a flux
tube in a full tokamak geometry. z being the coordinate parallel to the mag-
netic field, z = 0 represents the mid-plane, and reaches to z = L = 10m
to the target, which is modelled by sheath boundary conditions. z = 0 acts
as a symmetry plane for the simulation. This is a plane orthogonal to the
magnetic field. The radial direction is in z direction, and the bi-normal
direction is called y. Note that in the code z and y are swapped, but this
convention is used to be consistent with the notation used in literature. For
all simulations presented here, a uniform mesh was used. The parameters,
such as the parallel connection length L = 10m as well as the magnetic
field B = 0.5T are representative for MAST, see sec. 1.5.4.

In the radial direction Neumann boundary conditions with zero gradient
are enforced, with the exception of w and ¢, which are set to respective
background values. The y direction is periodic for all quantities. At the
symmetry plane the velocities U and V' are set to zero, whereas for the other
quantities zero gradients are enforced. At the target magnetic pre-sheath
boundary conditions were set. The ions need to reach the speed of sound

U = /T, and the electrons have to reach at the sheath boundary

V = VTexp(—V; — %) (3.52)

where V; is the floating potential. The heat flux at the target is give by

1
g lsheath = (2 = V3) n'TU — 2.5ntV — ﬂnvi” (3.53)

The neutral density is forced to have a vanishing gradient at the target
boundary and the neutrals velocity needs to vanish at the sheath. The

plasma density and temperature is set to free, i.e. extrapolated into the
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boundary without restriction.

3.3.4 Backgrounds

Before the filament can be seeded, a background is needed onto which the
filament can be added, which is described in sec. 3.3.5. The backgrounds
are only retaining the parallel dependence, and uniformity in the radial and
bi-normal direction is assumed. Thus the backgrounds are 1D along 2. The
backgrounds are evolved using the above equations (3.7) to (3.50). Due
to the uniformity, perpendicular terms can be dropped for computational
efficiency. This also implies that the backgrounds are turbulence free. The
profiles are fuelled by an density and temperature source which is located
at the mid-plane, and have an exponentially decaying shape.

For the fuelling either a prescribed rate was used, or a specific upstream
value for density and temperature was used, and the fuelling was controlled
with a proportional-integral-derivative (PID) controller. A PID controller
sets the influx as a function of the instantaneous difference to the predefined
value, the integral and the derivative of the difference. It is a commonly

used control loop feedback mechanism.

3.3.5 Filament seeding

Filament seeding describes the process of adding a pressure perturbation
on top of an otherwise unperturbed background [32]. The alternative to
seeded filament simulations, is to evolve a fully turbulent system, in which
filaments are born self consistently, in order to study filament dynamics.
Fully turbulent systems allow for example to also study the occurrence

rate. Seeded filaments on the other hand, are computationally much less
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full perturbation

background level
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Figure 3.3: Plot of eq. (3.54) with 6, = L,/2 and ¢ = L,/10.

demanding. They also allow a fine control on various parameters, such as
perpendicular size or amplitude.
STORM uses a tanh shape for the seeded filament in the parallel direc-

tion. The full functional dependence is

1 — tanh((z — 4,)/¢)
2

(3.54)

where 0, is the half length of the filament in the parallel direction. The full
length is 20,, due to the symmetry of the system in parallel direction and
can also be seen in fig. 3.3. ( is the length over which the filament decays
to the background value. Due to the symmetry, only half of the dommain
is simulated.

In the perpendicular direction a Gaussian shape is used:

2 2
exp (x ;y ) (3.55)
1

where ¢ is the perpendicular width of the filament, x is the radial direction
and y is the bi-normal direction. Note that STORM has also been used

for non-circular filaments [111], as part of this thesis only circular filaments
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have been seeded.

The filamentary perturbation has been added on top of the 1D profiles
described in sec. 3.3.4. This has been done such that the upstream per-
turbation is constant, i.e. the amplitude of the filament was equal to the
upstream value of the background ©y(z = 0). This results in the initial

state of the perturbed field ©

0,3, 2) = Oo(2) + Oo(= = 0) exp (fcz s yQ) Lo tanh((; —9)/C) (3.56)

0%
Only the density n and the temperature T were perturbed. The other fields
were initialised unperturbed and had to adjust to the perturbed density and

temperature.

3.4 Neutrals model

As part of this PhD two neutrals models have been developed. One purely
diffusive, introduced in sec. 3.4.1, and one including parallel velocity, in-
troduced in sec. 3.4.2. The API of the neutral code is introduced in ap-
pendix B.

3.4.1 Diffusive neutral model

The diffusive neutral model evolves the atomic neutral density n,. The

neutrals are transported thereby only by diffusion:

B .
8_,:; - #nVan + (vﬂnn) ’ (Vnn) + 1" = 1" + Sg — fin, (357)

Note that the the term (Vi,,) - (Vn,) is missing in the simulations per-

formed in chapter 5 but no significant impact is expected from the omission.
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Figure 3.4: Plot of the neutrals rates fitted by Willet [58]. The recombina-
tion rates have a density dependence for low temperatures.

The V2 is the full 3D Laplacian, although in the 1D simulations only the
parallel contribution is retained. The rates are shown in fig. 3.4 and have
been fitted by Willett [58].
In the equation for the neutral density, p,,, is the neutral diffusion, given
by [125, 126, 149, 150]
Ui

0
= . 3.58
:unn VihO Mo + FCX + Tion ( )

o, if i, > 2D°
po /24 DY if pd < 2D°

with vy, deuterium’s thermal speed at 300 K and the atomic deuterium-
deuterium cross section o = 7(52.9 pm)?. The diffusion term 40 is based
on the step-size L and collision frequency 7 of the neutrals, thus pf = L*7.
L is given by the thermal speed vy,/7. The collision frequency is the sum
of the neutral-neutral collsions v;,0n,, as well as the charge-exchange and

ionisation frequency.
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3.4 Neutrals model

The diffusion limiter D is needed to compensate for the lack of pressure
in high neutral density regions, in which case an unphysically high diffusion
occurs. The term fin, emulates cross field losses. Recycling of the neutrals
is proportional to the particle flux at the target fr = nU|iawget, the recycling
coefficient fr = 0.9 and depends on a Gaussian recycling falloff length
Lr=4m:

Sk = aRf—; exp(—2%/L%) (3.60)

where apg is a normalisation constant, ensuring that a fraction fr of the
target flux fr are recycled along the field line. This non-local model was
chosen, as the lack of pressure combined with high neutral densities near the
target results in low return fluxes of particles back along the field line. This
non-local recycling model combined with a limiter for the neutral diffusion
i, ensures that the neutrals are transported from the target up stream.
The recycling model is an extension of the density source previously used
in STORM |22, 113, 121]. In STORM previously an exponential function
was used to redistribute the neutrals. However, the exponential function
has a steep gradient near the target. Thus for short falloff length Lg ~ d) ,
this introduces a dependence on the grid size dj, as for finer grids recycling
is located closer towards the target. A Gaussian was chosen instead, as it
does have a vanishing gradient at the target, and decays further upstream.

Table 3.1 shows the parameters that can be set in the diffusive model

of the neutrals-API.
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Table 3.1: Options of the diffusive neutrals model.

Option

Description

equi_rates

Are steady state rates used from back-
ground calculations?

Default: false

recycling falloff

Falloff length Lz over which the neutrals are
recycled
Default: 4.0

Units: m

lower_density_limit

The minimum neutral density enforced

Default: 8- 101

Units: m—3

higher_density_limit

The maximum neutral density enforced

Default: 4 - 10"

Units: m™—3

recycling fraction

Faction of the target ion flux that is recycled

Default: 0.9

loss_fraction

Fraction of neutrals f; that are lost per time
unit. This has the same units as the physics
model.

Default: 1075

Units: same as physics model

diffusion factor

Factor to enhance diffusion of neutrals to
compensate that neutrals are not bound by
magnetic field lines

Default: 10.0
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Table 3.1: Options of the diffusive neutrals model.

Option Description

onlyion Do we exclude charge-exchange and recom-
bination? Can be used to reduce the impact
of the neutrals model.
Default: false

use_log n Evolve the logarithm of the density, rather

than the density. This is discussed in more
detail in 3.4.2.
Default: false

density_source:function

Additional density source for the neutrals.
Units are the same as the physics model.
Default: 0

Units: same as phyics model

impurity_fraction

The fraction of carbon impurity with re-
spect to the plasma density.
Default: 0

density_name

Name of the neutral density. Can be
changed in case the post processing script
expects a different name.

Default: neutral density

Temperature of the neutrals. In diffusion
neutral model, 7, influences the diffusion
constant. The units can be set with the

Default: 300 K temperature_unit option.
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3.4 Neutrals model

Table 3.1: Options of the diffusive neutrals model.

Option Description

temperature_unit Units of the temperature. “K” and “kb” refer
to the Boltzmann constant, “eV” switches to
electron volts, and “default” selects the tem-
perature used by the physics model inter-

nally. Default: K

3.4.2 Parallel neutral model

The type=parallel neutrals model evolves in addition to the neutral den-
sity also a field aligned neutral momentum. The choice to evolve the par-
allel momentum allows one to conserve momentum in the neutral plasma
interaction. The intent of this neutral model was allowing to support sim-
ulations in detached conditions, where a significant amount of momentum
from the plasma is transferred to neutrals.

The equations for the neutrals are the density equation, which now reads

on, - 0 0
_ _ . [ree — pion _ " . =1 61
py vm, + + Sp— fin +8z (unazn> (3.61)
and the equation for the parallel momentum m,,
om,, X
BN = —Uanmn — mnV”Un — V” (Tnnn) +T (U — Un) (3.62)

2
+I"U — I"",, + iy, =My — SR,
022

where v,, is the parallel neutrals velocity, U is the ion velocity, a,, is a

momentum diffusion constant which is required for numerical stability at
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3.5 Analysis of simulation results

the onset of detachment. The thermal velocity of the neutrals is vy, and
the temperature 7,,, assumed to be 3eV.

The parallel neutral model is internally based on the diffusion model,
and inherits the options described in table 3.1. The only new option is the
name of the parallel momentum, see table 3.2.

While also the diffusive neutral model supports evolving the logarithm of
the density, rather than the density itself, this feature has been implemented
in order to allow detached simulations. Evolving the logarithm ensures in
a natural way that the value stays positive. In addition if implicit solvers
are used, this influences the error norm, as relative small changes near zero
in real space result in large differences in log space, thus increasing the
accuracy of the solver for these values.

Table 3.2: Options of the parallel neutrals model, in addition to the ones
from the diffusion neutrals model shown in table 3.1.

Option Description

momentum_name | Name of the neutral momentum. Can be
changed in case the post processing script

expects a different name.

Default: m n

3.5 Analysis of simulation results

In order to analyse the simulation, the data was processed. In this section

some of the applied methods are introduced.
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3.5 Analysis of simulation results

3.5.1 Filament velocity

The simulations calculate the evolution of density, but the radial velocity
of the filament is of interest, not the full density evolution. In order to
calculate the filament velocity, different methods can be used [96, 137].
As we are interested in the density transport, the centre of mass (COM)
was chosen to calculate the position ¢ of the filament for a slice in the

perpendicular direction z:

[ JxAn(z,y,z)dzdz

cx(z) = ffAn(:L',y,z) dz dz (3.63)
iy = L JyAn(z.y 2) dzde
y(2) = [ [ An(z,y,z)dzdz (3.64)
with
An(z,y,z) = n(x,y,z) — new(2) for n(z,y,z) — ne(z) >0 o

0 else

where the cut-off density n., was computed by taking the average of the
background density and the peak density amplitude of the cross-section
plane. In general the filaments studied were rigid, unless otherwise specified
the mid-plane COM is used, i.e. ¢=¢(z =0m).

The radial filament velocity v, can thus be calculated by taking the time

derivative of the radial position

5 Ca (3.66)
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3.5 Analysis of simulation results

3.5.2 Vorticity contribution

In order to study the driving changes for the filament dynamics, the contri-
butions of the different terms in the vorticity equation is analysed. There-
fore the time derivative of the vorticity was calculated and the various
contributions, as introduced in sec. 3.3.2 were analysed. The contributions
were recalculated using the python interface of BOUT+ -+, that was devel-
oped for this purpose and is introduced in appendix C.1. This allows to
recalculate the terms in the post processing step using the implementation
of BOUT++.

Similar to the filaments radial velocities, the data was analysed where
the filaments are at peak velocity. In order to further reduce the the amount
of data, each 2D slice d in the perpendicular plane was projected onto a set
of physically motivated basis vectors e; ;.

The basis vectors e; ; where centred on the COM of the filament, and
periodicity in y was taken into account such that the branch-cut was at
Yeut = Cy %Ly. The non-normalised, non-orthogonal vectors ¢; ; are defined

as:

(‘T - Cx)2 + (y — Cy)2) (367)

€ij = (v —¢2)'(y — ) exp ( 5
1
and after orthogonalisation the vectors é; ;

Cij = Cij — Z €ij * € 5 (3.68)

(i 4)<(i.9)
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Figure 3.5: The first three base vectors, representing monopole, radial
bipole and bi-normal dipole.

where the < operator implies an ordering of the pairs, such as (0,0) (1,0)
(0,1) (2,0) (1,1) (0,2) ...which does exist as IN? is countable. The dot
product €, ; - ey ;» entails an integral over the product of the two functions.

The base vector e; ; is obtained after normalisation:

€ij = €ij (%’ : em‘)

N

(3.69)

The data d can be projected onto the basis vectors, thus we get the data

components d; ; for each slice in z:

dij(z) = es;-d= / / es;(z,9)d(z,y, =) de dy (3.70)

Probably the most interesting component is the (0,1) component, which
represents a dipole in bi-normal direction. This creates an £ x B force in
the radial direction, and is thus related to the radial drive. Due to the sign
of the definition in (3.67), a positive radial drive requires a negative (0,1)
component in the vorticity. The other two moments that have been anal-

ysed are the (0,0) component, that represents the monopole contribution,
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Figure 3.6: Some 2D simulation data and its projection on the three base
vectors shown in fig. 3.5.

and the (1,0) component, that in turn describes a dipole in radial direction.
A monopole in the vorticity field is causing a monopole potential, and thus
via £ x B a spinning motion [113]. The (1,0) component, or dipole in radial
direction causes a motion in bi-normal direction. Fig. 3.5 shows the first 3
base vectors used.

This decomposition is an extension of the odd parts / even parts split
used by Walkden et al. [113], that allows one to do this not only for a
few slices, but along the whole filament. This is required to show parallel
dynamics within the filament. The choice to include a Gaussian and not
just using a 2D version of the Chebyshev polynomials, is that Chebyshev
polynomials would weight a perturbation far outside the filament stronger,
than close to the filament, even though they would have basically no impact
on the filament, as the density perturbation is not aligned with the vorticity
source. Additionally, as the perturbation moves across the cut-off, the
polynomial changes sign, and this small, unimportant change could impact
the result significantly. Fig. 3.6 shows an example decomposition of some
simulation data on the three basis vectors shown in fig. 3.5. In this case

the main contribution is the radial dipole. Monopole as well as bi-normal
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3.5 Analysis of simulation results

dipole have a lower absolute amplitude than the radial dipole.

The decomposition of the time derivative of the vorticity terms is applied
at the time where the filaments reach peak velocity. This is done in order
to study which contributions are important for a given filament, in order
to close/create the vorticity. This does however not represent how much
vorticity has been created, because at that point the source and sink terms
are roughly in balance. Thus even if e.g. the viscosity would be a very
inefficient sink, but the other ones are even smaller, than the sink will at
some point balance the source, given that the filament is not significantly
advected. In addition to allowing to distinguished what terms are of relative
importance, it allows one to give insight into the parallel distribution of the
source and sink terms. Due to the specific choice of base vectors, it also

allows one to distinguish dipole and monopole terms.
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CHAPTER 4

Background Profiles

In order to study the influence of self consistent backgrounds on the dynam-
ics of filaments, a procedure for producing such backgrounds is needed. Self
consistencent backgrounds is here defined as the steady state solution to
the used model equations. This includes physically motivated source terms
for density and energy. Further the rates are physcically motivated and
calculated with dependence on the locale state of the plasma, e.g. the local
plasma density or electron temperatures. Using self consistent backgrounds
helps with the comparison of experiments and simulations, as otherwise cer-
tain effects might be discovered, that are not as pronounced in experiments,
or other effects that are important in experiments are shadowed by the in-
consistencies in the simulation. Once the backgrounds are generated, the

filaments are seeded on these backgrounds, as described in sec. 3.3.
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4.1 Introduction and Generation

The backgrounds discussed here are an extension of the Two-point model,
as introduced in sec. 1.5.1, in the respect that they only retain the parallel
direction, but no radial dependencies. As such the backgrounds where
generated by assuming radial and bi-normal uniformity.

The backgrounds for the filament simulation where obtained by running
STORM to steady state. As the backgrounds where calculated numerically,
the steady state solution is approximated by running the system for a long
time, until the change within the last 20 % of the total runtime is less than
1% of the value. An exception to that is the neutral velocity, where the
accuracy was limited by the limited accuracy of the solver, as absolut value
of the velocity was very small, thus small changes resulted in large changes
in the neutral velocity. As the simulation for generating the backgrounds
has been running much longer than for the filament simulations, the small
remaining dynamic of the background can be neglected on the timescale
of the filament dynamic. As no radial dependence, and no turbulence was
included, the system was modelled only retaining the parallel dimension.

The upstream density source, as well as energy influx were controlled,
and the rest of the system was evolved self-consistently to steady state.
Due to the symmetry in the perpendicular plane, perpendicular terms in
the STORM equations introduced above could be dropped without any
influence. Due to quasi-neutrality of the plasma, the divergence of the
current needs to be zero, and in combination with the boundary conditions,
that implies that the current needs to be zero, i.e. U =1V.

As such also the time derivatives of the two quantities can be set equal,
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T T
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gaussian
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Figure 4.1: Shape of the source terms for energy and density. On the left
hand side at z; = 0 is the mid-plane which acts as a symmetry plane. On
the right hand side at z; = 10m is the target.

%—lt] = %—‘t/ and the equation can be solved for the potential ¢. This yields:

Urion + UFCX + Vrion 1 V”p
n(1+ p) IL+p p

Ve =071V T — (4.1)
which can be integrated starting from the target, where ¢ is prescribed from
the Bohm boundary condition to be current free, i.e. ¢, = —V;T" with V;
the floating potential:

¢(2) =

z UFion UFCX Vrion V
VT + / T rYIP g,
L

0.71V T —
| H n(l+ p) I1+p p

(4.2)

The energy and temperature influxes were of exponential shape, that
peaked at the mid-plane, as shown in fig. 4.1. Depending on whether the 1D
simulation was run in constant temperature or energy influx mode, either a
constant, prescribed energy influx was used, while in the case of a constant
temperature, the energy influx was controlled with a PID controller to reach

the prescribed value. Similarly, the density influx was controlled with a PID
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controller to reach a prescribed density. In the case of the density in some
cases the gaussian shape was used. The PID controller sets the influx as a
function of the instantaneous difference to the predefined value, the integral
and the derivative of the difference. A PID controller is a commonly used
control loop feedback mechanism. For the 3D simulation the controller is
replaced by the steady state value of the background simulation. While
setting the value via a Dirichlet boundary condition would be easier in
the case of the background profiles, the influx needed for maintaining the
background is not known that way. This causes issues for the filament
simulations, as a Dirichlet boundary condition would interact non-trivially
with the seeded filament. Further, a Dirichlet boundary condition would
concentrate all the influx in a single point, instead of spreading it.

The initial simulations are run with n, = 64 points in the parallel direc-
tions, while the simulations in the detached cases, shown in sec. 4.4, are run
on a refined grid with n, = 480 points. The initial simulations in attached
conditions are run with a simplified neutral model, that does not include
a parallel neutral momentum. Instead the diffusion constant is limited to
ensure transport of the neutrals from the target towards upstream. The
limiter for the diffusion constant is introduced in sec. 3.4.1. In the detach-
ment study presented in chapter 6 a carbon fraction of 1% of the plasma
density was assumed, while in the initial study presented in chapter 5 no

impurities where included.

4.2 Low recycling

For sufficient low plasma densities and sufficient high temperatures, the

backgrounds are in the low recycling regime. The low recycling regime
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Figure 4.2: Background plasma profile, run to steady-state for a set up-
stream temperature Ty = 48V and density ng = 8 - 10** m~3. The sheath
is at the right hand side at L = 10m. The mid-plane is at the left hand
side, and is a symmetry plane. From top to bottom are plotted the plasma
density n, electron temperature 7,, the neutral density n, and the total
plasma pressure P, versus the parallel connection length. Note that the
neutral density is plotted on a log scale, while the other quantities are
plotted on a linear scale.

is also called sheath limited regime [44], however in this discussion the
name low recycling regime is preferred, to avoid confusion with the sheath
limited scaling for filaments, where currents are closed via sheath currents,
see sec. 2.2.4.

An example of background profile in the low recycling regime is shown
in fig. 4.2. Typically for the low recycling regime, the temperature profile,
shown in fig. 4.2(b) is quite flat. This is caused by the high conduction of
the hot, low density plasma. The plasma density, shown in fig. 4.2(a) is also
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mostly flat, and only drops in front of the target. The neutral density, shown
on a log scale in fig. 4.2(c), is strongly peaked on the target at the right
hand side, and drops off towards the mid plane, where diffusion increases
and the profile become flatter. The total plasma pressure, i.e. sum of the
static plasma pressure n - 7T and dynamic pressure %n A VENE %n U2 =n-V?
is shown in fig. 4.2(d). The drop in front is due to charge-exchange of
the neutrals with the plasma, by absorbing parallel momentum and thus

pressure, as in the case without the pressure stays constant.

4.3 High recycling

With increasing density, the background profiles transition to the high re-
cycling regime, as shown in fig. 4.3. A defining feature of the high recycling
regime is the significant drop of the temperature towards the target, as
is present in the shown fig. 4.3(b). As the temperature starts dropping
towards the target, the density increases, as shown in fig. 4.3(a). This is
required to preserve the total pressure in the flux tube, which is shown in
fig. 4.3(d).

The neutral density is peaked at the target, and drops towards the
mid-plane, shown in fig. 4.3(c). This is similar to the low recycling case
(fig. 4.2(c)).

The transition from low to high recycling regime is a continuous process.
The transition is shown in fig. 4.4. Thereby the different quantities, that
in fig. 4.2 and 4.3 have been plotted separately are merged into a single
sub-plot to allow a convenient comparison.

The temperature increases from left to right, where fig. 4.4(a) is the low

temperature case of Ty = 12V, which is also shown in fig. 4.3. The high
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Figure 4.3: Background plasma profile, run to steady-state for a set up-
stream temperature Ty = 12V and density ng = 8 - 10** m~3. The sheath
is at the right hand side at L = 10m. The mid-plane is at the left hand
side, and is a symmetry plane. From top to bottom are plotted the plasma
density n, electron temperature 7., the neutral density n, and the total
plasma pressure P, versus the parallel connection length. Note that the
neutral density is plotted on a log scale, while the other quantities are
plotted on a linear scale.
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Figure 4.4: Background plasma profile, run to steady-state for a set up-
stream temperature (a) Ty = 12¢eV, (b) To = 24€V, (c) Ty = 36eV and (d)
Ty = 48¢V all with an upstream density ng = 8 - 101¥m™3. The sheath is
at the right hand side at L = 10 m. The mid-plane is at the left hand side,
and is a symmetry plane. Plotted is in each case the plasma density n,, the
electron temperature 7T, and the neutral density n,. Note that the neutral
density is plotted on a log scale on the right, while the other quantities are
plotted on a linear scale on the left.
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temperature case in fig. 4.4(d), is the low recycling case from fig. 4.2.

From left to right the temperature increases both upstream, and thus
also in general. At the same time the temperature profiles become relatively
flat. The density profiles as well become increasingly flat. The neutral den-
sity decreases with increasing density. The mid-plane density is decreasing
continuously with increasing temperature, while the target neutral density
only decreases initially, and stays roughly constant.

In addition to the temperature scan shown in fig. 4.4, fig. 4.5 extends
the scan to higher densities. In the high density, low temperature case
(fig. 4.5(a)) the temperature drops even stronger towards the target than
in the low density case, (c).

In the high density, low temperature case the pressure drop is strongest.
This coincides with a rather low target temperature, of only a few eV.

In order to understand the impact of neutrals on these backgrounds,
the simulations have repeated while minimising the impact of neutrals, but
keeping the fuelling mostly unchanged. This was achieved by retaining the
neutrals, but only including ionisation, and not charge exchange and re-
combination. The resulting profiles are shown in fig. 4.6. In the high Tj,
low ng case, in fig. 4.6(d) only a small deviation can be observed. The main
difference is an increased neutral density and no pressure drop towards the
target. The small remaining lack of pressure conservation along the flux
tube is caused by numerical inaccuracies caused by discretisation and ap-
proximation of the infintesimal derivative by a finite stencil. The pressure
is fully conserved in the simulations neglecting charge-exchange and recom-
bination. In the other cases, fig. 4.6(a-c), the temperature drops to lower
values at the target. Especially in the low temperature cases, the neutral

density is significantly increased, in order to provide ionisation of a similar
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Figure 4.5: Background plasma profile, run to steady-state for a set up-
stream temperature (a,c) 7o = 12€eV and (b,d) Ty = 48eV with (a,b) up-
stream density ng = 32-10® m™3 and (c-d) ny = 8-10"¥ m=3. The quantities
in each part are the same as in fig. 4.4.
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Figure 4.6: Background plasma profile, run to steady-state for a set up-
stream temperature (a,c) Tp = 12eV and (b,d) Ty = 48¢eV with (a,b) up-
stream density ng = 32-10® m™? and (c-d) ng = 8-10"¥ m~3. The quantities
in each part are the same as in fig. 4.4. The simulations did only include
ionisation, but no charge exchange or recombination to minimise the im-
pact of neutrals. For comparison the quantities from fig. 4.5, i.e. for the
case of full neutral interaction, are shown as dotted lines.
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4.4 Detachment

level to the full neutral model.

One should also note that the drop is plasma pressure is soley due to
charge-exchange. This can be seen in fig. 4.6, as in the ionisation-only case
the pressure is conserved. This has been verified by including ionisation
as well as recombinisation, but no charge exchange, in which case the the
pressure is conserved, as in the ionisation-only case.

Fig. 4.7 shows the neutral interaction rates for the backgrounds shown
in fig. 4.5. The charge exchange rate is the largest rate, shown in green,
followed by the ionisation rate, which is shown as orange dashed-line. The
recombination rate is by far the smallest rate, and shown as a blue dash-
dotted line. All quantities are shown on a log scale, as all, but the recom-
bination rate, are strongly peaked at the target, due to the dependence on
the neutral density. Also, the relative difference between the different rates
are several orders of magnitude.

Shown in fig. 4.8 is the plasma potential for the four backgrounds shown
in fig. 4.8. The potential is dropping off towards the sheath on the left hand

side.

4.4 Detachment

As the density is further increased, the hot plasma is prevented from reach-
ing the target. Instead cold plasma is close to the divertor, which is accom-
panied by a volume of high neutral density. Such a background is shown
in fig. 4.9.

The temperature 7, is plotted in fig. 4.9(b). Starting from T, ~ 32¢eV
at the mid-plane, the temperature drops, until it reaches around 2 eV in the

detached region. Within that region the temperature stays constant, as the
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Figure 4.7: Neutrals interaction rates of the steady-state plasma back-
grounds. Shown is the case of upstream temperature (a,c) Top = 12€eV and
(b,d) Ty = 48 €V with (a,b) upstream density ng = 32 - 10" m~2 and (c-d)
no = 8- 10 m~3. The conditions in each part are the same as in fig. 4.5.
Shown is the charge-exchange rate I'“X, ionisation rate I'°®, recombination
rate [ as well as neutral density n,, for comparison. Note that the neutral
density is scaled by 10° to match the rates’ magnitude in the given units.
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Figure 4.8: Plasma potential ¢ of the steady-state plasma backgrounds.
Shown is the case of upstream temperature (a,c) Tp = 12eV and (b,d)
Ty = 48¢V with (a,b) upstream density ng = 32 - 10®¥* m™ and (c-d) ng =
8-10¥ m~3. The conditions in each part are the same as in fig. 4.5. Shown is
the plasma potential ¢ as well as plasma density n and electron temperature
T.
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Figure 4.9: Background plasma profile, run to steady-state for an energy
influx 10 MW /m? and density ng = 48 - 10'*m=3. On the right is a zoom
in of the last meter in front of the target. The sheath is in both cases at
the right hand side at L = 10m. The mid-plane is at the left side, and
is a symmetry plane. From top to bottom are plotted the plasma density
n, electron temperature T,, the neutral density n, and the total plasma
pressure P, versus the parallel connection length. Note that the neutral
density is plotted on a log scale, while the other quantities are plotted on
a linear scale.
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4.4 Detachment

plasma is heated by the energy released from recombination [145, 151].

As the temperature drops, the pressure, shown in fig. 4.9(d) is conserved,
and thus the density needs to increase. This can be seen in fig. 4.9(a). At
the detachment front, the density peaks at z = 8.4 m, and then becomes flat
within a detached region, where temperature 7., plasma and neutral density
are mostly constant. The neutral density, shown in fig. 4.9(c) increases
from the mid-plane, where n, ~ 10 m—3 to around n, ~ 10*m=3 in
the detached region. Close to the target the plasma gets accelerated and
the density is dropping. The neutral density is increasing further towards
the target, and reaches densities around n,, ~ 10*! m~3 just in front of the
target. The pressure drops just in front of the detachment front to around
30 % of the upstream value. The pressure shows also some deviation from
conservation at z = 8.4m, where due to the discretisation of the steep
gradients a small increase is observed.

Similar to the attached conditions, where density and temperature scans
of the background profiles where performed, also density and energy influx
scans are shown in fig. 4.10. The above discussed features are generally
present in the detached profiles, while the actual values, like the position
of the detachment front, or the value of the pressure drop differ.

In the 5 MW /m? case, detachment occurs below ng = 32-10'¥ m=3. With
increasing density the detachment front moves further towards upstream.
The strongly detached cases, where the detachment front has moved quite
far towards upstream would be experimentally not of interest, as the de-
tachment front would reach the X-point, and the cold plasma and neutrals
would lead to an increased radiation and thus decreased plasma perfor-
mance [152]. This can lead to a a disruption caused by a radiative col-

lapse of the plasma, e.g. a multifaceted asymmetric radiation from the edge

98



4.4 Detachment

1020

1018

6.4-1019 m3

o 1016

No

1020

1018

4.8-1019 m3

1 1016

No

1020

1018

3.2:1019 m3

4 1016

No

1020

1018

1.6:1019 m3

1016

No

7/ 7/
2 4 6 8 10 9.9 10.0 2 4 6 8 10 9.9 10.0

z[m] z[m] z[m] z[m]

Plasma temperature [eV]; left axis Plasma pressure [1020 eVm3]; left axis ——
Plasma density [1019m3]; left axis Neutral density [m3]; right axis —-—-—
Detachment front

Figure 4.10: Background plasma profile, run to steady-state for set up-
stream energy influxes 5 MW /m? (left) and 10 MW /m? (right). The up-
stream density ranges from ng = 64 - 10®¥ m™ (a,b) to ng = 16 - 10 m=3
(g,h). The quantities in each part are the same as in fig. 4.9. Also a zoom-in
on the last 20 cm in front of the target is included. As in the previous plots,
the neutral density is on a log scale on the right, while the other quantities
are on a linear scale on the left. The volume of the detachment front is
shaded in grey.
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4.4 Detachment

(MARFE).

While in the attached case going to higher energy reduces the neutral
density at the target, after detachment the opposite trend is observed, and
the neutral density is increased. While in attached conditions a higher
energy influx means a higher plasma temperature at the target, and thus
more ionisation, in the detached cases more energy means more pressure
that needs to be balanced by the neutrals, and thus an increased neutral
density, as the temperature in the detached plasma is in all cases the same,
around 2eV.

An energy influx of 5 MW /m? results for MAST parameters of A\, =
8.0mm and a circumference of 2-7- R ~ 9.4 m for a major radius R ~ 1.5m,
yielding a total energy flux across the outer part of the SOL of 0.4 MW and
0.8 MW for the 10 MW /m? case [67]. This is lower than the heating power
of 5 MW that was available in MAST, thus these conditions are similar to
MAST L-mode [67].

Often detachment is associated with plasma target flux roll-over. The
plasma target flux as a function of upstream density is shown in fig. 4.11.
After an initial increase of the plasma target flux, the flux decreases above
no = 16 - 10'¥m=3 for the 5 MW /m? case, above ng = 24 - 10'®®* m~3 for the
7MW /m? case. For the 10 MW /m? case the picture is less clear, and the
target flux shows a decreased increase above ng = 30-10'® m~2, and decrease
above ng = 48 - 10¥ m=3.

The neutral interaction rates for the backgrounds shown in fig. 4.10 are
shown in fig. 4.12. Similar to the the rates shown in fig. 4.7, the charge
exchange rate is by far the largest rate. In contrast to the attached con-
ditions discussed in the previous section, in the detached volume recombi-

nation becomes important, and is of the same magnitued as ionisation. In
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Figure 4.11: Plasma target flux as a function of upstream density for differ-
ent values of the energy influx. The shaded region denotes the approximate
region where the roll-over happens.

the shaded region showing the detachment onset, recombination is larger
than ionisation, and density is transferred from the plasma to the neutrals.

Fig. 4.13 shows the plasma potential of the detached plasma back-
grounds introduced in fig. 4.10. The plasma potential is mostly flat within
the detached region, and only features gradients upstream of the detach-
ment, as well as just in front of the target, where also density and tempera-
ture gradients are present. Thus, even though within the detached volume
a high resistivity is present, no electric fields are observed.

One should note that the model is missing some physics, that may be
important to accurately study detachment, e.g. molecules [57]. Also due
to the 1D geometry used for the background, a full divertor geometry is
not included. Related to this, the neutrals are only allowed to flow parallel

to the magnetic field, rather than to at least include a 2D cross section as
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Figure 4.12: Neutrals interaction rates of the steady-state plasma back-
grounds. Shown are the cases for an upstream energy influxes 5 MW /m?
(left) and 10 MW /m? (right). The upstream density ranges from ny =
64-10® m™3 (a,b) to ng = 16-10"¥ m=3 (g,h). Shown is the charge-exchange
rate I'“X, ionisation rate I'°", recombination rate I as well as neutral
density n, for comparison. Note that the neutral density is scaled by 107
to match the rates’ magnitude in the given units. The backgrounds are the
same as in fig. 4.10, and similar to the previous figure, a zoom-in on the last
20 cm in front of the target is included. sdf The volume of the detachment
front is shaded in grey.
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Figure 4.13: The Plasma potential of the steady-state plasma backgrounds
shown in fig. 4.10. Shown are the cases for an upstream energy influxes
5 MW /m? (left) and 10 MW /m? (right). The upstream density ranges from
no = 64 -10®¥ m™3 (a,b) to ng = 16 - 10"¥ m=3 (g,h). Shown is the plasma
potential ¢ as well as plasma density and electron temperature. A zoom-in
on the last 20 cm in front of the target is included. In the ng = 16-10® m—3
10 MW /m? case shown in (h) the potential reaches a midplane value just
above 200 eV and is thus not shown. The volume of the detachment front

is shaded in grey.
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4.5 Summary

used in transport codes. As such, for example the plasma density where
target flux rollover is observed is not expected to be accurate. Also the
specific channels that are causing the density and mementum loss must
not necessarily be accurate. As the primary focus of this thesis is on the
filament dynamcics, it is expected that this does not significantly alter the
dynamics of filaments, as the main features such as low plasma temperature,

high plasma density as well as high neutral density, are reproduced.

4.5 Summary

The here presented 1D backgrounds, only retaining the parallel dimension,
have been used to reproduce different plasma conditions, including low re-
cycling, high recycling as well as detachment. In the high density cases,
the total plasma pressure drops in front of the target, which is caused by
charge exchange, as shown in sec. 4.3. As the density is further increased,
detachment is reached. In this case the plasma flux decreased with increas-
ing upstream density, in contrast to attached conditions, where an increase

of flux with increasing density was observed.
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CHAPTER b

Filament dynamics in attached conditions

This chapter presents the effect of self-consistent plasma backgrounds in-
cluding plasma-neutral interactions, on the dynamics of filament propaga-
tion in low to medium densities. The principle focus is on the influence of
the neutrals on the filament through direct interactions as well as through
their influence on the plasma background. As mentioned in the previous
chapter, the neutrals interaction is for example responsible for the pressure
drop in front of the target, and as such the neutrals influence the plasma
background. Direct interactions are here defined as the interaction between
the vorticity and the neutrals. The background profiles do have an impact
on the filament dynamic, as the plasma parameter, such as viscosity, de-
pend on density and temperature. The backgrounds have been introduced
in sec. 4.2 and 4.3.

The results presented here have been run using the STORM model with
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5.1 Filament evolution

diffusive neutrals, as introduced in sec. 3.3 and 3.4.1.
The results have been published in two papers in Nuclear Materials and

Energy [125] and Plasma Physics and Controlled Fusion [126].

5.1 Filament evolution

As discussed in the STORM section, the filament is seeded as a density and
temperature perturbation on top of the background profiles. The initial
shape in the perpendicular direction is Gaussian. The width used was §, =
20mm, and has later been extended by a scan in perpendicular filament
size. The filament size of §;, = 20 mm was chosen, as it is both close to
the critical size 0%, but also similar to the size experimentally observed in
MAST [113, 125]. In the parallel direction a tanh shape is used with a
typical parallel filament length of 5m.

As discussed in sec. 2.2.4, the radial velocity from scaling laws is ex-

pected to scale with

s _ opVIo+or

v, X 5.1
" (ng 4 0,) 0% (5.1)
for the sheath limited regime and
’ 0p0 |
’ 2
R (5.2

for the inertial limited regime [113]. 4, is the perturbation above the back-
ground value ag, for « € n,T. The pressure perturbation ¢, consists of
density and temperature perturbation ¢, = 9,75 + d7ng + d76,. To simplify
the scalings we assume for now a constant filament size ¢, , and set the den-

sity perturbation §,, to the upstream density, ng, such that i—z = 1. Doing
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the same for the temperature perturbation, i.e. setting ér = Ty, yields for
the pressure perturbation ¢, = 3n¢7y. The scalings (5.1) and (5.2) reduce

to:

e 50 noTov'Ty (5.3)
No

Sa=ap noTO
r X

- (5.4)
yielding a temperature dependence of TO% for the inertial regime and TO% for
the sheath limited regime and no dependence on the density is predicted.

This convention for the filament perturbations will be adopted through
out this chapter. Within the scaling T describes a “background” temper-
ature. As the background temperature in this study changes along the
magnetic field lines, it is not obvious how this Tj for the scaling should be
calculated. The average temperature along the flux tube could be used,
as well as the temperature at a certain point within the the flux tube,
for example the upstream temperature or the electron temperature at the
target.

For each filament simulation, the velocity of the the centre-of-mass was
computed, using eq. (3.63) introduced in sec. 3.5.1. In order to compare
the filaments of different backgrounds, the maximum of the radial filament
velocity is computed and compared.

An example of a filament shape is shown in fig. 5.1. The mushrooming
behaviour, typical for these filaments [22, 32, 113], can be seen. The mush-
rooming is caused by a non-uniform advection of the filament. The density
perturbation causes a dipole in the vorticity, due to the curvature term C,,
in eq. (3.44). This dipole term in the vorticity causes an electric field, that

is strongest in the centre of the filament. Due to E x B advection, the
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Figure 5.1: Snapshot of the density ~ 7.5 ps after the filament was seeded.
The upstream background plasma density was ng = 8 - 10®¥ m™ and the
upstream electron temperature was Ty = 48 €V. The perpendicular size of
the filament was 6, = 20 mm.

centre of the filament moves fastest, and thus the typical mushroom shape
can be observed. The filament is not symmetric in the y-direction. The
motion in the y-direction, due to the temperature perturbation, has been
observed and discussed [113, 153]. The temperature perturbation causes
a monopole potential perturbation at the sheath. This in turn causes a
monopole contribution in the currents, which causes a monopole contribu-
tion in the potential. This causes then a breaking of the up-down symmetry
and causes the filament to spin. Note that also in iso-thermal systems spin-
ning can be observed, for example the inclusion of a third dimension [22].
In other words, only in simple models preserve the up-down symmetry, and
no spinning or bi-normal advection is observed. Fig. 5.2 shows the time
trace of a filament. Initially the perturbation is Gaussian. After ~ 8pus
a deviation is visible as the filament started moving, and after ~ 12pus a

mushrooming form becomes apparent. The lack of up-down symmetry is
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Figure 5.2: Snapshots of the evolution of the density of a seeded filament.
The upstream background plasma density was ng = 24 - 10®* m=3 and the

upstream electron temperature was Ty = 48€V. The perpendicular size of
the filament was 6, = 20 mm.

visibly broken as soon as the filament starts moving around = 8 jis.

5.2 Influence on filament velocity

In order to distinguish the direct and the indirect influence of neutrals on
filaments, different neutral models are compared in sec. 5.2.1. This will
be followed by a study of the dependence of filament dynamics on the
backgrounds in sec. 5.2.2, before we conclude in sec. 5.2.3 with results of

the filament size dependence.

5.2.1 Neutrals

As the neutral density in the divertor is rather high, it is important to

understand the effect of neutrals on they dynamics of filaments. Especially
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Figure 5.3: Comparison of different neutral filament interaction models.
Left an the full time range, and on the right a zoom-in on the time around
the peak. In the full evolution case (orange line), the neutral density is co-
evolved with the filament, and the rates were calculated self consistently.
In the no interaction case (blue dotted), the neutral term in the vorticity
equation is switched off. In the static-rates case (green dashed) the neutral
interaction rates I'* from the equilibrium profiles are used. In the static
neutrals case (brown dash-dotted), the neutrals are not evolved, but the
rates were calculated.

as future fusion devices are expected to operate at even higher densities, it
is of importance to increase the understanding and ability to extrapolation
to these regimes. In this section the direct influence of neutrals on the
filament dynamics is studied. The direct influence is here understood as
the influence of the neutrals via an interaction with the vorticity of the
filament, while the indirect one is understood as the remaining interaction
of the neutrals with the filament. This includes for example changes in
the plasma background profiles due to neutrals, or fuelling of the filament
density via increased ionisation of the hot filament. In order to study the

direct interaction between the neutrals and the filaments, different neutral-

filament interaction models are used.
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5.2 Influence on filament velocity

The results are shown in fig. 5.3. The no interaction case is where the
neutral term in the vorticity equation is set to zero, so that there is no direct
interaction between the filament and the neutrals. In terms of the vorticity
equation (3.44), N, is dropped. For the other terms the neutrals are kept
static, i.e. the neutrals are not evolved in the filament simulation, but
rather the neutral profiles, as determined by the background simulations
are used. This is equivalent of setting dn,/dt = 0. The neutral rates are
nevertheless calculated self consistently. In the static rates case the neutral
plasma interaction rates, namely charge exchange rate I'“X, jonisation rate
"% and recombination rate I™*, are kept at their steady state values. This
ensures that areas not affected by the filament are kept at the steady state
value. The static rates case represents a state where the neutrals are still
interacting with the plasma, but the impact of neutrals on the filament is
only possible via the background profiles. In another set of simulations,
the “static neutrals” case, the interaction between filament and neutrals
is increased. There the neutral profiles are not evolved, but the plasma
is used to calculate the interactions rate. Thus the density perturbation,
the temperature perturbation as well as parallel velocities are taken into
account to calculate the rates. In the full evolution case the interaction is
fully enabled. The neutrals are evolved self consistently, and the interaction
rates are computed including both background and filament contributions
to density and temperature.

These simulations were done for the different backgrounds shown in
fig. 4.5. The result shown in fig. 5.3 is the one with the strongest difference
between the velocities caused by the different neutral models, the back-
ground profile with high density ny and high temperature 7. The relative

reduction for the high density and low temperature case is about half of the
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reduction of the velocities shown in fig. 5.3. As shown in fig. 4.7 the charge
exchange rate of the backgrounds is in the low 7j case ~ 5 times as high,
as in the high temperature case, while the ionisation rate peaks at about
i of the high temperature case. Fig. 5.3 shows that there is only a small
difference for the static neutrals and static rates cases. In the case where
the neutrals are evolved, the filament moves slightly faster. The filament
is fastest when the neutrals drag term in the vorticity equation is switched
off, as shown in fig. 5.3, labelled as the no interaction case. This can be
explained as the neutrals are causing a diffusion like term in the vorticity
equation, thus reducing the vorticity and causing a reduced electric field.
In the case where the neutrals are co-evolved with the filament, the filament
ionises a part of the neutrals, reducing the neutral density, which explains
why the velocity lies between the static case and the no interaction case, as
here the drag term N, is included, but is reduced compared to the static
cases, but still larger to the no interaction case, where N, is completely
dropped from the vorticity equation (3.44).

While the direct impact of neutrals on the filament motion is very small,
the impact increased for higher plasma density and plasma temperature.
The impact observed here of neutrals is experimentally not measurable.
Increased neutral interaction rates are probably needed for the effect to
become measurable. The following results in this chapter are obtained
using the static neutral approximation, as this significantly accelerates the
computation, without strongly impacting the filament dynamics. With the
full neutral model evolving the filament simulation for 1/€; took ~ 3 to 24
minutes, depending on the background conditions, while the static neutral

model took between 0.3 and and 0.6 minutes per 1/€;, resulting in a speed-

up between 8 and 40. As with decreasing neutral density the diffusion rate
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Figure 5.4: Comparison of the filament velocities for the different set of
background profiles, (a) backgrounds with full neutral interaction and (b)
without recombination and charge exchange. The upstream density is
colour coded, see legend. The simulations in (a) are run on the back-
grounds shown in fig. 4.5, while the simulations in (b) are run on the ones
shown in fig. 4.6.

increases, the time step of the simulation is decreased for low densities,
thus increasing the wall time significantly if the neutrals are evolved. The
deviation from the full neutrals evolution is less than 2 % in the conditions
featured here, which do not include detachment. As shown by Thrysge et
al., Dy molecules can fuel the atomic neutral density in a filament, which
makes the static neutrals approximation even more applicable [154]. In
the here presented model only atomic neutrals are present, thus any source
from D5 molecules is missing. As some of the depleted neutrals, which are
ionised by the filament, would be replaced by dissociated molecules, the
expected neutral densities are somewhere between the static neutrals case,
which neglects the filament, both for ionisation and dissociation, and the
full evolution of the neutrals, which neglects dissociation.

In addition to the weak dependence on the direct interaction between
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Figure 5.5: Radial velocity of filaments seeded on different backgrounds.
Shown in (a) is the time evolution of the filaments, and (b) shows the peak
radial velocities as a function of the upstream temperature. The upstream
density is colour coded, see legend.

filament and neutrals, the filament velocity varies strongly with background
conditions. This is shown in fig. 5.4, where on the left filaments were seeded
on the backgrounds, that have been discussed in sec. 4.3 and shown in
fig. 4.5. Also shown is the effect of removing charge exchange and recom-
bination from the simulations. The backgrounds that have been used in
this set of simulations, are shown in fig. 4.6. This impacts filament velocity
through the change in the backgrounds, indicating that neutrals are impor-
tant and interact with the filament indirectly via the plasma background.
In the next section the filament velocity’s dependence on the background

conditions is studied in more detail.

5.2.2 Dependence on the plasma background

This section presents the dependence of the filament’s radial velocity on the
background conditions. Fig. 5.5(a) shows the time evolution of filaments
seeded on the background profiles shown in fig. 4.5. On the right hand
side of fig. 5.5 is a plot of the peak of the filament’s radial velocity as
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Figure 5.6: Radial velocity of filaments seeded on different backgrounds.
Shown in (a) is the peak velocity as a function of sheath resistivity, (b) as a
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a function of the upstream temperature. The velocity increases with an
increase of temperature. The velocity decreases with increasing density,
with the exception of low temperatures, where this trend is inverted. As
the filaments are seeded such that %" stays constant, the density dependence
is not expected from the simple scaling analysis shown in section 2.2.4.

Earlier studies in STORM looked at the influence of the resistivity [121].
The resistivity was studied as with increased resistivity currents are sup-
pressed, and especially larger filaments, where a significant part of the vor-
ticity is closed via sheath currents, are expected to be accelerated. This was
done by artificially changing the resistivity in an ad-hoc manner. In this
study the resistivity scan is repeated in a self consistent way, by changing
temperature and density, which then changes the resistivity, as the resis-
tivity v is v = O.51y2’inT‘% with v, the ion-electron collisionallity at the
reference density and temperature.

Fig. 5.6 shows the peak velocity as a function of (a) the sheath resistiv-

ity, (b) the plasma resistivity integrated along the magnetic field lines and

(c) the total resistivity, consisting of the sum of both. The sheath resistivity
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5.2 Influence on filament velocity

is calculated as v/T /n following the derivation by Easy et al. [121]. Note
that the non-monotonic behaviour below 1km/s is because the density at
the target reduces quite strongly with decreasing temperature. Therefore
the sheath resistivity increases, and the colder temperatures have a higher
target resistivity. As such the resistivity is not an ordering parameter, as
for the same resistivity different filament velocities are measured, even if
the data set is restricted to a single density. As the plasma resistivity is a
function o< 1/T% of the temperature, the scaling in (b) shows a monotonic
decreasing behaviour. This is not an effect of the resistivity as with increas-
ing resistivity the vorticity should increase, which Easy et al. observed to
result in faster filaments [121]. This shows that in this self consistent study,
the change in resistivity is less important than the associated change in tem-
perature, for the conditions studied here.

The simple scaling analysis shown in section 2.2.4 requires a single back-
ground temperature, however the temperature is not constant along the
magnetic field lines. Fig. 5.7 shows the filament peak velocities for the
different profiles as a function of the upstream temperature, the average
temperature along the magnetic field lines and the target temperature, in
each case of the background profiles. In all cases a monotonic increase with
temperature is observed. In the “no neutrals” case, the density source has
been replaced by an exponentially decaying density source at the target to
emulate the ionisation from the neutrals. The systematic, small reduction
in filament velocity for the “no neutrals” case is most likely due the mis-
match in plasma source compared to the full neutral backgrounds. This
is most evident when plotted against the target temperature. When plot-
ted against the target temperature, the data approximately collapses onto

a single curve regardless of upstream density This suggests that the tar-
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5.2 Influence on filament velocity

get temperature is a good scaling quantity for the radial velocity of the
filaments studied here. In fig. 5.7 (f) the results from the different neu-
tral models are much closer to each other than in fig 5.7 (d-e) where they
are plotted as a function of the upstream temperature 7, and the average
temperature.

In the vorticity equation, which determines the filament radial velocity,
the drive term C, is balanced by an interplay between advection terms A,
parallel currents J,, viscous currents B, and neutral friction currents N,,.
As part of the filament’s vorticity is closed via viscous currents B,,, we do
not expect such a strong dependence on the target temperature. To study
the impact of the viscosity further, a set of simulations was run, removing
the density dependence of the plasma viscosity p, in eq. (3.48). p, has
otherwise a linear density dependence, so an increased density leads to an
increased diffusion of the vorticity, thereby reducing the drive. Fig. 5.8
compares the simulations with self consistent viscosity (a-c) with the ones
where the plasma viscosity has no density dependence (d-f). The density
dependence of the radial velocity, when plotted against the upstream tem-
perature, is significantly reduced in fig. 5.8(a,d). In fig. 5.8 (f) the radial
velocity is plotted against the target temperature. Although the points do
not collapse onto a single line, they are still reasonably close to a single
line. This supports the argument that the filaments are not only influenced
by the target temperature, but also by the plasma viscosity . It is worth
noting that a similar collapse onto one line is apparent in fig. 5.8(d). It
seems like the average temperature strongly influences the filament veloc-
ity when the density dependence of the plasma viscosity is removed. In the
case of the self consistent viscosity, the target temperature appears to be

the dominant influence on the filament velocity. Since the viscosity is acting
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5.2 Influence on filament velocity

in the drift plane, it seems unlikely that in one case the target temperature
is controlling the filament’s dynamics, and in the other the average tem-
perature is dominant. This supports the argument that the collapse onto
a single line is a coincidence, and most likely will not hold true for other
conditions. In the simulations presented here sheath currents play a sig-
nificant role, therefore the results are not directly applicable to situations
where they are suppressed, for example in detached regimes. However the
target temperature is experimentally easier to measure than the upstream
temperature or the average temperature, thus this may still be useful to
infer filament velocities.

Looking at fig. 5.8 (a) and (d), removing the density dependence of
the plasma viscosity reduces the dependence of the filament velocity on
the density. For the remaining density dependence, different reasons come
into play. The plasma viscosity still has a temperature dependence and
for higher densities the target temperature drops to lower values than for
lower densities, causing a higher viscosity near the target. This shows
that the filaments are indeed influenced by the conditions at the target.
Note that the filaments have been seeded in a manner such that they are
initially unconnected from the sheath. The filament also stays physically
unconnected from the target, as the density perturbation does not reach
the target during the filament simulation. The temperature perturbation
can reach the target, depending on the background conditions. And in all
here presented cases the electric perturbation can reach the target, as was
already previously discussed by Easy et al. [121]. As such the filament can
be influenced by the target, even if the density perturbation does not reach
the target.

Another reason for the density dependence is via the neutrals. The
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5.2 Influence on filament velocity

study of the direct influence of neutrals suggests that the neutrals have less
of an impact for lower densities, compared to the dependence observed in
fig. 5.3. The neutrals can only explain a part of the reduction for the fila-
ment’s velocity, even for the higher density cases. Further, the background
parallel velocity decreases with increasing density. The change in the par-
allel velocity is stronger for lower temperatures. This can be explained by
an increasing importance of recycling compared to upstream density fu-
elling. Although this contribution is only small, it might explain in part
the filament velocity crossover at low temperatures, where low densities are
slower than high densities. This crossover is observed in the case where
the density dependence of the viscosity is removed (fig. 5.8 (d)) as well as
in the ionisation only case (fig. 5.4 (b)), while in the full case the density
dependence is reduced (fig. 5.8 (a)).

Finally parallel currents play a significant role in the generation of vor-
ticity. The parallel currents are affected by the sheath conditions, as they
are flowing through the sheath. Therefore currents further upstream are
also influenced by the sheath temperature.

Figure 5.9 shows different contributions to the time derivative of the
vorticity equation (3.44). The different terms where introduced in sec. 3.3.2.
The first row in fig. 5.9 shows the contribution from the C,, term, being the
curvature drive. The green line is the bi-normal dipole contribution, which
results in a radial drive. See sec. 3.5.2 for a more detailed description of
the decomposition used. The negative sign of the contribution results in a
positive radial drive. The C,, is mostly causing a bi-normal dipole vorticity
contribution, as the pressure perturbation has only changed mildly from the
initial Gaussian perturbation. The C,, is mostly localised in the upper half

of the domain, which represents the upstream half of the domain, where
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Figure 5.9: Contribution of the different terms in the vorticity equa-
tion (3.44). The different parts are decomposed as described in sec. 3.5.2.
The contributions are analysed as the filament reaches peak velocity. Dif-
ferent density cases are analysed, all having an upstream temperature

Ty = 48 eV. All quantities are plotted on the same scale.
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5.2 Influence on filament velocity

the perturbation is seeded. The different plots in the first row are taken
from different density cases, all at Ty = 48¢eV. C,, increases with increasing
density, as the pressure in the flux tube, and thus the absolute perturbation
is increased. The increase is however slightly less than linear, as the density

3 case on the left hand side,

increases 3-fold between the ng = 8- 10" m~
and the ng = 24-10"¥* m~3 on the right hand side. Fig. 5.10 shows the same
analysis as shown in fig. 5.9, but for an upstream temperature 7Ty = 12€V.
In the low density case, the normalised drive, C, /P, does increase with
density.

As the radial velocity is of prime interest in this study, mostly the bi-
normal dipole vorticity contribution is discussed here, as it causes the bi-
normal electric field that causes the radial ' x B advection. The advection
contribution A, has been split in a parallel and a perpendicular contribu-
tion. The perpendicular contribution is the E x B advection. The parallel
contribution peaks at the target, where the parallel velocity is highest. A
smaller peak is in the middle of the domain, where the filament ends, and
the parallel movement is reducing the pressure difference. The perpendic-
ular contribution has no significant density dependence. Thus the relative
importance decreases with increasing density. This is in contrast to the
viscous contribution B,, which increases even stronger than the driving
term C,, with increasing density. The current contribution J,, is the largest
contribution, besides the drive C, and is also increasing with increasing
density. In the last row of fig. 5.9 is the impact of the neutrals on the
vorticity equation. The impact of the neutrals is localised to the target, as
the neutral density peaks at the target. While the impact of the neutrals
increases with increasing density, the increases is less pronounced as the

one for C,,.
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Figure 5.10: Contribution of the different terms in the vorticity equa-
tion (3.44). The different parts are decomposed as described in sec. 3.5.2.
The contributions are analysed as the filament reaches peak velocity. Dif-
ferent density cases are analysed, all having an upstream temperature
Ty = 12eV. All quantities are plotted on the same scale.
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Figure 5.11: Peak radial velocity of filaments as a function of upstream and
target temperature. In the simulations plotted with the open circle symbol,
the plasma was cooled with an additional heat sink near the target. The
upstream density is colour coded, see colour-bar.

To further test the dependence of the filament velocity on the various
temperatures within the system, the upstream and target temperatures
have been partially decoupled from one another. This has been achieved by
inserting an artificial heat sink localised near the target to control the tar-
get electron temperature independent of the upstream temperature. This
was done for the simulations with an upstream temperature of Ty = 48 V.
For the plasma background profiles the temperature close the target was
set to values between 12eV and 48 eV. The resulting radial filament veloc-
ities are shown in fig. 5.11. Although the filaments were all seeded with
the same perturbation of dr = 48 ¢V, the filament velocity agrees with the
scaling of the target temperature, rather than the upstream temperature.

Fig. 5.12 shows the contributions for the vorticity equation, as the target

—3 cases. Fig. 5.13 shows a

temperature is increased, for the ng = 8- 10"¥m
similar scan, but in contrast to fig. 5.12, no target heat sink was included,
and the target temperature is changed self consistently by changing the
upstream temperature. Fig. 5.13 shows, like fig. 5.12 the vorticity contri-

bution for the ng = 8- 10¥ m=3 case. If the target is significantly cooled,
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Figure 5.12: Contribution of the different terms in the vorticity equa-
tion (3.44). The different parts are decomposed as described in sec. 3.5.2.
The contributions are analysed as the filament reaches peak velocity. Dif-
ferent target temperature cases are analysed, all having an upstream tem-
perature Ty = 48¢eV and an upstream density ng = 8 - 10®¥ m=3. All quan-
tities are plotted on the same scale. Fig. 5.13 shows a scan in temperature
without additional cooling.
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5.2 Influence on filament velocity

the drive term is no longer only strong upstream, but also in front of the
target, as the thermal perturbation quickly relaxes along the filament, and
thus there is a significant pressure perturbation in front of the target. This
is in agreement with fig. 5.14, where it can be seen that the temperature
quickly relaxes to mostly flat profiles. As already established, the viscosity
is responsible for a part of the T; dependence. However, within the filament
the viscosity is mostly independent of the T} of the background, as the fil-
ament heats the plasma in front of the target. In the 7} = 12€V case, the
plasma is heated to above 40 €V, thus significantly reducing the viscosity to
around % of the background profile value. In the strongly cooled T; = 12eV
case, the drive is similar to the non-cooled T; = 48¢eV case, however the
velocity of the T; = 12eV case is well below that of the T, = 48¢€V case.
The J, term, caused by currents, is significantly increased in the cooled
target cases. Especially in the area in front of the target, this causes a
large monopole contribution. The significant viscous contribution B, near
the target, which might suggest a 7; dependence, does on the one hand
have mostly a monopole contribution, and the dipolar sink is well below
the additional C,, source near the target. As such it is not obvious why the
target temperature scaling is reproduced. It seems however not be directly
linked to the target temperature, as otherwise the T; = 48 eV cases should
all drop on a single point in fig. 5.11, without a density dependence. In-
stead it is likely that the strong parallel temperature gradients significantly
change the system, and the newly studied system, especially the T, = 12eV
has only limited applicable to the system of interest.

An exception is probably the T, = 48eV case, as here the parallel dy-
namics is only slightly modified. And in this case, the target temperature

dependence is not reproduced, but the density dependence compared to the
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5.2 Influence on filament velocity

unaltered Ty = 48 €V case is reduced, as can be seen in fig. 5.11(c) on the
right. This supports the point that a part of the deviation from an up-
stream temperature dependence is via sheath conditions, and another part
is due to viscosity,

Based on the strong target temperature dependence, it seems tempting
to derive a scaling law based on the floating potential, which is dependent on
the target temperature. Walkden et al. shows that the thermal contribution
to the filament motion causes filament spinning, rather than advection [113].
The floating potential might be involved in the acceleration of the filament,
and might even be partially responsible for the linear target temperature
dependence. But rather than advecting the whole filament, the detailed
motion of the filament needs to be considered, thus making this process

hard to capture in a scaling law.

5.2.3 Filament size

To study the influence of the size of the filament on its dynamics, different
sized filaments have been seeded, and their motion analysed. Fig. 5.15 (a)
presents the scan in filament size. It can be seen that the filament size 0%,
where the filaments are fastest for ng = 8 x 10"¥m™3 is between 15 and
20mm, and for ny = 24 x 10®¥ m~3 is between 19 and 22 mm. The critical
size is determined by fitting a quadratic function in log space using gnu-
plot [155]. The critical size increases with increasing density, as well as with
increasing temperature. The dependence of the temperature is decreased
with increasing density. As in the high density case, the relative difference
between the critical size for the two temperature cases is decreased, which
is shown in the inset in fig. 5.15.

As already done in the study of the dependence of the background con-
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Figure 5.18: Contribution of the different terms in the vorticity equa-
tion (3.44). The different parts are decomposed as described in sec. 3.5.2.
The contributions are analysed as the filament reaches peak velocity. Dif-
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Figure 5.19: Contribution of the different terms in the vorticity equa-
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5.2 Influence on filament velocity

ditions in sec. 5.2.2, a scan where the plasma viscosity has no density de-
pendence was performed. This is shown in fig. 5.15 (b). Similar to (a), the
fitted position of the critical size is shown in the top right corner. With
increasing density, the critical size shows no systematic increase. Only the
temperature dependence is reduced. This shows that the density depen-
dence of the critical size observed in (a) is due to the density dependence of
the plasma viscosity, which has not been included in past studies. Further,
a weak temperature dependence of 0* is observed. From the simple scaling
derived in section 2.2.4, a temperature dependence but no density depen-
dence is expected, suggesting that future derivations of 6* should include a
self consistent plasma viscosity, and currents due to viscosity.

The stronger density dependence of small filaments can be explained
by the density dependence of the viscosity. This can be seen in figs. 5.16
to 5.19. Note that figs. 5.16 to 5.19 are normalised by the filament size. As
the drive term C, have a 511 dependence, all terms would be smaller for
the larger filaments. This would make it much harder to compare them.
Instead the normalisation allows one to compare non-trivial changes more
easily.

As for small filaments the currents are closed via currents in the drift
plane, where viscous currents can contribute. In the case of small fila-
ments the current contribution J, has no significant dipole contribution,
nevertheless a monopole contribution is observed in figs. 5.16 to 5.18. The
remaining dipole current is transporting within the filament from the mid-
plane towards the filament front. As the filament is hotter, there is less
resistance within the filament than in the plasma outside of the filament.
For large filaments, the viscosity contribution is small and as such no de-

pendence on the viscosity is observed, as the currents are closed via the
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Figure 5.20: Radial velocity of different sized filaments. Shown is the peak
velocity as a function of target temperature for different sized filaments.
The viscosity is included self-consistent in (a), while in (b) the density
dependence is removed. The §, = 20mm =~ ¢* are similar in size to the
ones observed in MAST. Small filaments are denoted by a plus, critical sized
filaments by a star, and large filaments by an open circle. The upstream
density is colour coded, see colour-bar.

sheath. In this case the bi-normal dipole contribution in J, is dominating,
and the monopole contribution can be neglected.

The advective contribution is in all cases small, as shown in figs. 5.16
to 5.19. The parallel perpendicular advection AL due to E x B is only for
the hot cases Ty = 48 eV not small.

Fig. 5.20 shows the peak radial velocity for different sized filaments.
The ones with size §, ~ ¢* are the fastest ones. The smaller ones and
larger ones are significantly slower. The larger ones collapse on a line, as
they are plotted against the target temperature. This agrees with theory,
as the vorticity for larger filaments is mainly closed via sheath currents,
therefore a dependence on the sheath conditions is expected. The smaller
ones, where the currents are closed mainly via currents in the drift plane,

show a stronger dependence on the density. This strong density dependence
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5.3 Summary

can be explained by the viscosity. If the density dependence of the viscosity
is removed, they do not collapse that closely onto a single line, as shown in
fig. 5.20(b). This suggests a weaker target dependence compared to larger
filaments. As this geometry does not include an X-point, filaments can be
connected to the target, and therefore influenced by the target. If a more
realistic geometry is used, it is quite likely that at least for the smaller
filaments the influence of the plasma conditions at the sheath is further
reduced compared to larger filaments, as in that case the monopole part of

the current contribution should be also suppressed.

5.3 Summary

Filament radial velocities in the scrape-off layer for different background
profiles have been studied. The upstream temperature and density have
been varied, resulting in self consistent parallel profiles. The backgrounds
do not include gradients in the radial direction. Filaments were seeded on
the background profiles, and the radial filament velocity was measured.

It has been shown, that the direct interaction between the filament
and the neutrals is strongest in the high density and high temperature
case, where a weak reduction of velocity was observed, agreeing with the
prediction by Theiler et al. [92]. As the filament motion depends on the
background profiles, all filaments were subject to indirect neutral influences
via the dependence of the background profiles on neutrals. To accurately
capture filament dynamics, the parallel variation of the background plasma,
including interactions with the neutral population, should be included.

Increasing the upstream temperature resulted in faster radial motion of

the filament. The radial velocity also decreased with increasing upstream
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5.3 Summary

density. This can be explained by the reduced target temperature with
increasing density, as the target temperature was shown to be the best or-
dering parameter for the filaments studied here. The filament perturbation
is seeded in a manner such that it is initially unconnected to the sheath.
It is the fast electron motion that connects the filament electrically to the
sheath. This way the target temperature dependence can be explained by
the temperature dependence of the plasma viscosity and by sheath currents.

The strong target temperature dependence is not only observed for fil-
ament sizes close to the critical size 0* but also for larger ones. Here the
bulk of the vorticity is closed via sheath currents. Smaller filaments show
a strong dependence on plasma density, due to the density dependence of
the plasma viscosity. If this influence is reduced, they show also a strong
dependence on the sheath temperature. Further a shift of 0* with density
is observed. This is not expected from scaling laws, but can be explained
by the density dependence of the plasma viscosity. This suggests that the

plasma viscosity should be included if scalings for 6* are derived.
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CHAPTER 6

Filament dynamics in detached conditions

This chapter studies the dynamics of filaments in detached conditions. This
extends the study from chapter 5 of the impact of the plasma background
on filament dynamics. The background profiles pertaining to the study of
detachment have been presented and discussed in sec. 4.4. As mentioned
on the introductions of the backgrounds, the filaments are not expected to
be overly sensitive on the details of detachment. The main contributions
are expected from the high plasma density and low plasma temperature
and only to a certain extend from the neutrals. As future work, this could

be verified using a more detailed neutrals model.
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6.1 Introduction

As discussed in sec. 1.5.3, a major challenge for the operation of fusion
devices, such as ITER, is the power handling in the divertor. ITER will thus
have to operate in detached, or at least partially detached conditions [63].
Detachment is an operational regime in which the heat and particle target
fluxes are reduced, as a significant part of the plasma is cooled before it
can reach the target [147, 156]. Detached conditions require a drop of total
plasma pressure along the flux tube. Charge-exchange can be an efficient
sink for plasma momentum as well as a sink for the plasma energy, reducing
the heat load at the target, as well as reducing the density flux.

The importance of the dynamics of filaments for the plasma profiles has
already been discussed in sec. 2.1.2. However, the dynamics of filaments
in detached conditions is not fully understood, even though this is the
expected operation regime for ITER and future fusion devices.

As detachment is reached the plasma temperature drops significantly
in the vicinity of the target. This causes an increased plasma resistivity.
Easy et al. [121] found by introducing an artificially increased resistiv-
ity that the radial filament velocity increased. As well as increased radial
velocity, an increased critical size 0* was observed with increasing resistiv-
ity [121].

Filaments are a significant cross field transport mechanism and have
been shown that they significantly influence the time averaged profiles |36,
107]. At the same time filaments depend on the background condition,
as demonstrated in chapter 5. In order to understand this non-trivial in-
teraction, an increased understanding of filament dynamics in detached
conditions is required.

As shown in the previous chapter 5, realistic background profiles can
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6.1 Introduction

have a significant impact on the dynamics of filaments, where a strong
dependence of the target temperature has been observed in attached condi-
tions [126]. In the attached conditions, only a weak influence of neutrals on
the dynamic of filaments has been observed. The increased resistivity by a
decreased temperature did not result in an increased velocity, as the change
in target temperature had a stronger effect [121, 126], shown in fig. 5.6

This chapter aims to extend the previous chapter into detached condi-
tions, as it is expected that the filament-neutrals interaction will become
important in the higher density cases. This also allows one to extend the re-
sistivity of the background plasma in a self-consistent way to levels studied
by Easy et al. [121].

The model used was introduced in chapter 3 including the neutrals
model retaining parallel dynamics 3.4.2. The background profiles showing
detachment, that are used in this chapter as input for the filament simula-
tions are presented in sec. 4.4. Filaments were seeded on the backgrounds
as discussed in sec. 3.3 as a Gaussian perturbation in the drift plane, and
with a tanh shape in the parallel direction, where the length was chosen
as bm. In the perpendicular direction a Gaussian width of 6, = 2cm was
chosen for the study of the direct impact of the neutrals on filament dy-
namics in sec. 6.2, as well as for the study of the impact of detachment on
the radial filament velocity in sec. 6.3. The perpendicular size §, was later
varied to study the roll of §, in sec. 6.4.

In sec. 6.5 the rigidness of the filaments in detached conditions is studied,

before the results are discussed in sec. 6.6.
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Figure 6.1: Time evolution of the radial velocity of a filament seeded on
the background with 10 MW /m? and ny = 48 - 10¥ m™3 (left) as well as
nog = 64 - 10" m™3 (right), shown in fig. 4.10(d,b). Results for different
neutrals model are shown, see legend.

6.2 Direct influence of neutrals

Similar to the study in attached conditions in sec. 5.2.1, the direct influ-
ence of neutrals on the dynamics of filaments has been studied in detached
conditions. Fig. 6.1 shows the time evolution of the radial velocity of a
filament seeded on the high density backgrounds ny = 48 - 10"¥ m~3 and
no = 64 -10® m~3 in the 10 MW /m? case, shown in fig. 4.10(b,d). The no-
interaction models in all cases show faster radial filament velocity than the
version that includes the vorticity-neutral interaction, however the effect is
below 1% in the ng = 64 - 10"¥* m~3 case and not noticeable in the lower
density cases.

In the ng = 48 - 10®¥* m~3 case, keeping the neutrals static has no effect.
In the ng = 64-10® m~2 case where the cold detachment front is within the
seeded filament, the static neutral simulation over-estimates the influence

of the neutrals by about 1.5%. This can be explained by looking at the
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Figure 6.2: Plasma profiles at the centre of the filament. Shown in blue
are the profiles just at the beginning of the simulation, before the neutrals
could adjust to the perturbation. Shown in red are the profiles after ~
4yps. Shown is the plasma density (left), electron temperature (centre) and
neutral density (right). On the top is the ng = 48 - 10’ m™3 case, and on
the bottom the ny = 64-10'® m™2 case, both with 10 MW /m? energy influx,
as shown in fig. 4.10(d,b) The detachment front is shaded in grey.

plasma profiles, shown in fig. 6.2. In the ng = 48 - 10*® m~3 case the cold
plasma region does not extend into the seeded filament, and thus the neutral
density is rather low in the seeded filament. In the ng = 64 - 10® m~3 case,
the filament is seeded within the cold plasma region which includes a high
neutral density. Thus in the ny = 64 - 10'¥m~2 case a significant amount of

3 case.

neutrals are ionised by the filament, unlike in the ny = 48 - 10"¥m~
The difference in the neutrals density results in a difference in the neutral
interaction rates I'“* and I, which in turn has an impact on the vorticity
equation (3.44), namely via the neutrals term (3.50). Thus by ionising
the neutrals, the filament reduces the neutral friction term significantly.
In the no-interaction case, only indirect interactions remain. In the static

neutrals case the neutrals are more effective at cooling, than in the case

where the neutrals are allowed to be ionised. This is similar to the direct
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6.3 Dependence on detachment

interaction in attached conditions, shown in fig. 5.3, however the difference
between the models is here increased, as the neutral density is increased.
Experimentally, this is not expect to be a significant contribution, as the
filament ionises the neutrals, as the filament penetrates into the detached
volume. The indirect interaction, e.g. by cooling the filament as it heats

the detached plasma, are probably more relevant.

6.3 Dependence on detachment

Compared to the filaments studied in the previous chapter, where the fila-
ments where in fully attached conditions, the velocity of filaments in these
higher density simulations is decreased [126]. Previously the slowest fil-
ament velocity reached was around 550m/s at an target temperature of
0.8eV, see e.g. fig. 5.7. Higher target temperatures resulted in faster fila-
ment velocities. In the simulations presented here the target temperature
does not drop below 2.5 €V, as the recombination acts as a heat source for
the electrons at low temperatures, as in this chapter the extended neutral
model, introduced in sec. 3.4.2 is used. Fig. 6.3 shows the peak radial fil-
ament velocity versus the target temperature. While for the high target
temperature cases the previous findings of a target temperature depen-
dence are reproduced, this does not hold for target temperatures below
~5eV. The main differences to the study in the previous chapter is the
increased plasma density, as well as the energy source from recombination.
This leads to a range of filament velocities for a single target temperature
during the detached phase and causes the scaling with target temperature
to break down

To understand the dependence of the filament velocity in detached con-
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Figure 6.3: Peak radial filament velocity for the backgrounds shown in

fig. 4.10 versus target temperature of the background. The target temper-
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Figure 6.4: On the left axis is the particle target flux of the associated
background profiles. On the right axis is the peak radial filament velocity
for different plasma backgrounds. The lines are to guide the eye, and do not
imply that the transition between the points would be linear. The shaded
are represent detachment onset for the different energy influxes. A general
decreasing trend of the radial velocity with increasing density is observed,
except at the flux roll-over point, where the filaments become temporarily
faster.
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6.3 Dependence on detachment

ditions, fig. 6.4 shows the filament velocity as a function of upstream den-
sity, as well as particle target flux of the associated backgrounds. The
particle target flux allows one to identify the the roll-over point, and thus
the onset of detachment. The filament velocity generally decreases with
increasing density. The 5 MW /m? case has an exception for densities less
than ny = 32 - 10"¥m=3, the 7MW /m? case between ny = 32 - 10" m=3 and
no = 40-10® m~3 and the 10 MW /m? case between ng = 32 - 10 m~3 and
ny = 48-10® m=3. The particle target flux roll-over is at ng = 16-10¥m=3,
no = 24 - 10¥m=3 and ng = 40 - 10'¥m~3 respectively, and as such the
detachment onset. In all three cases, with increasing density the target
flux roll-over and pressure drop happen, and at even higher densities the
radial velocity increases temporarily. This suggests that after detachment
is reached, the filaments get faster, before the velocity begins to decrease
again. At this point, a cold and dense plasma in front of the target is
building up and with increased density as well as decreased temperature,
the resistivity is significantly increased, which prevents currents in the fila-
ment reaching the target. Fig. 6.5 shows the current density in the centre
of the filament, for the 10 MW /m? cases. While in the attached cases, the
currents flow to the target on the right hand side, in the detached cases the
currents are only flowing to the edge of the cold plasma region. The increase
of the filament radial velocity with increased resistivity was predicted by
Easy et al. [121]. To study the decrease of radial velocity with increas-
ing density, the contributions of the vorticity equation (3.44) was analysed
as described in sec 3.5.2. The result is shown in fig. 6.6. The drive term
C,, is increasing with increasing density, that can be in part explained by
an increase in upstream pressure with increasing density. Normalising the

drive by the upstream pressure P, = ngTjy, an increase, especially for the
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near the target are strongly suppressed. The detachment front is shaded.

no = 64108 m=3 case is still observed. Fig. 6.7 shows the density and tem-
perature profiles in the centre of the filament at both ¢ = 0 with the seeded
perturbation as continuous line, as well as at t = t,c,x When the filament
reaches its maximum radial velocity as dashed line. Both density and tem-
perature is normalised to its respective upstream value of the background
profile. The upstream density perturbation shows in general less of a drop
than the upstream temperature perturbation, as parallel transport for the
density is significantly slower than for the temperature, where conduction
plays a role. As the background density is increased, and the backgrounds
transition from low recycling to high recycling and then become increasingly
detached, the upstream perturbation shows less of a decrease. Temperature
in the low recycling case, ng = 16 - 10 m=3, is flat by the time ¢ = ¢ cax
is reached. For the deeply detached case ny = 64 - 10*® m~3, the filament
cannot transport the perturbation in parallel direction effectively, as the

conduction has a strong temperature dependence T3 and thus cannot con-
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Figure 6.6: Contribution of the different terms in the vorticity equa-
tion (3.44). The different parts are decomposed as described in sec. 3.5.2.
The contributions are analysed as the filament reaches peak velocity. Dif-
ferent densities are analysed with an energy influx of 10 MW /m?. All quan-
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tities are plotted on the same scale.
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6.3 Dependence on detachment
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Figure 6.7: Density n and temperature 1" at the centre of the filament for
different densities at an energy influx of 10 MW /m?2. The values are mea-
sured within the centre of the filament and normalised to the background
upstream value. Full lines show the initial condition just after the filament
is seeded, and in dashed is the evolved profile as the filament reaches peak
velocity.
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6.4 Dependence of critical size

duct efficient into the detached region. Similarly, for the deeply detached
case, the density perturbation is much less drained than in the attached
case.

Even though the drive is increased with increasing density, the veloci-
ties are significantly reduced. As the current contribution .J,, and the vis-
cous contribution are strongly peaked, fig. 6.8 shows these two quantities
cropped. Fig. 6.8 is also normalised to the upstream dipole contribution of
the curvature drive C,(z = 0), unlike fig. 6.6. Note that this changes the
sign of all quantities, however it allows one to determine more simply how
much of the drive is sunk by which term. From fig. 6.8 it can be seen that
viscosity is having an increasing impact as the density increases. While
for ng = 16 - 10*® m~2 the viscosity sink is compensating less than 20 % of
the drive upstream, the changes to above 30 % for the ng = 48 - 10®¥ m=3
case. While it might seem that this is reduced for the ng = 64 - 10®¥*m=3
case as B,(z = 0)/C,(z = 0) is above —0.3, the current J,, is closing the
drive mostly not via the sheath, but via viscosity at the detachment front.
As such the 70 % of the upstream drive that is closed via currents, is also
closed via viscosity, but at the detachment front. Thus while the resistivity
is in general increased with detachment, currents are now more important
than in the ng = 16 - 10! m ™3 case, as they current only needs to go to the

detachment front.

6.4 Dependence of critical size

The vorticity closing mechanism, and thus the dynamics of filaments strongly
depends on the size of the filament with respect to the critical size 6*. For

small filaments, i.e. §; < §%, the vorticity is closed mostly in the drift
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Figure 6.8: Contribution of the different terms in the vorticity equa-
tion (3.44). The different parts are decomposed as described in sec. 3.5.2.
The contributions are analysed as the filament reaches peak velocity. Dif-
ferent densities are analysed with an energy influx of 10 MW /m?. All quan-
tities are plotted on the same scale. Unlike fig. 6.6 the quantities are
normalised by the upstream curvature drive dipole moment contribution
C,(z =0), further B, J, and N, are cropped.
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6.4 Dependence of critical size

plane, and the filament velocity increases monotonically with size. For
large filaments, the vorticity is closed via parallel dynamics, and a mono-
tonic decrease with filament size is expected, as discussed in sec. 2.2.4.

To further understand the influence of detachment on filament dynam-
ics, different sized filaments where seeded on the background profiles. The
results of the filament size scan is shown in fig. 6.9. Also shown is the crit-
ical size, as determined by fitting a quadratic function in log-space using
gnuplot [155]. Additionally to the full model, a second case is run where
the perpendicular viscosity is set to zero. While the perpendicular diffu-
sion constants are physically motivated, the real value is not known. Some
models do not include viscosity or diffusion at all 118, 157|. The previous
study found a strong viscosity dependence of the filament dynamics, thus
the viscosity dependence was once more investigated. The neo-classical
viscosity values where assumed to be the upper bound and setting the vis-
cosity to zero is a natural lower bound. Thus the resulting error of this
uncertainty is expected to be bound by the full model on one hand, and by
the no-viscosity case on the other hand.

In the filament size scan in attached conditions in sec. 5.2.3, the regime
transitions from the viscous regime for small filaments to the sheath limited
regime for large filaments, where sheath currents are the main current clos-
ing mechanism. In detached conditions, for small filaments, the vorticity
is mainly closed by viscosity. For large filaments, sheath currents can no
longer close the vorticity, as sheath currents are strongly suppressed, as
shown in fig. 6.5. The filament scaling expected for neutrals does not have

a size dependence. If we set 0 = C,, + N, we get

onT 1 - 1 ~
0= QL . ﬁviqs(FCX 4 Iuon) . Equﬁ . VL(FCX 4 Iuon) (61)

n dy

153
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Figure 6.9: Peak radial filament velocity for different sized filaments.
The blue, filled symbols are in detached conditions (10 MW /m?, n, =
32 - 10 m™3, fig. 4.10(f)), while the red, open symbols are in attached
conditions (10MW /m?, ny = 48 - 10" m~3, fig. 4.10(d)). The downward
pointing triangles are from simulations using the full model, whereas the
upward pointing triangles are from simulations ignoring the perpendicular
viscosity. The fitted position of the critical sizes are shown as red dots.

154



6.4 Dependence of critical size

we can replace the perpendicular derivatives by 511 and get

B gnT B ¢(FCX + Fion)

6.2
no, no? (62)
which leads to the radial electric field E, o % be proportional to
10} gI'n
— N 6.3
5J_ '¢X + Tion ( )

And thus if neutrals are the main sink for the vorticity the velocity is
not expected to decrease with increasing size. As with increasing size the
monotonic decrease is retained, for filaments larger than the critical size
0* sheath currents are still important. While the high resistivity strongly
reduces sheath currents, sheath currents are not fully suppressed. Due to
the increase of the critical size 6* fewer filaments will be in the sheath limit
regime, however the ones that are in this regime will still be able to prevent
further acceleration via sheath currents.

The vorticity contributions of the different terms in the vorticity equa-
tion (3.44) has been analysed for different sized filament in detached con-
ditions, namely the ng = 48 - 10 m~3 and 10 MW /m? case. The different
contributions have been analysed as described in section 3.5.2. The terms
have been normalized by the size, as the drive decreases roughly as 511.
Otherwise the terms of the large filaments would all be small, making a
comparison more difficult. Fig. 6.11 shows the same data as fig. 6.10, but
AL B, and J, have been cut off. This was done as near the detach-
ment front z &~ 8 m strongly peaked profiles are observed. Looking at the
contributions of the vorticity equation shown in fig. 6.11, it can be seen

that the viscosity contribution B, within the filament, i.e. for z < 5m, is

155



6.4 Dependence of critical size

Jo 61 [a.u.] By, 6, [a.u.] Ayl 6, [a.u] A6, [a.u.] Cy 6. [a.u.]

Ny 64 [a.u.]

o ©0660 ooo
Ul UIRWNRFOFNW

. °
= U O

-1.5
30
20
10

-10

-20
-30

-10

monopole

bi-norm dipole

radial dipole

\\\\\\\\\

|
) B |
T 1 !\ L

6, =%l M ———
6, =10 mm
6, =20 mm
6, =40mm — —-

Figure 6.10: Contribution of the different terms in the vorticity equa-
tion (3.44). The different parts are decomposed as described in sec. 3.5.2.
The contributions are analysed as the filament reaches peak velocity. Dif-
ferent sizes are analysed for the ng = 48-10® m™3 and 10 MW /m? case. All
quantities are plotted on the same scale, but have been normalised with
the filament size ¢ .
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Figure 6.11: Contribution of the different terms in the vorticity equa-
tion (3.44). The different parts are decomposed as described in sec. 3.5.2.
The contributions are analysed as the filament reaches peak velocity. Dif-
ferent sizes are analysed for the ng = 48-10® m™3 and 10 MW /m? case. All
quantities are plotted on the same scale, but have been normalised with
the filament size §,. Unlike in fig. 6.10 AL, B, and J, have been cropped.
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6.4 Dependence of critical size

significantly decreased for ¢, £ 20mm. While the viscosity contribution
B,, within the filament decreases with increasing size, the contribution B,
at the detachment front increases with increasing size, and becomes much
larger than the upstream contribution for filaments 6, < §*, as can be seen
in fig. 6.10. For small filaments the vorticity is closed locally, via B, and
non-local effects namely J, is less important. For large filaments the vor-
ticity is conducted via J,, in the direction of the sheath, and as the viscosity
is more effective at higher density and lower temperature, the viscosity still
provides a significant closing mechanism. Note that rather than the peak
magnitude of the contribution, the parallel integrated value represents how
much of the vorticity can be sunk by the respective sink. Thus while for
small filaments B, is rather small, is is extended along the magnetic field
lines, and thus provides an comparable large sink, as the peaked contribu-
tion for larger filaments.

Note that the current contribution J, is not completely vanishing at
the target, even though the contribution is decreasing roughly exponen-
tially going further into the detached region, in the 6, = 40 mm case the
contribution is still finite at the target. In the attached conditions figs. 5.16
to 5.19 shown in the previous chapter the profiles were not peaked. Also
the viscous contribution was mostly within the filament, and only a small
peak for the §; = 40 mm filaments have been observed in some cases just
in front of the target, but still smaller in magnitude than for smaller fila-
ments. Whilst the effectiveness of the viscosity closure is decreasing with
increasing size, the impact of the neutrals N, is increasing. This changes if
we do not include viscosity in the model, as shown in fig. 6.12, which is the
vorticity contribution analysis for the ny = 48 - 10®¥* m™2 10 MW /m? case

without vorticity. If viscosity is not included, significantly higher velocities
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Figure 6.12: Contribution of the different terms in the vorticity equa-
tion (3.44). The different parts are decomposed as described in sec. 3.5.2.
The contributions are analysed as the filament reaches peak velocity. Dif-
ferent sizes are analysed for the ng = 48 - 10®¥ m™ and 10 MW /m? case
without viscosity. All quantities are plotted on the same scale, but have
been normalised with the filament size §,. Unlike in fig. 6.10 the simulation
did not include the viscous term B,,.
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6.4 Dependence of critical size

are achieved by the filaments, as shown in fig. 6.9. Similar to the case in-
cluding viscosity in fig. 6.10, the current term .J,, is conducting towards the
detachment front, but unlike in the case with viscosity, where B, was the
main sink at the detachment front, N, is providing the sink for the viscos-
ity. Thus depending on the actual level of viscosity present in experiments,
neutrals may be a significant mechanism for closing the current.

In the full model, i.e. with viscosity, the filaments of 14 mm and larger
are faster in the detached condition than in attached conditions. This is
expected, as small filaments are not influenced by sheath currents, and
the increased viscosity, resulting from the higher density in detached state
will thus reduce the velocity the filament achieves. For large filaments,
the suppression of sheath currents is much more important and the effect
of viscosity is weaker, thus they are faster in detached conditions. In the
case without viscosity, the filaments of all sizes, down to 5 mm are faster in
the detached condition than in the attached case. This indicates that even
for the 5mm filament, in the absence of perpendicular viscosity, parallel
dynamics plays a role, as a significant part of the vorticity is advected
towards the target. In the low resistivity, attached case, sheath currents
provide a monopole contribution, and this £ x B term causes a significant
contribution to the vorticity sink. In the high resistivity case, the £ x B
contribution is significantly reduced. In that case parallel advection and
diffusion are preventing further acceleration of the filament. Therefore in
the absence of viscosity, even the small filaments are influenced by the
sheath conditions, thus filaments of all sizes achieve higher velocities in
detached conditions, where sheath effects are suppressed.

The full model as well as the no viscosity model, shows a higher increase

in velocity with detachment for larger filaments. Further, the critical size
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Figure 6.13: Peak radial filament velocity for different sized filaments
for different backgrounds. The backgrounds have an energy influx of
10MW/m?, and the densities range from ny = 16 - 10®¥m™3 to ny =
64 - 101¥m=3. On the top right is the critical size of the different densi-
ties. The shaded region denotes the onset of detachment.

0* increases significantly with detachment. Note that 0* is defined as the
perpendicular size where filaments are fastest.

To put these results further into context, the scan has been extended to
more densities, as shown in fig. 6.13 The density dependence of filaments
of §; = 20mm has already been discussed in section 6.3. The temporarily
increase with detachment onset is the same for all filaments around the
critical size and larger, i.e. 6; > 14mm. Small filaments, i.e. 10 mm and

smaller, show a monotonic decrease with increasing density. In attached
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6.4 Dependence of critical size

conditions the critical size 0* decreases with increasing density. This is
in contrast to the study presented in the previous chapter, where an in-
crease with increasing density was observed. The main difference between
the two studies is, that here the energy influx is kept constant, whereas in
the previous chapter, the upstream temperature was kept constant. In the
case of a fixed heat flux, an increased density results in an decreased tem-
perature, due to pressure conservation. It seems thus that the decreasing
temperature reduces the critical sizes stronger, than the density increases
the critical size. As detachment is reached, the critical size 0* shifts dra-
matically to larger sizes. This is in agreement with Easy et al. [121], where
an increase in the resistivity suppresses sheath currents, as is here observed
with detachment. The increase in resistivity reduces the impact of currents,
which is especially important for larger filaments. This results in faster ra-
dial velocities for larger filaments. The reduced impact of sheath currents
also changes the filament size where sheath currents or inertial currents are
balanced by sheath currents to larger filament sizes. Fig. 6.13 contains also
a plot of the critical size plotted against the respective density. The critical
size was determined by fitting a quadratic function against the radial ve-
locity versus logarithm of the perpendicular size using gnuplot [155]. In the
no = 64 - 10 m~3 case the critical size is further increased with respect to
the ng = 48 - 10®¥* m~3 case, which is already detached. This demonstrates
the importance of how far the detachment has moved toward the X-point,
which roughly linearly increases the collisionality integrated along the flux
tube.

For experimentally observed filaments, it is expected that filaments in
detached conditions are generally slower than in fully attached conditions,

however not a simple relationship with detachment is expected, but rather
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6.5 Rigidness of filaments

filament size 0, with respect to the critical size 6* needs to be taken into
account. As filaments around the critical size are typically most stable and
observed more frequently than other sizes, with detachment larger filaments

are expected.

6.5 Rigidness of filaments

Filaments are typically assumed to be strongly magnetically aligned. This
is assumption is for example used for the inversion of the fast imaging data
of MAST camera data, to get a projection of the filament in the perpen-
dicular plane. Filaments have been observed to bend in electro-magnetic
models, where the pressure perturbation is on the same order as the mag-
netic pressure [157]. The model used here however uses the electrostatic
assumption, and in previous studies, e.g. in the filaments studied in the
previous chapter, the filaments have been observed to be rigid. The radial
displacement of the filaments seeded on the backgrounds shown in fig. 4.10
has been computed for the different z-y-slices along 2| and is shown in
fig. 6.14. The displacement has been normalised by the upstream (z = 0)
displacement. In attached conditions, the velocity has no 2z dependence,
and the filament moves rigidly. Also in detached conditions, the filaments
in ny = 48-10¥ m™ 10 MW /m? as well as ng = 32-10"¥ m=3 5 MW /m? still
move rigidly. Only the filaments in ny = 64 - 10"¥ m=® with 10 MW /m? and
5 MW /m? as well as ng = 48 -10®* m™® 5 MW /m? show significant bending.
As well as showing a low radial velocity, the filaments that bend have in
common that they were seeded partially within the detached region. As
resistivity is increased with increasing density and decreasing temperature,

the resistivity within the detached region is high. Also if the filament is
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Figure 6.14: Dependence of the filaments radial displacement after 4 ps
on the parallel direction z| for the different backgrounds in fig. 4.10. The
displacement was normalised to the displacement at z; = 0. Note that only
the upper half of the domain is plotted, where the filament was seeded.
The detachment front is represented by a shaded area. In the ng = 64 -
10" m=® 10 MW /m? case the detection did not work reliably around z| &
4 m, as the background density features strong parallel gradients, thus small
movements of the detachment front making the detection of the centre of
the filament unreliable.
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6.6 Discussion

seeded within the detached region, the temperature within the detached
region quickly reduces, as shown in fig. 6.7, thus increasing resistivity and
thus suppressing currents. On the other side, with low temperature and
high density, viscosity is increased, resulting in an efficient vorticity sink.
As shown in figs. 6.10 and 6.11 the current contribution J,, is able to conduct
vorticity into the detached region all the way to the front of the filament at
z &~ 5m, but J, decreases strongly from the detachment front z ~ 4m to
z ~ bm, where the filament ends. As shown in fig. 6.14 the filament is bend
not only within the detached region, but also upstream of the detachment
front, as the temperature drops already in front of the detachment front.
Bending has already been observed in the past, for sufficient low temper-
ature by Walkden et al. [158] or for sufficient high resistivity by Easy et
al. [121].

6.6 Discussion

Similar to the previous chapter, strictly in attached conditions, keeping the
neutrals fixed at their background values has only a minor impact on the
dynamics of filaments. If filaments are able to penetrate into a detached
region, they can ionise significant amount of neutrals, which may be relevant
to detachment burn-through studies, however [159]. Burn-through has not
been studied as part of this thesis, as the neutral code was unstable close
to re-attachment.

Easy et al. predicted that a cold divertor could increase the radial ve-
locity of filaments, as well as the critical size 6* due to a rise in collisional
resistivity [121]. While both an increase in radial velocity as well as an

increase of 0* has been observed as detachment is reached, the increase of
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the radial velocity is rather weak, and a hotter divertor yields higher radial
velocities in general. It has been suggested that detachment, or more gener-
ally a high collisionality in the divertor could be the cause of SOL flattening,
as the high resistivity could prevent sheath currents, and thus increase the
radial filamentary transport [160|. This study shows that collisionality may
be responsible for a change of filament dynamics, rather than e.g. the in-
creased neutral density. However, the increase of filament velocities with
detachment is well below the radial velocities in sheath limited conditions,
so this study does not support the hypothesis that shoulder formation is the
result of high divertor collisionality and increased filament transport fluxes.
Experimentally also larger filaments have been observed. Assuming that
filaments are distributed around ¢*, this is in agreement with this study, as
with detachment ¢* is shifted to larger filament sizes.

Furthermore, as a high plasma density as well as a low plasma temper-
ature is required to achieve a sufficiently high resistivity to prevent sheath
currents from influencing the filament dynamics, this will most likely not be
the case in the far SOL, thus even if the acceleration caused by detachment
is higher than suggested by these simulations, the velocity should quickly
drop, once the filament is connected to a lower density region and thus can
connect to the target.

After detachment occurs, a strong increase of the critical filament size 6*
with increasing density is observed. In attached conditions a weak reduction
of the critical size with increased density is observed, which is associated
with a reduction of the temperature as the energy influx is kept constant.
After detachment occurs, cold and dense plasma at the target is suppress-
ing sheath currents, and with increasing density the detachment volume

is increasing, thus increasing the total integrated parallel resistivity. This
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shifts the critical size to larger values as predicted by Easy et al. [121].
While neutrals can partially compensate for the lack of sheath currents,
the vorticity sink due to neutrals is over an order of magnitude smaller
than the sink due to viscosity. The neutrals are acting as a frictional force
on the vorticity, and thus providing a sink for the vorticity, similar to the
viscosity, however unlike the viscosity without an explicit 6, dependence.
If the viscosity is not included in the simulations, neutrals are the main sink
for vorticity, but as the neutrals are less effective at closing the vorticity,
higher electric fields, and thus higher radial velocities are observed.

The observed filament bending agrees with Easy et al. [121] where
bending was observed if the resistivity was uniformly enhanced, whereas a
localised resistivity at the target resulted in a rigid filament [121]. Note
that this bending mechanism would only be expected in experiments, if
the filament is within the cold, dense plasma region. The bending was only
observed in cases where the detachment front has moved quite far upstream,
and the filament was within the detached plasma.

Easy et al. [121] increased the resistivity artificially by up to a factor
of 10000 and estimated that the temperature at the divertor would need to
drop to 0.086 eV compared to the 40 eV reference case [121]. The estimates
assumes that the resistivity has a temperature dependency v oc T' —3/2,
However, the resistivity also has a density dependence i.e. v o n- T-3/2 1If
we assume that the pressure n - T is preserved (same upstream conditions
but colder divertor) the scaling can be expressed again in terms of the
temperature: v o T-5/2. Thus achieving the 10 000 increase only requires
1eV - which is much closer to the temperatures reached here and may
explain why the bending effect is seen in the detached simulations.

While Easy et al. [121] predicted that the velocity will be increased
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with increased resistivity, the self-consistent simulations conducted here
show that the increase with detachment is significantly smaller, than the
net decrease with respect to attached simulations, where target tempera-
tures above 25eV reach velocities exceeding 2km/s - whereas in detached
conditions only about 1km/s was reached. However, a change in the tran-
sition of filament dynamics from inertial or viscous to sheath-limited is
observed and the critical size of filaments 0* increases dramatically after

detachment.

6.7 Summary

This chapter presents the dynamic of filaments in detached plasma condi-
tions, using simulations in a 3D slab geometry. The detachment features
particle target flux roll over as well as a significant plasma pressure drop.
Detachment was achieved by using a refined neutral model, which is able to
capture and evolve steep gradients in the neutral density, which is observed
near the target.

In terms of dependence of the filament dynamics on the background
conditions, a general decreasing trend of radial filament velocity with in-
creasing plasma density is observed. This trend is temporarily broken as
detachment is reached, where especially filaments larger than the critical
size 0} .meq found in attached conditions are faster than before detachment.
This is caused by the higher parallel resistivity, which prevents sheath cur-
rents, in agreement with Easy et al. [121|. This also causes an increase
of the critical size, which further increases as the detachment front moves
further upstream and the integrated resistivity increases.

While detachment can increase the radial velocity, the observed radial
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6.7 Summary

filament velocities in hotter, attached plasmas are still faster than the ones
observed in detachment, because the previously observed inverse tempera-

ture dependence is stronger than the impact of detachment.
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CHAPTER [/

Conclusion and Future Work

7.1 Conclusions

Understanding and predicting the transport in the scrape-off layer of toka-
maks is of major interest for the design and operation of future fusion de-
vices with the goal to provide a sustainable and high density power source.
As filaments are one of the major cross-field transport mechanisms at the
plasma boundary, it is of interest to increase the understanding of their dy-
namics, especially with regard of the conditions expected for future devices,
namely high density cases, including divertor detachment, which allows one
to reduce parallel heat loads to levels sustainable by the divertor materials.

As part of this thesis, it has been shown that the neutrals do not impact
the dynamics of filaments in a significant way in the studied conditions,

which included detachment. The neutrals provide a sink for the vorticity,
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7.1 Conclusions

thus they could reduce the filament velocity, however the plasma viscosity
had a higher impact, but this is sensitive to the location of charge exchange
with respect to the dense and cold plasma of the detachment front, thus
a more accurate neutral model might change this outcome. Beyond the
direct neutral-filament interaction, where the neutrals provide a sink for the
vorticity, neutrals play a more important role for the dynamics of filaments
via changes introduced in the background plasma conditions.

It has been observed that in attached conditions the filament radial ve-
locity has a strong dependence on the target temperature, rather than the
upstream temperature. As this was observed for critical sized filaments,
this was not expected, as the vorticity is closed by several mechanisms.
One of them are sheath currents, which are expected to depend on sheath
conditions, and thus a dependence on the target temperature can be ex-
pected. Another mechanism, that was found to be important, were viscous
currents. The viscosity has a temperature dependence, and is increased
with decreasing temperature. While a decreased temperature at the target
would allow a more effective vorticity reduction, only in the low density,
low temperature case is the vorticity sink at the target due to viscosity
comparable with the one upstream. Sheath currents provide in all cases
a monopole contribution to the vorticity, which makes the dynamic inher-
ently non-linear, and thus prevents the derivation of a simple scaling law
for the target temperature dependence of the filaments radial velocity. The
monopole in the vorticity causes a spinning motion of the filament, known
as Boltzmann spinning.

This behaviour changes as detachment is reached. There the dependence
on the target temperature breaks, and as detachment is reached, a tempo-

rary increase of the radial velocity with increasing density is observed, while
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in general a decreasing trend with increasing plasma density is observed.
The temporary increase is caused by the suppression of sheath currents, due
to the high resistivity in the cold plasma adjacent to the sheath. Unlike
the study of Easy et al. [121| where the resistivity was artificially increased,
this self consistent model does not see an increase of the radial velocity,
even though the resistivity is increased to similar levels studied by Easy
et al. [121], as the temperature is significantly decreased, resulting in an
increased plasma viscosity. This reduces the drive, and thus in general the
filaments radial velocity is decreased with decreasing temperature, or with
increasing density, which was the controlled parameter in this study.

The critical size of filaments gives insight into how the radial velocity
of filaments changes with size. For smaller filaments, the radial velocity
increases with size where viscous and/or polarization currents are closeure
mechanism. The radial filaments velocity peaks at the critical size where
parallel and perpendicular currents are balanced. The velocity decreases
again for larger filaments, where currents into the sheath are the dominant
closing mechanism. It gives additionally insight into closing mechanisms,
and where different mechanisms are balanced. A thorough understanding
of the main vorticity closing mechanisms and there dependence in different
background conditions allows one to model filaments in stochastic SOL
model such as proposed by Militello et al. [36], using only a minimal and
computational efficient model to predict the dynamics of single filaments.
In attached conditions the critical size of filaments increases slightly with
density as well as temperature, where the density dependence is introduced
from the density dependence of the viscosity. In the case of the detachment
study the energy influx, rather than the upstream temperature was kept

constant. In this case with increasing density the critical size 6* decreased,
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this suggests that the decrease caused by the decreasing temperature with
increasing density has a stronger impact on the filament critical size 6* than
the increase caused by a decreasing density.

The decreasing trend is broken by detachment, where the critical size
increases significantly. This is in agreement with the study from Easy et
al. [121] where an increase of the critical size with increased resistivity is ob-
served. As the detachment increases and the detached volume, i.e. cold and
dense plasma in front of the target, increases, the critical size is increased
to larger sizes. With detachment onset sheath currents are not immedi-
ately fully suppressed. As the detached volume increases, the integrated
resistivity increases, and sheath currents are increasingly suppressed, and
the critical size increases.

Filaments are often assumed to be field aligned. While it is known that
this breaks down if the perturbation of the plasma pressure is a significant
fraction of the magnetic field pressure, Easy et al. [121] showed that in the
high resistivity case, if the high resistivity extends into the filament, the
filament is no longer rigid, but moves faster upstream than downstream.
This result has been reproduced in self-consistent conditions, where the fila-
ment is not any more field aligned if the filament extends into the detached

plasma.

7.2 Future Work

The natural progression of this work is to include more realistic back-
grounds. In addition to a realistic geometry, the inclusion of kinetic neu-
trals would be beneficial. Comparing with a kinetic neutrals code such as

EIRENE would allow to verify the accuracy of the neutrals model used at
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hand. While evolving EIRENE on the time scale of the filament dynamics
is expensive, the current study suggests that this is not needed to capture
the dynamics of filaments.

As MAST-Upgrade is expected to reach detachment, an experimen-
tal comparison would also be beneficial. While comparison of filament
dynamics measured in experiments and SOL codes has been done in the
past [96, 124], this has not been done for filaments in detached conditions.

Besides increasing the understanding of filament dynamics via increas-
ing the model complexity, the model results can be applied to the stochastic
SOL model to compare to experimental measurements of SOL profiles in
detached conditions, which would allow an indirect comparison with exper-

1ments.
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APPENDIX B

APl and implementation details

The neutrals model was designed to simplify the usage in codes beyond the
STORM version used here. In order to minimise the changes required in
the physics model, the neutrals model is implemented as a class.

The base class provides methods for the interaction terms in the plasma
model. Further, the version of the neutrals model can be switched using
the input file described in section 3.1. As such the neutrals model can be
chosen at run time, without any modifications of the code.

During initialisation of the physics model, a neutrals objects need to be
created. The factory expects a pointer to the solver, the mesh, and either
absolute name of the section from the input file where the for the neutrals

are, or a pointer to that section:
auto neutrals = NeutralsFactory::create(solver,mesh, "neutrals”);

Thereby the factory reads the value of the type field to determine the
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requested model.

Besides the diffusion neutrals model, described in sec. 3.4.1 and the
parallel neutral model, described in sec. 3.4.2, the none neutrals model is
available, which can be used so switch of the neutrals in a convenient way.

The neutral model needs to know various plasma quantities. Setters are
available to provide the references to the fields, such that the neutrals has
access to the current values. The following functions are available, which

can be used to set the respective values:

neutrals->setPlasmaDensity(const Field3D &n);
neutrals->setPlasmaDensityStag(const Field3D &n_stag);
neutrals->setElectronTemperature(const Field3D &Te);
neutrals->setIonTemperature(const Field3D &Ti);
neutrals->setElectronVelocity(const Field3D &U);
neutrals->setIonVelocity(const Field3D &U);

neutrals->setPotential(const Field3D &phi);

Further the function neutrals->setUnit(const Unit &unit); is avail-
able, which needs to be called to set the unit system. While internally
the same of units is used as in the plasma equations, the units are needed,
as the cross section is a non-linear function, thus e.g. temperatures and
velocities are needed in SI base units. Initialisation is completed by calling
neutrals->init ().

The neutrals terms have also to be added to the influenced evolv-
ing plasma equations. For example in the plasma density equation, the
neutrals->getDensitySource() call needs to be added to the density

equation:

ddt (n)+=neutrals->getDensitySource();
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Similar source terms are available for the vorticity, ion and electron parallel

velocity, electron temperature and energy source.
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APPENDIX C

BOUT++ contributions

BOUT-++ has been used for the simulations presented in this thesis. As
part of the PhD, several contributions have been made to BOUT++.

C.1 BOUTH+ for python

In order to allow the vorticity contibution analysis presented in section 3.5,
as part of this PhD a python interface for BOUT-++ was developed. This
allows one to use the BOUT++ features in a python code. The benefit of
such an interface has already been discussed in the past [138]. The mo-
tivation for implementing this as part of this PhD was to recompute the
derivatives to analyze the contributions of time derivatives, mostly of the
vorticity terms in equation (3.44) in a post processing style. Previously

this would require to rerun the code, and dump the derivatives addition-
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C.1 BOUT++ for python

ally. Another option would have been to reimplement the used derivative
schemes and bracket operators in python. While this has been done in
the past, porting all the features that BOUT++ supports and that where
needed, would not only lead to code duplication and thus an increased risk
of bugs.

The python interface for BOUT++ is written mostly in Cython [162],
which can be used as a wrapper language for C and python. Cython also
support C++ to some extend. Technically a bash script generates the
cython code, which allows one to generate similar code for the different
derivatives or fields, while avoiding repeatition of boilerplate code.

Initially only the set of functions for computing the derivatives of the
vorticity equation where implemented. By now the interface exposes most
of the C++ API, for example the different Fields, Field operations, the
Mesh, Options as well as most differential operators and vectors. Instead
of relying only on positional arguments, the python interface often provides
named arguments, allowing to write clearer code.

The Field3D can be created by using the FieldFactory of BOUTH+
to create fields using arithmetic expressions. Further it can be generated
using boutdata’s collect. The collect function is part of BOUT++’s
post processing python library that can assemble the non-parallel dump files
written by BOUT++-. Field3D.fromCollect() function returns a Field3D
object from an arbitrary time-point in the dump file. All the options that
collect supports can be used, as they are forwarded to collect. This
function is mostly useful for post processing. It is also MPI aware, which
allows one to do post processing calculations in parallel, however as typically
only a single calculation is done, reading in the data from disk is often the

slowest part of the post processing. Further it is also possible to set the
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C.1 BOUT++ for python

values of a Field3D with either another Field3D, a numpy-array object or
from scalar values. As the Field3D object supports slicing, it is possible to
get a 2D cross section of the 3D domain for example.

Previously most MMS tests required to start a new binary for each
iteration. With the BOUT++ interface the handling for several meshes was
also improved. Thus rather than relying on the global mesh, each mesh now
knows its mesh, allowing to do a full parameter scan within a single instance
of BOUT++. This can reduce the time required to run tests, thus making
it more convenient to run many tests frequently to verify that everything
works as expected and notice regressions early in the development cycle.

Further the Solver class is exposed. This allows one to implement the
equations of a physics model directly in python. The performance penalty
for the additional wrapper is in the few percent range, at least for the
blob2d example. While the current benefits are rather small, it allows one
to run BOUT++ simulations without having to compile BOUT++-, as pre
compiled python binaries are available for Fedora.

An example simulation of a plasma physics problem using the python in-
terface can be found as part of BOUT++ located at ‘examples/boutcore /blob2d.py*.

Further documentation on the interface is available after running make doc,
after installing the manual on fedora with sudo dnf install bout++-doc
or online at https://omadesala.physics.dcu.ie/bout/user_docs/python_

boutcore.html A simplified example is shown below:

#1/bin/python3

import boutcore as bc

bc.init ("mesh:n=48")
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C.1 BOUT++ for python

class Model(bc.PhysicsModel) :
def init(self,restart):
self.dens = bc.create3D("sin(z)")

self.solve_for(n=self.dens)

def rhs(self,time):

self.dens.ddt(bc.DDX(self.dens))

model = Model()

model .solve()

The blob2d model has been converted to python:

#!1/bin/python3
# —-*— coding: utf-8

e e e

2D blob simulations

Copyright: NR Walkden, B Dudson, D Schwérer; 2012, 2017, 2018

L I T T

b b b

import boutcore as bc
from numpy import sqrt
from boutcore import bracket, DDZ, Delp2, PhysicsModel

import sys
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C.1 BOUT++ for python

bc.init("-d blob”.split (" ") + sys.argv[1:])

class Blob2D(PhysicsModel):

def init(self, restart):
self .mesh = bc.Mesh.getGlobal ()
self.n = bc.Field3D.fromMesh(self .mesh)

self.omega = bc.Field3D.fromMesh(self .mesh)

self.phiSolver = bc.Laplacian()

options = bc.Options("model")

# Temperature in el

TeO = options.get("Te0", 30)

e = options.get("e”, 1.602e-19)

m_i = options.get("m_ <", 2 * 1.667e-27)

m_e = options.get("m_e”, 9.11e-31)

# Viscous diffustion coefficient
self.D_vort = options.get("D_wvort"”, 0)
# Density diffusion coefficient

self.D_n = options.get("D_n", 0)
# Radius of curvature [m]

self .R_c = options.get("R_c", 1.5)

# Parallel connection length [m]
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C.1 BOUT++ for python

self.L_par = options.get("L_par"”, 10)

# Value of magnetic field strength [T]
BO = options.get("B0", 0.35)

# System option switches

# Include compressible ExB term in density equation
self.compressible = options.get("compressible”, False)
# Use Boussinesq approximation in vorticity

self .boussinesq = options.get("boussinesq”, True)

# Sheath closure

self.sheath = options.get("sheath”, True)

Omega i = e * BO / m_i # Cyclotron Frequency

c_s = sqrt(e * TeO / m_i) # Bohm sound speed

self.rho s = c_s / Omega_i # Bohm gyro-radius
print("\n\n\t---------- Parameters: ——----———----- \n\tOmega_+i = Je /s

"c_s = e m/s,\n\trho_s = Jje m\n" J, (Omega_i, c_s, self.rho_s)
# Calculate delta_*, blob size scaling
print("\tdelta_* = rho_s * (dn/n) * Je "

% (pow(self.L_par * self.L_par / (self.R_c * self.rho_s), 1. /

# /rkxxkkxrkrrk Create a solver for potential > k*xk*x/
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C.1 BOUT++ for python

if self.boussinesq:

# BOUT.inp section "phiBoussinesq"

self.phiSolver = bc.Laplacian(bc.Options("phiBoussinesq"))
else:

# BOUT.inp section "phiSolver"

self.phiSolver = bc.Laplacian(bc.Options("phiSolver"))

# Starting guess for first solve (if iterative)

self.phi = bc.create3D("0")

# rkxkxkkkkxkx Tell BOUT++ what to solue ¥ kxxkxxkskxkxkkxxx/

self.solve_for(n=self.n, omega=self.omega)
# model.save_repeat (phi=phi)

# model.save_once(rho_s=rho_s,c_s=c_s,0Omega_1i=0mega_7%)

def rhs(self, time):
# Run communications
BUHA LR BRH UL LR UH LR BB H UL BB H LR R R R LR RS L S

self .mesh.communicate(self.n, self.omega)

# Invert div(n grad(phi)) = grad(n) grad(phi) + n Delp_perp 2(phi) :
s

# Set the time derivative by adding/... to it

# make sure to never overwrite <t

# ddt_n = bla does NOT set the time derivative

ddt n = self.n.ddt()
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C.1 BOUT++ for python

ddt _n.set(0)
if not self.boussinesq:
# Including full density in wvorticit inversion
# Update the 'C' coefficient. See inveri_laplace.hzx
self.phiSolver.setCoefC(n)
# Use previous solution as guess
self.phi = self.phiSolver.solve(omega / n, self.phi)
else:
# Background density only (1 in normalised units)

self .phi = self.phiSolver.solve(self.omega, self.phi)

self .mesh.communicate(self.phi)

# Density Evolution
#/

# ExB term

ddt_n += -bracket(self.phi, self.n, "BRACKET SIMPLE")
# Curvature term

ddt n += 2 * DDZ(self.n) * (self.rho s / self.R_c)

# Diffusion term

ddt_n += self.D_n * Delp2(self.n)

if self.compressible:

# ExB Compression term

ddt n -= 2 x self.n * DDZ(self.phi) * (self.rho_s / self.R_c)
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C.1 BOUT++ for python

if self.sheath:
# Sheath closure
ddt_n += self.n * self.phi * \
(self.rho_s / self.L_par) # - (n - 1)*(rho_s/L_par)

# Vorticity evolution

#/

# ExB term

ddt_omega = -bracket(self.phi, self.omega, "BRACKET SIMPLE")
ddt_omega += 2 * DDZ(self.n) * (self.rho_s / self.R_c) / self.n
# Viscous diffusion term

ddt_omega += self.D_vort * Delp2(self.omega) / self.n

if self.sheath:

ddt_omega += self.phi * (self.rho_s / self.L_par)
# other option to set time derivaitve:
# create a field and set it in the end

self.omega.ddt (ddt_omega)

# Create an instance
blob2d = Blob2D()
# Start the simulation

blob2d.solve()
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C.2 Physics based monitors

C.2 Physics based monitors

BOUT++ uses monitors to be called after the system has been evolved
for a certain amount of simulated time. The time was fixed to the output
time, but in some cases it may be required that some code is called at
a different frequency than the frequency at which all the fields are saved.
This allows one to define the time interval at which a monitor is called
in the physics code. This may be useful if for example the neutrals are
update by an external code, e.g. EIRENE, as updating in every evaluation
of the time derivative would be expensive. This way the output frequency
can be chosen without influencing the physics. Another use case is the PID
controller, that is used in the previously presented STORM code. Without a
different output frequency for the PID controller, BOUT++ would generate
far to large output files, as the PID controller needs to be updated quite
often and writing a full dump file every time.

This can also be used to sub-sample the data and measure just one
or few points in space, but with a much higher frequency. A synthetic
diagnostic can be implemented this way, in order to compare simulation

data with probe data, which acquires data at a high temporal resolution.

C.3 BOUT-+-+ for Fedora

BOUT++ has also been packaged for fedora!. This increases the availabil-
ity of BOUT++, as it simplifies getting BOUT++ including the required
dependencies. Thus installing BOUT++ is as simple as

sudo dnf install bout++-mpich-devel bout++-openmpi-devel

'https://getfedora.org
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C.4 Other changes

to get bout++ precompiled for both MPI implementations present in fe-
dora. In combination with the python interface, it allows to implement
physics modules or work in general with BOUT++ without having to even
have a compiler on the system. The python interface for BOUT++ can be
installed with

sudo dnf install python3-bout++-mpich python3-bout++-openmpi
After that a MPI module needs to be loaded with
module load mpi

and then boutcore can be used from within python.

C.4 Other changes

Besides the above listed changes various other bug fixes, performance im-
provements, tests, documentation and examples have been contributed to
the BOUT++ code base. In total over 250 pull requests have been made
and merged, resulting in over 850 changes in terms of git commits, that

have been introduced to BOUT++ as part of this PhD.
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APPENDIX D

GNU Lesser General Public License

BOUT++ is licensed under the Lesser General Public License version 3
or later (LGPLv3+) license [130, 131]. The GPL license, on which the
LGPL is based, is a copyleft license. Copyleft is described on the https:
//copyleft.org website as [163]:

Copyleft is a strategy of utilizing copyright law to pursue the
policy goal of fostering and encouraging the equal and inalien-
able right to copy, share, modify and improve creative works of
authorship. Copyleft (as a general term) describes any method
that utilizes the copyright system to achieve the aforementioned
goal. Copyleft as a concept is usually implemented in the de-
tails of a specific copyright license, such as the GNU General
Public License (GPL) and the Creative Commons Attribution

Share Alike License. Copyright holders of creative works can
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unilaterally choose these licenses for their own works to build
communities that collaboratively share and improve those copy-

lefted creative works.

The LGPL (Lesser General Public License) license does not guarantee a
strong copyleft, and therefore potentially limits the freedom of researches,
however this license provides a compromise between the strong copyleft
GPL license and a less free license as the MIT license [164]. Free software
is not free as in “free beer”, but rather as in “free speech” [165]. It does not

limit its use, as it guarantees four essential freedoms (taken from [165]:

e The freedom to run the program as you wish, for any purpose (free-

dom 0).

e The freedom to study how the program works, and change it so it
does your computing as you wish (freedom 1). Access to the source

code is a precondition for this.

e The freedom to redistribute copies so you can help your neighbour

(freedom 2).

e The freedom to distribute copies of your modified versions to others
(freedom 3). By doing this you can give the whole community a
chance to benefit from your changes. Access to the source code is a

precondition for this.

A strong copyleft license guarantees that future researches can use the
software without limitations. The advantage of a strong copyleft over a
permissive license is, that derived work is guaranteed to stay free [166].
Especially as most research is publicly funded, the thereby needed and

developed software should be in the public domain. Further having free
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software is also important, as not being free, can prevent or restrict the
changing of the software. This limits the reuse for new use cases, and time
has to be wasted to re-write written software. Further advantage such as
cost savings and software quality are also good reasons for using free soft-
ware, but not main advantages of free software [167]. As a compromise for
being able to link the BOUT++ library with non-free or non GPL com-
patible licenses, the LGPL with its weak copyleft was chosen. If BOUT-++
is compiled against a library licensed under a strong copyleft license, such
as the GPL license, the license of the resulting binary BOUT++- library is
GPL, due to the GPL license of the other library. BOUT-+ compiles by
default against fftw and gettext, both released under the GPL. Unless the
support is disabled, the resulting BOUT--+ library is also bound by the
GPL, rather than the LGPL license.

D3



	Table of Contents
	List of Figures
	List of Symbols
	List of Tables
	Acknowledgements
	Publications
	Abstract
	Introduction
	Why Fusion?
	What is Fusion?
	Plasma
	Magnetised Plasma
	Drift-ordered Plasmas

	Tokamak
	Scrape-off layer
	Divertor
	Neutrals
	Detachment
	Mega Ampere Spherical Tokamak

	Outline

	Review of Filament Physics
	Experimental observations and properties
	Experimental observations on filament scalings
	Impact on SOL profiles

	Modelling of filaments
	Basic model
	Three dimensional effects
	Finite temperature perturbation
	Scaling of filaments

	Sheath physics

	BOUT++ and STORM
	BOUT++
	A short introduction to CFD

	Overview of BOUT++
	STORM
	Geometry and setup
	Equations
	Geometry and boundary conditions
	Backgrounds
	Filament seeding

	Neutrals model
	Diffusive neutral model
	Parallel neutral model

	Analysis of simulation results
	Filament velocity
	Vorticity contribution


	Background Profiles
	Introduction and Generation
	Low recycling
	High recycling
	Detachment
	Summary

	Filament dynamics in attached conditions
	Filament evolution
	Influence on filament velocity
	Neutrals
	Dependence on the plasma background
	Filament size

	Summary

	Filament dynamics in detached conditions
	Introduction
	Direct influence of neutrals
	Dependence on detachment
	Dependence of critical size
	Rigidness of filaments
	Discussion
	Summary

	Conclusion and Future Work
	Conclusions
	Future Work

	Bibliography
	API and implementation details
	BOUT++ contributions
	BOUT++ for python
	Physics based monitors
	BOUT++ for Fedora
	Other changes

	GNU Lesser General Public License

