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Abstract

Thermonuclear fusion in a magnetically confined plasma is a promising solution for the
production of electricity in the future. High confinement (H-mode) operation in a toka-
mak type reactor is characterized by a transport barrier near the plasma edge. ELMs
(edge localized modes) are periodic relaxations of this transport barrier and lead to a
rapid expulsion of energy and particles from the plasma edge. The particles are released
in form of coherent structures of enhanced density, which stretch along the magnetic
field lines due to parallel transport. These so-called filaments propagate through the
cold scrape-off layer towards the vacuum chamber walls, where they lead to a very local-
ized deposition of energy on components that are not suited to receive high heat loads.
Various models have been proposed for the radial propagation of filaments. Generally,
these models are based on filament polarization due to particle drifts, and, consequently,
a radial E x B drift of the filament. The models differ with respect to the damping
mechanisms and lead to opposed predictions on the scaling of the radial propagation
velocity with filament size, i.e. whether bigger or smaller filaments move faster.
Therefore, this thesis focuses on the characterization of filaments and their propagation
in the ASDEX Upgrade tokamak. The aim is to provide experimental measurements
for understanding the filament formation process and their temporal evolution, and to
provide a comprehensive database for an extrapolation to future fusion devices.

For this purpose, a new magnetically driven probe for filament measurements has been
developed and installed in ASDEX Upgrade. The probe carries several Langmuir probes
(electrical measurements that can give information on density and temperature), and a
magnetic coil in between.

The Langmuir probes allow for measurements of the radial and poloidal/toroidal propa-
gation of filaments as well as for measurements of filament size, density, and their radial
(or temporal) evolution.

The analysis of the radial velocity shows that bigger filaments move faster, with radial
velocities being in the range of a few km/s. This clearly excludes the sheath damping
model, but agrees quite good with the polarization current model. This is important, as
bigger filaments carry a higher energy content, and — if they move faster and thus have
less time to lose their energy by parallel transport — deposit more heat on the plasma
facing components. Poloidal rotation velocities have been found to be in the range of up
to the pedestal rotation velocity, indicating that the filaments start off with a rotation
equal to the plasma edge and then slow down on their way out.

The Langmuir measurements have allowed to measure size and density of filaments, as
well as their temporal evolution: Filaments broaden with time due to diffusion, and
lose particles parallel to the field lines with a rate similar to a free flow of particles
along the field line. An extrapolation shows that they are formed with densities close
to separatrix densities, indicating that filaments are formed near the separatrix.

The magnetic coil on the filament probe allows for measurements of currents in the
filaments. A set of 7 coils, measuring 3 field components at different positions along the
filament, has been used to measure the magnetic signature during an ELM.

The aim was, on the one hand, to study which role filaments play for the magnetic struc-
ture, and on the other hand if the parallel currents predicted by the sheath damped
model could be verified.

Numerical calculations, based on information on filament velocity and size from the
Langmuir measurements, have been set up to investigate if the magnetic signature dur-
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ing an ELM can be explained by filaments. It has been found that the magnetic signal
is reproduced by a bi-directional current distribution (which would be in agreement
with the sheath damped model), but the required currents exceed the possible filament
currents by at least one order of magnitude. No good temporal correlation between the
density signal on the Langmuir measurements and the magnetic signal could be shown.
Instead, it has been found that the magnetic signature is reproduced by mode structures
which rotate in the pedestal region. These mode structures might be remnants of the
peeling-ballooning modes, which lead to the splitting-off of filaments.

Infrared thermography has been used to investigate energy deposition on plasma fac-
ing components. Filament temperatures have been derived and the corresponding heat
transport mechanisms have been studied. The energy content of a filament has been
found to be much smaller than the total ELM energy loss, which might indicate that
the filaments are, in a first stage, still connected to the core plasma and act as a conduit
for losses from the core plasma to the scrape off layer.

The fraction of energy that is deposited in the divertor close to the separatrix depends
on the time at which the filament detaches from the core plasma: In the initial stage,
when the filament is still attached, the deposited energy can exceed the energy content
of the filament by far. The filaments are expected to lose most of their energy in the
very first period right after their formation, when fast (and thus energetic) particles are
lost preferentially. As soon as the filament is detached, only its energy content remains
to be deposited on the wall structures, with bigger filaments leading to higher energy
deposition to the wall.
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Chapter 1

Introduction

1.1 Motivation

In recent years, the link between climate change and the production of greenhouse gases
by human activities became more and more evident, with a certainty of currently more
than 90% [1]. Carbon dioxide is the most important anthropogenic greenhouse gas and
is mainly produced by the use of fossil fuel, e.g. for the generation of electricity. Several
steps have to be carried out in order to reduce the emission of greenhouse gases: In
addition to saving energy and improving energy efficiency, effective mechanisms for a
COa-free production of electricity have to be developed.

In principle, nuclear reactions provide a CQOo-free source of energy. The conversion
of nuclei towards iron releases binding energy, namely by joining light nuclei to form
a heavier nucleus (nuclear fusion) or by splitting a heavy nucleus into lighter nuclei
(nuclear fission). An example for a nuclear fusion reaction is the fusion of deuterium
and tritium

D+ T — *He (3.52MeV) 4 n (14.07 MeV). (1.1)

Deuterium and tritium are hydrogen isotopes and can be separated rather easily because
of their high mass ratio. Deuterium is a naturally occurring hydrogen isotope with a
natural abundance of 0.015% and thus is universally available. Tritium is an unstable
isotope with a half-life time of 12years and can be breeded from lithium using the
fusion-born fast neutrons:

Nfgst + i — T+ %He+ Ngjow — 2.5 MeV
Ngow + °Li — T+ *He + 4.8 MeV

The D-T-reaction has certain advantages over nuclear fission reactions: the source nu-
clei lithium and deuterium are practically abundant and the reaction does not bear
the hazard of prompt critical chain reactions because the nuclei have to overcome the
Coulomb barrier until the nuclear force joins the two nuclei together. Nuclear fusion
reactions cannot take place if the nuclei do not have sufficient kinetic energy to over-
come or to tunnel through the Coulomb barrier. Even at high energies, the interaction
is dominated by Coulomb collisions that happen far more often than fusion reactions.
This is why an accelerator driven fusion reaction (beam-beam or beam-target) will not
be suitable for an efficient production of electric energy. In a thermal equilibrium, where
the nuclei have their kinetic energy in form of a temperature, the Coulomb collisions
will not result in a net loss of energy. The fusion rate for the thermonuclear D-T fusion
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(1.1) reaches a maximum at T ~ 15keV!. At these temperatures, atoms have already
dissolved into ions and electrons and form a so-called plasma, often referred to as the
fourth state of matter.

The aim is to operate a fusion reactor in an ignited state, which means that the fusion-
born “He particles serve to sustain the plasma at the optimum temperature so that no
external heating is needed. The energy gain is given by

Pfus

Q=
Pext

(1.4)
where Pp, is the fusion power and P, the externally applied power, and would become
infinity in the ignited state.

Q is the crucial parameter for a fusion reactor and has to be maximised. For the total
efficiency of a fusion reactor, Q has to be multiplied with the efficiency of the conversion
from neutron energy into electric energy, so that @) ~ 50 has to be achieved in a nuclear
power plant [2|. The Lawson criterion

nTt > 3-10*' m3keVs, (1.5)

with plasma density n, temperature 7', and confinement time 7 describes the parameter
region required for ignition of a D-T reaction and can be derived from energy balance
considerations. The temperature, however, is constrained by the fusion rate, which
has its maximum in the temperature range of 10 — 20keV. In inertial fusion [3], the
plasma is confined by inertia, which gives small confinement time at high densities,
whereas in magnetic fusion [4], the plasma is confined by magnetic fields, which yields
a confinement time in the order of several seconds at low densities of 102° m~3,

1.2 Magnetic Confinement

A plasma consists of charged particles and hence can be confined by magnetic fields. In
ideal magnetohydrodynamics (MHD) [5], a fluid description of the plasma, the station-
ary force balance is

Vp=jxB. (1.6)

This means, for example, that a cylindrical plasma column can be confined by an axial
magnetic field. Bending the cylinder to a torus prevents losses at the ends, but induces
radial particle drifts, which can be short-circuited with an additional poloidal field. The
superposition of toroidal and poloidal magnetic field leads to a helical field with wound
field lines. These wound field lines form a set of nested, toroidal flux surfaces. The last
closed flux surface, the so-called separatrix, separates the magnetically confined plasma
from the so-called scrape-off layer (SOL) plasma, where the field lines are terminated
by material limiters.

A helically wound magnetic field can be generated either by external coils alone (stel-
larator), or by poloidal coils generating a toroidal magnetic field and a toroidal plasma
current generating a poloidal magnetic field (tokamak). The tokamak requires an ad-
ditional vertical field to hold the plasma current in place against the hoop-force, which
pushes the plasma current radially outwards. Fig. 1.1 shows the basic layout of a toka-
mak together with the external magnetic field coils. Field lines on a given flux surface

1 keV ~ 11600 K
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ohmic transformer

vertical field coils

toroidal field
flux surface coils

Figure 1.1: Schematic view of a tokamak and the 3 magnetic fields: Toroidal field,
poloidal field and vertical field. The ratio of the 3 components is By : Bpor : B, >
100:10:1

close on themselves, if the safety factor

~ rBtor
q

~ 1.7
RBpy (17)

n
m
takes rational values, with m and n being the number of toroidal and poloidal turns,
respectively.

For a given machine size, the fusion performance can only be increased by improvements
in confinement. For that purpose, a diverted magnetic field configuration with 1 or
2 X-points (where the poloidal magnetic field is 0 and the field lines are essentially
toroidal) is used in ASDEX Upgrade to separate the core plasma from the plasma-wall-
interaction region (see appendix A for details on ASDEX Upgrade). This configuration,
introduced in the ASDEX tokamak, has led to the discovery of the so-called H-mode
(high confinement mode) [6, 7], in which edge turbulence is believed to be suppressed
by sheared flows, which reduce the scale of turbulence and, hence, the transport across
the last closed flux surface. H-mode leads to a rise of steep edge pressure gradients that
enclose a density pedestal in the plasma core, and to an improvement in confinement
by a factor of about 2.

Unfortunately, there is a severe drawback connected with H-mode operation: the high
pressure gradients at the plasma edge give rise to edge instabilities, the so-called edge
localised modes (ELMs). ELMs are repetitive instabilities that lead to a temporal loss
in plasma confinement and, consequently, to a fast expulsion of energy and particles
from the plasma edge. However, total plasma performance of this ELMy H-mode is still
by a factor of 2 better than low confinement operation. ELMy H-mode has therefore
been chosen as the standard operation scenario for ITER and is expected to deliver
Q ~10.
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The burst-like energy release due to ELMs is of no great concern in present day machines,
but extrapolation to future devices (e.g. ITER, DEMO) shows that the energy release
by ELMs might easily exceed the heat load limits of divertor and first wall materials,
and lead to destruction or strongly reduced lifetime of plasma facing components.

In recent years, a lot of work has been done on ELMs and their extrapolation to ITER.
This has led to the discovery of so-called filamentary transport of energy and particles
within ELMs. Filaments are coherent structures of enhanced density and temperature
that are generated during an ELM and travel radially outwards to the plasma facing
components. They provide an efficient mechanism to carry energy from the core to the
wall structures and lead to a localised deposition.

Details of filament properties are presently in the focus of experimental observation.
The knowledge of these quantities allows a direct comparison with theoretical models
of the ELM evolution, and filamentary energy and particle transport in the SOL.

1.3 Outline

The aim of the work presented here is the characterization of type-I ELM induced fila-
ments on the ASDEX Upgrade tokamak. This is of particular interest for understanding
the filaments as well as for providing input for an extrapolation to ITER and other next
step fusion devices.

In chapter 2, introductory remarks will be presented to give an overview on ELMs and
to describe the environment that leads to the formation of filaments and influences their
evolution. The common knowledge on filaments at the start of this thesis is reviewed in
terms of experimental findings as well as theoretical models that describe the filament
formation process.

The mechanisms that lead to the radial motion of filaments are presented in chapter 3
together with damping mechanisms that have been proposed, but which predict totally
different velocity scalings.

Chapter 4 describes the experimental setup that has been developed for the charac-
terization of filaments in ASDEX Upgrade: A magnetically driven filament probe that
allows for measurements of radial and poloidal /toroidal propagation velocities and mea-
surements of the magnetic signature of ELMs and filaments, different probe heads for
a second manipulator that has been used to extend the filament probe measurements,
and infrared thermography, which has been used for heat flux measurements.

In chapter 5, the measurements of radial and poloidal /toroidal dynamics of filaments
are presented together with data on the size, density and radial evolution of filaments.
Chapter 6 shows the measurements of the magnetic signature during ELMs, and inves-
tigates if the magnetic signature can be explained by filaments.

Chapter 7 presents heat flux measurements and calculations of filament temperatures
and studies the question whether filaments are connected to the core plasma.

The results are summarized in chapter 8, and an outlook to future work with regards
to filaments is presented.



Chapter 2

Edge Localized Modes and
Filaments

2.1 Edge Localized Modes

2.1.1 Overview on ELMs

H-mode [6, 7] is an operation regime that provides enhanced confinement and leads to
the build-up of steep density, temperature and hence pressure gradients at the plasma
edge by suppression of edge turbulence. These gradients give rise to specific MHD
instabilities, the so-called edge localized modes (ELMs) [8, 9, 10]. ELMs expel energy
and particles from the plasma edge and cause burst-like heat fluxes to the plasma facing
components. The heat fluxes might easily exceed the material limits and pose a severe
threat for next step fusion devices and in particular for ITER.

ELMs appear periodically and have a burst-like structure: the ELM cycle starts with
a quiet phase, in which radial transport across the separatrix is small so that the high
H-mode edge gradients can build up. The ELM itself happens within < 1ms, which
is far less than the typical ELM cycle time, so that ELMs appear as sharp separated
bursts.

A transition from L- to H-mode occurs, if the heating power exceeds a certain power
threshold, e.g.

Pth5 =234 n0.67B0.62a1.02R0.71’ (21)

tor

where Py,5 is the power threshold in MW, n the plasma density in 102°m™3, By, the
toroidal magnetic field in T, and @ and R the minor and major radius in m [11]. Several
scaling laws have been proposed, based on different data and parameter sets, but all of
them scale with n and B. ELM-free H-mode operation will lead to a rise in density, and,
consequently, to a rise in the power threshold so that the plasma drops back into L-mode
(if the other parameters are not adjusted accordingly). ELMy H-mode, however, leads
to stationary H-mode conditions on time scales far bigger than the ELM cycle time [8].
Up to now, no first-principles theory on ELMs has been found due to the complexity of
the ELM phenomenon. Therefore, a phenomenological classification based on the ELM
frequency has been introduced a decade ago after a comparison of ELM occurings on
various tokamaks [9]:

e Type-I ELMs: repetition frequency increases with Py, the energy flux through

5
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the separatrix
dfeLm
d P,

>0 (2.2)

e Type-III ELMs: repetition frequency decreases with Py,

dfgLm
Pr) <0 (2.3)
Apart from these two types, several other ELM types have been found: compound ELMs
(with a subsequent L-mode phase), dithering cycles (a series of L-H-L transitions), type-
IT ELMs, etc [9]. A clear distinction between the different ELM types may sometimes
not be easily possible. The occurrence of magnetic precursors has also been used for
the characterization of ELMs, see e.g. [12].

Typical ELM frequencies at ASDEX Upgrade are in the range of 10 — 200 Hz for type-
I ELMs, and 200 Hz-2 kHz for type-III ELMs. In this thesis, we will mainly focus on
type-1 ELMs, as the type-I ELMy H-mode provides the highest fusion rate, even though
type-I ELMs have the highest energy loss per ELM. In ASDEX Upgrade, the loss per
type-I ELM is about 10 — 20 kJ, which is about 5% of the plasma stored energy Wi p,
and results in a power loss of about 20% of the applied heating power [13]. The resulting
heat flux can reach values of up to 20 MW /m? during an ELM, compared to 5 MW /m?
in between ELMs [8].

Fig. 2.1 shows a comparison of the ratio of ELM energy loss to the total plasma stored
energy, AWgry /Wy ap, and the normalized ELM frequency frpa-7g (with the energy
confinement time 75) on ASDEX Upgrade and JET [13, 14, 15]. The data points can

1 AW ASDEX Upgrade

f
—EMEM 02 & low triangularity (H)
heat / low triangularity (D)

<& medium triangularity (D)

| JET
A low triangularity
A medium triangularity

\\\HH‘ \\\HH‘ T \‘L/\HH‘
0.1 1 10 100

fem e

Figure 2.1: Dependence of the ELM size on the ELM frequency [13] for different
plasma shapes on ASDEX Upgrade and JET. The ELM size is expected to increase
with confinement, so that very large ELMs are expected for ITER.
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be approximated by
AWgrLm _ 0.2 (2.4)
Wuap  fELMTE
i.e. the ELM transported power is constant,
AWgLm - fErm = 0.2 - Phreat, (2.5)

It is important to note that the data points are separated along that line: JET has
higher ELM losses at lower normalized ELM frequency. The ELM frequency decreases
faster than the confinement time rises, frrv < 75 L7 This predicts very large ELMs
for next step fusion devices and for ITER [13, 14, 16].

For ITER, the acceptable loss per ELM has been estimated to be 5 — 10 MJ, whereas
the expected ELM size could reach 13 — 22 MJ [17], which is about 10-20% of the total
plasma energy (Wygp =~ 112MJ. Reducing the ELM size is thus connected to a
reduction in confinement, e.g. in JET, so-called minimum ELMs have been found when
the recovery of the pedestal has been artificially slowed down by enhancing losses in
the inter-ELM period (by fluctuations, bulk radiation, etc). A review on ELM control
can be found in [18|. According to eq. (2.5), these ELM tailoring methods will always
reduce confinement and thus net fusion power for given machine size. Furthermore, they
add additional complexity to the fusion reactor, which will become important when the
question of complexity and reliability of a fusion power plant arises.

2.1.2 ELM Cycle

In order to study the ELM mechanism, it is convenient to investigate the regimes in
which the different ELM types occur. Fig. 2.2 shows the occurings of different ELM
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Figure 2.2: Edge operational diagram showing regime boundaries and experimental
results of ASDEX Upgrade. From [10]
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types for ASDEX Upgrade.

The ELM types separate and show clear regime boundaries: type-I ELMs appear close
to the ideal ballooning limit, which clamps the pressure gradient to a critical value, [19],

2RBQ
p_T (2.6)
)‘p MOLC

before the ELM sets in. In this equation, A, is the length scale for the pressure gradient
and L. the connection length to the X-points. Type-III ELMs occur below a critical
edge temperature (dashed line), which might point towards a resistive phenomenon.

Together with consistent observations of medium toroidal mode numbers n involved
in ELM precursor oscillations, this has led to an ELM model based on a coupling of
current-driven peeling and pressure-driven ballooning modes [10]. Fig. 2.3 gives a
schematic view of the ELM cycle: At the beginning of the ELM cycle, the pressure

j peeling-ballooning
e (3) e 2
<J> unstable -~~~

l”
c / g
2 y g
> ,I %
v / stable @

pressure gradient

Figure 2.3: Type-I ELM cycle. The pressure gradient rises and (1), on the slower
resistive timescale, causes the edge current jj to rise (2), finally triggering the ELM
(3). From [10]

gradient « rises. In a toroidal device, a pressure gradient drives a parallel current by
neoclassical processes, the so-called bootstrap current. This current cannot build up as
fast as the pressure gradient since the transport timescale is faster than the resistive
time scale, so that first of all a region of stability boundary with predominant ballooning
character is encountered. The slowly rising edge current finally leads to instability with
strong peeling mode character and radially extended eigenmodes, which finally cause
the ELM (or ELM crash). From double null discharges (i.e. discharges with 2 active
X-points), one can see that the outer midplane is the primary source for the release of
energy during the ELM, as virtually no power deposition can be seen on the high field
side divertor plates [20].

Quantitative models in the peeling ballooning framework will be described in sec. 2.3.
A general review on ELMs themselves can be found in [21].
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2.1.3 H-mode Edge Profile
Fig. 2.4 shows typical H-mode profiles of T, n., and p. in the ASDEX Upgrade mid-
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Figure 2.4: Typical midplane profiles during an ELMy H-mode discharge [22]. dR =
0 denotes the separatrix position, i.e. the border between open and closed field lines.
The profiles show the four typical H-mode edge regions (radially outwards): the H-
mode pedestal, the steep gradient zone around the separatrix, the hot scrape-off layer
(SOL) and the cold SOL wing, where enhanced radial transport occurs.

plane from a type-I ELMy H-mode discharge. The profiles have been measured with
the YAG laser Thomson scattering system, which measures T, and n, simultaneously.
The profiles clearly show four distinctive regions of the H-mode plasma edge: the inner-
most part shows the outer part of the H-mode pedestal, a region of high temperature
and density that spreads over the whole core plasma and determines the achievable
plasma performance. Around the separatrix, which separates the closed field lines from
the open field lines, is the steep gradient region. For type-I ELMy H-mode, this gradi-
ent is determined by the ideal ballooning limit (2.6). The steep gradient region evolves
further into the hot SOL with increased scatter and further outside into the cold SOL
wing with T, < 20eV.

The cold SOL shows a pronounced profile flattening due to a higher ratio of radial to
parallel transport (see sec. 7.2). Filamentary transport is one possible mechanism to
explain the large scatter in the profiles, as the filaments are structures of enhanced
density and temperature, and to explain the enhanced radial transport, as the filaments
drift radially because of an E x B-drift (see sec. 3). In experiments with a large gap
between the separatrix and the first wall, such as the spherical tokamak MAST (see
appendix B), filamentary transport has been found to reach regions up to 20 cm away
from the separatrix [23].
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Additional scatter in the profiles may come not only from individual filaments, but also
from the stochasticity of ELMs. Standard deviations for ELM frequency, energy loss,
particle loss, and pedestal temperature drop have been found to be in the order of 10-
15% in JET [16]. For the following, one has to keep in mind that values derived from an
individual ELM may only describe that particular ELM, but for a general description of
ELMs can only provide an order of magnitude. A statistical analysis will be necessary
to derive general properties of ELMs and filaments.

2.2 Filaments

2.2.1 Detection and Wall Impact of Filaments

Up to 2003, the investigation of ELMs was mainly focused on the energy deposition in
the divertor, as the high heat fluxes due to type-I ELMs pose a severe threat for the
divertor or at least tend to drastically reduce divertor live time [13, 24]. The rise in
surface temperature due to a heat-flux ¢y, is

2
\/TRoC

where x [W/mK] is the thermal conductivity and pc is the product of density and spe-
cific heat, the critical parameter being the product of heat flux and the square root of
the deposition time, g5/t [13]. According to this, a longer deposition time will result in
a reduced heat load for a given ELM energy loss. The extrapolation to ITER predicts
an ELM energy loss of 10 — 15 MJ per ELM, which is deposited in the divertor on an
area of 5m? in 240 us, resulting in values in the order of 200 MJ/m?s?® in the divertor.
Tungsten melting takes place at 40 MJ/m?s”®> and carbon ablation at 20 MJ/m?s%%, so
that the ITER predictions are at best marginally acceptable if not unacceptable [13, 25].
A review on the choice of first wall materials has been given in [26].

In addition to divertor heat load, recent studies have found that there is a non-negligible
energy deposition outside the divertor during ELMs |25, 27]: the fraction of energy in
the divertor accounts for only about 60% of the total ELM loss in JET and ASDEX
Upgrade, whereas about 15% are transported to the wall (see fig. 2.5). The local heat
load at the wall will result in surface temperatures up to the sublimation limit of carbon
and cause a significant erosion of material in next step fusion devices and in ITER [29].
The occuring of losses in the outer midplane has been connected to the discovery of
filamentary substructures within the ELM, which travel through the SOL and carry hot
particles from the edge to the wall. An open question remains in this context, if single
filaments can already cause significant erosion, or if this requires the impact of several
filaments.

Filaments have first been found by infrared thermography in the upper divertor of
ASDEX Upgrade, where they show a spiral-like deposition pattern [20]. Afterwards,
they have been shown with various diagnostics, for example with Langmuir probes
[30, 31|, where they appear as prominent spikes in the ion saturation current. Fig.
2.6 shows such Langmuir time traces from probes at the outer midplane of ASDEX
Upgrade, together with visible D, emission caused by de-excitation of neutrals in the
SOL, the heat flux to the midplane probe, and the magnetic signature during the ELM
at the midplane probe.

AT(t) = Vi (2.7)
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Figure 2.5: Distribution of the energy deposition in the ASDEX Upgrade vessel
during type-I ELMs. Localized deposition of the radially transported energy threatens
plasma facing components that are not designed to withstand high heat loads. From
[28].

Filaments have also been shown by infrared thermography on the low field side protec-
tion limiters [27], and as two-dimensional structures with the vertical Thomson scatter-
ing system [32|. Filaments have even been found in a recent analysis of data from the
ASDEX tokamak [33].

The MAST tokamak is particularly suited for filament imaging due to a large plasma-
wall distance. Its large cylindric vessel allows for a large field of view for both visible
and infrared cameras [34, 35]. See appendix B for details on the MAST tokamak. in
addition, the edge parameters (density, temperature) in MAST are so that a filament
travelling through the SOL produces a high level of D, radiation, which can easily be
detected by visible imaging. Because of the higher edge temperatures and the lower edge
densities in ASDEX Upgrade, filaments become visible only when they touch the wall.
A radial Thomson scattering system in MAST gives radial density profiles as filaments
move past the line of sight [35]. With Langmuir probes, filaments have been found at
distances up to 20 cm from the plasma edge with a density in the order of 10% of their
peak value near the separatrix [35]. This means that the filaments lose energy during
their journey through the SOL by transport parallel to the field lines. First models
have been developed in order to describe the competition between parallel and radial
transport in a filament, resulting in filaments being represented by a Gaussian wave
packet [36, 37]. The filaments seem to broaden with time, to travel radially outwards
and to decay exponentially. The filament is predicted to cool rapidly since the fastest
particles are removed preferentially, quickly reducing the average energy per particle.
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Figure 2.6: Visible D, emission during an ELM compared with fast Langmuir probe
measurements in the outer midplane, fast magnetic measurements, and the heat flux
to the outer midplane probe on ASDEX Upgrade (from top to bottom). Filaments
appear as prominent peaks in the ion saturation current and the heat flux.

However, these calculations have been carried out in the filament frame of reference,
neglecting the motion of the filament itself.

In recent years, studies have been carried out on the role of filamentary structures in
inter-ELM and L-mode turbulence [38|. In [39], it has been found that inter-ELM fila-
ments have a structure similar to ELM-induced filaments, but do typically not detach
from the plasma.

2.2.2 Filaments as Field Aligned Structures

It has already been described above that filaments appear as sharp bursts on local
measurements such as Langmuir probes, D, lines of sight, etc. This means, that fil-
aments are localized structures of enhanced density and temperature that move past
the probe or the line of sight of the diagnostic. They are stretched along the magnetic
field lines due to high parallel transport. 2D diagnostics such as visible imaging and
infrared thermography ultimately reveal that filaments are field aligned structures: in-
frared thermography shows the interaction of the filament with the wall, visible imaging
shows the re-excitation of neutrals in the colder edge region. Fig. 2.7 shows two images
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during type-I ELMs from visible imaging on MAST (right), and from the interaction
with the low field side protection limiters as seen by infrared thermography on ASDEX
Upgrade (left).

The corresponding 3D structure is shown schematically in fig. 2.8, based on the
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Figure 2.7: Fast 2D visible imaging on MAST (right) and interaction of a filament
with a low field side limiter on ASDEX Upgrade (left). Filaments are clearly visible
on the visible imaging if the plasma rotation velocity is sufficiently slow (vpeq <
10km/s). At higher pedestal rotation velocities, the filaments merge together due to
finite exposure time, which provides the first evidence that filaments rotate with the
plasma edge. Filaments always follow the field lines, i.e., filaments can be seen as
density highlighted field lines.

equilibrium reconstruction of a typical ASDEX Upgrade discharge. The filament is in-
dicated by the red line, compared to the unperturbed field line in blue. The filament
winds around the torus, following a magnetic field line with the local field line inclina-
tion angle, which is in the order of 10° for typical ASDEX Upgrade discharges. The
radial displacement has been approximated by a linear displacement with regards to the
poloidal height z on top of the plasma shape (similar to a violin string that has been
excitated with a violin bow). The filament in fig. 2.8 is connected to the core plasma
and winds a bit more than 1 time around the torus. The true length depends on where
the filament is connected to the core plasma.

The alignment to the magnetic field has certain implications on the motion of such a fil-
ament: Filaments can only move perpendicular to the magnetic field, which means that
they can either rotate! poloidally/toroidally or move radially. However, in a torus, it is
impossible to distinguish between poloidal and toroidal motion. From a mathematical
point of view, rotations in both directions are equivalent, so that a poloidal motion can
be described as a toroidal motion and vice versa:

v B
—pol — 2ol tana, (2.8)
Utor Btor

'Rotation refers to the rotation of the filament around the symmetry axes of the torus (poloidal,
toroidal). To indicate a rotation of the filament around its own axis, the term vorticity will be used.



14 CHAPTER 2. EDGE LOCALIZED MODES AND FILAMENTS

T
\\
"

U

3
W

TT 17T

i
y“,'ﬂ!qn

(73
ég%ﬁ\\\
l

f

Il

z[m]
TV 17

A

)
s |
0.5 \ \ } \‘E &k\‘//////

0 3 3 \\\)l/’/’%,‘%‘&}‘nﬂi MY

i

M)

T

z[m]

T

=1 R m]

R [m]

Figure 2.8: 3D scheme of a filament as it winds around the torus, following the
magnetic field lines (original field line in blue, displaced field line in red). For the
illustration, a linear displacement proportional z has been chosen, with the filament
being attached to the core plasma near the upper top and the lower X-point and the
maximum displacement in the midplane. The displacement has been exaggerated to
make the effect more visible.

with the field line inclination angle . In ASDEX Upgrade, the typical field line inclina-
tion angle is between 7° and 12°, corresponding to g-values between 3.5 and 7. Hence,
the resulting conversion factor is vior /Vpor = 8 —4. In MAST, the field line inclination is
in the order of 45°. If in the following we refer to a poloidal or toroidal rotation velocity,
this will always mean a motion mapped completely in poloidal or toroidal direction, but
no composition of both velocities.

Fig. 2.9 shows a CAD view of the ASDEX Upgrade vessel. The blue line marks a
filament with an inclination angle in the order of 10° as given by the the magnetic field.
The filament will move poloidally/toroidally as well as radially with velocities in the
order of few km/s. If we assume that the filament lives long enough to move for a
distance much larger than the filament size, it will pass by several probes installed in
the ASDEX Upgrade vessel. Fig. 2.9 shows two probes: the new filament probe (red),
which has been developed in the course of this thesis (see sec. 4.1 for details), and a
midplane manipulator probe (green), which has already been used in [40] (see sec. 4.2
for details). Both probes lie along the same field line, so that the measurements can be
directly correlated.

Fig. 2.10 shows a filament in front of the filament probe in the poloidal cross section.
As a poloidal cut through a filament has a more or less elliptic shape, with the larger
axis being in poloidal direction, the filaments are often referred to as blobs in literature.
Fig. 2.10 also shows that in a poloidal plane, i.e. at a fixed toroidal position, the fila-
ment motion appears to be essentially poloidal and radial in direction, hence the above
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Figure 2.9: CAD view of one part of the ASDEX Upgrade vessel. The blue line
shows the filament as a field aligned structure. The filament can move perpendicular
to the magnetic field, i.e in poloidal/toroidal and radial direction simultaneously. The
filament dynamics can be measured with two probes: the new filament probe (red,
described in sec. 4.1) and various midplane manipulator probes (green, described in
sec. 4.2).

convention on poloidal and toroidal velocities.

Fig. 2.11 shows the twisting of a filament as it moves radially outwards from a starting
position inside the separatrix (R = 2.00m) to a position in front of the filament probe
(R =2.18m). A significant change of the inclination angle can be found only inside the
separatrix (R = 2.12m), but not outside the separatrix, where the inclination angle is
roughly constant. Therefore, in ASDEX Upgrade, it is not possible to determine the
radial position of a filament from visible imaging by fitting a field line to the filament,
as is typically done on MAST [41, 42].

2.2.3 Important Filament Properties

Summarizing the present experimental results into a simple physical picture, the fraction
of energy carried towards the wall by filamentary transport seems to depend strongly
on several factors:

e How much energy each filament carries (deposited energy) and its size (wetted
area),
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Figure 2.10: Filament motion in the poloidal plane. The filament takes an elliptic
shape often referred to as a blob when watched in a poloidal plane. The motion of
such a blob can be described by radial and poloidal velocity components. The red
structure shows the position of the Langmuir pins on the filament probe, and the
magnetic pick-up coil, which is used to measure the radial component of the magnetic
field of the impinging filaments.

o the velocity ratio vyqq/vpor (With constant transport coefficients in parallel and
radial direction, a radially faster filament will carry more energy to the wall),

e the gap between the separatrix and the limiter (a bigger gap leaves more time for
energy loss along the field line and thus more energy is transported towards the
divertor),

e and the uniformity of the interaction region (shaded areas will have a reduced
heat load, whereas protruding structures will suffer from an enhanced heat load).

e The consequences for plasma facing components depend on the deposition time
and the localization of the deposition and might easily exceed critical limits in
future fusion devices.

A detailed extrapolation of filaments to future devices is at present not available. This
thesis will therefore focus on measuring the filament properties in detail in order to give
a starting point for an extrapolation to future fusion devices and a basis to understand
the mechanism behind ELMs.

2.3 Theoretical Approach

Type-1 ELMs have early been regarded as an ideal MHD instability due to the fast rise
at the beginning of the ELM crash. Various studies have been carried out on ballooning
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Figure 2.11: Twisting of a filament on its way radially outwards from R = 2.00 m to
2.18 m with a 2 cm-spacing. The varying field line inclination angle forces the filament
to become steeper with distance to follow the magnetic field lines. The red lines show
the filament at the separatrix position, black lines are inside, and blue lines are outside
the separatrix.

modes as well as on peeling modes, after the role of edge current and edge pressure

gradient in the ELM cycle has early been recognised in the experiments.

Later on,

this has been extended to combined peeling-ballooning models, as, for typical H-Mode
edge parameters, the limiting instability seems to be an intermediate-n (n = 3 — 30)
coupled peeling-ballooning mode [43] (see also sec. 2.1.2). Pure ballooning-modes can be
limiting at high collisionality (v* o< n/T?), and pure peeling-modes at low collisionality.
A comprehensive review on the historic evolution towards current models of peeling
ballooning modes in ideal or resistive MHD is given in [44, 43] together with an extensive
collection of reference articles. The basic features are:

e Ballooning modes are characterized by the competition between the local desta-

bilising pressure gradient in the bad-curvature region (which is at the low field
side of a tokamak), and the stabilising field line bending that renders modes with
n = oo most unstable. Ballooning modes have a characteristic structure with
large amplitudes on the low field side and small amplitudes at the high field side.

Peeling or kink modes are driven by the edge current gradient, stabilised by the
pressure gradient (due to favourable average curvature), and are most unstable
for low-n modes, e.g. the n = 1 mode. The stability critically depends on the
presence of a rational surface just outside the separatrix |44, 45]

The peeling ballooning mode is driven by edge pressure gradient and edge current
density and connects stability limits from both peeling and ballooning modes with
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a stability limit for finite toroidal mode numbers.

An illustration of a high-n ballooning mode, a low-n peeling (or kink) mode, and a
n = 20 peeling-ballooning mode is given in fig. 2.12.

peeling mode, n=1

peeling-ballooning mode,
n=20

ballooning mode,

Figure 2.12: Mode structure of a n = 32 ballooning mode, a n = 1 peeling or kink
mode, and a n = 20 peeling-ballooning mode. From [44].

2.3.1 Linear Models

Several linear 2D MHD codes which can calculate the stability of the plasma edge in
H-mode plasmas exist, e.g. ELITE [46, 47, 48], MISHKA [49], or GATO. The latter has,
for example, been used for studying the role of the bootstrap current on the stability
in real ASDEX Upgrade geometry [50].

The linear codes deliver stability limits on edge current density and pressure gradient
that are in quite good agreement with experimental results [51]. It is generally found
that the discharges are stable well before ELMs occur and then approach the peeling
stability boundary just before ELMs are observed. The linear models, therefore, are
successful in explaining the onset of type-I ELMs and the associated edge constraints.
But even though these limits are well described by linear codes, the evolution is not
described correctly: Real modes evolve slowly through the stability boundary, but then
grow explosively on an extremely short timescale, which can not be understood by linear
codes which would predict a slower evolution and lower growth rates. Nonlinear codes
therefore have become necessary in order to describe the rapid evolution of the ELM
instability.

2.3.2 Nonlinear Models

The theory for the early nonlinear evolution of ballooning modes in tokamak geometry
was first developed by [52, 53]. The models have originally been based on considera-
tions on solar flares and have then been adapted to tokamaks. A recent overview on
the relationship between solar flares and ELM filaments is given in [54].

In the nonlinear models, the linear equation for the ballooning mode evolution is ex-
tended by adding second order terms to represent a nonlinear drive due to weakening
of the stabilising field line bending as the flux tube expands, and by adding third order
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terms that account for the evolution of the pressure gradient. The first terms give rise
to an explosive evolution of the mode, whereas the latter drive the mode radially out-
wards, so that, finally, a localized flux tube is expelled from the plasma in an explosive
manner.

JOREK [55] is a nonlinear, resistive, reduced MHD code that correctly includes the
tokamak separatrix geometry (with closed field lines inside and open field lines outside
the separatrix) in order to improve modelling of the peeling mode part. The ideal peel-
ing mode is usually stabilised when its rational surface lies inside the separatrix. As
q — oo at the separatrix, modes inside the separatrix are usually stabilised in ideal
MHD. Allowing for a finite resistivity lessens the stabilising effect of the separatrix.
The resistive counterpart of the peeling mode, the peeling tearing mode, can therefore
be driven unstable and takes over the role of the peeling mode in these calculations.
Taking the correct separatrix geometry into account is only one part of the problem,
as these codes do still rely on rational surfaces to calculate the peeling instability. As
q — oo at the separatrix, the distances between different rational surfaces get to dimen-
sions of gyro-radii, so that finite gyro-radii effects have to be taken into account (see
below).

The BOUT code [56, 57, 58| is a 3D electromagnetic, reduced 2-fluid Braginskii simu-
lation code that calculates over a region around the separatrix, including the pedestal
region and the SOL. The interaction of a low-n peeling mode (which is driven by the
nonlinear interaction of medium-n ballooning modes) with the dominant ballooning
mode leads to the growth of one of the lobes of the ballooning mode. This occurs at
the toroidal position where the low-n mode and the high-n ballooning mode reinforce
each other. An explosive behaviour is observed, which results in the ejection of a fila-
ment. In the early stage of the BOUT simulation, the growth rates are similar to those
from the linear calculations. In the following, however, the mode grows explosively with
1/(t — to)" with the starting time ¢y and r = 0.5 in comparison to 7 ~ 1.1 as expected
from linear theory. In [58], it has furthermore been studied whether one or several
filaments are predicted: If the calculations are initialised with a broad band of toroidal
mode numbers at random phase, the multiple modes grow linearly but with nonlinear
coupling of nearest neighbours, strongly driving the lowest-n mode (e.g. n = 1). At the
point of maximum resonance between the dominant linear mode (e.g. n = 20) and the
strongly driven lowest-n mode, one single filament is ejected. If the calculations are ini-
tialised with a single n = 20 mode, only harmonics are present at significant amplitude,
even in the nonlinear phase. The radial burst occurs with the same symmetry as the
mode structure, and a full set of 20 filaments is ejected into the SOL. Which of these
cases is happens in the experiment depends on the flatness of the growth rate spectrum
and the rate at which the edge profiles are driven across the marginal point.

The behaviour in later stages, in particular the energy loss and the way how the plasma
recovers to produce a complete ELM cycle, is difficult to predict. We will refer to this
point again in sec. 7.4.

More recent reviews on non-linear codes and applications thereof can be found in [59, 43].
A somewhat different approach has recently been started by using the GEM code [60]
for ELM studies [61]. GEM is a gyrofluid electromagnetic code that calculates the mo-
ments of the distribution function of the gyrocenters in a 6-moment gyrofluid model, i.e.
it does not calculate the entire distribution function, but the moments derived from the
distribution functions, including finite gyroradius effects to arbitrary order. The code
has been designed for turbulence studies in core and edge and includes a lot of physics,
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which makes it interesting to apply the code to ELM studies. The equilibrium is typ-
ically sustained in a self-consistent way, but for ELM studies an H-mode pedestal has
been introduced artificially. The calculations show a rapid crash within 20 us, resulting
in blob-like structures that are expelled in the SOL as shown in fig. 2.13.

Figure 2.13: Numerical simulation of an ELM crash with the gyrofluid code GEM
[61]. Left: Initial profile, right: during the ELM crash. The ELM crash leads to the
formation of fingers at the low field side, which are ejected in the scrape-off layer.
Note that the radial extent of the edge region has been exaggerated in these images.



Chapter 3

Radial Motion of Filaments and
Field Aligned Structures

In this chapter, we will describe the radial motion of filaments with simple, analytical
models based on the polarization of the filaments due to particle drifts.

3.1 Vertical Filament Polarization and Radial E x B Drift

Charged particles in a magnetic field gyrate around magnetic field lines. Additional
forces can cause the guiding center of the particle motion to move perpendicular to the
magnetic field [45]. In a tokamak, we have a radially varying toroidal magnetic field,
Bior o 1/R, which leads to varying particle gyro-radii p = mwv, /eB. This causes an
effective particle drift, the so called V B-drift

2
muvy Pi

= B X VB ~v; 4, —=2. 3.1

VvB 240 B Uz,thRZ (3.1)

The latter holds for a toroidal geometry with the approximation vi ~ v; v and with
the ion thermal velocity v; 4, = \/kT;/m;.

Due to V - B = 0, a varying magnetic field is inseparably connected to a curvature of
the magnetic field lines, which causes the so-called curvature drift

— —_BxVB. (3.2)

Both drifts lead to a charge separation as ions and electrons drift in opposite directions:
For B < 0, the ions drift downwards to the lower divertor, whereas electrons drift
upwards (see appendix A for details on sign conventions). This leads to a polarization

current density

. nm 1
Jolr = 55 (vﬁ + 51&) B x VB (3.3)

in poloidal direction, and hence to a poloidal electric field £,y as indicated in fig. 3.1.
Usual quasi neutrality cannot be directly re-established as poloidal currents are hin-
dered by the magnetic field: currents can only run force-free parallel to the magnetic
field. That consideration leaves us directly with the idea of parallel currents that flow
force free along the field lines. Such currents could be bridged somewhere near the end
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R

Figure 3.1: Filament polarization due to charge dependent drifts in a radially varying
toroidal magnetic field. The curvature drift drives a poloidal polarization current I,
which, in the presence of wall contact, can be partially short circuited by parallel
currents . A diamagnetic current Iy, due to diamagnetic drift could also balance
the polarization current. The resulting poloidal electric field drives a radial motion of
the filament due to E x B-drift.

of the filament, for example by interaction with target tiles. Several theories for filament
propagation based on parallel currents have been proposed. They will be described in
section 3.2.

Even though particle motion perpendicular to B is hindered, there could be a poloidal
current through drifts. Diamagnetic drift is a mechanism that provides a poloidal cur-
rent, the so-called diamagnetic current. It is based on a pressure gradient perpendicular
to the magnetic field and results in a mostly poloidal drift:

B xVp

o= ———5. 3.4
Vdia QelnBQ ( )

The associated diamagnetic current density is

. B x Vp

Jdia = B (3.5)

The continuity equation can be written as [62]
Voedpr Vi +Viige =0 (3.6)

and says basically that the polarization current Iy, from eq. (3.3) can be balanced by
both the diamagnetic current Iy, eq. (3.5), and the parallel current I}, which will
be derived in sec. 3.2. A model for the radial propagation of filaments based on the
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polarization current is described in sec. 3.3.

Similar problems have already been treated in the area of pellet fuelling several years
ago [63, 64]. Small cryogenic deuterium pellets are injected into the plasma for fuelling
and artificial ELM triggering. A plasma cloud forms and propagates radially in the
core plasma due to E x B-drift as we will see in sec. 3.2. The currents are somewhat
different in that case as the pellet cloud moves in the region of closed field lines, whereas
filaments move in the region of open field lines and possibly touch the target walls.

3.2 Parallel Currents and Sheath Damping

When a filament has detached from the plasma core and connects to target tiles, currents
of ions and electrons flowing parallel to the magnetic field can bridge over the target
tiles (see fig. 3.1).

Plasma sheaths with finite resistivity form at the tiles according to Debeye theory
[45, 65| but do not provide a complete short circuit even if we neglect any resistivity
of the target tiles. Details on sheath formation, sheath properties and the occuring
resistivities are given in Appendix C.

The current I adds up along the field line as the charge separating drifts (3.1) and
(3.2) happen all along the filament. I, | will therefore be 0 at the midplane and obtain
its maximum value close to the sheaths as shown in fig. 3.2.

f\mu B

Figure 3.2: Current distribution along the filament. As charge polarization happens
all along the filament, the current accumulates and takes a minimum near the midplane
and a maximum close to the target tiles.

The poloidal voltage between the upper and lower part of the filament is determined by
the sheath resistivity and the parallel current,

Upol = RsheathIH- (37)

The sheath physics of Langmuir single probes in a magnetic field is similar to double
probes without magnetic field |66, 40, 67]: A voltage ¢ between 2 connected electrodes
results in a parallel current I

A+ As ep Aq Al — Ay
1 = 1,54 h —0.51 - :
1(6) 5 Jissat [tan <k:T€ 0.5In A2> 4T AJ (3.8)
. ep
= Aji sat tanh N, (3.9)

with A = Ay = Aj for identical probe size and j; so; = en;cs. The resulting characteristic
is shown in fig. 3.3.
The maximum current Aj;sat = I 50t can only be obtained for |e¢| > kT., where
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J)| = Jsat- This means, that all the ions in the filament will still flow to the target
plates, whereas electrons will only go to the more positive electrode. The total ion and
electron flux from the plasma to both electrodes must of course be equal to sustain
quasi-neutrality. In the limit |e¢| < kT, the potential is smaller than the average

T T T T T T T T T T T

I/Isat

| s L s L 1 L s L s
-5 -3 -1 0 1 3 5
ed/KT

Figure 3.3: Current-Voltage-Characteristic of a Langmuir double probe.

kinetic energy of the electrons. The slight imbalance in the electron reflection leads to
a linear characteristic similar to an ohmic resistor. The sheath resistivity is

d¢ 2kT,

Raheath = — . 3.10
heath = ar g1~ el ay (3.10)
With eq. (3.7), we obtain a poloidal voltage
2KT, |
Ul = el 3.11
P e IH,sat ( )

The parallel ion saturation current I} ,,; means that all ions in the ion branch of the
filament are flowing with sound speed towards the target tiles and thus can be written

as
IH,sat = ApolATadnfilecs (312)

with the poloidal height of the filament Ay, the radial extent A;qq, filament density
nyi, and the sound speed

Cs = M (3.13)
m;
in the collisional limit with the adiabatic exponent v = (f +2)/f = 5/3 for 3 degrees
of freedom. For a discussion on other limits of v such as v = 3 in magnetized plasmas
see [65].
I is the target current caused by the polarization of the filament,

Pi
I” = nfile (W,thﬁ) l||Arad, (3.14)
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where v; 4,0/ R is the drift term from eq. (3.1) and /| the length of the filament along
the field line (typically in the order of 10m). Combining eq. (3.11) with eqns. (3.12)
and (3.14) in the limit T, = T; = T gives

.
By = Jrel _ 2T pi U (3.15)

pol — 2
Apol (& ApolR

The poloidal electric field E),, changes the gyro-motion of the particles and thus leads
to a charge independent E x B-drift

EXBNEpOl

B2 B °R

VExB — (316)

which moves the filament radially outwards with a velocity

2 2
. - Vith Pi ZJ - Pi ZJ
Vrad = \/E'Uz,th X <Ap01) R ~ \/505 <Apol> R (317)

and the approximation v; s, & cs. Note that [|/R ~ q.
Now we have to validate the assumption |e¢| < kT', or I < I} 4, respectively. Using
the latter together with eq. (3.12) and (3.14) results in

|
> — =~gq. 3.18
b TR (3.18)
This means, that our assumption holds if A,y > qp;. With

pi =2.04-10"*m\/T(eV)/B(T) and Apu/lj ~ 3cm/10m = O(107?%), we see
that this is true for temperatures of up to 1keV and in particular for the ASDEX
Upgrade SOL and filaments, which usually have T' < 100eV [68].

Here is a summary of the vital points of this simple model:

e The model describes a filament that has detached from the plasma and is con-
nected to the target tiles, hence limiting the current. We have assumed the fila-
ment shape to be blob like in the poloidal cross section with a poloidal extent A
and a radial extent A.qq. The length [ along the field lines is large compared to
Arad and Apol'

e According to eq. (3.17), filaments with a smaller height A, should move faster
than bigger filaments. The radial size A,,q does not influence v,4q4.

e Close to the X-point, we expect the filament shape to become strongly distorted.
When filament dimensions approach the ion gyroradius p;, completely different
effects will take over. Our assumptions fail close to the X-points, where ¢ — oo
and the filament size becomes of the order of the ion gyroradius p;. Therefore,
this simple model only holds in the far SOL where the filament is far away from
the X-points.

e The model does only describe the filament propagation in the far SOL. Filament
creation and detachment are far beyond this model and even the more refined
models shown in the following sections. The numerical simulations described in
section 2.3 are better suited for understanding the filament evolution.
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From a more general point of view, we expect that the described model can be qualita-
tively extended by the following filament properties:

e Filaments with Iyp > I su, 1., Apor/pi < g should be accelerated with a =
4kT /mR. Note that the adiabatic coefficient has been introduced erroneously in
[69] according to [19].

e Bigger filaments should evolve into smaller, faster structures by detaching from
the parent filament. The detachment process might again be caused by nonlin-
ear mode growth comparable to the detachment of the parent filament from the
plasma core.

It is important to note that the contact with the target plates is not the only possibility
to bridge parallel currents. Shearing of a filament in proximity of the X-point eliminates
electrical contact with the divertor, see fig 3.4, and allows a connection of the parallel
currents due to finite-gyroradius effects, [70, 71]. The filament dimensions are sheared
to the gyro-radii scale and hence electrically decoupled from the divertor.

% core plasma 3

v_rad

Y

dR

Figure 3.4: Left: Possible decoupling mechanism for a filament close to the X-point
due to strong shear as suggested in [70]. The filament dimensions are sheared until the
gyro-radii scale and electrically decoupled from the divertor. The authors suggest that
the electrical connection might possibly not be re-established even at larger distances.
The black line illustrates the shape that the filament is assumed to take instead of
following the red field lines. Right: Possible scenarios for the radial velocity of a
filament: free acceleration without any (red) connection to X-point, with (blue) and
without connection to target (green).

3.2.1 Dependence on Filament Density

In |72], the sheath damping model has been extended to include varying density along
the field line, namely a density n; near the midplane and a density n; at the target.
The basic equations are the current continuity equation (3.6) with j,;,. = 0, the diamag-
netic current (3.5), and the boundary condition

e

j = —. 3.19
Il ’target €NCs T ( )
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for the parallel current at the target. The equations do not rely on assumptions on
homogeneity in this stage but hold for arbitrary filament structures. This leads to the
solution

ep  lypi

VT = 2 O (3.20)

assuming a filament density n; and neglecting effects of magnetic shear. Eq. (3.20) is
used to calculate the E x B velocity. This allows to solve the blob plasma continuity
equation in the absence of sources,

Onp + Vv =0 (3.21)
with n; = const - ny; and an ansatz
npi(t, Ryy) = ngirad(t, R)nginy(y) (3.22)

nriy(y) o exp (— Ay l) 5 (3.23)
po.

resulting in the ballistic equation
(875 -+ vmdag)nﬁm =0 (3.24)

with the filament propagation velocity

2

pi \linga

i = Cs 2 it 3.25
Vrad C<Apol>Rnt (3.25)

Eq. (3.25) generally reproduces the result (3.17), enhanced by the filament density
term, which states that filaments with a higher density ratio n;/n; move faster. The
ratio nf;;/ny can be estimated with the two-point model [65] by calculating the dynamic
pressure along the filament with the Bernoulli equation

p+ nmvﬁ = const, (3.26)

where v) is the flow speed along the magnetic field line to the target plates. At the

midplane, we have v ~ 0, whereas at the target v ~ /2kT; /m; holds. A detailed
description of how to combine the dynamic pressure with a particle balance and a power
balance is given in [65].

The radial penetration depth into the SOL can be estimated from the radial velocity
and the filament lifetime 77 = [ /cs:

2
qpi nfil
dRyyp = VyaaTrit = R : 3.27
typ = UradTfil ( Am) o (3.27)

3.2.2 Three-Field Braginskii Model

In [73], the sheath damping model has been extended by using a three-field Bragin-
skii model for density, temperature and potential. The discussion is limited to the far
SOL in which the diffusive background density is negligible, and where filaments can
be treated as isolated and noninteracting.
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The SOL has been divided in 2 regions: The first one, located within about one ex-
ponential decay length from the separatrix is determined by radial diffusion from the
core and parallel particle loss to the sheaths; The heat loss is dominated by heat con-
duction, and the X-point can lead to a significant variation along the magnetic field
line. The second region (far SOL) is dominated by filamentary transport and neutral
ionization, which can help in sustaining the filamentary transport. The model consists
of the following vorticity, continuity and temperature equations:

c? d ) 2c
Vi = Vyjj+ bxk-Vp (3.28)
dn

dTe 2

E + V”(’U”Te) = %V”(HHV”TG) — sz (3.30)

where d/dt = 0, + vi -V, vg = (¢/B)b x V¢, B = Bb, k = b - Vb is the magnetic
curvature, v|| is the parallel mass flow velocity, ne = n; = n, k| is the parallel heat
conductivity, & = n, < ov >; is the neutral particle ionization rate, ng the neutral
density and 3/2E; is the total energy required per ionization. With T, > T;, and
neglecting some small parameters, the equations can be solved by integrating along
field lines, i.e. assuming constant parameters along B. The boundary conditions are
v|| = ¢s at the sheath entrance and a matching of j| to the sheath current

. Ve _¢ L
Jj = ne (”II Tt d’/kT) : (3.31)

with the thermal electron speed v.. The field lines are assumed to end in grounded
plates, i.e. without any bias potential.

First of all, the solution is derived for dense filaments, i.e., filaments that differ from
the background by an enhanced density. In Cartesian coordinates (R,y), the resulting

filament velocities are:
2
pi [
= — 3.32
Urad = € (Apol) R (3:32)

and vy, = 0 for an arbitrary density distribution in the filament. This result is basically
identical to eq. (3.17), except for the missing factor v/2. The density decay time
Tn = 1/(a — &) is determined by the balance between the loss rate due to particle flow
to the plates, a = 2p;/ [}, and the rate of particles that are resupplied by ionization, &.
When A,y approaches p; and thus reaches the limit of the gyrofluid description, the
radial velocity v,.qq goes to cs.

A solution in cylindrical coordinates gives the velocities

pi l)
= Cg Tl .
Vpad = C (Apol> 0 nn(r)R (3.33)

and vy, = 0, which is identical to eq. (3.32) for a Gaussian density profile ng;(r) =
nyioexp(—r?/2A2 ) in radial direction (8, Inn(r) = d,n(r)/n(r)).

Possible extensions of the model can lead to a non-vanishing or even sheared poloidal
velocity vper(y). A sheared poloidal velocity could be produced by biasing of the divertor

end plates or a radial temperature gradient. Both would lead to a significant distortion
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of the blob shape, but would not directly affect v,.4q (except for indirect effects due to
poloidal broadening).

In addition to filaments with higher density compared to the ambient background
plasma, this model is also capable of describing filaments with higher vorticity and
higher temperature. Assuming cylindrically symmetric filaments, constant temperature
in the filament and neglecting ionization, D’Ippolito et al. find the following results:

e n(r,t) and T(t) do not decay exponentially, but by power laws because of the
temperature dependence of particle losses. The temperature decays more quickly
than the density because parallel energy transport is much faster than the particle
transport.

e A radial potential in the filament causes vorticity, which can then cause an az-
imuthal rotation of the filament and hence symmetrization of its density. The
potential

¢(r,t) = dp(t) + do(r)e™ (3.34)

consist of 2 parts: The Bohm potential ¢(t) = 3kT(t)/e confines the electrons
that are streaming along field lines to ensure quasi-neutrality and decays on the
shorter temperature time scale. The second component decays due to the flow of
parallel currents to the sheaths, so that both components decay faster than the
density.

As a result of an initial vorticity Vigb, the spinning filament symmetrizes its
density, n(r,8) — n(r), if the rotational eddy time is much less than the density
decay time, which is the case for typical parameters. When the initial vorticity
has decayed, the simple solution for the density structure (3.32) is recovered.

e On the slower density timescale, the particle drifts (3.1), (3.2) polarize the fila-
ment, creating a poloidal electric field Ej,,;, which in turn results in an E x B-drift
outwards with the radial velocity (3.32).

o [f the filaments decay before leaving the formation region, they do not contribute
to the radial transport. Ionization in the far SOL can sustain the filaments longer
against parallel loss of particles on a timescale 7 = [ I /cs and thus allows larger
filaments to contribute to the transport. Otherwise, they would be depleted before
moving a significant distance as described by eq. (3.27).

3.2.3 Fragmentation of Filaments

Primary instabilities at the core plasma edge create the filaments near the separatrix,
whereas secondary instabilities, driven by the filament internal pressure profile, should
cause larger filaments to disintegrate into smaller ones. According to the presented
model, smaller (child) filaments should move faster than their parents and thus give
rise to fragmentation and increased net radial transport. Secondary instabilities have
been discussed in |74, 75, 76| in great detail. We will restrict our view to features which
are accessible to experimental observations.

e Two instabilities, which are driven by the filament internal profile are the Kelvin-
Helmholtz instability, and sheath interchange modes. The Kelvin-Helmholtz in-
stability is driven by velocity shear and becomes important for small filaments,
whereas sheath-interchange modes are driven by curvature and become important
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for large filaments.

For the sheath-interchange modes, it has been shown in [74] that large filaments
with A,qq > 30p; will break immediately into smaller ones, whereas smaller fila-
ments with A,.,q < 10p; are stable and propagate radially until they hit the wall.
For filament ion temperatures between 30 and 60eV [68], this gives instability for
Ayaqd > 120 —160 mm and stability for A,.qq < 4—6 mm. Filaments between these
values tend to fragment as they propagate through the SOL.

e 2D simulations of the time behaviour have been carried out by integrating the
Braginskii equations (3.28-3.30) [76]. In general, this has confirmed most of the
points described above, but a new observation affects the shape of the filament
in the poloidal cross section in the presence of a non-vanishing floor density: The
shape is modified by sheared flows, leading to a double-vortex structure in ¢ and
thus a compression of the density contours in the direction of the filament motion.
The simulations predict the filament to have a steep leading edge and a trailing
wake as shown in fig. 3.5.

Nfil-Nsol

0 10 20
t/tc

Figure 3.5: Left: Poloidal cross-section of a filament moving to the right in front
of a constant background density in terms of density (solid line) and potential /flow
(dashed line). Right: Numerical simulation of the time trace n(t) of the moving
filament as seen by a Langmuir probe at a fixed spatial point. From [76].

3.3 Diamagnetic Current

In |77, 62|, a model based solely on a diamagnetic current has been proposed. When the
charge separation in the filament is dynamically balanced by the diamagnetic current,
the result is a large-scale convective flow field and hence a radial acceleration of the
filament.

The evolution of a filament has been modelled by an advection-diffusion equation for
the density:

(at + % X V- v) n=xVin (3.35)

The equations for the convective flow dynamics arises from the current continuity equa-
tion (3.6). Parallel currents have first been neglected, but their effects will be shown
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further down. The calculations start with a filament with circular cross-section of the
form

1
nfi(x,0) = nyi o exp (—é(x — x0)2> . (3.36)
Diffusion with diffusivity D would spread the filament as
A _ Mo _ (x—x0)*
nfi(x,t) = 1+2Dte><p< 2(1+2Dt)>. (3.37)

The full calculations give a radial motion with several stages (fig. 3.6): In the first stage,
the filament accelerates rapidly for about 5 ideal interchange times, corresponding to a
radial distance of 1-2 times its initial size, i.e. about 1 — 2cm for ASDEX Upgrade as
we will see below. A steep front and a trailing wake as indicated in fig. 3.5 form at the
filament.

In the second stage, the filament reaches a constant velocity. In the ideal limit, where
inertia is dominant, this velocity is given by

2A N e 0.5
traa = (2 ) (3.33)
SO

with the SOL density ng,. Surprisingly, eq. (3.38) predicts that large filaments move
faster, and thus are most harmful for first wall structures as they also carry more
particles. The model does not predict any acceleration of the filaments in later stages.
The filaments might even slow down due to dispersion.

In later stages, depending on the detailed parameters, in particular Reynolds and

A
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Figure 3.6: Evolution of the radial propagation velocity for different Reynolds-
numbers according to [62]. In a first stage, up to 2cm away from the separatrix,
the filament is rapidly accelerated to the ideal velocity from eq. (3.38). The second
stage will have either constant velocity or slow down due to dispersion.

Prandtl numbers, the filament might undergo strong distortion and obtain a mushroom-
like cap in the poloidal cross section as shown in fig. 3.7. The filament might then break
into 2 lobes, leaving two smaller filaments with opposite vorticity, which in the end might
bring the filament to a halt. The roll-up will lead to an expansion in poloidal direction
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Figure 3.7: Evolution of the filament shape according to [62]. The filament might
obtain a mushroom-like cap and break into two fragments afterwards. The exact
behaviour depends strongly on the Reynolds and Prandtl numbers.

and might give a hint for the elliptic cross-section of filaments. In any case, the filament
will travel a radial distance far larger than its initial size. The amplitude decays with
time due to collisional diffusion (3.37) and stretching by convective motion.

Adding parallel currents similar to eq. (3.9) and, accordingly, dissipation by plasma
sheaths leads to a total of three terms [62]:

e interchange drive, causing radial convective transport
e viscosity, damping small spatial scales
e sheath currents, linearly damping large spatial scales

The resulting radial propagation velocity is

o= e ()l (3.39)
rad ° Apol R .

in agreement with the equations in sec. 3.2. For large Rayleigh numbers or smaller
collisional dissipation, the filament becomes subject to instabilities and breaks into very
small structures in presence of sheath dissipation.

Pellet cloud propagation studies |63, 64] have produced similar results, in particular for
the shape of the plasma cloud: The calculations give a similar mushroom-like shape, but
as the pellet represents a longer-lasting source of particles, the mushroom has a stem
that connects the cap with the still ablating pellet. This shape would also be expected
for filaments, if the formation mechanism would last longer.




Chapter 4

Experimental Setup

4.1 Magnetically Driven Filament Probe

A radially movable probe has been developed for studies of ELM induced filamentary
transport in ASDEX Upgrade by means of Langmuir probes and magnetic pickup coils,
[78]. The probe is permanently installed at the low field side of the ASDEX Upgrade
vacuum vessel and is not subject to limitations in probe size, as, for example, probes
on the midplane manipulator (sec. 4.2) are. The probe is moved by a magnetic drive,
which allows for easy installation in the vessel, and which has only moderate machine
requirements as it will only require an electric feedthrough and an external power sup-
ply. The drive gives a linear motion with a radial range of 5 cm within 50 ms, but range
and velocity can be largely scaled according to experimental requirements.

The new probe allows to measure the structure of filaments, in particular parameters
such as filament motion and size using time delay measurements. Activating the drive
moves the probe from a safe position behind the limiter to a position in front of the
limiters, i.e., exposes the Langmuir pins to the SOL plasma.

In order to understand the basic mechanisms behind filaments and their role in radial
heat and particle transport, it is necessary to measure the filament dynamics as well as
density and temperature of ions and electrons in detail. This requires both good tempo-
ral and spatial resolution in the outer midplane. Langmuir probes are an important tool
to measure filament properties, as they provide localized measurements (in the order of
the pin size, but not smaller than the ion gyroradius p;) and can be run at high sampling
rates. On ASDEX Upgrade, filament studies have successfully been carried out using
Langmuir probes on a reciprocating midplane manipulator [31]. These probes clearly
show filamentary structures passing by, but are not suited for measuring the rotation
velocities of filaments because of the small distance between the Langmuir pins. As the
probe size on the midplane manipulator is limited by the manipulator feedthrough, we
have installed a new probe for filament measurements in the ASDEX Upgrade vessel.
The probe consists of several Langmuir pins in suitable distances (/= 10 cm) and a mag-
netic pickup coil in the center.

In section 4.1.1, we will discuss the setup of the new filament probe. Section 4.1.2 will
focus on the calculation of the force balance of the magnetic drive, whereas section 4.1.3
will discuss the heat produced by the drive itself. In section 4.1.4, we will show the
dynamics of the resulting motion of the probe head, which is described in sec. 4.1.5.

33
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4.1.1 Setup of the Filament Probe

The filament probe basically consists of 2 parts: a probe head, which carries the Lang-
muir and magnetic probes and acts as a plasma facing component, and a mounting
mechanism (see fig. 4.1).

radial motion

I

Magnetic coil Langmuir Pins

driver bearings

Figure 4.1: Pictures of the filament probe (2006 version) showing the graphite head
with the 4 Langmuir pins and the driving mechanism.

The mounting mechanism consists of a base plate and the driving mechanism. The posi-
tion of the base plate can be smoothly varied to fine tune the position of the probe with
respect to the limiters. A cylindrical tube with two sets of four grooved ball bearings is
mounted on the base plate. The bearings hold a rod, which plunges into the cylindrical
tube. The probe head is mounted on top of this rod, so that the probe head and the
rod move together with respect to the cylindrical tube and the base plate. A spring
inside the tube permanently drags the rod into the tube and, therefore, keeps the probe
head in a safe position behind the limiters without an external force. The magnetic
drive has to compete against the spring and, if activated, pushes the rod out of the
tube and moves the probe towards the plasma. Start and end position of this motion
define the range of the drive. The range is determined by the chosen leverage, and can,
in principle, be freely adjusted to experimental requirements. In our case, drive and
leverage have been designed to have a range of 50 mm, but the range has afterwards
been restricted to 40 mm by introducing additional blocking elements to fine-tune the
end position of the probe head.

The probe head of the initial 2006 version consists of 4 Langmuir probes and a magnetic
coil, measuring the time derivative of the radial component of the magnetic field, B,,
in between. The Langmuir probes are located at the corners of a rectangle defined by
the dimensions of the magnetic coil in between. The distances between the Langmuir
probes are 114 mm in toroidal direction and 84 mm in poloidal direction. They are oper-
ated in Isat mode at sampling rates of 2 MHz, which will be sufficient to detect filament
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rotation up to several 10km/s. The Langmuir probes are mounted 30 mm in front of
the magnetic probe on four graphite tiles, which protect the magnetic pickup coil and
stick 5mm out of the graphite tiles. The tiles are not directly connected to each other
in order to prevent circular currents which would screen the magnetic coil. The design
of the magnetic coil is equal to the other magnetic ballooning coils in ASDEX Upgrade
[79], except for the additional protecting graphite tiles.

4.1.2 Magnetic Drive

A magnetic drive serves to push the rod and the probe head mounted on the rod
towards the plasma, competing with the retracting spring and the friction in the system.
Energizing the magnetic drive requires only an electric feedthrough to the vacuum vessel.
Therefore, the probe can be easily installed or removed from the vacuum vessel compared
to other mechanisms. Furthermore, it can also be installed at positions which are not
suitable for mechanical drives.

The underlying principle (see fig. 4.2) is the alignment of a magnetic moment p with
an external magnetic field. This gives a torque D = p x B, which can be translated

1)

Figure 4.2: Principle of the magnetic drive: an energized coil forms a magnetic
moment g which aligns with an external magnetic field Byo,. This results in a torque
D = puxB = F xr, which can be translated into a force F. F can be directed into any
direction in the radial-toroidal plane by choosing an appropriate leverage. F points
toroidally in this scheme, but radially in the experiment.

into a radial motion of the probe with an appropriate leverage. The same principle has
already been used to build rotating drives [80], as well as linear drives for single probes
[81]. The magnetic moment p can be generated by an energized coil, which will rotate
around its axis in order to align the magnetic moment p with the external magnetic
field B. We use only the toroidal component of the magnetic field, which is by a factor
of >5 the major component. The other components give a torque which is absorbed by
the bearings.

The torque of such a drive depends on the cross section area A of the coil, the number
of windings N, the electric current I, and the external magnetic field By, (R) at the
location of the probe. Considering only the toroidal component of the magnetic field,
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the resulting torque is

Dyoi = IAN By, (R) cos ¢, (4.1)

where cos ¢ denotes the fraction of the magnetic moment perpendicular to the toroidal
magnetic field. With a lever of length 7, this torque translates into a force F' = Dy /7.
The length 7 is determined by the required range of the radial motion h = 50 mm and
the maximum rotation angle ¢4, of the coil. To translate the rotation of the coil
into a linear motion of the rod, we have applied a driving lever to the coil, which works
together with a driver fixed to the rod in such a way that the point of application moves
along a straight line (see fig. 4.2). Additional guidance and ball bearings allow smooth
operation of the driving lever and the driver under vacuum conditions and prevent
seizing. With this construction, the length r of the lever will change with ¢: r = r(¢),
with ¢ ranging from — @40 t0 Gmae. With cos ¢ = x/r(¢) and tan ¢pe, = 0.5 h/x, we
can calculate the length of the lever

h/2

=" 4.2
r(@) tan @uyqq COS G (42)
The resulting force F' is then
D tan @maa cos> ¢
F = =IANB;y,(R)——————— 4.3
and the component Fp, which causes the radial motion of the probe, is
3
Fh:;FGE¢ZIANBmARﬂ§5%%£ELf (4.4)

h/2

From eq. (4.4), we can see that Fy has a minimum for ¢ = +¢,4,. As the probe
will start its motion at ¢ = —¢dmaez, FH(Pmaz) has to be high enough to overcome
friction and the force of the retracting spring. The crucial value for Fy(¢ma.) has been
estimated to be about 50N in our case.

Fig. 4.3 shows the tan ¢yqeq cos® ¢ term for ¢ = ez and 0° < Gpae < 90°. The

®max dependence
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Figure 4.3: Dependence of the minimum force of the magnetic drive on the maximum
rotation angle ¢4, according to eq. (4.4). Fy(dmas) determines the initial probe
movement and is maximised for ¢4, = 35°.

function has a maximum for ¢4, = 35°, which means that for this value, the highest
starting force can be obtained. Choosing this maximum rotation angle ¢;q. = 35°
determines the length of the lever to be r(35°) = 44mm or 7(0°) = =z = 30mm,
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respectively.

With our constraints Fg(¢maz) > 50N, b = 50 mm, and a magnetic field By, (R) ~
0.8 Byor, we can now calculate the product of coil size and current from eq. 4.4, assuming
| Bior| > 2T for most discharges:

TAN > 2.0 Am? (4.5)

4.1.3 Heat Production of the Magnetic Drive

As the coil is being operated in a vacuum vessel where there is no efficient cooling
mechanism, the temperature rise in the wires of the coil due to resistivity becomes a
crucial point. The power dissipation P inside the wire is

z
P = RI? = py——1I* o< I*r; 2, (4.6)
rym™

where pg; is the electric conductivity and r; the radius of the conductor of the wire.
With the heat capacity

Cc = Ccond+Cins (47)

[CcondQcondri2 + CinsQins(Ta — ri)z] nl, 4-8)

where ¢ are the specific heat capacities of conductor and insulator, ¢ the mass densities,
r, the total radius of the wire including insulation, and [ the length of the wire. The
power dissipation (4.6) leads to a temperature rise

AT = %, (4.9)
which is approximately proportional to I?r; =%t if we neglect the insulation. Therefore,
doubling the diameter of the wire will approximately reduce the temperature rise by a
factor of 16. Therefore, a relatively thick wire with a copper conductor (r; = 0.23 mm,
Ceond = 385 J/kgK, 0cond = 8920kg/m? and p, = 17.8nm) and a KAPTON insu-
lation (7, = 0.39mm, c;ps = 1090 J/kgK, and g;,s = 1420kg/m?) has been chosen.
Wires of this type have already been used in the ASDEX Upgrade vessel before and are
able to withstand high temperatures, in particular the vessel baking procedure (150°C).
Although the wire is able to withstand even higher temperatures, we have set a limit to
the probe drive of 160°C during normal operation. With eq. (4.9) and the values given
above, we expect a temperature rise for the wire of 3.85°C/s with a current of 5 A, and,
after 10s, a moderate rise in the order of 38.5°C. Choosing a wire with only half the
size would result in a temperature of 600°C after 10s of operation.

Measurements with infrared thermography in air at room temperature have been car-
ried out to study the temperature rise in practice (see fig. 4.4). According to these
measurements, applying a current of 5 A for 60 s will not damage the wire and result
in temperatures of less than 140°C. The vacuum behaviour can be estimated from a
linear extrapolation of the low-temperature behaviour in these measurements, where
convective cooling can be neglected. The extrapolation yields a temperature rise in the
order of 3.4°C/s, pretty close to the expected values. During a 10 second discharge, we
therefore expect temperatures to remain well below 150°C. Reaching the limit would
require operation of the drive for more than 40s. The power supply will therefore be
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Figure 4.4: Thermographic measurement of the temperature rise in the probe drive
in air at a current of 5 A (blue line). The vacuum behaviour can be extrapolated from
the low temperature behaviour (red line). Critical temperatures will only be reached
after 40s of operation.

automatically shut down after 30 s of operation using remote switchable power switches
to prevent overheating of the wires.

After ensuring the functionality of the drive over a complete ASDEX Upgrade discharge,
the question arises as to whether the drive can be operated on consecutive discharges,
i.e., whether the cooling down time is less than 20 min. Fig. 4.5 shows a direct measure-
ment of the electric resistivity of the coil for 2 consecutive ASDEX Upgrade discharges
(I = 4A for 7s), which can be used as an indicator for the temperature of the wire.
We can clearly see that the resistivity in both cases reaches approximately the starting
value of 6.155{2 within 20 min. The second discharge indicates slightly higher temper-
atures (the maximum values differ due to moderate time resolution), but, as higher
temperatures lead to better heat transport, we do not expect the coil to overheat even
during a series of consecutive discharges. From 2007 on, the power consumption of the
drive has been recorded, so that heating up of the drive could be checked directly.
Putting a current of up to 5 A into eq. (4.5), the coil size to reach the required minimum
force discussed above can be calculated to be

NA > 0.40m?. (4.10)

The coil has been restricted to a diameter of 58 mm and a length of 44 mm (including a
6.5mm broad axis) to fit in the space behind the probe head. Using a vespel coil body
with a diameter of 48 mm allows for 266 windings of the 0.78 mm thick wire in 6 layers.
With these numbers, a cross section of Asq; = N A7 = 266 - (26.6 mm)?7 = 0.59 m?
could be obtained, which is about 1.47 times the requested cross section. The minimum
force Frr(¢maz) of our drive is therefore 72N, and the maximum force is 133N as
shown in fig. 4.6. In order to reduce the thermal load, the probe drive has, in most
cases, been operated with a current of only 3.5 A, which was enough to reliably move
the probe in discharges with a toroidal magnetic field of 2'T. In 2007, the power supply
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Figure 4.5: Time traces of the resistivity of the wires of the magnetic drive after
two consecutive discharges which where 20 min apart. The resistivity curves indicate
that the drive cools nearly to its starting temperature. The second discharge indicates
only a slight increase in temperature, which is due to the reduced heat transport at
low temperatures. Critical high temperatures are, nevertheless, reduced quickly.

FH for ®max= 35°, r= 0.0435862

[
|||||||||||||

w IIIIIIIlIIIIII |III|III|II

0 5 10 15 20 25 30
O [deg]

Figure 4.6: Resulting force of the magnetic drive for ¢p,q, = 35°, h = 50mm,
Bior =2T, NA=0.591m?, and I = 5A.

has been controlled by a shotfile-based software, which allows for a smooth ramping of
the current to reduce wear of the drive and to prevent the mechanism from damage.

4.1.4 Test of the Magnetic Drive

In several discharges, the filament probe has been observed with fast infrared ther-
mography cameras. In #21265, an attempted discharge which did not reach sustained
breakdown and, therefore, had no plasma but a full toroidal field of 2T, the motion
of the probe head has been measured with a frame rate of 833 Hz and high sensitivity.
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This allows to make use of the different, material-dependent emissivities in the field
of view: probe head and background yield homogeneous but different values, resulting
in a sharp decay of the signal at the edge of the probe head in front of the homo-
geneous background. The position of the probe has been derived by integrating the
values along a line parallel to the motion of the probe head and its trailing edge. As
both the probe head and the background could be accounted as 2 homogeneous regions
with different values, the line integral can be used to measure the position of the probe
head. The derived motion can be seen in fig. 4.7. The probe drive has been activated
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Figure 4.7: Position of the probe head, derived from an 833 Hz infrared thermogra-
phy view. The probe starts in a safe position behind the limiters, then moves radially
forward within 0.05s and rebounds back from the front stop. The backward motion
is slower, in the order of 500 ms. Using a harder spring will reduce the impact at the
front stop and give a faster backward motion. The inlay shows the forward motion in

more detail.

from 1.5 to 3.5s in this discharge with a current of 3.5 A. The forward motion of the
probe head happens very quickly within 0.05s and with a small rebound at the outer-
most position, whereas the backward motion, driven only by the retracting force of the
spring, was much slower (500 ms). The drive moves the probe forward with a velocity
of 40mm/0.05ms = 0.8m/s and has been reliably operated during the 2006 ASDEX
Upgrade campaign.

For the 2007 campaign, the probe has been equipped with a harder spring, which is
sufficient to move the probe backwards completely, and which reduces the hard impact
at the front position together with the smoother current ramping: Feeding the power
supply with predefined voltage-time series allows a smoother motion of the probe. If
necessary, there would be the possibility to change move the probe actively backwards
by changing the polarity of the current at given times.

4.1.5 Probe Head

The probe head is mounted on the driving mechanism which has been described above.
It consists of a magnetic pickup coil with a size of 60 mm x 65 mm. The coil points into
the radial direction and thus measures B,., the time derivative of the radial component
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of the magnetic field. The Langmuir pins are mounted next to the probe and point
radially towards the plasma. The pins have a ceramic cover and are inserted in holes
in surrounding graphite tiles (see fig. 4.8 for the 2006 version, and fig. 4.9 for the 2007

Figure 4.8: Technical drawing and image of the filament probe as of 2006. The
probe head has 4 Langmuir pins, which stick 5 mm out of the graphite tiles and have
a ceramic coating covering the lower 2 mm.

version).
After the 2006 campaign, the probe has been completely revised with the following
changes:

e The number of pins has been increased from 4 to 9 to improve poloidal resolution
(1 pin) and to get information on the radial dynamics (4 pins). See the following
sections for details.

e The driving mechanism has been encased by solid metal plates to shield radiation.

e A harder spring has been used to improve forward and backward motion as de-
scribed in section 4.1.4.

e Changed pin design: The pins in the 2006 version sticked out 3 mm of the ceramic
cover, which sticked out 2mm of the graphite tile (see fig. 4.10). During plasma
operation, some of the ceramic cover broke, so that the pins were exposed to the
plasma over a length of 5mm, which led to rapid overheating and, consequently,
destruction of these pins.

For the 2007 campaign, the ceramic cover and the graphite pin were drawn further
backward, so that the ceramic cover does not stick out of the graphite tile. The
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Figure 4.9: Technical drawing and image of the filament probe as of 2007. The
probe head has now 9 Langmuir pins, which stick 2mm out of the tungsten covered
graphite tiles. The coating has been necessary to comply with the transition of ASDEX
Upgrade from a carbon machine to a tungsten machine.

wetted area of the pins has been reduced from 3 mm to 2 mm with a pin diameter
of 2.8 mm in both cases. This has greatly improved the durability of the Langmuir
pins.

2.8mm
<«

5mm .

I 2mm
/%] 1mm
<«
4mm
T
2006 2007

Figure 4.10: Illustration of the changes in the pin design from 2006 to 2007. Both
pin and ceramic coating were drawn back towards the graphite tile to withstand higher
heat loads.
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e The graphite tiles have been covered with tungsten to comply with to the transi-
tion of ASDEX Upgrade from a carbon machine to a tungsten machine |82, 83|.

e The probe drive has been equipped with a smart control of the power supply
for the drive. The current through the coil can be varied at a rate of 10 Hz and
several strokes can be performed per discharge. The timing can be changed in
between shots, which greatly enhances the usability of the drive, as parameters
and timing can now be adjusted to the current shot program within few minutes.
The status of the power supply is measured with 10 Hz and the data are stored
into an ASDEX Upgrade shotfile under the diagnostic TOE.

4.2 Midplane Manipulator

The midplane manipulator is a device which allows for easy installation of various probes
during an experimental campaign. The probes can be changed on a day-to-day basis
and are typically operated for several consecutive shot days in order to condition the
probes, to check the wiring, etc.

The radial position of a probe can be varied on a shot-to-shot basis in mm steps and
during the discharge by a pneumatic drive, which allows a fast radial motion of the probe
(10 cm forward and backward in 0.1s). Usually, up to 4 of these strokes are performed
during one discharge. The fast drive allows the probe to penetrate deeper into the
plasma (i.e., to get closer to the separatrix) as would be possible with a stationary
probe.

For this thesis, 3 different probes have been used:

e Dual Magnetic probe: A probe with 2 3D coilsets at different radial positions (fig.
4.11, top). A 3D coil set consists of 3 nested magnetic probes, which allow to
measure all 3 components of the magnetic field at the same position.

e Combined Magnetic-Langmuir probe: (fig. 4.11, bottom). This is a probe, which
has been designed especially for measurements close to the separatrix. The probe
carries 10 Langmuir tips at the front of a carbon hood, arranged in two columns
of 5 pins and divided by a septum in between. In the back, the probe carries a
3D coil set, which is located at about 9 cm from the Langmuir tips because of the
wiring of the Langmuir pins.

This probe has in particular been used for filament studies, for flow measurements
[84], and for radially resolved magnetic measurements [40].

For 2007, a tungsten covered cap has been used to reduce carbon influx into the
machine. The cap has been slitted in the back to reduce mirror currents, but the
magnetic signal from this head was far worse than from the graphite head. The use
of isolating materials should therefore be checked for more accurate measurements,
even though previous experiments have shown problems with these materials.

e Langmuir probe: The same probe as the Magnetic-Langmuir probe, but without
magnetic coil in the back.

The midplane probes are limited in size by the vacuum feedthrough and thus are re-
stricted to a diameter of 60 mm. This limitation makes the midplane manipulator
probes unsuitable for measurements of the filament rotation velocity. With a pin dis-
tance of 1 cm and a velocity of 1000m/s, the time delay would be 10~°s, which is only
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A

87.5mm

Figure 4.11: Left: Midplane manipulator probes used in the frame of this thesis:
Double magnetic probe with 2 3D coilsets (top) and the combined Magnetic-Langmuir
probe (bottom). Right: Image of the combined Magnetic-Langmuir probe.

20 samples at a sampling rate of 2 MHz. The new filament probe has much bigger di-
mensions and is therefore better suited for measurements of the rotation velocity. The
midplane manipulator probes in turn are better suited for measurements of the filament
fine structure.

For the measurement of radial dependencies, dedicated discharges have been tailored
in which both the radial position of the midplane probe and the radial position of the
plasma edge has been varied. Fig. 4.12 shows time traces for both quantities during an
ASDEX Upgrade discharge. Using this scheme, the distance between probe and sepa-
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Figure 4.12: Top: Radial variation of the separatrix position and the position of
the midplane manipulator probe to study the radial parameter dependence. Bottom:
Distance of the separatrix to the front of the midplane manipulator probe.



4.3. INFRARED THERMOGRAPHY 45

ratrix can be varied from 5cm to 15cm (limited by the ICRH-limiters). The plasma
parameters (especially the energy content of the plasma) have been kept constant as
much as possible.

4.3 Infrared Thermography

Infrared thermography is an optical method to measure surface temperatures. The
number of photons emitted from a surface at a wavelength \ is measured. It is described

by Planck’s law,

27c 1
My(T, \) = NI gho/RTA _ 1’ (4.11)

which describes the emission of a black body of temperature 1" at wavelength A. A
black body is an ideal body that absorbs all electromagnetic radiation that falls onto it.
The black body emits the radiation again with wavelengths and amplitudes determined
by the temperature of the black body as described in eq. (4.11). Fig. 4.13 shows
the emittance of such a black body at different wavelengths and temperatures. The
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Figure 4.13: Emittance of an ideal blackbody at different temperatures and wave-
lengths. The maximum of the emittance is described by Wien’s displacement law, eq.
(4.13) (red line).

emittance M,., of real bodies is always below that of an ideal black body. The ratio
between real and ideal emittance is the emissivity e,

M’real(T’ )‘) = E(T? >‘) ’ Mb(T’ )‘)7 (412)

which can be dependent on both wavelength and temperature.
The maximum of the emittance M;, is described by Wien’s displacement law,

AT = 2897 pumK (4.13)

For room temperature, the maximum emittance occurs at 10 um. At about 900 K, the
intensity of photons emitted in the visible range is high enough to be detected by the
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human eye. The infrared cameras on ASDEX Upgrade are sensitive to wavelengths in
the range of 3.5 — 5.1 ym.

From fig. 4.13, it is obvious that the photon flux at a fixed wavelength varies strongly
nonlinear with temperature: increasing the temperature from room temperature to
900 K will raise the emittency at 4.7 pm by more than a factor of 100. Therefore, mea-
surements require a large dynamic range and good sensitivity. The sensitivity orM
increases with higher temperatures due to the nonlinearity of the photon flux. Fig. 4.14
shows temperature which is necessary to switch the least significant Bit of a 14 Bit ADC
for 5 given maximum temperature ranges. To maximise the sensitivity in our measure-
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Figure 4.14: Temperature change necessary to set the least significant bit of a 14 Bit
ADC for different dynamic ranges.

ments and to get a good exploitation of the 14 Bit dynamic range, the integration time
of the detector had to be adapted to the expected temperatures.

In the course of this thesis, two different 2D infrared cameras have been used. Both
cameras work in a snapshot mode, so that the whole array of pixels is exposed simulta-
neously. The exposure time can be chosen from a minimal value up to the inverse frame
rate. The maximum frame rate depends on the chosen size of the two-dimensional pixel
array:

Santa Barbara | Thermosensorik
integration time | > 4 us > 4.5 us
array size (max) | 256 x 320 px 256 x 256 px
frame rate 315Hz 884 Hz
array size (min) | 8 x 128 px 8 X 8 px
frame rate 8 kHz 25 kHz

For the detection of small structures such as filament footprints, a good spatial resolution
is required because of the problem of averaging over gradients as photon-emission is
highly nonlinear. The heat flux calculation is carried out with the heat flux code
THEODOR [85, 86| from the temperature change, not from absolute temperatures.
The cameras were calibrated in the lab using black body radiators. Whereas the gain
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factor shows no temporal drift, the offset has to be corrected from time to time. This
has either been done by a 1-point calibration or by using the first frame of a discharge
as reference frame. This takes into account the optical geometry, the electronics and
detector response as well as the background signal. However, the emissivity is treated
as constant in this case: €(T, \) = €(\).
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Chapter 5

Filament Motion Measurements

The filament probe has been designed for measurements of the filament rotation velocity.
Fig. 5.1 shows the view from the plasma onto the probe head. In this view, only
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Figure 5.1: Technical drawing of the filament probe head (left: 2006, right: 2007
version). The pin positions have been mapped to p with p L B in order to calcu-
late the distance between the pins perpendicular to B, which allows to calculate the
rotation velocity of filaments by means of time delay measurements.

poloidal /toroidal rotation becomes visible, but not the radial motion. The picture on
the left of fig. 5.1 shows the 2006 version of the probe head (symmetric design with
4 pins), the picture on the right shows the 2007 version (asymmetric design, 9 pins).
The pin positions from the 2006 design have still been used for the 2007 version. 5 new
pins have been added and the numbering has been revised. Note that pins 6-9 are at
different radial positions and allow to measure the radial motion.

A blue line, schematically representing a filament, is shown in fig. 5.1, passing the probe
in front of the probe head, thereby touching the Langmuir pins. The Langmuir pins
are operated at constant negative voltage U ~ —60... — 120V with eU >> kT; [68]
in order to reach the ion saturation branch and to measure the ion saturation current

49
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Ji.sat = €n;cs as described in sec. 3.2. As filaments have a higher density than the
surrounding background plasma, they will appear as prominent spikes in the timetraces
of the Langmuir ion saturation current measurement of the pins which they have hit.
The Langmuir system has a sampling rate of 2 MHz, and has briefly been described in
[40]. This set-up allows for fast and spatially well-resolved measurements in the SOL.

5.1 Radial Motion

As has been described in chapter 3, several theories for radial filament propagation
based on F x B drift have been proposed. These models, however, result in opposing
predictions, depending on the underlying damping mechanism: Sheath dissipation leads
to a damping of large scale structures so that smaller filaments move faster, whereas
damping through a polarization current is more effective for small scale structures, i.e.
larger filaments move faster. Experimental studies of the radial propagation velocity
are therefore necessary.

5.1.1 Diagnostic Setup

The filament probe is equipped with 4 radially separated pins for the 2007 ASDEX
Upgrade campaign as shown in fig. 4.9. The radially resolving pins (numbers 6 to 9)
are located at the upper tile of the filament probe head along a horizontal line, i.e. at
the same z position as shown in fig. 5.1 or in an enlarged view in the upper part of fig.
5.2. The latter shows the pin position in a view from the plasma and their mapping
along the magnetic field B. The lower part of fig. 5.2 shows the pins in a poloidal
cross section, mapped along B to the same toroidal position. The poloidal variation
resulting from this mapping depends strongly on the local field line inclination angle.
For #22134 at 1.7s, the field line inclination is 8.6°, resulting in a poloidal variation of
4mm from pin 6 to pin 8. From visible imaging, the poloidal size of filaments seems to
be in the cm range, i.e. far bigger than the poloidal variation of the pin position, so
that we can neglect the poloidal variation here.

The radial distance is, for example, 3.5 mm between pin 6 and pin 8, so that the radial
propagation velocity of impinging filaments can be calculated from time delay measure-
ments. With a sampling rate of 0.5 us, propagation velocities of up to 7km/s can be
detected (pin 9 has not been used).

Similar plasma discharges have been carried out for these measurements. For the radial
motion, we have evaluated #21866-21869 (black data points in the following figures)
and #22133-22134 (brown data points). Fig. 5.3 shows timetraces for D, radiation
and outer plasma radius Rqys for discharge #22134. The discharges had I, = 0.8 MA,
Bior = —2.5T, heating power of 6 — 7.5 MW and line averaged plasma densities of
6 - 10 m—3. Density and stored energy have been held constant during R,,s scans,
in which the plasma has been shifted horizontally by several cm in order to vary the
distance between filament probe and separatrix, i.e. the distance the filaments have to
travel before they hit the filament probe as indicated in sec. 4.2. Up to three strokes of
the filament probe have been performed in each discharge (shaded regions in fig. 5.3)
to move the Langmuir pins in front of the leading ICRH limiters. ELM frequencies
of about 90 Hz have been achieved. All the ELMs during the filament probe strokes
have been analysed manually for filaments as described in section 2, and a database
containing 466 analysed filaments has been built.
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Figure 5.2: Position and mapping of the filament probe pins in a poloidal-toroidal
plane (upper part) and in the radial-poloidal plane (lower part). The radial separation
of pins 6 to 8 allows to measure the radial propagation velocity of impinging filaments
by time delay measurements.

5.1.2 Measuring Method

The analysis of #21866-21869 is based on pins {6, 8}, whereas pins {6, 7, 8} have been
used for #22133-22134. For the latter, a different set of power supplies has been used,
in most cases limiting the analysis to filaments with an ion saturation current < 1 A.

On the ion saturation current timetraces, filaments appear as prominent spikes due
to their higher density and temperature. Fig. 5.4 shows these time traces for pins
6-8 during one ELM. The signals are shifted along the y-axis according to their radial
separation, so that filaments moving with constant radial velocity follow a straight line
in this plot (however, even an acceleration with 108 m/s? [87] would only give negligible
deviations because of the small radial distance between the pins). This feature is heavily
used for finding filaments and separating them from other, uncorrelated signals on the
Langmuir pins. In the ELM shown in figure 5.4, six filaments could clearly be detected.
The radial velocities are determined from an enlarged view of the filament as shown in
the right hand side of figure 5.4. This view is used to mark the center of a filament on
two channels, and to calculate the velocity from the time delay and the corresponding
radial distance. The width of the filament is then calculated by fitting a Gaussian
with linear plus constant background to the data, the width given in the following
being the full width at half maximum. The amplitude is taken as the maximum of the
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Figure 5.3: Outer plasma radius R,,s and D, radiation for discharge #22134. The
variation of the outer plasma radius (from R = 2.11m to 2.16 m in this case) changes
the distance the filaments have to travel to reach the filament probe. Shaded regions
denote when the filament probe (motion not shown here) was in front of the leading
ICRH limiters. Plasma parameters have been held constant during these R, s-scans.
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Figure 5.4: Langmuir timetraces during an ELM. The signals are plotted in y-
direction according to their radial separation, so that filaments can be traced over the
radially separated pins by straight lines. Overview of one ELM (left) and enlarged
version of one filament (right).

ion saturation current in the 30 us broad fit region. The temporal separation between
filaments is usually large enough to prevent crosstalk in that method.
For each filament, the following parameters have been stored in the database:
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e distance dR between filament probe and separatrix, i.e. the distance the filament
has travelled before reaching the filament probe

e radial velocity v,qq of the filament from time delay measurements and an estimated
measurement error (see below)

e peak ion saturation current
e (temporal) width A[s] of the ion saturation peak

The data analysis described above leads to uncertainties in the data, which comes mostly
from the determination of the position of the peaks:

e A first component comes from missing the absolute maximum of the I, peak.
This happens even for sharp spikes. As we are only interested in the relative
time difference between peaks on two channels, the error has been assumed to be
+0.25 us, i.e. half of the time resolution.

e A second component comes, for broader peaks with a flat top, from the problem
of identifying the real position of the center of the peak. This error has been
estimated to be 0.2 times the peak width.

If the second component becomes larger than the first component, the first one has been
neglected. Width and amplitude have not been assigned an error.

The database contains every structure that exceeds the noise and could be traced over
at least two pins. Events that did not fulfil these requirements have not been regarded
as filaments and have therefore not found their way into the database. In the following,
width and size will always refer to the width and size as measured with pin 6 which is
closest to the plasma.

5.1.3 Raw Data and Data Conversion

Fig. 5.5 shows an overview of the obtained data. Blue dashed curves have been intro-
duced to show trends in the data: the radial velocity increases with the ion saturation
current of the filament (upper part) and decreases with the temporal width (lower part).
These and the following blue curves serve as upper or lower limits to the data in a sense
that the number of data points changes strongly across the line. The curves are not
meant as absolute limits or as envelopes but serve as a description of the distribution
of the data points.

The two graphs show a large scatter in the data due to the uncertainties in the de-
termination of the filament peak. To demonstrate this problem, we will focus on the
strong outlier at I = 2.67A and v,4q = 1.2km/s from fig. 5.5. The time traces of
the Langmuir measurements for this filament are shown in fig. 5.6. The velocity of
this filament has been determined by the (assumed) center of the ion saturation current
peak to be 1.222km/s. The dashed lines denote the estimated uncertainties which yield
a range vpqq = 1.03 — 1.52km/s. From fig. 5.5, filaments with such an ion saturation
current should have a velocity of roughly about 3km/s, indicated in fig. 5.6 by the
blue line. The available data, however, does not allow a better velocity determination
in that case, as the signals do not provide enough information (more fine structure, or
better smoothness of the signal) in this case. Typically, this uncertainty has been much
smaller for the other filaments and should be contained in the error bars, as the shown
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Figure 5.5: Raw data from a database of 466 analysed filaments. The radial veloc-
ity increases with the ion saturation current of the filament and decreases with the
temporal width as indicated by the dashed lines. The red line in lower plot denotes
the detection limit due to the finite sampling rate (5.1).

filament is obviously the worst outlier. Nevertheless, these uncertainties contribute to
the large scatter in the data and explain why such a large number of filaments had to
be analysed to derive the physical properties governing the radial motion of filaments.
The red, solid line in the lower graph in fig. 5.5 describes a detection limit: filaments
with a temporal width

Als] < 1ps = Apinls] (5.1)

will usually not be detected with their full amplitude due to the sampling rate of 2 MHz.
The data in fig. 5.5 is only raw data and has to be translated into more meaningful
numbers. First, we estimate the filament density from the ion saturation current density,
which is given by the measured ion saturation current divided by the relevant pin cross-
section (i.e. the pin surface perpendicular to B for v,.q < ¢s),

jsat: sat 2d de in) — Lsat 11.2mm2. 5.2
P P
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Figure 5.6: Time traces of the outlying filament with I = 2.67 A and v,.qq = 1.2km/s
in fig. 5.5. The velocity has been determined by the (assumed) center of the ion
saturation current peak. The dashed lines denote the estimated uncertainties (1.03 —
1.52km/s). From fig. 5.5, filaments with the given current should have a velocity
of roughly about 3km/s (blue lines). The available data, however, does not allow a
better velocity determination as the data does not provide enough information in this
case. (5.1).

The ion saturation current itself is given by
Jsat = ENfilCs = ENfi] k(,‘rz + TE)/mi (53)

with filament density n ¢y, sound speed c,, and ion mass m;. From a comparison of heat
flux and ion saturation current on ASDEX Upgrade, the temperatures in a filament have
been found to be nearly constant over a wide range in the far SOL and to be in the
order of T; = 30 — 60eV and T, = 5¢eV [68|. This gives

sat/Tpi = ecs = 6.6 — 9107 Am ~ 8- 107" Am, (5.4)
so that we can translate the ion saturation current into a filament density via
npi = Isat[A] - 11210 m™3 := L0 [A] - g0 (5.5)

with npio = 112109 m=3,

It should be noted that the filament density used in the following will be derived from
the maximum of the peak in the ion saturation current using these equations. If the
Langmuir pin hits the core of the filament, this value will correspond to the central
density of the filament. If the filament hits the Langmuir pin somewhere else, the core
density will be underestimated according to the density distribution in the filament.
The temporal size A[s] of a filament is a measure for the time the filament takes to pass
through the Langmuir pin. In order to describe the meaning of this measure, we assume
a filament that moves with a radial velocity v,,q and a poloidal velocity vy, towards
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the probe (the poloidal velocity could of course be translated into a toroidal one via the
field line inclination angle, see e.g. [78] for details). The filament will hit a Langmuir
pin and, assuming that the interaction is too low to distort the filament, will just move
on through the pin. The pin will move through the filament and measure the density of
the filament along that line. The left part of fig. 5.7 shows two filaments with different
poloidal extent Ay, a radial propagation velocity of 1000 m/s, and a Gaussian density
distribution in R and z. The slope of the curve that shows the motion of the center of
the filament changes with the velocity ratio vyqq/vpor, i-€. becomes steeper for higher
vpot- The plots at the right of fig. 5.7 show the timetraces that would result from a
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Figure 5.7: Dependence of the temporal peak width on the velocity ratio v,qa/vpor-
The peak width is the length of the cut of the Langmuir pin through the filament.
The width of circular filaments is more affected by the velocity ratio than the width
of poloidally elongated filaments.

Langmuir measurement through the filament along these lines, yielding

nfil(t) = nfil,O €xXp (_,U%adtz/zAgad - 'Uioth/QAgol) (56)
For the circular filament (A,qq/Apo = 1), the peak width changes with the velocity
ratio, whereas the peak width of the elongated filament (A, qq/Apo = 0.2) is not affected
by the velocity ratio. From visible imaging, one expects filaments to be elongated
[42], so that we can assume the temporal peak width A[s] to be independent from the
velocity ratio. A[s] can therefore be translated into a radial filament width A,.4 by
multiplication with the radial filament velocity:

Ayad = Vpag - Als]. (5.7)

The filament size given here is the full width at half maximum. It is thus not the
total size of the filament, which is difficult to derive due to smearing by background
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variations. One has to keep in mind, that different methods for measuring the filament
size deliver different measures for the filament size: infrared thermography, for example,
will pronounce the hotter core of the filament, as the photon flux increases strongly
with temperature, see eq. (4.11). Measurements with fast cameras in the visible range,
however, tend to pronounce the cold edge of a filament, i.e. its border. The numbers
given here should therefore be smaller than values from visible imaging.

5.1.4 Interpretation

With the translation into physical units, the filament velocity can be shown as a function
of filament density and filament size, see fig. 5.8. The blue dashed lines indicate that

7‘ ‘7““ “““ L L L L J B

(9]
ILRRRRR RN AR RN AR RARR AR IR
~

vrad [km/s]
I

O NI L L

0 2:10" 3.10" 4.10"

nfil [1/m°]

Y A R N N N /]

E / 3

E ;3

E /

E / E
— 2 E / E
L 4 g
e E / 3
X TE E
< ]
S . ’ E
S 3 s E

E 7/ E

\\\\\\\\\ \\\\\\\\\\\\\\\\\\\\g
0.0 0.03 0.04

Arad [m]

Figure 5.8: Dependency of the radial filament velocity on filament density (top) and
the radial extent of the filament (bottom). The dashed blue curves show a lower limit
for the radial velocity. Large or dense filaments move faster than smaller or thinner
ones. Light blue: Mean radial velocity obtained with a boxcar averaging technique.
Orange: Fits from eq. (3.38) to the mean radial velocities.

filaments with high density or large radial extent have a higher radial velocity. Due
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to the scatter, these lines can only be indications for lower limits. These limits can be
expressed by exponential functions of size and density:

Urad 2 300m/s.eAmd/0.0125m 58)
Urad = 200H1/S-enfil/”fil,0 (5.9)

with ng; 0 as defined in eq. (5.5). The exponential behaviour is substantiated by a
double logarithmic plot of the data, see fig. 5.9. Even though some filaments are
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Figure 5.9: Double logarithmic plot of fig. 5.8 (bottom) to show the exponential
behaviour between radial velocity and filament size, with the dashed blue line showing
a lower limit on v,.qq.

remarkably faster than the indicated lower limits (up to the velocity resolution limit of
7km/s), it is clear from fig. 5.8 that dense filaments do not occur at small velocities,
and that large filaments do not occur at small velocities.

The solid red line in the lower plot of fig. 5.8 and in fig. 5.9 shows again the detection
limit for small filaments based on eq. (5.1), which in this figure translates into

Vrad < Arad/Amin[S]- (510)

The light blue lines in figure 5.8 show average values for the radial propagation velocity
Urad- 1The values are obtained by a simple boxcar-technique and have to be compared
with eqns. (3.25) and (3.38). The first predicts a rise with density and a decrease
with poloidal size, whereas the latter predicts a rise with the square root of density
and poloidal size. Slope and offset of the two lines are roughly in agreement with the
latter, i.e. with eq. (3.38). To compare with this model, square root functions have been
fitted to the averaged radial velocities, giving v,qq [km/s] = (n;;/2.28- 1018 Jrrf?’)l/2 and
Vpad [km/s] = (Ayaq/2.94 - 1073 m)'/2 (orange lines in figure 5.8). The curves disagree
significantly from the scaling predicted by equation (3.25).

Further details can be derived from the distribution functions that are shown in fig.
5.10. All three parameters show a clear maximum at v,,q = 1.1km/s, A,y = 2.7mm
and ngy = 2.6 - 10" m~3, respectively. About 85% of the evaluated filaments have a
radial extent of less than 1cm. The tail of the density distribution function (ng; >
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Figure 5.10: Distribution functions for radial velocity, radial extent and density from
a database of 466 filaments. The maxima are v.qq = 1.1km/s, A,qq = 2.7mm and
ngy = 2.6-10"® m~3. The plot in the lower right shows an inter-ELM plasma density
profile from Lithium beam measurements for a comparison with the filament density.
The peak of the filament density distribution as measured by the filament probe is
indicated by the blue cross.

1.2-10" m~3) is slightly underestimated because of the current limitation of the second
set of power supplies. From a comparison with an inter-ELM plasma density profile
(lower right in fig. 5.10, 10 ms integration time, integration period ends right before the
ELM crash), one can see that the filament densities reach values of up to the separatrix
density which is about 2 - 109 m™3. However, most filaments have a smaller density,
consistent with the assumption that filaments are generated close to the separatrix with
densities close to the separatrix values, and that they lose particles by parallel transport
to the target tiles on their way radially outwards.

5.1.5 Evolution of Size and Density

Fig. 5.11 shows the relation between the radial size of a filament and its density. Several
trends can be derived from this figure:

e The red line shows again the detection limit (5.1) together with eq. (5.9), giving
an absolute detection limit for filaments with small A[s] and low density,

Avaa(ngi) > 200m/s - Apyins] - emsi/mrito, (5.11)

e A lower limit to the radial extent A,.q is given by the linear dashed blue line,
which is described by

Amd(nﬁl) >25- 103 m- nfil/nfil,o- (5.12)
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Figure 5.11: Radial size of a filament versus filament density. Solid red: Abso-
lute detection limit. Dashed blue: Limit on density gradient and particle content of
filaments.

This line can be seen as an upper limit on the radial density gradient inside a

filament, e.g.
N fil
A7“ad/2

under the assumption of a symmetric density gradient at both sides of the filament.

=8.96-10* ' m™* (5.13)

e An upper limit to the radial extent can be given by the decreasing dashed blue
line, which is described by:
0.015m

Apga(n) < ———.
r‘ad( ) = nfil/nfil,()

(5.14)

Because of the density dependence, this can be converted into an upper limit on
the line integrated density,

npir - Avaa(n) < 1.68 101" m™2, (5.15)
which is a measure for the particle content of a filament.

e The light blue line has been obtained by a boxcar averaging technique and gives
mean values for the radial extent for different filament densities and suggests
Ayqq < nypy for small filament densities.

Fig. 5.12 shows the development of filament core density and size with the travelled
distance. The filament density (upper plot) decreases with propagated distance and can
be described by an upper limit

npa(dR) < 3.5-10%m ™3 (1 — dR/0.115m) . (5.16)

This indicates, that filaments are generated close to the separatrix with a density of
about 3.5 - 10 m~3, which is in the order of the pedestal density. Equation (5.16) has
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Figure 5.12: Evolution of filament core density (upper) and radial extent (lower)
with distance from the separatrix. Light blue: Boxcar averaged values.

been based on the significant decay in the number of data points at higher densities.
Choosing an absolute limit or envelope would yield higher densities, e.g. in the order
of the pedestal top values. The extrapolation could be improved by additional data
from very small or very large dR. However, the data from dR < 5cm shows already
lots of structures on the ion saturation current, so that it would become more and
more difficult to detect and/or distinguish filaments. On the other hand, very large
distances such as dR > 10.5cm will give very few filaments in a machine like ASDEX
Upgrade, i.e. 1-2 per ELM. These would of course be the remainders of the strongest
filaments. Therefore, adding new data will be difficult. Nevertheless, from the data
already available, it seems very reasonable to assume that filaments are generated close
to the separatrix with initial densities close to the separatrix values.

The lower graph in fig. 5.12 shows the evolution of the filament size with the distance
from the separatrix. Two curves are shown: A linear approximation A,.q(dR) < dR —
0.046 m that matches the data for dR = 4 — 9cm. A linear fit is, however, not very
reasonable if we assume that the filament is generated somewhere around the separatrix,
as it would not allow filaments within 4 cm from the separatrix. An exponential function
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is a more reasonable approximation, e.g.
Arag(dR) < 0.001 m - 47/0022m (5.17)

can be used as an upper limit to the data in the given dR-range. From both approxi-
mations, it becomes clear that the filaments broaden with travelled distance, i.e. with
time, probably due to diffusion.

The question is whether the density decay is only due to broadening or also due to
particle loss by parallel transport: In the latter case, the filament would move radially
outwards and, in the meanwhile, lose density to the target plates by parallel transport.
From (5.16), the filaments seem to be depleted after a distance not larger than 12 cm,
which would correspond to a time of flight of about 120 us, assuming a mean radial
velocity of 1km/s.

Fig. 5.13 shows the evolution of the particle content n;;A,qq of a filament. The solid
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Figure 5.13: Evolution of the particle content of a filament with the distance from the
separatrix (enlarged version on the right). The decay clearly indicates that particles
are lost by parallel losses, and not by broadening of the filament.

black curve is an estimate of the upper limit of the particle content from eqns (5.16)
and (5.17), whereas the dashed blue line represents an upper limit on the data with the
linear parametrisation

npiDrag < 7-101"m™2 - 6.5-10%¥m™2 . dR (5.18)

The slope of that line is negative, which means that the particle content of a filament
decreases from its initial value of about 7 - 107 m~2 with time, i.e. with the distance
from the separatrix, which can be explained by parallel losses. With the most likely
radial velocity of v,.q¢ &~ 1km/s (fig. 5.10), the resulting loss rate is 6.5-10%2/ m2s. This
is in quite good agreement with a simple estimate for free particle flow along the field
lines, I' = nyycs = 1.3 - 1023/ m?s, using the most probable filament density and the
sound speed for the temperatures cited above.

5.1.6 Radial Acceleration

This leaves us with the question whether the radial velocity changes with the distance
from the separatrix, i.e. whether the filaments are accelerated or not. Even though one
would not expect any acceleration more than 2 cm away from the separatrix according
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to [77, 62], a radial acceleration of 1.2 - 10 m/s? has been reported from MAST [42].
The data from ASDEX Upgrade is shown in fig. 5.14 as a scatter plot on the left, and
as Upqq distribution functions on the right. The scatter plot has an envelope that goes
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Figure 5.14: v,,4 dependency on the distance to the separatrix (left). The light blue
points indicate the mean values for every 0.5cm. The distribution function on the
right show the v,.,q distribution for all filaments (solid line), for dR < 7 cm (dotted)
and dR > 8.1 cm (dashed line).

to higher radial velocities for medium distances due to the higher number of data points
there. Mean values have been overlaid in blue for every 0.5 cm. These points do not show
a significant dependence on the distance dR to the separatrix. This is confirmed by the
probability distribution functions that have been calculated for velocities up to 3km/s
for all filaments (solid line), for filaments with dR < 7 cm (dotted) and with dR > 8.1 cm
(dashed). The curves do not show significant deviations, so that acceleration does not
seem to be a dominant factor for the ASDEX Upgrade data shown here.

A constant acceleration a = 108 m/s [87] would give a velocity v,.q = (2a - dR)%® in
the order of 4km/s after 7cm, which is within the detection limits of the method used
here.

5.1.7 Summary on the Radial Propagation Velocity

The radial velocity of impinging filaments has been calculated from time delay mea-
surements together with the amplitude and width of the corresponding ion saturation
current signal. 466 filaments have been analysed. The data has been converted into
density and size of the filaments, and several trends have been derived. Most important,
it has been shown that filaments with large radial extent move faster than smaller ones,
and that filaments with higher density move faster than filaments with less density,
Vpad X Aiéz : n}{f, (5.19)
according to eq. (3.38).
Distribution functions have been calculated, showing that most typical filaments have
Urad = L.1km/s, Argg = 2.7mm and ngy; = 2.6 - 10" m~2 at the filament probe,
compared to separatrix densities of 2 - 10" m™3. From a comparison of filament size
and density, we could show that the filaments lose density by parallel losses and broaden
radially with time. In ASDEX Upgrade, the filaments would be depleted after a distance
of about 12 cm from the separatrix. Accordingly, their number is strongly decreased at
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large distances from the separatrix. Particle content and density gradient of filaments
are limited, giving an upper limit on the energy content of a filament.

The radial velocity of filaments does not seem to vary with time or distance from the
separatrix, i.e. no acceleration could be identified from the data. Derived trends were
upper or lower limits to the data, as there is a large scatter, most probably due to hidden
parameters that are not accessible by our measurements. One possible candidate is the
poloidal extent A, of the filaments, which is a crucial parameter in the models cited
above. The measured radial extent might be directly related to the poloidal extent of
the filament, so that the A,,4-dependencies given here might be translated into Aj,y-
dependencies. In case of a direct conversion, the A,,-dependencies would already be
included in the data shown here. Only deviations from a direct correlation are hidden.
Given a direct correlation, or at least a positive scaling between A,qq and A, the
data shown here would favour models that predict large filaments to move faster, e.g
[77, 62].

5.2 Filament Rotation

5.2.1 Pin Mapping

Filaments are aligned to the local magnetic field B and thus have the same inclination
angle as the magnetic field. In this thesis, rotation refers to a poloidal/toroidal motion
of the filament as described in sec. 2.2, i.e. a motion in a direction p with p L B and
p L R. The direction of the rotation (up/down or co/counter-current) can be derived
from a time series analysis, or, to be exact, from the order in which the filament hits the
Langmuir pins. The pin order varies with the inclination angle o and can be calculated
by mapping the position x; of the pins i = 1...6 to p:

xi' = (p - xi)p (5.20)

with p - x; being the directed distance from the first pin xg = (0,0). Fig. 5.1 shows the
mapped positions x; for a« = 10°. The resulting pin order is

direction | order, 2006 | order, 2007
pol. down | 2-4-1-3 1-2-3-4-5
pol. up 3-1-4-2 9-4-3-2-1

for pins 1-5. Pins 1 and 6-9 are located very close to each other in terms of their
height above the midplane, so that their mapped order depends strongly on the local
inclination angle. For a« = 10° and a rotation poloidally downwards, we get the order 6-
7-8-1-9-2-3-4-5. An enlarged image of such a mapping is shown in fig. 5.2 for a« = 8.6°.
Pins 6-9 have different radial positions and have been used for measuring the radial
propagation velocity v,qq in section 5.1.

The rotation velocity can again be derived by time delay measurements with a procedure
similar to the procedure used in sec. 5.1.

First of all, we calculate the perpendicular velocity vp from the time delay that can
be measured when a filament hits a first pin 7 and a second pin j with a relative time

difference dt; ;:
(p-xi) — (P-xj)
— 5.21
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Poloidal and toroidal rotation velocities can then be calculated by mapping vy toroidally
or poloidally:

Upol = Up/COS (5.22)

Utor = Up/sina = vp,/tana (5.23)

In section 5.1, fig. 5.4, the Langmuir timetraces have been plotted according to their
radial separation. Here, the pins have been mapped according to eq. (5.21) and the
signal baseline has been shifted by the distance p - x;. Tracing a filament that is rotating
with constant velocity results in a straight line in this plot, whereas a variation of the
rotation velocity on the scale of the pin distance would lead to deviations from a straight
line. The velocities are then calculated according to eqns. (5.21)-(5.23).

Fig. 5.15 shows an example for the 2006 probe head. The symmetric pin distribution,
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Figure 5.15: Geometric mapping of the time traces from the 2006 filament probe.
Poloidal rotation velocities are given in the upper part.

which was chosen to allow measurements at different magnetic field helicities, translates
into 2 pairs of signals with a large gap in between. This gap often led to the problem
that filaments have been lost between pin 1 and pin 4 and could therefore not be traced
properly over all 4 pins. The 2007 version has therefore been equipped with an additional
pin in the middle of the gap, and the numbering has been revised as shown in fig. 5.1.
The resulting mapped signals are shown in fig. 5.16. Pin 2 has not been operational
for these discharges, but the tracing still has improved a lot. From the 2007 version, it
becomes clear that only a fraction of the filaments touches all 5 pins. Some filaments
can be traced over 4, 3 or only 2 pins. There might even be cases, where filaments will
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Figure 5.16: Geometric mapping of the time traces from the 2007 filament probe.
Poloidal rotation velocities are given in the upper part.

only hit one pin. This can be explained by the radial propagation velocity of filaments:
The filament probe has an inclination angle of about 16.75° to the vertical axis as shown
in fig. 5.17. Filaments with a velocity ratio

Urad/vpol = tan ﬁprobe ~ 0.3 (5.24)

will therefore hit all 5 pins (if they hit the probe at all). For a velocity ratio up to
Urad/Vpol = 0.4, the filaments can also hit all 5 pins, but this depends on the starting
point: It would be impossible to touch all 5 pins, if the first hit would be at the lowest
pin. Filaments with a different velocity-ratio will hit fewer pins, again depending on
size and velocity ratio of the filament.

5.2.2 Data Evaluation

The poloidal rotation velocities derived from the file delay measurements are given in
the upper part of figs. 5.15 and 5.16. They range roughly between 2 and 4 km/s, but do
not give a trend within the ELM, e.g. a slowing down of the filaments during the ELM.
With the ideal velocity ratio eq. (5.24), this range corresponds to radial velocities of
0.7 — 1.3km/s, which is exactly the maximum of the v,44-distribution.

Similar to the evaluation of the radial propagation velocity, a statistical analysis has
been carried out for the filament rotation velocities: A series of 128 filaments from
discharge #22134 has been analysed. For each filament, the following parameters have
been stored in the database:
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Figure 5.17: Velocity range in which filaments can hit all 5 pins of the filament probe.
The black line shows the pins of the right side of the filament probe (¢, = 183,8°),
and the blue line shows the pins from the left side of the filament probe (¢; = 183, 8°)
mapped along the magnetic field to ¢,. The velocity limits are v,qq/vpor = 0.3 (red)
and Vrqd/Vpor = 0.4 (green). Exact values depend on the shape of the filament, as the
range widens for larger filaments.

e distance dR between filament probe and separatrix

e poloidal rotation velocity v,, and toroidal rotation velocity v, from the time
delay measurements, the conversion being given by eq. (2.8).

e peak ion saturation current
e (temporal) width A[s] of the ion saturation peak

Errors have not been estimated here, because the error of erroneously connecting non-
correlated events is not negligible due to the still large distance between the pins. For
the v,.,q measurements, this error was non-existent as the small radial distance between
the pins gave much better correlated signals, i.e. the signals could be traced much
easier.

The ion saturation current has been translated into a filament core density n t;; according
to eq. (5.4), and the temporal peak width A[s] has been converted to a spatial extent
A, by multiplication with the poloidal rotation velocity,

Apol = Upol * A[S] (525)

The resulting scatter plot for the poloidal rotation velocity versus filament size is shown
in fig. 5.18. The blue line describes a linear rise of vy, with the poloidal size of the
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Figure 5.18: Poloidal rotation velocity versus poloidal size of the filament, showing
that vy increases with filament size.

filament,
Vpol = Aot /21077 s (5.26)

Again, the line denotes only a lower limit to the data and there are lots of filaments
with considerably higher poloidal velocities of up to 5km/s. The poloidal size of the
filaments is in the cm range with an extent of up to 6 cm for the largest filaments.

Fig. 5.19 shows the dependency of the poloidal rotation velocity on the distance from
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Figure 5.19: v,, versus distance from the separatrix and filament density. The
scatter plots show no clear trend, so that both parameters do not seem to affect the
poloidal motion of the filament.

the separatrix and the density. For both parameters, there is no clear trend observable
and v),; does not seem to be affected.

Probability distribution functions are shown in fig. 5.20 for the poloidal rotation velocity
vpor and the poloidal size A,qq. The velocity distribution shows a flat top between
0.5km/s and 2.6 km/s. Velocities up to 5km/s can be seen at non-negligible rates.
The filament size has a maximum at about 1cm and significant contributions until
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Figure 5.20: Probability distribution function for v, and Apy. The poloidal fil-
ament size (FWHM) has a maximum at A,, = 1cm, whereas the vpy-distribution
shows a flat top from 0.5km/s to 2.6km/s.

2 cm. This poloidal size given here is again the full width at half maximum, i.e. visible
imaging will give somewhat higher numbers as it pronounces the filament’s edges.
According to eq. (5.23), the poloidal velocity has also been translated into a toroidal
velocity. The ratio between vy, and vy, is given by the tangens of the local field line
inclination angle « as described in eq. (2.8). For the 128 filaments shown here, the
ratio is 6.37 + 0.17, so that the velocity range for vy, goes up to 38km/s. This is
very close to the plasma rotation at the separatrix, which is about 30 km/s according
to very recent measurements with a highly resolving charge exchange diagnostic [88|.
Unfortunately, the time resolution does not allow for time resolved measurements of the
rotation during an ELM, so that these measurements can not be directly correlated to
the filament measurements.
o~ T T ' T ' T '
t-tELM=-0.55ms #Z -
#22134,14s-4.3s i

T

vtor [km/s]
T
‘ i

-60 . . . . | . . . . | . . . .
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Figure 5.21: vy, profile from the new charge exchange diagnostic [88] over the radial
coordinate p,,; (normalized poloidal magnetic flux), 550 us before the ELM. Close to
the separatrix, the plasma rotates with about 30km/s in co-current direction, which
is in the same range as the maximum toroidal filament rotation values.

5.3 On the Interpretation of Velocity Measurements

In the preceeding sections, we have derived values for poloidal, toroidal and radial
propagation velocities. The following table summarises the most probable values:
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Upaqd = 1.1km/s Aygqg = 0.27cm
Upot = 0.5 —2.6km/s | A,y =0.8cm
Vtor = 3 — 16km/s Ayor = 5.1cm
ng=2.6-10%m™3 | T, =30 — 60eV

The question is how these values can be combined. The answer is quite simple for the
velocities, where
Vil = VUrad " €R — UpolZ (5.27)

holds: The two velocity measurements are completely independent because of the given
geometry.

The derived filament sizes are not independent, as they are based on the temporal
length of the cut through the filament. The slope of the cut is given by the velocity
ratio, and the filament sizes derived from these values are basically projections on the
horizontal and vertical axis, respectively. Fig. 5.22 shows the underlying principle: The

| L5 Vrad > \\ ApOI

Arad

Figure 5.22: Possible filament shapes from the Langmuir measurements, which define
the inscribed rectangle. The filament shape is known to have a poloidal axis larger
than the radial one from both theory and visible imaging, so that shapes like the
dashed one can be discarded.

red line shows the motion of the center of a filament moving with velocity v as given by
eq. (5.27). Radial extend A,,q and poloidal extent A,y of the filament are projections
of the spatial extent of the cut to the vertical or horizontal axis, respectively. These
projections span a rectangle with width A,,q and height A,,. The contour of the
filament at half maximum must go through the corners of this rectangle, because the
peak width values have been derived from the full width at half maximum of the ion
saturation peak.

For a more detailed analysis, we assume that filaments have an elliptic cross-section.
This ellipse is determined from our measurements by the fact that it has to touch the
corners of the rectangle, which are given by the filament sizes. Ellipses are generally

described by

r(¢) = \/&2 cos? ¢ + b2sin? ¢ (5.28)
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with ¢ = [0,27], and the two axes a, b are therefore constrained by the rectangle to

fulfill )
r(¢) = 3 A? g+ A2, for ¢ = arctan <M> ) (5.29)
Urad

which leaves the eccentricity of the ellipse undetermined. The constraint (5.29) can
therefore be fulfilled by a bunch of ellipses with different axes a and b. As indicated in
fig. 5.22 by the dashed line, even filaments with a radial axis larger than the poloidal one
would fulfill the requirement (5.29). However, it is well known from theory and visible
imaging that filaments take a shape with a poloidal axis bigger than the radial one.
The inscribed rectangle delivered by our Langmuir measurements is in good agreement
with both.

With the method used here, it is furthermore not possible to fully determine the filament
properties for one single filament, as radial and poloidal velocity of one single filament
can not be measured simultaneously. We can either measure v,.,q and the temporal
peak width A[s], or v, and Als], which gives only one of the two dimensions as

A7‘ad = vrad'A[S]a (530)
Apot = Upol - Als]. (5.31)

It has to be evaluated, if the filament shape can be derived from a combination of
several Langmuir pins that cut through the filament at different positions as indicated
in fig. 5.23. However, the positions of these cuts depend strongly on the exact vyqq/Vpol
ratio: For a velocity ratio vqq/vpor = 0.3, which corresponds exactly to the poloidal
inclination angle of the filament probe, eq. (5.24), the 5 pins cut through the filament
at the same position. On the other hand, for the case with the highest radial velocity,
where still all 5 pins are hit, vyqq/vper = 0.4, the positions of the cut stretch over the
whole size of the filament. Therefore, a rough assumption on v,qq/vpe is not sufficient
to locate the positions of the 5 cuts relative to the filament. It would be necessary to
measure both radial and poloidal velocity with an error of less than 5% in order to
evaluate the shape of the filament by Langmuir probes.

5.4 Propagation in Limiter Shadowed Regions

Up to now, we have only treated unperturbed filaments in front of limiting structures.
We can estimate the effect of limiting structures on filaments by comparing measure-
ments of the filament probe at different radial positions to measurements of the mid-
plane manipulator at a fixed position. Fig. 5.24 shows the position of the filament
probe in #21278 at t; = 2.17s, where it is in front of the leading ICRH-limiter, and
at to9 = 4.17s, where it is behind this limiter and the adjacent protection limiter. In
the discharge shown here, the probe drive has been activated from 1.5 — 3.5s, so that,
according to fig. 4.7, the filament probe should be approximately 4 cm behind the ad-
jacent protection limiter. It is important to note, that the filament probe is located
close to a surrounding limiter: The pin in the lower left corner is the one with the the
greatest distance to the adjacent protection limiter, with dpy ~ dior = 13 cm. Fig. 5.25
shows the time traces of the ion saturation measurements during an ELM at the 2 times
t1 and to. One can clearly see several characteristic differences between the two sets of
time traces, in particular:
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Figure 5.23: A filament within the velocity range shown in fig. 5.17 touches all 5
Langmuir pins. The pins cut the filament at different positions that strongly depend
on the exact velocity ratio.

e The amplitude ratio between midplane and filament probe has changed from 0.6/2
in case 1 to about 0.6/1 in case 2, where the filament probe has been retracted,
i.e., the amplitude and, consequently, the filament density have been reduced by
a factor of 2 because of the limiters and parallel transport in the limiter shadow:
the smaller connection length to solid surfaces (i.e., the limiting structures) leads
to a faster loss of energy and particles and to a reduction of the amplitude of the
ion saturation current.

e The filament width has been strongly reduced in case 2. The retracted filament
probe shows only sharp peaks, whereas the midplane probe shows peaks with a
certain width. The peak width is affected by both filament velocity and filament
size. As we do not expect the filaments to accelerate in the limiter shadow, so
that the change in peak width indicates a strongly reduced filament size.

e The background component has been reduced in case 2, on the retracted filament
probe. The background is caused by a more or less homogeneous flow of par-
ticles (or small structures) to the probe during the ELM. The reduction of the
background component indicates that big structures are nearly unaffected by the
limiter, whereas small structures are completely sheared off.

It is important to note that the limiters do not prevent filamentary structures from pen-
etrating into limiter shadowed regions. This shows that filaments can reach structures
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Figure 5.24: Position of the filament probe at t; = 2.17s and to = 4.17s. The

position of the midplane probe is constant as well as plasma parameters. A comparison

of both probes allows for studies of the filament propagation into limiter shadowed
regions.

even behind limiters, although they do not deposit much energy there. The limiters do,

however, succeed in reducing the power load to these components, although no exact
numbers can be given here.
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Figure 5.25: Time traces from the filament probe at a position in front of the limiter
(unperturbed, upper part) and at about 4 cm behind the limiter (lower part) compared
to measurements from the midplane manipulator probe at constant position. Note
that the pin area is different for both probes.



Chapter 6

Magnetic Signature of ELMs

The magnetic signature of ELMs has been studied since many years. Authors have
usually focused on magnetic precursors [89, 90, 91, 92|: magnetic oscillations at various
frequencies, which appear shortly before an ELM and have been used for ELM classifi-
cation. Almost no studies have been performed on the magnetic signature during the
ELM itself. An example for the magnetic signature of a type-I ELM is given in fig. 6.1.
Here, the magnetic signature has been measured with the magnetic coil in the filament
probe and the two 3D coilsets on the dual magnetic probe on the midplane manipulator,
which measure radial, poloidal, and toroidal component at 2 different radial locations.
As both midplane manipulator and filament probe are located along the same field line,
they measure along the same filament at different positions relative to the filament.

In this chapter, we will try to assess the question if and how filaments contribute to the
magnetic signature of an ELM.

6.1 Numerical Simulation

6.1.1 Technical Properties

A numerical simulation program has been written to calculate the magnetic signature
of a filament for the ASDEX Upgrade geometry. The program correctly includes the
position of the filament probe and the (time resolved) position of the midplane manipu-
lator probe. Fig. 6.2 shows the poloidal cross section of the ASDEX Upgrade geometry.
The calculation is not full 3D, but calculates the magnetic field in two poloidal planes,
namely the plane of the filament probe (¢ = 185.06°) and the plane of the midplane
manipulator (¢ = 168.75°). In fig. 6.2, filaments in the plane of the filament probe are
indicated by lighter colours.

The filament is assumed to have an elliptic shape as indicated by visible imaging (e.g.
fig. 2.7). We constrain our parameter space to the order of the values derived in section
5 in a sense that the input parameters do not differ by a factor of more than 2 or 3 from
the most probable values.

Arbitrary current distributions can be defined over a calculation grid with a resolution
of typically 1mm. The grid represents the rest frame of the filament and is shifted
poloidally and radially according to the motion of the filament. Filament motion, ve-
locity, or acceleration can also be defined arbitrarily.

The magnetic field is evaluated over a rectangular grid that contains the probe positions
and has a resolution of typically 1 mm. For each point of the filament grid, the magnetic

75
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Figure 6.1: Magnetic signature dB/dt of a type-I ELM as measured with 7 magnetic
coils along the same field line and, i.e., along the same filaments. The coils used
here are the magnetic coil in the filament probe and the two 3D coilsets in the dual

magnetic midplane probe.

field for every point of the probe grid is calculated using Biot-Savart’s law. The total
magnetic field is then calculated by superposition. The 3 components are

2 d
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Figure 6.2: Illustration of the calculation grid for the numerical simulation of the
magnetic signature of filaments. Positions of the probes and the filament with radial
and poloidal propagation velocity are correctly taken into account. Arbitrary current
distributions can be used, e.g. to represent uni-directional and bi-directional currents.

I
Bpo = %(cosa/ p sin @ dA) ,rope (6.2)
fil
I
BtOT = 5—7?_ <sin OJ/ E sin 0 dA>probea (63)
fil

with integration over the filament grid and averaging over the probe grid. d is the
distance between the point of the probe grid and the point of the filament grid, 0 is
the corresponding angle, I the current of the particular grid point, and « the field line
inclination angle for the particular filament position. As the calculations are based on
Biot-Savart, the code cannot cope with filaments that fly directly through the magnetic
coil, i.e. d = 0. Such cases have been excluded, as they would require a very detailed
knowledge on the filament position (mm-range) relative to the probe.

The calculations are repeated for every time stamp, and the filament is shifted according
to its velocity. The time step is typically 0.5 us, corresponding to the sampling rate of
the magnetic diagnostic. The starting point of the filament can, for example, be fixed
by the time when a filament touches one of the Langmuir pins (thick ellipse in fig. 6.2).
The starting point in the second plane is then given by mapping the filament along the
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magnetic field lines (dashed line).

The result of the calculations are timetraces for B or B for each coil used in that partic-
ular discharge. A comparison of the calculated magnetic signals to the measured signals
allows to adapt the assumed filament parameters until the match is satisfactory.

In order to study different models for filament propagation, the following current dis-
tributions have been used:

e An uni-directional current distribution

i) =eon |~ (s ) - <m> 64

rad pol

with filament grid size A%, ; ~ 24,44, A;ol ~ 2/, and normalisation

I= / i(r,2) dA. (6.5)
fil

Such a distribution has been proposed in [42] and might occur, when filaments take
along a fraction of the total plasma current. An illustration of the distribution is
given in fig. 6.3 (top).

e A bi-directional current distribution

, ro\2 [2-03585,\ iy
J(r,z) = sgn(z) - exp | — <025T> “\To1ar ) (6.6)

rad pol

with A% .~ 27,44, AI*) ol ~ Apor and normalisation

2]2/]]’(7’,2)\@4. (6.7)
fil

Such a distribution has been predicted by the polarization model with parallel
currents (sec. 3.2). Fig. 6.3 (bottom) gives a schematic view of such a distribution.
Note that the distribution is shifted to the upper and lower edges of the filament,
as the currents are expected to flow somewhere near the edge, and not close to
the center of the filament.

6.1.2 Characterization for Uni- and Bi-Directional Current

In order to determine if the magnetic signature of filaments comes from an uni-
directional current or from a bi-directional current, some characteristic differences be-
tween the simulation results for the 2 cases have to be worked out. Fig. 6.4 shows
an overview of the calculated timetraces for the 2 different distributions. Solid lines
show the magnetic signature of a bi-directional current, whereas dashed lines show the
signature of a uni-directional current. The upper part (1) corresponds to filaments with
a velocity ratio v,qq : Upor = 1 : 1, the lower part (2) to filaments with lower poloidal
and therefore dominant radial velocity, vyqq @ vpet = 1 : 0.2. An illustration of the
motion of such filaments in the poloidal plane is given in fig. 6.2. The most important
characteristics are:
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Figure 6.3: Uni-directional (top) and bi-directional current distribution (bottom).
The filament grid size in this example is A _, X A;Ol = 7Tmm X 15mm with a total
current of 100 A (according to definitions (6.5) and (6.6)).

e The uni-directional current gives a much broader signal, according to the slower
decay of the amplitude of its magnetic field.

e The bi-directional current changes signs more often. This is also true for slope
(first derivative) and curvature (second derivative) of the timetraces. Especially
the rise of the signals can be used to distinguish between uni- and bi-directional
current.

e The toroidal component is directly proportional to the poloidal component, By, :
B

pol A2 tan a.

e The velocity ratio has a significant impact on the shape of the signal and adds
additional zero crossings.

e The velocity ratio strongly affects the ratio between maximum and minimum of
the signal: A high v,.4q : vper yields a high By maz @ Bpol,min Tatio.

These items should help in distinguishing the parameters of the measured filament.
Additional variations occur depending on the position of the filament relative to the
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Figure 6.4: Comparison of the simulation results for uni- and bi-directional (dashed,
solid lines) current and different velocity ratios (top, bottom). Shaded regions denote
characteristic differences in the signals.

coil as we will see farther down.

6.2 Application to Measurements

6.2.1 Filament-Based Model

The calculation results will now be fitted to the measured data in order to derive the
parameters of the filaments. Fig. 6.5 shows the magnetic measurements from fig. 6.1
with timetraces from calculations with uni- and bi-directional currents. A filament with

rad = 7 Mm, A;Ol = 15mm, i.e. in the order of the most probable values from sec. 5,
has been used. The velocities are slightly higher than the most probable values, with
Urqd = 2.2km/s and vy = 3.2km/s, but well within the measured velocity range. From
the features cited above, one can clearly see that the bi-directional current gives a far
better match than the uni-directional one. The shape of the uni-directional current is
too broad to match the data due to the longer decay length. This could be improved
by making the filament smaller and/or faster. Raising the velocity would, however,
lead farther away from the most probable values, whereas reducing the filament size
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Figure 6.5: Left: Matching the measurement with an uni-directional current with
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7mm, A;Ol = 15mm, vyeq = 2.2km/s, vpe = 3.2km/s. The arrow denotes the point
where the filament touches pins 2 and 3 in the calculations.
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would not help much in matching the signal, as the shape (in particular the rise at the
beginning) is not reproduced correctly. See for example the first radial component at
the beginning, which is not reproduced by the uni-directional current (where the signal
falls) but by the bi-directional current (where the signal rises correctly).

The derived filament parameters are strongly dependent on each other and, to some
extent, even exchangeable so that they can not be fully determined. For example, the
amplitude of the magnetic signature is influenced by the current in the filament, the
total velocity of the filament (as we are watching B), and the distance to the coil. An il-
lustration of these dependencies is shown in fig. 6.6: Changing the velocity will strongly

velocity
distance« »( amplitude
AN )
~ _ySize

—

A —
elocity
ratio

Figure 6.6: Parameter dependencies for the determination of filament properties
from the magnetic signature. Solid lines indicate strong influences, dashed lines denote
weak dependencies. Multiple dependencies make the full determination difficult, but
additional information can strongly reduce the parameter space.

influence the width of the signal, which in turn will influence the size of the filament.
Distance and size are, however, weakly coupled to the asymmetry of the signal, which is
a measure of how far the signal is influenced by the dipole structure of the filament. The
exchangeability of the parameters allows for variations in the parameters, in particular
as the measured signal is noisy and the fit just an approximation to that signal. Just
to give an example, it would be possible to get an adequate fit with v,,q ~ 5km/s and
larger filaments with A, ~ 4 cm, but these values are far from the most probable values
derived in chapter 5. The interpretation of the magnetic measurements can therefore
be greatly improved by using additional information on the particular filament.

The arrows in fig. 6.5 denote the point in the calculations, where the assumed filament
touches the 2 upper Langmuir pins (pins 1 and 3) according to the calculations. How-
ever, no signal is visible on the Langmuir data at that time. Both diagnostics, Langmuir
and magnetics, are based on the same timing system, so that the offset should not be
of technical nature. A perfect match to the data, including not only the magnetics but
also the Langmuir data, could only be observed in very few cases, raising first doubts
on a correlation between magnetic signature and filaments.

In the parallel current model with bi-directional current distribution, the polarization
always has to be the same, as the toroidal magnetic field does not change its topol-
ogy and the particle drifts do not change their direction. Observations of an inversed
current distribution by changing signs would be a clear contradiction to that model.
But changing signs could also be caused by the position of the filament relative to the
magnetic coil: If v,,q is the dominant velocity, one would expect that approximately
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half of the filaments passes below the coil and the other half passes above the coil. If
Vtor 18 dominant, one would expect that the filaments always hit the probe at the upper
right corner. The first case should give significant variations in the magnetic signature,
depending on the positions of the filaments, whereas the latter cases would always yield
equal signs. A summary of possible combinations is given in fig. 6.7. A series of 65
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Figure 6.7: Illustration of the dependency of the magnetic signal on the filament
position and velocity ratio vyqq : Vpor- The motion of the filaments relative to the
3D coilset is indicated on the right side. The resulting signal is characteristic for
the filament motion and can be used to derive the filament dynamics from magnetic
measurements alone.

filaments has been analysed in order to check sign variations in the measured data. No
clear evidence that would indicate a reversed polarization has been found. Virtually all
filaments hit the probe at the same side, which is in agreement with the measurements
from chapter 5, which predict v, > Vyraqd-
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The code has undergone substantial testing and has been found to match quite well with
a similar but simpler code that has been used at MAST [42]|. This code has initially not
been able to calculate bi-directional currents and is not suited to calculate current dis-
tributions. For the filament shown above, the predicted currents have been in the order
of 100 A, which according to fig. 6.3 yields current densities in the order of 6 A/mm?
for an uni-directional current and 15 A/mm? for a bi-directional current. According to
the parallel current models described in chapter 3, this current has to be carried by the
particles in the filament. An upper limit to that current is given by the ion saturation
current. With temperatures of T; = 30 — 60eV and T, = 5eV, and filament densities
of ngyg =2.6- 10"® m~3, the ion saturation current in a filament should be

k(T.+T;)

~0.02A 2, 6.8
mz /mm (6.8)

Jsat = NeCs = ne

This ion saturation current is by 2 orders of magnitude smaller than the required current,
i.e. the required current can not flow in a filament with the given parameters. The
filaments would have to be much bigger and much faster to reduce the required current,
or they would have to be much hotter or more dense to allow higher currents. A variation
of the sheath current model has been proposed in [71]|, where the currents are closed
not at the sheaths, but near the X-point because of the shearing of the filament there.
This model avoids the reduction of the current by the plasma sheath resistivity and thus
allows higher parallel currents. But this is not useful in explaining the required currents,
because the estimate from eq. (6.8) neglects any resistivity at the target tiles or close
to the X-points: It is solely based on the number of particles and their temperature,
and assumes that all ions contribute to the current.

If the current would only be carried by the electrons, this would lead to a net drift of the
filament in the ion drift direction, which has neither been observed in the experiment
nor in theory.

Altogether, the required current densities generally are un-physically high, in particular
because the magnetic signature has been measured close to the midplane, where the
current should be minimal according to fig. 3.2, i.e. according to the parallel current
models, we would expect an even stronger magnetic signature farther away from the
midplane, which would require even higher current densities there. In order to be
fully consistent with the models, the ion saturation current density measured with
the filament probe should always be higher than the current density required for the
magnetic signature.

6.2.2 Mode-Based Model

The filament-based model is not very convincing when it comes to explain the mag-
netic signature of an ELM, in particular with regards to the required current densities,
and the timing problems. The signal itself is, however, matched very well by the bi-
directional current, which leads to a new, mode-based ansatz to explain the magnetic
signature: Rotating helical structures with a bi-directional current close to but inside
the separatrix could give a similar magnetic signature. These modes would not be di-
rectly correlated to the Langmuir signals, so that the modes would not have to coincide
with the Langmuir signal directly (a mechanism for indirect correlation is described
below).
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The calculation program described above has been used to calculate the magnetic sig-
nature of a mode structure that rotates at the pedestal region. A current distribution
similar to the bi-directional filament model has been used, but with a sinusoidal dis-
tribution in poloidal direction, which is typical of magnetic modes in the core plasma
[93, 94, 40|. The following parameters have been used, based on typical numbers of core
MHD modes: A;ol = 300mm, A¥_ , = 10mm, v,y = 16.5km/s. The radial velocity has
been chosen to be v, = 5km/s in order to match the separatrix shape close to the
probes. The resulting magnetic signature is shown in fig. 6.8. In general, the match is
quite good, in particular for the coils on the midplane manipulator, where the match
is as good as it was for the filament-based model with bi-directional current. This is
mainly due to the exchangeability of the different parameters, meaning that we have
matched the amplitude with a different combination of velocity, distance and total cur-
rent as shown in fig. 6.6. The resulting minor differences with respect to asymmetry
and dipole structure can be inferred from fig. 6.8.

A total current of 140 A has been used, resulting in a current peak density of 350 kA /m?,
which is in the order of the edge current density (jg, =~ 0.3 - 10° A/m?) [95]. Again, it
is possible to exchange some of the parameters, e.g. to raise the poloidal velocity at the
expense of poloidal size. The rotation has been chosen to be poloidally upwards as we
will see farther below.

In principle, the magnetic coil on the filament probe should deliver a very good signal
for large modes, but the signal is obviously very noisy, compared to the coils on the
midplane manipulator probe. This might be due to a non-shielded twisted-pair cable,
which has been used to connect electrically the magnetic coil to the vacuum flange.
Although other coils of that type use a similar wiring, the signal-to-noise ratio does not
seem to be that good on the filament probe. The coils on the midplane manipulator
probe are connected by coaxial wiring and seem to be perfectly shielded.

The time onset used for the calculations is indicated by the arrow in fig. 6.8 and is
right at the beginning of the filamentary activity. A mechanism that links the assumed
modes to the formation of filaments has been proposed in [96], where rotating magnetic
helical structures have been described as remnants of mode structures that have caused
the formation of the filaments by locally changing the magnetic field. The filaments
then grow explosively, e.g. as described in [52, 58|, separate from the core plasma and
propagate radially outwards. According to this approach, a filament is generated when
the mode is close to the separatrix at the low field side. As the filament propagates
through the SOL, the mode still rotates for a short period and decays afterwards. In
that period, the mode can be seen on the magnetics if the coils are close enough to the
plasma. Coils that are more remote can probably not see these modes, as the magnetic
signature seems to decay quickly with distance.

In order to re-establish a correlation between the mode remnant to the signal on the
Langmuir pins, one has to keep in mind that a mode with v,y ~ 16km/s travels over
the whole height of the core plasma, i.e. from the plasma bottom to the top, in the
time the filament takes to travel from the separatrix to the Langmuir probes.

Among the magnetic coils mentioned up to now, there are several other magnetic pick-
up coils -similar to the one in the filament probe- installed in the ASDEX Upgrade
vessel: One set of these coils forms a poloidal array that spans over the low field side
as indicated in the insert in fig. 6.9 (right, top). This set of coils is usually used to
determine poloidal mode numbers of MHD modes that rotate in the core plasma. These
coils can be used here to determine velocity and direction of the ELM mode remnants
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Figure 6.8: Matching the magnetic measurement with a mode rotating close to the
separatrix (blue). Mode parameters: A% , = 10mm, Ar, = 300mm, vyqq = 5km/s,
Upot = 16.5km/s. Calculations from the filament-based model, fig. 6.5, are indicated

by lighter colours.

that might be responsible for the filament formation process. Fig. 6.9 shows the time
traces of this poloidal coil array. Magnetic structures are clearly visible and can be
traced over several coils. The most dominant one can be traced over 6 coils and rotates
poloidally upwards with a velocity of about 20 km/s, which is close to the velocity we
have assumed for the calculations. The rotation poloidally upwards is identical to the
electron drift direction or the pedestal E x B direction

In order to make a clear correlation between the measurements on filament probe or
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Figure 6.9: Timetraces of a poloidal magnetic coil array at the low-field side of
ASDEX Upgrade. The position is shown in the poloidal plane (top, right) and in the
toroidal plane (bottom, right). The structures can be traced over several coils and
the observed poloidal rotation velocities are in the order of the values used for the
calculations. The rotation is directed poloidally upwards, i.e. with the electron drift
or pedestal E x B direction.

midplane manipulator probe and the poloidal coil array, a direct connection along a
field line would be necessary. Unfortunately, such a connection is not available, as the
filament probe or midplane manipulator probe map far above the poloidal coil array
when mapped along field lines. The probes can not be easily rearranged to get a better
correlation, so that this question has to be left open here. Nevertheless, it can be stated
already that the magnetic signature of ELMs could probably be explained by mode
structures rotating close to but inside the separatrix. The required values fit very well
to the edge parameters, so that further studies should be carried out as soon as possible.
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Chapter 7

Temperature of Filaments

7.1 Heat Flux Measurements

Many discharges have been recorded with infrared thermography (see description in sec.
4.3) in order to evaluate the filamentary heat flux to plasma facing components such as
the filament probe, the midplane manipulator probes, and limiters. The camera view
is shown in fig. 7.1: The probes and the protection limiter can be observed via a gold-

Figure 7.1: Photograph of the view through the infrared thermography port. Fila-
ment probe and midplane manipulator can be seen via a gold-coated mirror (marked
in blue). The motion of the mirror has to be corrected for calculations of the heat
flux.

coated mirror, which is installed in the ASDEX Upgrade vessel. During discharges, the
mirror wobbles due to motions of the vessel. The movement is corrected offline in order
to avoid artefacts in the heat flux calculations. Small window sizes have been chosen
to obtain a high time resolution in the order of 10 kHz. Smaller windows would allow a
higher time resolution, but will lead to a temporary loss of the probe as it moves out of

89
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the image. An example for the resulting photon flux is given in fig. 7.2. Brighter spots

pixel

photon flux

5)

#21933,
t=2.18913s

0 5 10 15 20 25
pixel

Figure 7.2: Thermography measurement (photon flux) of the filament probe.
Brighter spots denote higher temperatures, e.g. at the Langmuir probe tips. The
CAD drawing of the filament probe has been overlaid in white to clarify the geome-
try.

correspond to a higher photon flux and thus to higher temperatures. The heat flux
calculated from the temporal evolution of the measured temperature can be compared
to the heat flux derived from the probe measurements. The heat flux from a magnetized
plasma along field lines is given by

q| = VsnfilCsle = Vs Tejsat/e (7.1)

with the sheath transmission factor +4, which accounts for the cooling of electrons and
the heating of ions in the sheath [68, 65]. According to [65], the sheath transmission
factor is given by

2 2.5T; 27, T; 1
= —0.51 14— ) —— 7.2
1_%+ T 05n[mi < +Te>(1—%)2]’ (7.2)

where 7, is the secondary electron emission coefficient. For low temperatures (<
100eV), 7, increases with T, and is for example about 0.7 for tungsten [97] and graphite
[98] at T, ~ 50eV.

Assuming that the heat flux to the probe is dominated by ions, and is thus described by
eq. (7.1), a comparison of the measured ion saturation current and the thermographi-
cally calculated heat flux (see fig. 7.3) allows to deduce electron and ion temperatures:

Vs
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Figure 7.3: Timetraces for heat flux and ion saturation current onto the filament
probe. The heat flux has been calculated from thermographic measurements close to
Langmuir pins 2 and 3.

qe
5 = 4T, ~ 60 — 150 V. (7.3)

jsat
A temperature T;/T, =~ 3 has been proposed in [37] after a series of calculations with
both kinetic and fluid codes, giving a sheath transmission factor v, ~ 10 [65]. This
leads to filament temperatures T, ~ 6 — 15eV and T; ~ 20 — 50eV at the filament
probe. From a similar analysis in 2006 with a carbon machine, T, ~ 10 — 20eV and
T; ~ 30 — 60 eV have been derived [68| (see also fig. 2.6).

7.2 Heat Loss Mechanisms

Parallel heat loss can be caused by various mechanisms, in particular by heat conduction
and heat convection. The equations describing these mechanisms are [65]:

Qecond = KT2*VT, ~ 20007772 /1) (7.4)
5/2 7/2
Qi,cond = kTP, ~ 60T, /1 (7.5)
5
d|le,conv = EkTenUe (76)
1 5)
d||i,conv = <§m12122 + 51457—‘1) nu;. (77)

Heat conduction is dominated by the electron branch, so that the total amount of
heat conduction is g cong =~ 2000Te7 /2 /1. Heat convection can be approximated to be

q||,conv & 5.5 1/27”L(kT)3/2 with v & ¢s. A graphical representation of these equations
is given in fig. 7.4: For high filament temperatures, which prevail in the initial phase
right after the formation of the filament, the dominant heat loss mechanism should be
heat conduction by electrons. This reduces the electron temperature and, hence, the
electron contribution to the heat conduction until electron and ion contribution become
equal at T;/T. ~ 2.7. For smaller temperatures, heat convection becomes dominant
over heat conduction.
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Figure 7.4: Heat fluxes from equs. (7.7) for T;/T, = 1 (left) and T;/T. = 2.6
(right) with [ = 30m. For high temperatures, heat conduction by electrons is the
dominant loss mechanism. The electron contribution decreases with decreasing elec-
tron temperature until electron and ion contribution become equal at T; /T, ~ 2.7
(right). For smaller temperatures, convection becomes the dominant loss mechanism,
but decreases with decreasing density.

The filaments are therefore expected to lose their energy by heat conduction in the
initial phase, and by heat convection in a later stage. The detailed partition between
the different loss channels depends on the detailed parameters in each phase (heat con-
vection decreases with decreasing density, etc.). In [37], numerical calculations have
been carried out based on both fluid and kinetic codes. The calculations are performed
in the filament frame of reference, hence neglecting radial motion of the filament. Sim-
ilar to the simple approach above, the electrons are lost much faster than the ions
with a transport time ratio of 7; /7. ~ 60. With regards to charge neutrality, a weak
quasi-neutrality constraint has been imposed in the calculations, permitting violations
of ambipolar flow of particles in the initial phase 7 < 7;, and requiring quasi-neutrality
in later stages, forcing the fluxes to converge as shown in fig. 7.5. The calculations

100

T T TTTTT

10

WAL

GalNo,a /T jal Tal€oa /T al

0.1

Figure 7.5: Heat and particle fluxes from a filament to the target tiles [37]. A weak
quasi-neutrality constraint allows for violation in the initial phase (7 < 7);), but forces
the fluxes to converge afterwards. This leads to a electron heat flux in the initial phase.
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suggest that inertial effects govern the arrival times of the particles, whereas sheath
effects determine the magnitudes. Secondary electron emission has been neglected in
these studies but has been found in [99] to increase the initial heat transport, which is
due to the fast electrons.

Comparing the decay lengths of ion saturation current and temperature allows to char-
acterize the importance of the different heat loss mechanisms experimentally. In [68],
we could already show that the decay lengths of heat flux and density are equal and in
the order of 2.5 cm, see fig. 7.6. According to eqns. (7.7), identical decay lengths for

100 x=2.54+-0T<cn # Filament probe
m (] = Midplane manipulator
y Y A Heat flux

o> ’--\‘\- |

q [MW/m?]

»|>»

004 006 008 0.1 0.12
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Figure 7.6: Heat load decay lengths as measured by Langmuir probes (assuming
vsTe = 100eV) and infrared thermography. The resulting decay lengths are about
2.5 cm.

heat flux and ion saturation current indicate that the heat loss is mainly due to a loss of
density. Temperature losses seem to be secondary (A, < Ar;), so that heat conduction

(x T / %) has to be much smaller than heat convection (x n73/2), which is exactly what
is expected for small temperatures as described before (fig. 7.4).

The decay length measurements have been repeated in 2007 in a tungsten machine and
seem to confirm the 2006 results, but are far more difficult to evaluate because the
achievable ELM size was lower in the tungsten machine. It seems that the number of
filaments per ELM increases for smaller ELMs and that the size of the filaments de-
creases. This makes it more difficult to resolve and separate the filaments in the heat
flux measurements.

7.3 Triple-Probe Measurements

During short events such as filaments, it is not possible to derive detailed information
on temperature or density from single Langmuir probes alone, as this would require
lengthy measurements of the complete voltage-current characteristic. A combination of
3 probes, a so-called triple probe, however, reveals the most important parameters at
full time resolution (2 MHz in our case). Drawbacks are possible misinterpretations of
the data, when certain assumptions necessary for triple probe evaluation are violated.
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These problems could, of course, be recognised from the complete voltage-current char-
acteristic, but do not appear on the triple probe measurements alone [100].

Technically, a voltage Up is applied between two adjacent electrodes, and the floating
potential is measured by a third electrode. The probe bias self-arranges in a way such
that the currents through both electrodes add to zero. Fig. 7.7 shows the measurement

Iprobe [a.u.] |

30
Uprobe [V]

———————— Us

Figure 7.7: Measuring scheme for a triple probe: a voltage is applied between two
adjacent electrodes; the floating potential is measured by a third electrode. The
voltages distribute in a way that the current through both electrodes becomes equal.
Using Up, Ur and Uy, allows to calculate the electron temperature 7T, at the probe
tip with full time resolution (2 MHz).

points in the voltage-current characteristic.
Care has to be taken with respect to the voltage Up: On the one hand, the values
should not be too high in order to prevent arcs, but on the other hand should not be
too low in order to keep the evaluation simple. In general, the total current balance
through the 2 pins,

14 Ur=Us/kTe 1 _ QUr/kTe — (7.8)

has to be solved [100] to calculate the electron temperatures. For high Up, the ion
saturation current is reached, so that eq. (7.8) simplifies to

kT, = Ur/In2. (7.9)

In [100], it has been shown that this assumption is valid for Ug > 5Up. For values
below that point, i.e. for low Up or for high temperatures, the approximation
2.1

Urpkte _g O, _UB 7.1
¢ 1+ 21’ « Ur (7.10)

can be used.

A triple probe setup has been developed for the new 2 MHz data acquisition system.
The setup has been tested against routinely operated triple probes in the divertor and
has afterwards been applied to the midplane manipulator probe. A battery voltage Up
of about 105V has been used. The resulting timetraces are shown in fig. 7.8. The sig-
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Figure 7.8: Timetraces of the triple probe measurements during a type-I ELM. The
signals are (from top to bottom): voltage ratio Ug /Uy, electron temperature T, based
on eq. (7.9) (valid for Ug > 5Ur), T, based on the simple analytical expression from
eq. (7.10) and the current through one of the two current probe tips. The latter signal
serves to detect the filaments. The obtained electron temperatures are surprisingly
high, ranging between 80 and 140eV.

nals are (from top to bottom): the voltage ratio U /Uy, electron temperature T, based
on eq. (7.9) and on eq. (7.10), and the current through one of the two current probe
tips. The latter can be used to detect impinging filaments, but must not be confused
with an ion saturation current measurement. The first signal shows the ratio Ug/Ur,
which during filaments drops below 5, so that the simple approximation from eq. (7.9)
is no more valid. The analytic formula gives higher temperatures in these cases, but
diverges when Up /U becomes very small, i.e. when the temperatures go above 150 eV.
The electron temperatures obtained from these triple probe measurement are surpris-
ingly high, ranging between 80 and 140eV and are not in agreement with the results
obtained from a Langmuir/thermography comparison. Triple probe measurements in
MAST have also shown surprisingly high electron temperatures of 50 — 100eV[101].
These should, however, yield a more pronounced heat conduction, and accordingly a
bigger difference in heat loss decay lengths. With a pin distance much smaller than
the filament, geometric effects (i.e. probe tips feeling the ellipticity on the filament)
should not play a role. But it might be possible, that the tips measure the internal
inhomogeneity of the filament because of an internal fine structure.
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7.4 Filament Detachment

The energy content of a filament is given by Wy = 3/2nk(T. + T;) - Volgy. With a
length of about 30m, an extent of A.,q X Aye = 2.7cm x 0.8 cm, an initial density of
3.5-10"® m—3 and initial temperatures T, = 100eV, T; = 500 eV, the energy content of
a single filament right after its formation is in the order of 2 — 5J. The total energy
loss per type-I ELM in ASDEX Upgrade is about 10 — 15kJ (see sec. 2.1), so that even
10-15 filaments will account for less than 0.5% of the total ELM energy loss.

Apart from this model of a completely detached filament, 2 additional models have been
proposed in [59] to explain the total ELM energy loss. The 3 models are (see fig. 7.9
for an illustration):

leaky hosepipe squirting hosepipe completely detached

[/

Figure 7.9: Illustration of the 3 models for filament detachment: leaky hose pipe
(attached to the core plasma at both ends with diffusive transport of heat to the
scrape-off layer), squirting hose pipe (1 attached and 1 detached end, acting as a
direct conduit for losses) and completely detached filament (no connection to the core
plasma).

e leaky hose pipe
The filament is ejected at the low-field side near the midplane, but stays connected
to the plasma at its ends, where the displacement is small. The strong pressure
gradient between the hot filament and the cold, surrounding SOL leads to strong
diffusion, and hence to a transport of heat to the SOL. There, the heat flows along
the field lines and thus goes to the divertor or other plasma facing components
at the end of the open field lines. Because the filament remains connected to the
core plasma, much more energy than its energy content can be released.
In brief, the filament acts as a conduit for losses with a diffusive passage, i.e. as
a leaky hose-pipe.

e squirting hose pipe
The filament detaches from the plasma close to the lower X-point, separating it
from the plasma at only one end, serving as a direct conduit for losses from the
core plasma to the SOL.
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e completely separated
If the filament separates at both ends, it will lose its particle content by parallel
losses, the lost energy being equal to the energy content of the filament.

As discussed before, filaments are expected to lose most of their energy directly after
their formation. This implies that the filaments have already lost most of their energy
when being observed by most edge diagnostics. In MAST, filaments have been found
not to move radially within the first 50 us from their generation [41|. This can be
explained by the time the filament takes to lose enough temperature, so that it can
move outwards by magnetic reconnection (e.g. at the ends) through finite resistivity
[31]. Unfortunately, the energy deposition of single filaments in the initial phase can
not be resolved by infrared thermography, as the filament deposition falls very close to
the separatrix strike-line [20], where its footprint is smeared out due to X-point effects.
In [41], the energy content of travelling filaments has been estimated to be < 2.5% of the
total ELM energy loss with further reduction by parallel transport as the filament moves
outwards. From the measurements presented here, the energy content of filaments is
far from the total energy loss per ELM, even if they lose most of their energy right after
the formation process. Therefore, it seems mandatory that filaments are somewhat
connected to the core plasma and act as a conduit for losses. First attempts have been
made in MAST to resolve a detachment process near the X-points, but so far without
positive evidence [87]. It is thus not possible to say what happens close to the X-point,
in particular, whether the filaments are attached to the core. The MAST data show at
least, that the filaments do not detach directly at the X-point.
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Chapter 8

Summary and Outlook

The aim of this thesis was to characterize type-I ELM induced filaments on ASDEX
Upgrade. This is necessary for understanding the ELM cycle (with the ELM crash being
initiated by the explosive growth of a peeling-ballooning mode), filamentary transport
in the scrape-off layer (SOL), and the energy deposition due to filamentary transport.
Extrapolations to future fusion devices are necessary to calculate the consequences of
filamentary transport for these machines, which becomes important because several re-
mote surfaces that are hit by filaments are not designed to withstand high heat loads.
The heat deposition to non-divertor components depends crucially on the radial velocity
of the filaments, i.e. on the time the filaments have to lose energy by parallel transport
before reaching the plasma facing components. Available models give different predic-
tions with respect to the velocity scaling, in particular the dependency on filament size:
The sheath damped model predicts parallel currents in the filaments and a damping of
large scale structures, saying that smaller filaments move faster. The polarization cur-
rent model does not assume parallel currents and damps small scale structures, saying
that larger filaments move faster.

A magnetically driven filament probe has been built for experimental investigations of
the filament motion. The probe carries 9 Langmuir pins which allow for highly time
resolved measurements of the radial and poloidal/toroidal filament velocities.

The analysis of the radial velocity shows that bigger filaments move faster, the radial
velocities being in the range of few km/s. This is in clear contradiction with the sheath
damping model, but agrees quite good with the polarization current model, so that one
can clearly exclude the first one. This is to some extent bad news, as bigger filaments
carry a higher energy content, and — if they move faster and thus have less time to
lose their energy by parallel transport — deposit far more heat on the plasma facing
components than smaller filaments.

Poloidal rotation velocities have been found to be in the range of up to the pedestal
rotation velocity, indicating that the filaments start off with a rotation equal to the
plasma edge and then slow down on their way out.

The Langmuir measurements have allowed to measure size and density of filaments, as
well as their temporal evolution: Filaments broaden with time due to diffusion and lose
particles parallel to the field lines with a rate similar to a free flow of particles along the
field line. Extrapolation shows that they are formed with densities close to separatrix
densities, indicating that filaments are formed near the separatrix.

With the filament probe, together with a set of 3D magnetic coils on the midplane
manipulator, the magnetic signature of ELMs and filaments has also been studied. The
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aim was, on the one hand, to study which role filaments play for the magnetic struc-
ture, and on the other hand to study if the parallel currents predicted by the sheath
damped model could be verified. By means of numerical calculations (based on infor-
mation on filament velocity and size from the Langmuir measurements), it has been
found that the magnetic signal is reproduced by a bi-directional current distribution
(which would be in agreement with the sheath damped model), but the required cur-
rents exceed the possible filament currents by at least one order of magnitude. Also, no
good time correlation between the density signal on the Langmuir measurements and
the magnetic signal could be achieved. Instead, it has been found that the magnetic
signature is reproduced very well by rotating mode structures in the pedestal region.
These mode structures might be remnants of the peeling-ballooning modes, which lead
to the splitting-off of filaments.

Infrared thermography measurements have been performed to measure the heat depo-
sition due to filaments and, hence, their energy content. Filament temperatures have
been derived and the heat transport mechanisms have been studied. The total energy
content of all the filaments during an ELM has been found to be much smaller than the
total energy loss per ELM. This might be caused by some incoherent (e.g. diffusive)
transport over the separatrix, or by filaments that are still attached to the core plasma
in a first stage, and act as a conduit for losses from the core to the scrape-off layer, with
the core plasma providing a large reservoir of energy for the filament to tap.

The fraction of energy that is deposited close to the separatrix depends on the time at
which the filament detaches from the core plasma: In the initial stage, when the filament
is still attached, the deposited energy can exceed the energy content of the filament by
far. The filaments are expected to lose most of their energy in the very first period right
after their formation, when fast (and thus energetic) particles are lost preferentially. As
soon as the filament is detached, it can only deposit its energy content onto remote
areas of the divertor or to first wall structures, with bigger filaments leading to higher
energy deposition to the wall.

8.1 Current View of an ELM Crash

This section will give a brief description of the events during an ELM crash from the
present point of view.

Right before the ELM crash, the pedestal parameters are close to the peeling-ballooning
stability limit. A peeling-ballooning mode grows — first linearly, then explosively — and
leads to the formation of >10 filaments. The magnetic mode decays rapidly after
the filament formation, but its remnants can be observed by magnetic coils and ro-
tate poloidally upwards (i.e. in electron drift direction). The filaments are formed as
structures of enhanced density and temperature that are equally distributed toroidally
around the torus and stretch along the field lines by parallel transport. As the energy
content of the filaments is much smaller than the total ELM energy loss, there must
be some connection of the filaments to the core plasma, so that the filaments act as a
conduit for losses from the core to the scrape-off layer. In the initial phase, the heat
transport is high, and the filaments (as well as the edge of the core plasma, which acts
as their heat reservoir) cool off rapidly. With decreasing temperature, finite resistiv-
ity allows for reconnection of field lines, so that the filament can detach from the core
plasma. The filament is polarized due to particle drifts and, with less tight binding
to the core plasma, starts to move radially outwards due to F x B drift. The radial
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motion is damped by the polarization current and gives a constant velocity in the order
of few km/s with bigger filaments moving faster than smaller ones. Parallel currents
and sheath damping are negligible, so that the sheath damping model does not play
a role. The poloidal velocity of the filaments is initially determined by the poloidal
rotation of the pedestal, but can decrease substantially during the outwards motion of
the filament, resulting in a broad velocity distribution at limiters and probes.

The radially moving filaments lose density and heat by parallel transport. They can
only deposit their energy content to the target plates or plasma facing components.
Measurements suggest that the filaments broaden with time as they move outwards.
Fragmentation of filaments has often been proposed, but has so far not been observed
in the experiment.

8.2 Outlook

Future work that has to be done to fully reveal the physics behind filaments would
be to investigate the correlation between the formation of filaments and the peeling-
ballooning framework. An important point for understanding the heat deposition is the
detachment process, which should be studied at both ends of the filament, i.e. at the
low- and at the high-field side. A correlation of the detachment at the two ends would
help to see to which extent filaments act as conduit for losses.

For the extrapolation to ITER and other next step fusion devices, further measurements
of filament parameters on other machines are necessary. The extrapolation requires an
understanding of what governs the filament size. Numerical calculations have to be
extended to take heat flux, radial propagation, finite resistivity, sheath interaction etc.
into account. They have to be tested against measurements in various machines and
can then be applied to future fusion devices.



102 CHAPTER 8. SUMMARY AND OUTLOOK



Appendix A

ASDEX Upgrade

ASDEX Upgrade [102] is the successor of the axial symmetric divertor experiment (AS-
DEX), which was the first experiment with a magnetic divertor configuration. Divertor
plasmas are characterized by the formation of an X-point (typically above and/or below
the core plasma), in which the poloidal magnetic field is 0, i.e. the field lines there are
essentially toroidal. Particles reach the private flux region in the divertor by collisions,
and strong pumping prevents the particles to get back to the core plasma again. The
magnetic separation of the plasma-wall-interaction region from the core plasma in a
tokamak leads to greatly reduced impurity influx compared to limiter plasmas. The
divertor concept was the prerequisite to establish the H-mode regime, which allows for
higher fusion power for a given machine size because of the formation of a transport
barrier close to the plasma edge.

In ASDEX Upgrade, the divertor concept has been adapted to the requirements of a fu-
sion reactor: the poloidal field coils have to be outside the vacuum vessel, and, enlarged
to reactor size, there has to be enough space for the installation of blankets for tritium
breeding and heat extraction. The key parameters of ASDEX Upgrade are summarized
in table A.1, the sign convention for toroidal magnetic field By, and plasma current I,
is shown in fig. A.1 together with a view into the vacuum vessel.

ASDEX Upgrade serves in particular for the study of plasma-wall interactions under
reactor-like SOL conditions and for studies of core plasma behaviour and confinement.
The closeness to reactor requirements becomes obvious when comparing the poloidal
cross section of ASDEX Upgrade, JET, and ITER, the next generation machine that
should demonstrate operation under reactor-like conditions: the three experiments form
a step ladder with relative dimensions of AUG : JET : ITER ~ 1:2: 4 (see fig. A.2).
This step ladder allows for a good extrapolation to ITER parameters. With regards to
filaments, measurements in machines like ASDEX Upgrade allow for extrapolations to
ITER after consensus has been achieved on the nature of filaments and after detailed
measurements have been carried out on other experiments as well.

In the last years, ASDEX Upgrade has gradually been converted from a carbon ma-
chine into a tungsten machine, i.e. the plasma facing components are now covered with
tungsten instead of carbon [103]. The final step in this process has been the installation
of a tungsten coated divertor. This has led to a reduction in ELM size, so that very
large type-I ELMs (or very low ELM frequencies, fpra < 50 Hz) could not be achieved
any more. This would have been useful, because a low ELM frequency allows for a
better separation of ELM events on the magnetic measurements. There are several
discharges which could not be analysed because the ELM frequency was so high that

103



104 APPENDIX A. ASDEX UPGRADE

By coils 16

By coils 12

Major/minor plasma radius 1.65m/0.5m = 3.3
Plasma volume /surface 14 m3 /42 m?

Maximum average triangularity | 0.5
Maximum plasma current (SN) | 1.6 MA

Maximum toroidal field 39T
Maximum OH flux swing 9Vs
Discharge duration < 10s
Discharge sequence 15 — 20 min
Vessel volume/surface 32m3/72m?
Plasma heating

- ohmic 1MW

- NBI 2-10MW

- ICRH SMW

- ECRH 4-0.5MW

Table A.1: Technical data of ASDEX Upgrade [102]

the different ELM events could not be separated any more. It is the authors opinion
that large ELMs give fewer filaments (or at least more pronounced filament signals),
whereas smaller ELMs give more and smaller filaments, so that the small ELMs led to
a more noisy signal. This made it more difficult to analyse the filaments, as many of
them could not be separated from the other events during the ELM.

The damage of one of the flywheel generators, which provide the power for ASDEX
Upgrade during the plasma pulse, has further tightened the operational space and im-
posed limitations on magnetic field, plasma current and shaping capabilities in the 2007
experiments.
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Figure A.1: CAD view into the ASDEX Upgrade vessel. For a left hand helicity
magnetic field, filament probe and midplane manipulator are connected along a field
line. The orientations shown here are for the ASDEX Upgrade standard setup By < 0
and I, > 0, which means left hand helicity and co-injection. Left hand helicity is
obtained for sgn(By,-I,) < 0, and is required for operation of the lower divertor, as
the divertor tiles are inclined to the magnetic field to reduce hot edges. The particle
drifts (3.1) and (3.2) for the ions point towards the lower divertor in this case.
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ASDEX Upgrade ITER

Ro =620m
A =33
K =18
I, =134MA

Figure A.2: Schematic view of a the poloidal cross section of ASDEX Upgrade and
ITER. The plasma shape is comparable and allows for good extrapolations to ITER.



Appendix B

MAST

MAST (Mega Ampere Spherical Tokamak) is a spherical tokamak with an aspect ratio
R/a = 1.38, which is achieved by a very thin central column as shown in fig. B.1.
The H-mode plasma edge has been widely described in |23, 104], identifying ELMs in

Il

4m

Figure B.1: Schematic view of the MAST vessel and a typical MAST plasma config-
uration. MAST is a spherical tokamalk, i.e., it has a large aspect ratio a/R and a slim
central column for the generation of the toroidal magnetic field. A spherical tokamak
makes more efficient use of magnetic fields, but has limitations for the energy exhaust
due to a smaller surface/volume ratio.
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Major/minor plasma radius 0.85m/0.65m = 1.31
Maximum plasma current 1.35 MA

Maximum toroidal field (inboard) | 1.7T

Discharge duration <1s

Discharge sequence 15 — 20 min

Plasma heating

- NBI 2.9MW

Table B.1: Technical data of the MAST Tokamak

MAST as type-IIT ELMs and type-I ELMs [105]. MAST is especially suitable for studies
of the ELM propagation as its vessel does not follow reactor requirements and has a
more cylindric shape, so that there is a distance of up to 50 cm between separatrix and
limiters. Therefore, filaments can propagate freely and undisturbed in the MAST vessel
and thus could bee observed at distances of up to 20 cm from the separatrix.
The large gap allows to use cameras with a large field of view, covering the whole
plasma. Even though spherical tokamaks offer good insight in edge physics, they do not
seem to be ideally suited for a fusion reactor, as they have a reduced wetted area and
may not be capable to withstand ELMs in reactor conditions.

The common operating mode for MAST is the disconnected double-null (DDN) in
which the two X-points lie on different flux surfaces with the gap between these flux
surfaces being of the order of the ion gyroradius.



Appendix C

Sheath Physics

C.1 Floating Walls

Plasma sheaths form where plasma interacts with solid state material [65]. The basic
principle behind sheath formation is the quasi-neutrality of a plasma: electrons have a
higher mobility than the heavier ions,

MeVe m;v;

so that electrons tend to leave a plasma surface ahead of the ions, charging the wall
negatively. This leads to an electron repelling potential between plasma and surface
that slows the electron loss rate and increases the ion loss rate. Eventually, the loss
rates become equal and an ambipolar flow of electrons and ions is achieved:

re =T (C.2)

In this state, the wall has a negative electric potential V,, ~ —3kT./e, whereas the
plasma edge has a so-called Debeye sheath with a net positive charge. The ambipolar
flow is achieved by an acceleration of the ions by the electrons. At the wall, both species
have a fluid speed equal to the ion sound speed

¢ = | T+ T (C.3)

m;

with the adiabatic coefficient v. The Debeye sheath has an extent in the order of the

Debeye length
eokTy
AD = 4/ . C.4
b Nnee? (C.4)

The Debeye length for typical SOL values (7. = 20eV, n, = 10/ m~3) is in the order
of 107° m, meaning that the sheath is extremely thin.

The Debeye sheath shields the plasma inside the sheath from the negative wall potential.
This shielding is, however, not perfect and leaves a potential of about 0.7kT. /e and,
consequently, an adjacent pre-sheath with an extent in the order of 10Ap.

The left hand side of fig. C.1 shows a plasma flux tube that is aligned parallel to the
magnetic field and connected to walls on both sides. The same geometry applies to
filaments as well, as these are also field aligned structures.
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Figure C.1: Formation of sheaths at walls. Quasi-neutrality leads to an electron
repelling potential of 3kT./e at the wall and the formation of thin sheaths (Ap =~
10~°m), in which the ions are accelerated to ion sound speed. The sheath screens
most of the wall potential, even if an external potential is applied to the wall (right
part). An external potential thus changes only the electron flow, not the ion flow.

C.2 Biased Walls

In the case, where an external voltage is applied to the wall (e.g. for Langmuir probe
measurements), Ffu = ngecs with the density at the sheath edge, nge, still holds. The
change in potential is entirely taken up by a the (now different) voltage drop in the
sheath, whereas the pre-sheath still has a voltage drop of 0.7kT. /e (see right half of fig.
C.1). The voltage drop changes the particle flow to the wall, i.e. relation (C.2) is no
more valid. Instead, we have

IS, £ 1%, (C.5)

with I'Y, equal to the floating case, and with I'¢, determined by the applied voltage. The
difference between the two fluxes gives a net current through wall or probe, respectively:

A+ A e¢ Ay Ay — Ay
IH(¢) = 9 Ji,sat |:tanh (k‘Te 0.51n A2> A+ A2:| (06)
) ep
= Ajisat tanh WL (C.7)

with A = Ay = Ay for identical probe size or constant flux tube width. The ion
saturation current

IH,sat = Aji,sat = Ariu = Angeecs (CS)

is reached at high negative potential, where all electrons are repelled, so that only the
ions reach the probe surface. According to eq. (C.7) and fig. 3.3, the ion saturation can
be reached to about 76% for voltages in the order of 2kT. The required voltage thus
depends on the temperatures of the impinging particles. Temperatures in the order of
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30 — 60eV thus require a voltage of about 60 — 120V, for example. Higher voltages,
however, lead to arcing and, consequently, to high wear of the probe pins or even de-
struction of the pins.

The ratio d¢/dI gives the sheath resistivity, which is used in sec. 3.1 to calculate the
polarization current in a filament.

We will now try to estimate the time until a plasma sheath forms: With a thermal elec-
tron velocity ve &~ \/kT./m. and typical SOL parameters (T, = 20eV, n, = 1019 m=3),
the electrons take about 5- 10725 to travel through the Debeye sheath. The sheath is
fully established, when ions reach the wall. For a rough estimate, we assume T, ~ T;
and neglect any acceleration by the electrons, resulting in a travel time of about 0.2 ns.
Even if we include the pre-sheath in our treatment, the time to establish the full sheath
is in the nanosecond range and as such much faster than the filament motion. Therefore,
even when working with moving density blobs, we do not expect substantial deviations
from standard Langmuir theory.
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