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Zusammenfassung

Thermonukleare Fusion ist der Energieumwandlungprozess, der die Sonne
strahlen 1aft. In den letzten sechs Jahrzehnten haben Wissenschaftler die
zugrundeliegende Physik untersucht, um eine solche Energieversorgung auch
auf der Erde zu ermdglichen. Die erfolgversprechendsten Kandidaten fiir Fu-
sionskraftwerke basieren auf dem magnetischen Einschluss von Plasma, um
ideale Bedingungen fiir effektive thermonukleare Fusion in einer gut kontrol-
lierten Umgebung herzustellen. Ein wichtiger Aspekt ist dabei die Kontrolle
von Instabilitdten, die im Randbereich des Plasmas auftreten und zu Aus-
wiirfen von grofsen Energiemengen fithren. Es wurde herausgefunden, dass
magnetische Storfelder, die im Plasmarand resonant sind, das Plasma vor-
teilhaft verandern und so die Auswirkungen dieser Instabilitdten abmildern.
Diese Dissertation behandelt die Effekte von resonanten magnetischen Stor-
feldern auf die ausgeworfene Energie sowie die Nachteile solcher Storfelder.

Der stokartige Energieauswurf, der durch die Instabilitdten ausgelost wird,
verursacht extreme Wéarmebelastungen auf den Wandkomponenten in Fusi-
onsmaschinen. Daher ist es duflerst wichtig zu verstehen, wie resonante ma-
gnetische Storfelder die Deposition der Warmelasten beeinflussen. Aufierdem
ist der Einfluss von resonanten magnetischen Storfeldern auf den Einschluss
von schnellen Ionen ein wichtiger Aspekt, da schnelle Ionen weiterhin gut
eingeschlossen sein miissen, um zuséatzliche Wandbelastungen zu verhindern
und die Fusionseffektivitit zu steigern.

Kiirzliche Verbesserungen am Joint European Torus erlauben eine detail-
lierte Untersuchung von Warmelastdepositionsprofilen, die durch die stofar-
tigen Ereignisse verursacht werden. In dieser Arbeit wurden die neuen Mog-
lichkeiten genutzt, um die Modifikationen der kurzlebigen Warmelastdeposi-
tionen zu untersuchen, die auftreten, wenn resonante magnetische Storfelder
verwendet werden. Dies fithrt zu einem tieferen Verstdndnis der beteiligten
Prozesse wiahrend der Plasmarandinstabilitdten. Zusétzlich wird eine alterna-
tive Methode zur Erzeugung von resonanten magnetischen Storfeldern, unter
Verwendung der unteren Hybridresonanzen, untersucht. Auferdem wird eine



neue Diagnostik vorgestellt, die zur Detektion von Verlusten schneller Ionen
in der Gegenwart von resonanten magnetischen Storfeldern geeignet ist. Sie
wird verwendet, um den Einfluss unterschiedlicher Arten von Storfeldern,
statische und rotierende, auf die Verluste zu untersuchen.

Die Untersuchungen der Warmelastdepositionsprofile zeigen interessante
Eigenschaften der resonanten magnetischen Storfelder. Zum einen kann die
Wairme gewinnbringend umverteilt werden, um den lokalen Warmefluft zu
reduzieren, zum anderen wurde erstmalig ein physikalischer Prozess beob-
achtet, der mit der Umverteilung der Warme verbunden zu sein erscheint
und zu langsam propagierenden Warmeflufstrukturen fiihrt, die lange vor
dem Hauptenergieauswurf auftreten. Dies eroffnet einen neuen Blick auf die
Physik von resonanten magnetischen Storfeldern, da es zeigt, dass Prozesse
mit verschiedenen Zeitskalen bei der Kontrolle von Plasmarandinstabilitdten
involviert sind. Die Kontrolle dieser Instabilitdten kann von der neuen Me-
thode zum Erzeugen resonanter magnetische Storfelder unter Verwendung
der unteren Hybridresonanzen profitieren. Diese Methode stellt eine hohe
Flexibilitat zur Verfiigung, so wie es fiir die Optimierung der Wérmelastum-
verteilung bendtigt wird. Es wird gezeigt, dass sie Storfelder erzeugt, welche
stets im Plasmarandbereich resonant sind. Zusétzlich wurde gefunden, dass
in einem weiten Bereich von Storfeldern keine klaren Nachteile entstehen,
vielmehr gibt es starke Indizien dafiir, dass eine Verbesserung des Einschlus-
ses von schnellen Tonen auftritt.

Die gesamten Ergebnisse geben einen positiven Ausblick auf die Verwen-
dung von resonanten magnetischen Storfeldern fiir die Kontrolle von Randin-
stabilitdten: (a) eine vorteilhafte Umverteilung der stofsartigen Wérmebelas-
tungen ist erreichbar, (b) die unteren Hybridresonanzen kénnen verwendet
werden um hochflexible resonante magnetische Storfelder zu erzeugen und
(c) resonante magnetische Storfelder reduzieren nicht notwendiger Weise den
Einschluss von schnellen Ionen. Diese Ergebnisse zeigen, dass eine Optimie-
rung der verwendeten magnetischen Storfelder moglich ist, um die Probleme
von stolartigen Warmebelastungen zu 16sen ohne Nachteile fiir den wichtigen
Einschluss von schnellen Ionen.



Abstract

Thermonuclear fusion is the energy conversion process which keeps the sun
shining. For the last six decades, researchers have been investigating the
physics involved in order to enable the usage of this energy supply on Earth.
The most promising candidates for fusion power plants are based on magnetic
confinement of plasma to provide the ideal conditions for efficient thermo-
nuclear fusion in well controlled surroundings. One important aspect is the
control of instabilities that occur in the edge region of the plasma and lead
to an ejection of huge amounts of energy. Magnetic perturbation fields which
are resonant in the plasma edge are found to modify the plasma favourably
and reduce the impact of these instabilities. This dissertation focuses on the
effects of resonant magnetic perturbation fields on the ejected energy as well
as on the drawbacks of these perturbation fields.

The transient energy ejection which is triggered by the instabilities causes
extreme heat loads on the wall components in fusion devices. Therefore,
it is crucial to understand how resonant magnetic perturbation fields affect
the heat load deposition. Furthermore, the impact of resonant magnetic
perturbation fields on the confinement of fast ions is an important aspect as
fast ions are still required to be well confined in order to avoid additional
wall loads and increase the fusion efficiency.

Recent upgrades on the Joint European Torus allow for a detailed study
of the heat load deposition profiles caused by transient events. Throughout
this work, the new features are used for the study of the modifications of the
transient heat load depositions that occur if resonant magnetic perturbation
fields are applied. This leads to a further understanding of the processes
involved during the plasma edge instabilities. Additionally, an alternative
method using lower hybrid waves for applying resonant magnetic perturb-
ations is investigated. Furthermore, a new diagnostic, capable of detecting
fast ion losses in the presence of resonant magnetic perturbation fields, is
presented. It is used to investigate the impact of various types of perturba-
tion field, static and rotating, on the losses.



The investigations of the heat load deposition profiles show important fea-
tures of the resonant magnetic perturbation fields. Firstly, the heat can be
favourably redistributed to reduce the local heat fluxes; secondly, a physical
process is observed that appears to be linked to the heat redistribution and
causes a slow propagation of a heat flux pattern long before the major energy
is ejected. This opens a new view on the physics of resonant magnetic per-
turbation fields as it shows that processes on different time-scales are involved
during the control of the plasma edge instabilities. The control of these in-
stabilities can benefit from the new method of applying resonant magnetic
perturbation fields using lower hybrid waves. This method provides high
flexibility as needed to optimize the heat load redistribution. It is proven to
create perturbation fields that are always resonant in the plasma edge region.
In addition, it was found that no clear drawbacks appear over a wide range
of perturbation fields; moreover, strong indications for an improvement of
the fast ion confinement are seen.

The overall results provide a positive outlook for the application of reson-
ant magnetic perturbation fields to control edge instabilities: (a) an advant-
ageous redistribution of transient heat loads is achievable, (b) lower hybrid
waves can be used for the production of highly flexible resonant magnetic
perturbation fields, and (c) resonant magnetic perturbation fields do not
necessarily reduce the fast ion confinement. These results show that an op-
timization of the applied magnetic perturbation fields is able to solve the
problem of transient heat loads without any drawbacks for the crucial fast
ion confinement.
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1. Introduction

Over the period of the compilation of this thesis, “energy” — in the form of
usable energy — has been one of the main ongoing topics in public discussions
and politics in Germany. Problems with the energy supply resonate in our
society because they affect everyone through increases in energy costs and
restrictions of energy consumption. Such “energy crises” are usually caused
by limitations of energy resources, e.g. during the oil crisis in the 1970s.
A further, important aspect in classifying an energy supply is its influence
on the natural environment, like greenhouse gas emissions, waste produc-
tion, and safety risks. In Germany, many different options for future energy
supplies are studied. Most of these are in the field of “renewable” energies,
which are understood to be environmentally friendly, but there are also other
promising alternatives to currently used concepts. This thesis is focused on
one of these alternatives.

Light atoms, for instance deuterium and tritium, both hydrogen isotopes,
represent an energy resource with low greenhouse gas emissions, high and
long-lasting availability and low safety risks. While a chemical process is
responsible for the release of energy from fossil fuels, a nuclear process can
make energy accessible from light atoms, as does the ongoing process in
the sun — thermonuclear fusion. The basic physical process for fusion derives
from the strong nuclear force following the principle of minimum total poten-
tial energy. Motivated by Einstein’s mass-energy equivalence [1], Weizsécker
and Bethe explained the possibility of obtaining net energy by fusing light or
fissioning heavy nuclei |2, 3]. With respect to mass, the iron nuclide separates
the region of nuclei usable for fusion from the region of nuclei which can be
used for fission to obtain positive net energy.

Net energy can theoretically be gained through fusion reactions of sev-
eral different nuclei. The fusion of deuterium and tritium has been found
to be the most efficient for human-built fusion reactors (for further details
see chapter 1.2 of reference [4]). A deuterium-tritium fusion reaction gives a
net energy gain of 17.6 MeV obtained as kinetic energy. Most of this energy
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is carried by the neutron; a remaining 3.5 MeV is carried by the He-nuclide.
Fusion reactions only happen under certain, special conditions. Due to the
positive charge of nuclei, they feel the repulsive Coulomb force. This re-
pulsive Coulomb force superposed with the strong nuclear force forms the
Coulomb barrier. The nuclei have to pass this electrostatic barrier to un-
dergo fusion. Relying on classical theory, the nuclei need a very high energy
to pass the Coulomb barrier. However, a quantum mechanical phenomenon,
known as quantum tunnelling, explains that it is possible for the nuclei to
tunnel through the barrier, i.e. lower energies are sufficient to pass the bar-
rier and fuse. Still, this happens with a very low probability. Therefore,
thermonuclear fusion, involving many collisions between particles, seems to
be the only applicable technique for obtaining an efficient fusion rate for a
human-built reactor.

Heating a hydrogen gas to a very high temperature leads to the ionization
of the gas atoms, and the gas turns into a plasma that contains mainly
electrons and nuclei. A dense, high-temperature plasma ensures that a large
number of nuclei at necessary energies are available and a process with a
very low probability like quantum tunnelling can take place at a sufficient
rate. John D. Lawson derived a criterion for a burning thermonuclear fusion
plasma [5]. The triple product of density n, energy confinement time 7, and
plasma temperature 7' (measured in kinetic energy) has to be greater than
a specific value for the ignition of a fusion reactor

nteT > 5 x 10% keVsm™ . (1.1)

In other words, the challenge is to confine the energy of a high-temperature,
high-density plasma for sufficient time for the plasma to ignite. Ignition
means that no external plasma heating is required to sustain the fusion re-
actions. However, even with a remaining externally supplied heating power,
P, a net energy gain, Q = P;/P, > 1, can be achieved, with P; being the
fusion power. On the sun, the confinement of the plasma particles is based
on the gravitational force. However, machines based on that principle cannot
be built on Earth. Therefore, many different technologies have been studied
in the past six decades, mostly relying on inertial or magnetic confinement.
The main focus has been on magnetic confinement. The plasma can be con-
fined by magnetic fields because of the charge of its particles. Due to the
Lorentz force, a charged particle follows magnetic field lines. The movement
along a field line is superposed by a gyration around it. Toroidally shaped,



magnetic confinement devices have the most promising layout. Two main
concepts exist: the tokamak and the stellarator.

The tokamak concept was proposed by the Soviet nuclear physicists Andrei
D. Sakharov and Igor Y. Tamm in 1952. Two magnetic field systems are used
to confine the hot plasma. The main magnetic field is produced by toroidal
field coils. A second, poloidal magnetic field is generated via a toroidal cur-
rent in the plasma, usually using a transformer with the plasma itself as the
secondary winding. The combination of both fields results in a twisted mag-
netic field. Such a twisted magnetic field is necessary to compensate effects
due to plasma drifts and balance the plasma pressure. Additional vertical
field coils are needed for the position and shape control of the plasma. The
stellarator concept is a combination of the two main magnetic coil systems
of a tokamak in one coil system that directly produces twisted magnetic
field lines, without a net current flow in the plasma. It was proposed by
the American physicist Lyman Spitzer in 1951. In the early years of fusion
research, it was technically simpler to build devices based on the tokamak
concept. Therefore, most of today’s fusion devices are tokamaks [6-14], but
interesting stellarator projects are in progress [15, 16].

The first tokamaks were built in a limiter configuration where the first wall
of the vessel is protected by heat-resistant plates that stop plasma particles
outside of a defined maximum minor radius » = a. These heat resistant
plates are called a limiter, and by their position, the last closed flux sur-
face (LCFS) of the magnetic field is defined. The region beyond this is
the scrape-off layer (SOL). At the LCFS, the confined plasma is separated
from the non-confined plasma; therefore, the mathematical term separatrix
is sometimes used for it, see a sketch of the poloidal cross-section of the
Tokamak Experiment for Technology-Oriented Research (TEXTOR) in fig-
ure 1.1 (left). An important aspect is the impurity content in the plasma:
particles from the wall materials which enter the plasma and reduce the
plasma temperature and energy confinement. Initially planned to reduce
the number of impurity particles, a divertor concept was developed which
finally lead to another key observation (see below). In the divertor config-
uration, additional magnetic fields are applied at a specific location to move
the plasma strike-zone far away from the confined plasma. Due to the addi-
tional magnetic fields, magnetic X-points are formed at the position on the
separatrix where the poloidal magnetic field vanishes (figure 1.1 (right), set-
up of the Joint European Torus (JET)). At present, all large tokamaks have
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a divertor. In addition, most of the tokamaks have an elongated poloidal
shape as this brings further advantages in the energy confinement time.

DED 2 JPR 83458

limiter

SOL
TEXTOR pulse # 117943
0.5 \ RN R

confined
plasma

confined

plasma
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limiter Separatrix limiter

d 1 1
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Figure 1.1.: Poloidal cross-sections of the limiter tokamak TEXTOR (left) and the
divertor tokamak JET (right).

The Axially Symmetric Divertor EXperiment (ASDEX), a tokamak loc-
ated in Garching, Germany, was the first to make use of the divertor con-
figuration. In 1982, an important observation was made at ASDEX which
highlights the major advantage of a divertor over a limiter. At sufficiently
high plasma heating, a high-confinement mode (H-mode) was found [17-19].
Energy confinement time in H-mode is doubled compared to the formerly
known low-confinement mode (L-mode). H-mode is mainly observed at high
plasma heating on devices with divertors and is much less pronounced on
limiter machines. The increased energy confinement time is a result of a
strong transport barrier located at the plasma edge due to which a large
pressure gradient builds up, the so-called edge pedestal. Today, this is the
operational scenario foreseen for the next-generation tokamak experiment,



ITER [20], and for future tokamak-based fusion power plants.

Aside from the many technological difficulties, there are unsolved issues in
the physical understanding of processes in a magnetic confinement device.
The focus of this work is on transient, high wall loads due to edge localized
modes (ELMs), and furthermore on controlling this plasma edge instabil-
ity by usage of additional magnetic perturbations. ELMs appear during
plasma operation in H-mode and were found together with the H-mode on
ASDEX [19]. They result in pulsed, repeating losses of particles and energy
to the plasma-facing components, mainly in the divertor. Many types of
ELMs are known, differing in the dependence of repetition rate and strength
on parameters like the heating power. The most severe ones are of “type 17,
the large ELMs. In today’s tokamaks like JET, their heat flux to the divertor
easily reaches several hundred MW m~2 [21]. Although their heat pulses only
last for very short times of a few ms, this is a severe problem for the wall
material. As a comparison, the re-entry of a space shuttle causes a heat load
of about 10 MW m~2 on the protection tiles, which is currently the material
limit for steady-state heat loads. Such a value is also considered for future
fusion devices in steady-state operation. The reader is referred to [22-24] for
more details on ELMs themselves.

Different mitigation methods for ELMs are currently studied [25], all aim-
ing for an increase of the repetition rate of ELMs, expecting a corresponding
reduction in the energy loss per ELM. The application of resonant mag-
netic perturbations (RMPs) is one possible solution, and currently the most
promising one. Although successful usage has been demonstrated, the un-
derstanding of the physics involved lacks in many aspects.

This cumulative dissertation is structured as follows: Chapter 2 gives the
reader an overview on what RMPs are, describes existing approaches of pro-
ducing them, and discusses the current understanding of the effects on the
confined fusion plasma. Within that chapter, the general scientific context
of the publications in this dissertation is presented. The essence of the pub-
lications is presented in chapters 3 to 5. Each of the chapters focuses on a
specific aspect of RMP physics. The key questions investigated are:

e What is the impact of RMPs on ELM energy deposition? (chapter 3)

e Are there alternative methods for applying RMPs? (chapter 4)
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e Do RMPs have a negative effect on the fast ion confinement and there-
fore the performance of a fusion plasma? (chapter 5)

Finally, chapter 6 concludes the results of this dissertation.



2. Resonant magnetic
perturbations

Magnetic perturbations which are resonant with field lines in the plasma are
known as resonant magnetic perturbations (RMPs). The resonance condition
is fulfilled when the inverse winding number of the field lines, in tokamak
physics known as the safety-factor
1 1 By
=— ¢ =—4ds, 2.1

=9 J RB, (2.1)

corresponds to the ratio of the applied poloidal m and toroidal n perturbation

mode numbers:
m

|
R is the major radius of the torus, B; and B, the toroidal and poloidal
magnetic field components, and ds the line element in the poloidal plane.
The term RMP is mostly used if the perturbation is deliberately applied.
In a magnetic confinement device, several resonance conditions are usually
fulfilled due to the continuous g-profile. As will be seen below, the key
resonant perturbations are those in the edge region of the plasma near the

separatrix.

2.1. Methods of producing resonant magnetic
perturbations

A standard technique for producing such RMPs is the usage of external coil-
systems with a certain geometry to apply the required poloidal and toroidal
mode numbers. The main focus is often on low toroidal mode numbers,
usually in the range of 1 to 4. Although the general idea is always the same,
the design of such RMP coil systems differs a lot from device to device.
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Originally designed to suppress the intrinsic error field of misaligned tor-
oidal field coils, some devices like JET use large error field correction coils
(EFCCs) which are located outside of the vacuum vessel [26] to apply RMPs,
see figure 2.1. As a consequence of the large distance between the coils and
the plasma edge, a strong current of several tens of kA is required to achieve
an adequate perturbation of the plasma edge using such EFCCs.

R

IR divertor
observation

Plasma '

P

Divertor

= *——cFcc

Figure 2.1.: Sketch of an experimental set-up for EFCC experiments on JET. The
colours of the EFCCs indicate different current flow directions, here shown
for perturbations with toroidal mode number n = 2. On top of the machine,
an infra-red (IR) camera for the divertor observation (red) is shown. This
camera is viewing the divertor at the bottom of the machine.

The EFCCs at JET are designed to apply perturbations with toroidal mode
numbers of either n = 1 or n = 2, which defines the number of required coils.
In figure 2.1, the different colours indicate different current flow directions to
create n = 2 perturbations as used for the experiments discussed in [27, 28|
(chapter 3). An alternative is the usage of much smaller, also rectangular,
coils which are inside the vessel and therefore very close to the plasma. This
approach has been studied intensively on the DIII-D tokamak and is now also
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used on ASDEX Upgrade (AUG) [29]. It enables the usage of smaller currents
(only a few kA) while still achieving a comparably strong perturbation of the
plasma edge.

Another approach is the usage of helical, internal coils. In contrast to the
previously discussed principle, the coils are aligned parallel to field lines with
a defined ¢. It is possible to change the poloidal and toroidal perturbation
mode numbers while keeping the ratio constant by changing the current flow

direction in the different wires. Such a coil system aligned to ¢ = 3 was used
on TEXTOR, referred to as the dynamic ergodic divertor (DED) [30, 31].

Rotating
directional
probe

Figure 2.2.: Sketch of the TEXTOR geometry with the helical DED coils located on
the inner side. On the outer side, the rotating directional probe (red) is
shown at its measurement position in the SOL.

Figure 2.2 shows the DED, which is located at the high-field side (HFS)
of TEXTOR. The colours of the wires indicate the different current flow
directions for a perturbation with m/n = 6/2. A special feature of the
DED at TEXTOR is the ability to rotate the perturbation fields at various
frequencies and in different directions. By doing this, the effects of dynamic
perturbations on the plasma can be studied. Studies of the effects of such
perturbations on the losses of fast ions are discussed in [32] (chapter 5).

One aspect of this thesis is to show that such perturbations produced by
helical currents can also be applied using lower hybrid waves (LHWSs) [33]
(chapter 4). An advantage of wave-induced currents is the improved flex-
ibility compared to a hard-wired coil system with a fixed pitch angle. The
wave-induced currents flow along SOL field lines and follow changes in the
magnetic topology. Therefore, such currents are always kept in resonance
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with the plasma edge. The toroidal perturbation mode number is defined by
the number of available LHW guides at different toroidal locations. At the
Experimental Advanced Superconducting Tokamak (EAST), this approach
has been experimentally demonstrated [34, 35].

2.2. Modification of the magnetic topology

The application of RMPs results in the reorganization of the magnetic to-
pology into a new equilibrium state. The non-axisymmetric fields cause a
deformation of the plasma boundary, and their resonances inside the plasma
lead to internal kinking and magnetic reconnection processes, also known as
tearing. Due to this reconnection, magnetic islands are created on surfaces
at locations with a ¢ in resonance. On those flux surfaces, groups of islands
form which correspond in the number of islands in the poloidal and toroidal
directions with the poloidal and toroidal mode numbers of the resonance at
that location.

One method of visualizing the changes in the magnetic topology is a Poin-
caré plot. The simplest approach to model effects of RMPs on the plasma is
to superpose the axisymmetric equilibrium field with the additional perturb-
ation field. This is a vacuum approach as no plasma is considered, although
the field produced by the toroidal plasma current is included. Knowing the
total magnetic field B = (Bp, B, Bz), the field lines can be traced based on
the equations

dR Br
— = R— 2.3
dz By
— =R—. 24
i~ R, (2:4)

The crossing points of the field lines with the poloidal cross-section at a fixed
toroidal angle ¢ generate the Poincaré plot.

Figure 2.3 shows such Poincaré plots originating from vacuum modelling
for EAST. On the left, the reference case without RMPs is shown. Within
the separatrix (red line), nested flux surfaces (blue ellipses) can be seen. On
each of these flux surfaces, one field line was started and followed for 3000
toroidal turns. On the right, a case with RMPs is shown. The RMPs are
created by LHW-induced helical currents in the SOL as discussed above.

10



2.2. Modification of the magnetic topology

Figure 2.3.: Poincaré plots of the magnetic topology in EAST based on an equilibrium
for pulse number 29100 at 3.5s. The unperturbed equilibrium is shown on
the left and a case with additional perturbations on the right. Two chains
of magnetic islands at different rational surfaces are highlighted. The
intersection of the stable (red, solid) and unstable (red, dashed) manifolds
creates lobe-like structures.

11
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Here, a current of 0.5kA equally distributed across five current filaments
with a distance of 1cm from the separatrix is applied. In the core region,
most of the flux surfaces remain nearly unchanged, but two island chains are
clearly created. The islands are located at ¢ = 2 and ¢ = 3. The applied
perturbation has a dominant toroidal mode number of n = 1. This is why
we see the creation of 2/1 and 3/1 island chains; both of them are formed
by tracing only one field line each. Further outside at the plasma edge,
we observe a much stronger modification of the Poincaré plot. Some more
island chains are created, containing small and large islands. Furthermore, a
stochastic region is formed, seen by the dots that do not set up a surface or
island but cover a larger radially extended region. Focusing on the separatrix,
we also observe a strong deformation. The separatrix splits into a stable (red,
solid) and an unstable (red, dashed) manifold [36] which form the boundary
between the confined plasma and the SOL. The intersections of the two
separatrix manifolds form lobe-like structures which become longer if located
closer to the X-point. On the divertor targets, this appears as a splitting of
the strike-line, causing a redistribution of the energy deposition. Previously
untouched regions of the wall can come into contact with the plasma at these
locations.

RMP physics is focused on the plasma edge of magnetic confinement
devices. In that region, the effective perturbation (the perturbation field
normalized by the toroidal field, see equations (2.3) and (2.4)) is aimed to be
highest to achieve a strong stochastization. Within the stochastic region, the
radial transport is enhanced, which changes the plasma parameters [37-40)|
and may explain experimental observations like the heat redistribution [41],
modification of the edge electric field [42, 43], and the control of edge in-
stabilities [44-46].

Within the last decade, it has become clear that the magnetic topology
of a plasma in a tokamak cannot fully be described by the simple vacuum
approach. Especially, during the plasma operation in H-mode, additional
currents exist in the plasma or are created as a response of the plasma to the
applied external RMP fields. Many studies [47-51] have shown that these
plasma responses need to be considered in order to understand the ongoing
processes in a tokamak plasma in the presence of RMPs. The two main ef-
fects discussed are RMP field screening and resonant field amplification. In
addition, particle drifts in H-mode operation appear to have a strong influ-
ence [52]. Different ideas to improve the vacuum approach are discussed |52

12
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54| and new methods based on kinetic [55] and fluid modelling used [56-58|.
All these improved modelling approaches show an impact on the magnetic
topology in the edge and core regions leading to modified plasma transport.

2.3. Effects on edge localized modes

ELMs can lead to a severe problem for plasma-facing components due to
high energy fluences that they are exposed to, as mentioned in chapter 1.
Within the last decade, it has been shown that the energy loss per ELM
can be controlled by the application of RMPs [49, 59-61]. While decreasing
the energy loss of each ELM, an increase in the ELM frequency is observed,
which keeps the total energy lost over time constant [62|. Initial ideas held
the stochastization of the plasma edge directly responsible for the increased
thermal and particle losses which reduce the energy loss of a single ELM.
Other interpretations do require an external kinking of the plasma edge to
explain the increased ELM frequency [63]|. The currently most accepted ex-
planation is based on the influence of the RMP on the stability of the edge
instability via stochastization as well as internal and external kinking and
many accompanied effects of RMPs on the plasma parameters [64—66].

Up to now, a common understanding of ELM control with RMPs has
not been achieved. Experiments on the DIII-D tokamak show a resonant
window (certain edge safety-factor range) for which complete suppression of
the large edge instabilities is seen [67]. Elsewhere, on JET and AUG, such a
resonant window is not found |60, 61|. In contrast, on JET, a multi-resonance
effect has been observed [46] whereby the ELM frequency strongly depends
on the edge safety-factor. The experiments on AUG instead show a strong
dependence on the edge density: suppression of large ELMs appears to have
an edge density threshold. The edge density affects the collisionality of the
edge plasma, which is an important parameter in RMP physics.

The loss of confined energy gives a measure for the ELM size, but this
is not the crucial parameter for determining the impact on plasma-facing
components. Aside from convection to the target, radiation is a further
loss channel which needs to be considered; RMPs can affect both channels.
Within this dissertation, the energy arriving on the target is considered. If
the effects on the energy loss and frequency of ELMs are considered to be
macroscopic, this work focuses on microscopic effects which are seen in the
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2. RMPs

heat flux profile of an ELM pulse on the target. By doing so, detailed struc-
tures can be observed and compared with macroscopic observations to gain
a more complete picture of the ongoing processes when applying RMPs for
controlling ELMs. The effects on the heat flux profiles are studied by means
of infra-red thermography with fast cameras viewing the outer divertor from
top of the machine, see figure 2.1. The study of ELM heat load deposition
using fast infra-red cameras allows a two-dimensional view of the deposition
process, resolved in time and space along the radial axis. On many devices,
this has become a standard technique for studying energy deposition due to
ELMs [68-70]. It strongly contributed to the understanding of the ELM via
the observation of the natural stochastization |68], the study of its toroidal
mode number [71], and the finding of filamentation [70].

Observations of the ELM heat load deposition during RMP application
show a controlled splitting of the deposition profile [72]. Recalling the dis-
cussions about RMP effects on the topology, this appears not to be surprising
as strike-line splitting is expected, when applying RMPs. However, splitting
in the heat load deposition is only observed during the major ELM energy
loss but not in the phases between ELM pulses. This is understood as a con-
sequence of the plasma response: screening of the RMP field suppresses the
splitting. Within this work, it is studied whether the observed splitting of the
heat load deposition of an ELM behaves as predicted by the vacuum model
or needs consideration of further physical processes to be understood [28|
(section 3.2). Furthermore, the first evidence is presented that RMPs also
affect processes during the ELM itself seen on a long time-scale of up to 5ms
before the major ELM energy deposition appears [27] (section 3.1).

2.4. Drawback: degradation of the fast ion
confinement?

The confinement of high-energy fusion-born He-nuclei is an important aspect
for a self-sustaining burning fusion plasma. In the last two decades, it has
become clear that due to perturbations with high toroidal mode numbers as
caused by the ripple of the toroidal field fast ion losses are enhanced [73].
This leads to a loss of He-nuclei before they had a chance to thermalize and
contribute to the plasma heating. Such an energy sink is a critical aspect for
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2.4. Drawback: degradation of the fast ion confinement?

a fusion reactor: it reduces the plasma heating and increases the wall loads.
A key aspect for RMP physics is whether these losses can also appear due
to perturbations with lower toroidal mode numbers. Simple models predict
such enhanced losses due to RMPs [74-76|. However, up to now, these models
have used the vacuum assumption and miss the important contribution of the
plasma response, which will affect the results as discussed before. Whether
the plasma response will reduce or enhance the losses is difficult to predict
without performing improved modelling.

In terms of observations from RMP experiments, the research in this field
is still in its infancy. In current RMP experiments, mostly beam-induced
fast ions are studied, which means that either hydrogen or deuterium ions at
much lower energies than fusion-born He-nuclei are used. Some experiments
measure enhanced losses at one toroidal location and reduced losses at an-
other, whereas other experiments detect increasing losses only with strong
resonance of the perturbations in the edge |77, 78]. Equipped with the DED,
TEXTOR provides a large variety of magnetic perturbations to study their
effect on the fast ions. For the measurement of fast ion losses at TEXTOR,
a rotating directional probe [79] (section 5.1) is used, see figure 2.2. The
probe is inserted from the low-field side (LFS) into the SOL for measuring
co- and counter-going ions, and the amount of fast ions is determined from
the difference between the two directions. This allows for the detection of
fast ion losses along a radial profile covering the whole SOL at TEXTOR.
In agreement with previous observations, it is shown that a clear influence
on the fast ion losses is only seen at strong resonance [32] (section 5.2).
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3. Effects of resonant magnetic
perturbations on the
distribution of heat loads
due to edge localized modes

Over the last decade, the macroscopic effects of RMPs on ELMs have been
studied in detail and theories to explain their effects have been developed.
However, a full understanding has not yet been achieved. Especially, the
study of the actual influence on the target energy deposition was restricted
due to mechanical issues in the past. After a significant improvement of the
infra-red viewing systems of the world’s largest tokamak JET, this important
aspect can now be studied.

3.1. Dynamic structures prior to an edge
localized mode crash

As part of this dissertation, an extensive view into the dynamic ELM process
during application of RMPs has been achieved. Dynamic structures are
found to appear before the ELM energy deposition and have been observed
to have an effect on it [27]. The observation of such structures prior to an
ELM crash has never been reported before. In the following, a detailed
summary of the study is presented:

Applying RMP fields above a certain strength (at JET: [lgpcc > 2.5kA
(x16 turns), in n = 2 configuration) leads to a significant modification of
the heat deposition on the outer divertor target. Several ms before the ma-
jor energy deposition of an ELM appears, structures propagating radially
outward are seen. These structures form either near the original strike-line
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3. Effects of RMPs on the distribution of heat loads due to ELMs

or at a distance of up to several cm away from it, depending on the plasma
configuration. The distance depends on the magnetic topology, experiment-
ally controlled by the edge safety-factor. Additionally, the propagation speed
of the structures is found to be altered at different edge safety-factors. A
relatively slow propagation between 7ms™! to 20ms™! is observed.
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Figure 3.1.: Two ELM crashes during the application of RMPs are shown: time-traces
of the heat flux profile on the outer divertor target (a), electron temper-
ature at the plasma edge (b), and intensity of the D, and Be Il emission
light (c). Reprinted with permission from [27]. Copyright 2014, Euratom.

These structures appear as several parallel lines in the heat flux profile
and propagate until the major energy deposition of the ELM reaches the
target, see figure 3.1 (a). The ELM deposition profile shows increased heat
fluxes at the locations of the structures, which indicate that these pre-ELM
structures directly affect the final ELM heat deposition. In some cases, a
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3.1. Dynamic structures prior to an ELM crash

few of the structures even seem to continue to propagate during the major
ELM energy deposition on the target, causing large heat fluxes.

A statistical analysis of the creation time of the pre-ELM structures with
respect to the major energy deposition of the ELM gives a time delay of
about 3ms. This is much longer than any ELM time-scale known before.
Due to this long delay it appears impossible to understand the pre-ELM
structures as rotating ELM filaments, which are reported to have a fast
radial motion from 0.5 kms™" to 2km s~ [80] and therefore much shorter life-
times. However, ELM filaments in the presence of RMPs are rarely studied
and their involvement cannot be fully excluded. A possible slowing-down of
the filament’s rotation due to RMPs has not yet been investigated.

The pre-ELM structures are also accompanied by additional effects shown
through different plasma parameters. There is a drop in the edge electron
temperature when the pre-ELM structures are created (figure 3.1 (b)). This
drop recovers while the pre-ELM structures are propagating until the ELM
crash appears, which strongly reduces the edge electron temperature. In ad-
dition, there is an increase in the ion influx (seen via the D,, signal) when the
pre-ELM structures are created, which also disappears after a short period,
see figure 3.1 (c¢). In contrast, the Be II light emission from the divertor
target does not show such an increase when the pre-ELM structures are cre-
ated. The Be II light is only emitted during the ELM crash itself. These
experimental observations are a strong indication of the origin of the heat
flux creating the pre-ELM structures. High-energy particles would also cause
the Be II signal to peak, which is not the case. Therefore, only low-energy
particles seem to be involved in this process.

A probable explanation for the observations is a reconnection process
which leads to the formation of the observed structures. The stochastiz-
ation of the plasma edge, caused by the reconnection process, would lead to
the loss of fast electrons, seen by the drop in electron temperature and the
increased D,, signal with no effect on the Be II emission. Furthermore, the
loss of electrons can start a self-amplification process of thermoelectric cur-
rents as suggested by Evans [81], which finally results in the ELM crash. For
testing this hypothesis, the thermoelectric current model [82, 83| has been
applied and compared to the experimental data. A good qualitative agree-
ment was found, which further supports the hypothesis. In the next step,
measurements of the thermoelectric currents are required; but those are bey-
ond the capabilities of JET and need to be performed elsewhere, such as at
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3. Effects of RMPs on the distribution of heat loads due to ELMs

AUG.

This new finding strongly extends the understanding of ELM control by
RMPs: although RMPs lead to an increased ELM frequency, some processes
occur which are very slow compared to ELM time-scales. It appears that due
to the RMPs, different processes decouple. Future experimental results on
other devices will allow further understanding by studying this effect under
conditions that are not achievable on JET. All this contributes to the further
development of theories for the understanding of RMP ELM control.

3.2. Heat load splitting during the major
energy deposition

The recent experiments with RMPs on JET enabled the further study of the
previously found heat load splitting, during the ELM crash, on the DIII-D
tokamak [72]. It is observed that theoretical predictions made, based on the
DIII-D results, do not hold for the findings on JET and need further refine-
ment. The experimental study and its theoretical explanation [28] performed
as a part of this dissertation are summarized below:

Uncontrolled type-I ELMs show a random heat deposition on the divertor
target during their crash [71]|. Taking an average over a large number of these
ELMs results in a smooth radial decay of the heat load along the target. In
contrast, ELMs in the presence of RMPs appear to have radially predefined
locations for the heat deposition. If RMPs are applied, the averaged heat de-
position profiles, under the same conditions, show preferred heat deposition
at distinct radial positions. This distinct heat deposition can be described
as splitting during the ELM crash in reference to strike-line splitting during
L-mode operation. The structure of the splitting changes when the magnetic
topology varies, for instance by a difference in the applied perturbation field
or a changed edge safety-factor of the plasma.

At different perturbation amplitudes modifications are observed which can
be quantified as a change in the amount of splitting. Three distinct regions of
high heat flux are seen at the measurement position for the case with n = 2
perturbation fields, see figure 3.2 (left). If the perturbation strength increases
by a factor of 7 (solid — dashed), the radial distance of the first region from
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Figure 3.2.: Conditional average of the ELM heat load profile at different perturbation
amplitudes (left) and different edge safety-factors (right). Reprinted with
permission from [28]. Copyright 2014, Euratom.

the second increases only by a small amount, but the outermost peak is
shifted outward by several cm and its amplitude is decreased. Such a change
in splitting is not predicted by the vacuum approach if increasing perturba-
tion amplitudes are considered. Instead, the vacuum approach predicts a
modification of the amount of splitting, if different edge safety-factors are
studied. This trend was experimentally confirmed for the splitting during
the ELM heat deposition. A modification of the edge safety-factor by 15%
results in a clear change of the splitting by about 1.5 cm, see figure 3.2 (right).

This observed splitting may indicate that the ELM locks to the externally
applied perturbations. However, the detailed studies of the time-resolved
heat flux profiles show a remaining, slow movement of heat flux structures
during the ELM heat deposition. This indicates that the ELMs are not
locking to the external perturbations in those experiments, which appears to
be in contrast to previous reports [72].

Summarizing the experimental observations, it can be stated that some
of the observed features agree with the prediction of the vacuum approach
whereas others disagree. For a better understanding, the magnetic topology
for two ELM crashes at different perturbation strengths is modelled based
on the vacuum approach (see section 2.2) and compared to experimental
observations. The predictions indicate the correct trend, but a precise com-
parison at the measurement location shows a strong discrepancy between
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measurement and prediction: a much smaller splitting is predicted than ex-
perimentally found.
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Figure 3.3.: Comparison of the experimental heat flux profile (solid) with the predicted
field line penetration depth, 1 — 1in, of the thermoelectric current model
(dashed) during the peak heat deposition of one ELM. Reprinted with
permission from [28]. Copyright 2014, Euratom.

Previous publications [82, 83] have demonstrated that consideration of
additional thermoelectric currents explains the heat deposition of standard
type-I ELM. This provides motivation for also applying the thermoelectric
current model to controlled ELMs in the presence of RMP fields. Application
of this extended model results in a good qualitative agreement between the
experiment and predictions, see figure 3.3. For a quantitative comparison
more advanced plasma transport models need to be considered, which is
beyond the scope of this work.

One remaining question is: why is different behaviour seen for the experi-
ments on DIII-D and JET? The essential difference between the experiments
performed at DIII-D and those at JET discussed here, is the collisionality
of the plasma. The experiments at JET discussed here have a three times
higher electron collisionality at the pedestal. This seems to lead to the in-
volvement of further physical processes, meaning the experimental findings
can not longer be explained using the simple vacuum approach.

These findings are of high importance for future experiments at larger
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3.2. Heat load splitting during the major energy deposition

devices where much higher heat fluxes are expected to the targets. Due
to the fact that a much larger strike-line splitting is observed than initially
predicted by the simple vacuum approach, severe damage can occur if re-
gions which are not prepared for such heat loads come into contact with the
plasma. Therefore, it is crucial to consider an improved model — including
thermoelectric edge currents — to predict the expected strike-line splitting.
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4. An alternative method for
applying resonant magnetic
perturbations

Experimental observations at EAST show strong evidence that LHWs are
able to create RMPs. This is seen through splitting of the outer strike-line
and the successful control of ELMs while LHWs are applied [34]. Further-
more, the hypothesis is strengthened by the detection of non-axisymmetric
currents, using external pick-up coils. For a further understanding of the fea-
tures of such wave-induced RMPs, a theoretical study has been performed
as a subject of this dissertation [33]. A detailed summary follows:

The LHW-induced RMPs are assumed to create helical current filaments
in the SOL, experimentally seen via helical radiation belts. Vacuum model-
ling (see section 2.2) of magnetic field lines in the SOL confirms that such
radiation belts are field-aligned. When field lines are initiated in front of the
LHW antenna rows, their traces match the experimentally observed radiation
belts, proving that the latter are field-aligned.

In the next step, a current flow along these SOL field lines is considered.
The magnetic field generated perturbs the axisymmetric equilibrium and
results in a changed magnetic topology (see figure 2.3). This changed mag-
netic topology shows a splitting of the separatrix into stable and unstable
manifolds, confirming the experimentally observed strike-line splitting.

The results of the model depend on four parameters which are studied in
detail to gain a quantitative understanding of the physics involved. These
parameters are: the amount and direction of current flow, the distance of
the current filaments from the LCFS, and the spacing between two helical
current filaments. The aim in studying these parameters is also to reduce
the number of free parameters by understanding their correlations based on
experimental measurements.
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It is shown that the amount of current flowing through the helical cur-
rent filaments affects the degree of stochastization of the plasma edge and
the length of lobes created by the intersection of the stable and unstable
separatrix manifolds, see figure 4.1. The length of the lobes also affects the
strike-line splitting seen on the target. A quantitative study of the relative
change in lobe length with current, measured in poloidal flux, shows a non-
linear increase in the length. Therefore, simple predictions of the expected
lobe length are difficult and a detailed modelling is required.

[-05kA,d=10mm [-15kA,d=-10mm

Figure 4.1.: Connection length of the magnetic field lines representing the changes
in the magnetic topology depending on the applied perturbation strength:
0.5 kA (left) and 1.5 kA (right). The colour code represents the connection
length L and the black markers indicate the location of the helical current
filaments. The unperturbed separatrix is shown in red. Reprinted with
permission from [33]. Copyright 2014, Euratom.

The current flow direction can be measured experimentally, observed in the
same direction as the plasma current in the performed experiments. How-
ever, one interesting aspect is the behaviour of the strike-line splitting when
the current flows in the opposite direction to the plasma current. The model
predicts a significant shrinking of the strike-line splitting and the rearrange-
ment of regions which are touched by field lines with a large penetration

26



depth. These regions with a large penetration depth are expected to show a
stronger heat flux deposition than other regions. Therefore, the knowledge of
the detailed structure of the strike-line splitting is important for preventing
damage during the experiments.

The distance of the current filaments from the LCFS affects both the
effective perturbation to the plasma, and the near-field effects on the strike-
line splitting. If the helical current filaments are located far from the LCFS,
they act as only one filament carrying all the current. Consequently, sub-
structures in the footprints vanish and the experimentally expected heat flux
appears more localized. This prediction can be understood by calculating
the perturbation spectra: the effective perturbation of high poloidal mode
numbers strongly decreases if the distance is increased.

The fact that both the current amplitude and the distance of the filaments
from the LCFS, have an impact on the effective perturbation indicates that
these parameters are not independent. A comparison with experimentally
determined fields measured by pick-up coils shows that both are coupled.
The dependence can be investigated by comparing the current amplitude
to the distance of the filaments from the LCFS while keeping the effective
perturbation constant at the same point.

Studying the spacing of helical current filaments shows a similar effect as
observed by changing the distance of these from the LCFS. An increased spa-
cing allows the sub-structures in the footprints to become more pronounced
and creates a more equal distribution of the heat flux on the target. A
perturbation spectrum analyses showed that with an increased spacing, the
effective perturbation at higher poloidal mode numbers also increases.

The comparison of model predictions with experimentally measured heat
and particle fluxes at different toroidal locations results in qualitative agree-
ment. In conclusion, it can be said that the agreement of the radiation
belts with the location of the helical current filaments, the agreement of the
measured magnetic signals with the predicted ones, and the agreement in the
particle and heat flux profiles strongly support the model assumptions. Con-
sequently, it can be stated that the model correctly describes the underlying
physics of LHW-induced RMPs.

The developed model greatly improves the theoretical understanding of
the physics of LHW-induced magnetic perturbations. Applying the model to
EAST experiments helped to explain the experimentally found splitting [34]
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and its relative heat distribution between the different strike-regions in de-
pendence on the ion flux [35]. Using this model, the study of the edge safety-
factor dependence of the perturbation spectrum is possible. This demon-
strates the outstanding feature of wave-induced RMPs: that they are always
resonant with the edge magnetic field, as required for a strong effect on the
plasma edge. It makes the LHW-induced RMPs a promising new tool for
future devices.
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5. A possible drawback of
applied resonant magnetic
perturbations on the fast ion
confinement

5.1. Assessment of a feasible measurement
technique

The study of fast ion losses in non-axisymmetric magnetic fusion devices
requires suitable diagnostics which can deal with the special conditions. As
part of this dissertation, a flexible Langmuir-probe-based diagnostic has been
developed and assessed [79]. In the following, the solutions and the features
of the diagnostic are summarized:

One important aspect to consider when measuring physical quantities dur-
ing the application of RMPs is their local variation due to these perturba-
tions. A key role when discussing fast ions is the pitch angle of the field lines
which influences the fast ion propagation. As a consequence of the radially
dependent safety-factor profile in a tokamak, the pitch angle changes with
the radial position and is further perturbed due to the RMP fields. There-
fore, a diagnostic for the fast ion loss detection has been developed which
diagnoses the correct pitch angle at any radial position in order to measure
the physical quantities correctly.

The developed rotating directional probe is based on Langmuir probe ar-
rays, which are biased to a negative voltage for measuring the ion saturation
current. The probe head is equipped with two such arrays, facing in opposite
directions, see figure 5.1. This is a requirement for being able to measure
the fast ion losses because their velocity distribution is non-isotropic. The
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segments

Figure 5.1.: Picture of the probe head showing nine Langmuir probe pins labelled with
T1, T2, T3, .... The same number of Langmuir probe pins are located
on the opposite side (B1, B2, ...). Reprinted with permission from [79].
Copyright 2013, Euratom.

probe head is installed on a fast manipulator; the fast reciprocating probe at
TEXTOR. This gives the ability to quickly move the probe into the SOL,
rotate, and retract it. The quick movement is needed to reduce the heat load
on the probe head and avoid damage. The measurement while rotating is the
key feature of the probe as this allows the exact detection of the pitch angle
and consequently the correct measurement of the ion saturation current.

The angularly resolved ion saturation current, which is measured by each
Langmuir probe, peaks where the particle flux is normal to the Langmuir
probe surface. At that angle, the current density from the two opposite facing
probe pins can be determined as jo, and jct,, with “Co” and “Ctr” giving
the flow direction parallel and anti-parallel to the plasma current direction,
respectively. Assuming a thermal distributed plasma flow in the SOL without
any fast ion losses, both current densities are identical. Having a certain
number of fast ions contributing to the total current density measured on one
side, this can be detected by taking the difference between the two current
densities:

jloss = jCo - thr . (51)

For studying the fast ion behaviour on TEXTOR, neutral beam injection
(NBI) is used to introduce ions of up to 50keV into the plasma. Initial
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Figure 5.2.: Radial profiles of the ion losses measured for different plasma currents. A
reference case without beam induced ions is shown by the stars. Reprinted
with permission from [79]. Copyright 2013, Euratom.

experiments using this probe showed a good performance by confirming well
known features of fast ion losses without applied RMPs. It is known that
the poloidal field produced by the plasma current has a strong impact on the
fast ion confinement. At high plasma current the fast ions are well confined,
but at low current, they are easily lost. The study of different stages of
plasma current shows a clear influence on the detected losses as predicted,
see figure 5.2.

Due to the usage of many Langmuir probes along its radial axis, the ro-
tating directional probe allows for a detailed study of the radial decay of fast
ion losses. This is seen as a smooth, nearly linear decrease in the outward
direction. Furthermore, the availability of time-dependent data from differ-
ent radial positions enables a radial correlation of the ion saturation signal.
The radial correlation can be used to measure the propagation speed in the
radial direction of losses or other events in the SOL.

5.2. Experimental results

The correlation of the probe signals from the different radial positions with
the signal from the foremost probe pin shows a clear difference in behaviour
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for the measured losses from the co- and counter-directions. The correlation
found for the counter-direction has a much larger radial extent. This is a
consequence of the losses from beam-induced fast ions, which only occur
in the co-direction and impact the radial correlation of the thermal ions.
It further supports the suggested measurement method for fast ion losses
discussed above.
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Figure 5.3.: Dependence of the fast ion losses on the plasma position, given as dis-
placement AR of the magnetic axis with respect to the geometrical axis.
The fast ion losses (top) and the toroidal field ripple (bottom) are shown.
Reprinted with permission from [32]. Copyright 2014, |OP Publishing Ltd.

Before studying the influence of RMPs, some basic features of the beam-
induced fast ion losses are assessed. These are: the dependence of the number
of injected beam particles, the role of the radial plasma position, and the in-
fluence of the injection direction. The investigation of different amounts of
injected beam particles shows a clear effect on the fast ion losses. For a
greater fast ion content in the plasma, stronger losses are detected, which is
in line with the general understanding. No clear effect on the fast ion losses
can be found if considering different injection directions of the beam ions.
Although a small trend for increased losses in a fully co-injected plasma is
detected, the losses remain for both injection directions in the co-current
direction. As a consequence of the radial decay of the fast ion losses, the
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distance of the probe from the LCFS appears to be an important aspect.
Figure 5.3 shows the measurements during a radial position scan of the
plasma. Measurements at three distinct locations are plotted against the
radial displacement AR with respect to the geometrical axis. Additionally,
the toroidal field ripple d seen at the LCFS is plotted. A clear dependence
of the detected losses on the radial displacement is found, and at the same
time, a strong change of the toroidal field ripple is seen. A simple radial shift
of the loss profiles does not explain the differences detected. In addition, the
improved fast ion confinement due to the smaller toroidal field ripple needs
to be considered.

Many different perturbation modes of the DED have been studied in order
to obtain a broad view of the effects of the RMPs on fast ions. These include
static and rotating perturbations. Indications are found that ion losses are
greatest with static perturbation at the maximum perturbation strength with
toroidal mode number n = 1. However, such an effect is not verified with
n = 2 perturbations. The application of rotating perturbations in co- and
counter-directions does not show any effect on the losses. Even a study of
the high-frequency modulations of the signal does not indicate effects of the
rapidly changing perturbation field on the ion losses.

A strong influence on the fast ion losses is found when investigating the
edge safety-factor dependence by changing the strength of the toroidal mag-
netic field, see figure 5.4. A certain scatter is observed in the fast ion losses
(grey region) if scanning By without applying RMPs but no clear depen-
dence is seen. Once the perturbations are added, the situation changes and
a clear drop in the losses is found for By = 1.3'T, which corresponds to a
small ¢, ~ 4. At the same time, an increase in the central plasma rotation
from 6.2 kHz to 7.8 kHz is observed. Such an increase in plasma rotation also
leads to improved confinement. Considering this, the drop in the fast ion
losses appears reasonable, although it is not the only possible explanation.
An alternative interpretation is suggested by findings from AUG, where at
one toroidal location a strong increase and at another toroidal location a
strong drop was observed when applying RMPs.

On TEXTOR, measurements at different toroidal locations to further
study the possibility of a toroidal dependence of fast ion losses on RMPs
are not possible due to technical limitations. Here, a theoretical study is
required in order to gain further understanding. Modelling will also help to
qualify the toroidal range seen by the directional probe measurements along
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5. A possible drawback of applied RMPs on the fast ion confinement
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Figure 5.4.: Radial profiles of the ion losses measured for different toroidal fields. The
reference cases without RMPs are shown in grey. Reprinted with permission
from [32]. Copyright 2014, IOP Publishing Ltd.

the radial profile. A second important aspect is that clear influences are only
detected at strong resonances of the RMPs with the plasma edge magnetic
field. This is in agreement with findings on another device, K-STAR [77].
There, no effect was seen when the resonance condition in the plasma edge
was not met, but strong effects were observed under resonant conditions.

Although more investigations are needed for a full understanding of the
involvement of RMPs in the process of fast ion losses, this work [32] is a
step towards a better understanding. It is the first and only study providing
measurements of fast ion losses in the presents of RMPs on TEXTOR. The
results give a good basis for further theoretical studies. Especially, the reduc-
tion of the fast ion losses due to RMPs is of high interest for the community
and needs further investigations.
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6. Conclusions

This thesis focuses on the impact of resonant magnetic perturbations (RMPs)
on transient energy losses from plasma edge instabilities, often called edge
localized modes (ELMs). This topic is of high importance for the next gen-
eration of magnetic confinement fusion devices where strong transient en-
ergy losses towards plasma-facing components are expected to cause material
damage through overheating or cracking. The use of RMPs is a promising
technique for preventing such damage. Furthermore, in this thesis, a new
approach for producing such RMPs using electro-magnetic waves is stud-
ied theoretically. Finally, motivated by the importance of sufficient fast ion
confinement, the influence of RMPs on fast ion losses is investigated.
These studies show that due to RMPs, a process is started early
during an ELM which enhances energy and particle transport to
the target for a duration much longer than previously known. This
process is observed as radially propagating structures in the heat depos-
ition profiles, prior to the major ELM energy deposition. The first evid-
ence presented, shows that the final deposition profile caused by the ELM is
formed based on these pre-ELM structures. Modifications to the major ELM
heat deposition pattern due to RMPs are studied. They strongly depend on
the plasma and perturbation parameters. It is found that these modifications
caused by RMPs cannot be explained by a simple vacuum approach. There-
fore, a thermoelectric current model, extended for the usage with RMPs; is
applied. Predictions of the thermoelectric current model presented in this
thesis show a qualitative agreement with the experimental measurements for
pre-ELM structures as well as for the major heat deposition of an ELM. This
demonstrates the important role of additional currents in the plasma edge
during ELMs. For further, quantitative studies, the use of more complex
transport models, which also consider cross-field diffusion, is suggested.
The theoretical study of wave-induced RMPs demonstrated their
capability of substituting RMPs created by coils. A model predicting
the effects of RMPs induced by lower hybrid waves (LHWSs) is developed and
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6. Conclusions

discussed, and its predictions are compared to experimental studies. Helical
currents in the scrape-off layer (SOL) created due to the electro-magnetic
waves replace the coils. The model demonstrates the larger flexibility of the
wave-induced perturbations compared to current techniques. Perturbation
fields created with such an approach are always resonant with flux surfaces
in the plasma edge as required for a strong enhancement of the plasma edge
transport. This is a consequence of the wave-induced currents as they flow
along field lines in the SOL near the plasma edge. These SOL field lines have
a similar pitch to the field lines in the plasma edge and therefore are resonant
with them. Predictions of the model can explain experimental results from
ELM control and heat redistribution studies.

The investigation of the effects of RMPs on fast ion losses at the
limiter tokamak TEXTOR. does not show significant drawbacks of
RMPs. For the purpose of the study, a feasible probe that can deal with
the modified topology due to applied RMPs has been assessed and a suitable
analysis technique developed. The major improvements of the new probe
compared to existing designs are: the simultaneous measurement at differ-
ent radial locations, and rotation during the measurement, for detecting the
correct pitch angle with high accuracy. Over a wide range of perturbation
parameters, no effect of RMPs on fast ion losses is seen. In the course of
the studies, perturbations with different modes, amplitudes, and rotation
frequencies and directions have been applied. It is shown that fast rotat-
ing perturbations do not have an additional impact on the fast ion losses
compared with static perturbations. Only under conditions with strong res-
onance in the plasma edge is an impact of the applied static RMPs on the
fast ions found, which confirms recently published observations from other
devices. In contrast to previous observations, the fast ion confinement ap-
pears to be improved due to RMPs.
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Abstract

Resonant magnetic perturbation experiments at JET with the ITER-like wall have shown the formation of radially propagating
pre-ELM structures in the heat flux profile on the outer divertor. These appear a few milliseconds before the major divertor
heat load, caused by type-1 edge-localized modes (ELMs). The formation of the pre-ELM structures is accompanied by an
increase in the D, emission. For some pronounced examples, the propagation appears to end at the positions where an increased
heat load is seen during the ELM crash a few milliseconds later. These observations are presented and discussed along with a
comparison of a thermoelectric edge currents model.

Keywords: edge-localized modes, resonant magnetic perturbations, divertor heat loads

(Some figures may appear in colour only in the online journal)

1. Introduction

The edge-localized modes (ELMs) which appear in high-
confinement mode (H-mode) plasmas are one of the major
topics of fusion research since they were first discovered at
ASDEX [1,2]. ELMs lead to fast periodic losses of heat and
particles, causing strong increases in the heat flux to the target
plates. Uncontrolled type-I ELMs could cause severe damage
to the plasma-facing components in large-scale fusion devices,
such as ITER [3]. Therefore, a full understanding of ELMs is
crucial. ELMs have been studied from various directions, e.g.
magnetic signals of magnetohydrodynamic (MHD) behaviour,

# See the appendix of Romanelli F. et al 2012 Proc. 24th IAEA Fusion Energy
Conf. (San Diego, CA, 2012). doi:10.1088/0029-5515/53/10/104002

0029-5515/14/072004+06$33.00

heat loads on the divertor targets, release of particles to the
scrape-off layer (SOL), and changes to the topology of the
plasma edge. Over the last decade, the understanding of
ELMs has greatly increased and ELMs are now associated
with a non-axisymmetric energy deposition [4], filament-like
structures [5] and thermoelectric edge currents [6]. However,
the dynamics of ELMs are still not fully understood.

One of the most promising techniques to control ELMs
is the use of non-axisymmetric magnetic perturbation fields
[7-10], commonly applied as resonant magnetic perturbations
(RMPs). Fast infra-red thermography [4, 11, 12] is used on
ASDEX Upgrade, DIII-D and JET as the key diagnostic for
the study of ELM heat loads on the divertor plates when RMPs
are applied. Elsewhere, the MAST tokamak uses a fast visible

© 2014 EURATOM  Printed in the UK
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Figure 1. Changes of the divertor heat loads without (a) and with RMPs (b) during the H-mode phase with a plasma current /, = 1.4 MA, a
toroidal field B, = 2.2T, and an edge safety factor gos = 4.0. Pre-ELM structures are observed (marked by the ellipses). The white stripe in
the heat flux plots indicates the gap between two stacks of the new JET divertor and the colour code gives the heat flux on a logarithmic scale.

light camera for the observation of topology changes in the
near X-point region and for filament studies [13, 14].

An RMP ELM control experiment has been performed on
JET with the new ITER-like wall, which contains a beryllium
main chamber and a tungsten divertor [15]. The error field
correction coils (EFCCs) [16] are used for the application of
RMP fields to the plasma. During the last shut-down, the
power supplies of the EFCCs have been upgraded to provide
a current of up to 6 kA, twice as much as before [9]. In this
experiment, ann = 2 RMP field with an EFCC current of 5 kA
has been applied. This EFCC current corresponds to a total
current of 80kAt as the EFCCs have 16 turns each. For the
study of the divertor heat load patterns, an upgraded infra-red
thermography system [17, 18] has been used. The quality of
the thermography data is enhanced with the ITER-like wall as
the deposition of carbon layer on the divertor is no longer an
issue [19].

The experiments show pre-ELM structures that are seen as
a change in the divertor heat load pattern. A few milliseconds
before a large heat flux, caused by the ELM, reaches the outer
divertor plates, a footprint structure is formed near the pre-
ELM strike-line position. This grows radially outwards until
the major ELM heat pulse appears on the divertor plates. The
structure then vanishes after the ELM. The time-scale of this
footprint pattern development is large compared to the usual
rise time of the ELM heat pulse (in the order of 100 us).

This letter focuses on the observation of the pre-
ELM structures. These are of importance and interest for
the understanding of the dynamic processes during ELM
events and their control mechanisms by RMPs. A possible
mechanism that could lead to the formation and propagation
of such pre-ELM structures is discussed.

2. Experimental observation

In figure 1 a comparison of the divertor heat loads with (b)
and without (a) applied RMP fields is shown. Both plots show
the heat flux deposition on tile 5 of the outer divertor for the
duration of two ELMs (see figure 5 for reference to the JET
geometry). The change of the radial position of the strike line
between the non-RMP and RMP case is caused by the applied
EFCC fields and the shaping control during the discharge. For
the case without RMPs we observe standard type-I ELMs, as

50

reported many times before [12, 20]. The ELM crash leads to a
strong increase of the heat flux to the position of the pre-ELM
strike line and comes with a burst of particles deposited along
the divertor plate in the radially outward direction.

The case with applied RMPs is different. It clearly shows
the appearance of a pattern in the period between two ELM
crashes (marked by ellipses). These structures continue up
to the major heat pulse at the ELM crash. In the case of the
applied RMP field, the pre-ELM structures are observed to last
for several milliseconds. The standard type-I ELM shows an
indication of a pre-ELM structure, but with a much shorter
lifetime.

Figure 2 shows two ELM periods during the RMP phase.
After each ELM crash the heat flux to the divertor plates is
strongly reduced. During that time the pedestal temperature
and density recover. In the presented measurement, about 5 ms
before the next ELM crash occurs, the heat load at the strike
line increases to about 10 MW m~2. Slightly after the increase
of the strike line heat load, the above-mentioned footprint
structures are created, followed by a reduction of the heat load
onto the original strike line by a factor of two. The pre-ELM
footprint structures are seen as lines in the time trace of the
divertor heat load (2.76m < R < 2.79m). The position of
these footprint structures is not constant in time, but moves
radially outward. Most of the lines are created at a radial
position of 2.76 m & 1 cm, with a distance of about 4cm to
the pre-ELM strike-line position. The radial speed of the
structures along the divertor target can be determined to be
approximately 20 m s~!. They continue until the major ELM
heat pulse reaches the divertor plates. Compared with typical
ELMs at JET, the heat load patterns of these ELMs show a
split nature. The main heat load is not only deposited at the
pre-ELM strike-line position but also comparable high heat
fluxes can be observed at different radial positions [21,22];
especially at those positions where the pre-ELM structures end
or will be expected if continuing with the same propagation
speed (e.g. t = 14.8424s at R = 2.788m; t = 14.8535s at
R = 2.78m and R = 2.795m). See also figure 1(b), e.g.
t=15043sat R =2.74m;t = 15.058sat R = 2.759m. In
contrast, the pre-ELM structures in figure 1(b) start from/close
to the original strike line (further details below). Whether
this finding is of general nature or is taking place only under
special conditions needs further investigation focusing on this
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Figure 2. Time trace of the measured heat load pattern on the outer
divertor target tile 5 (a) during the application of RMPs

(I, =14MA, B, = 1.7T, qos = 3.2). In addition, a time trace of
the electron temperature at normalized poloidal flux ¢ = 0.84 (b)
and the intensity of the D, and Be i1 emission light (¢) are shown.

interested phenomena also including diagnostical details of
such a infra-red system in snap-shot mode.

At the first increase of the heat load at the pre-ELM
strike-line (vertical dashed lines), the D, emission shows an
additional peak in the phase between two ELM crashes. After
the formation of the pre-ELM structure, the emission decreases
again until the pedestal crash due to the ELM. The crash of the
pedestal finally brings a strong edge temperature loss and the
process starts again.

A comparison of the D, and Be 11 light emission from the
outer divertor plate during this phase shows that the pre-ELM
structures only cause an increase of the D, emission. The Ben
emission stays unaffected by the structures and increases only
due to the major heat pulse caused by the ELM crash. This
indicates that no highly energetic particles are ejected during
the pre-ELM heat load increase. This feature can be used for
the detection of pre-ELM structures and a statistical analysis
of their appearance time with respect to the following ELM
crash is seen in figure 3.

The analysis uses the Ben emission light for the ELM
crash detection by locating the time windows in which the
emission light peaks (occurrence of ELM crash), and the Dy
emission light for the pre-ELM and ELM crash peak detection.
In the analysis, 333 pre-ELMs are considered which appeared
during the application of RMP with Igrcc = 5KA in a gos
range of 3.1-3.5. In that limited gos range, no dependence of
the appearance time of the pre-ELM structures on g5 could be
found. The ELM frequency is approximately 100 Hz during
the analysed time windows. The analysis shows that the pre-
ELM structures appear on average 2.7 ms before the ELM
crash, with a standard deviation of 0.8 ms.
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Figure 3. Statistical analysis of the appearance time of the pre-ELM
feature with respect to the associated ELM crash.

The propagation speed of the pre-ELM structures is found
to vary between 7 and 20 m s~!. The separation of the created
structure to the pre-ELM strike-line position is less than 2 cm
when the propagation speed is low and increases to about
4 cm when the propagation speed is high. The experiments
performed, covered gos from 3.1 to 4.5, where no clear gos
dependence was found regarding distance to pre-ELM strike-
line position and propagation speed. Throughout the study, no
pre-ELM structures on the outer divertor target were observed
below an EFCC current of about 2.5kA. A similar threshold
is found for ELM mitigation in the experiments presented
in [21]. If the EFCC amplitude increases above this value,
a strong increase in the ELM frequency is seen. At the same
time, measurements of the plasma response show a change
from a linear to a non-linear response to the applied magnetic
perturbation. A threshold behaviour was also recently found
on MAST [14] dealing with the effect of RMPs on the topology
change in the near X-point region. All three observations
are made under different conditions and further quantitative
analysis is needed before conclusions can be drawn.

3. Pre-ELM structures versus radially propagating
ELM filaments

The ELM event can be described as a MHD mode in the
plasma edge which becomes non-linearly unstable causing an
explosion of particles from the plasma edge to the SOL [23].
ELM:s are accompanied by filaments which are created in the
plasma edge region during the ELM onset. These filaments
separate from the plasma when the ELM crash occurs and
propagate radially outwards until they hit the first wall [24].
Analysis of data from different sized tokamaks has shown that
the ELM filament propagation speed is typically in the range of
0.5-2km s~! [25]. A standard JET plasmahas aradial distance
to the first wall of about 5-10cm at the mid-plane. The time
the ELM filament spends in the SOL, before interacting with
the wall and collapsing, is therefore in the range of 25-200 ps.
Since the observed pre-ELM structures appear in a range of
1-4 ms, they cannot be explained by the much faster radially
propagating ELM filaments. The same argument applies for
inter-ELM filaments, that were found at MAST [26] to have a
radial propagation speed of 1-2kms~'.

51



A. Publications included

Nucl. Fusion 54 (2014) 072004

The observed propagating structures have similar features
to previous observations of strike-line splitting during the
application of RMPs; see [27]. One requirement for strike-
line splitting is a change in the topology of the plasma. This is
evidence of a magnetic perturbation of the plasma edge already
present before the ELM crash. This perturbation could be
formed by internal modes, additional current filaments in the
plasma edge, the applied RMP field or a combination of these.
Recent findings by Kirk et al [14] have shown lobe structures
during RMP phases in the near X-point region on MAST. Such
lobes create footprint patterns on the divertor plates similar to
RMP experiments in L-mode plasmas. However, the radial
propagation of the footprint pattern is unusual for strike-line
splitting by static RMPs. This demonstrates the dynamic
nature of the observed structures. It has been reported that
additional thermoelectric currents in the plasma edge during
the onset of an ELM can lead to the formation of such dynamic
footprint patterns [6, 28].

4. Interpretation based on the thermoelectric
current model

The thermoelectric current model [29] describes the non-
linear evolution of an ELM. Its application for DIII-D and
JET [6, 28] shows good agreement with measurements. The
model is based on the concept that an initial heat pulse triggers
thermoelectric currents, through short connection length flux
tubes [30]. A subsequent self-amplification process leads
to a significant change in the magnetic topology, resulting
in the complex structure of the footprint pattern as observed
experimentally for ELMs.

This conceptual model provides a possible explanation of
the experimental observations of the pre-ELM structures; the
small drop in the edge electron temperature between two ELM
crashes can be seen as the initial heat loss, which arrives on the
target and leads to the increased D, emission. A consequence
of the onset of thermoelectric currents is the changing magnetic
topology, seen as the appearance of the pre-ELM structures.
After the initial heat pulse, the edge electron temperature
continues to increase, while the self-amplification process of
the thermoelectric currents continues.

The thermoelectric current model is applied to the
discharge JET pulse number (JPN) 83462 to study whether
the predicted topology changes fits to the observations.
Application of the thermoelectric current model to a strongly
perturbed RMP plasma results in one main difference regarding
previous applications, which consider the much smaller
intrinsic error field as the initial perturbation. This is that the
RMPs cause much larger regions of short connection length
flux tubes. In the early phase of the ELM this leads to a
current density on the target considerably smaller than in the
case of intrinsic error fields; here assumed to be 1.5 A cm™2
(a factor 4 smaller), exact measurements are not available.
Figure 4 shows the prediction of the vacuum (thin line) and
thermoelectric current model (dashed line) for the pre-ELM
structures compared to the measured heat flux (bold line).

Both, the vacuum and the thermoelectric current model,
predictions are represented as minimum poloidal flux ¥in
reached by field lines starting from the given target positions
which is a measure for the penetration depth. Based on the
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Figure 4. Prediction of the thermoelectric current model (dashed
line, in normalized poloidal flux) compared to experimental
measurements (bold line) of the heat flux to the outer target for the
pre-ELM structure. A thermoelectric edge current of 2 kA is
considered. The thin line gives the predicted penetration depth from
the vacuum model as a comparison. The equilibrium reconstruction
and heat flux profile are taken at 14.8395 s from JPN 83462.

MASTOC criterion it is valid to compare this quantity with
measured heat flux profiles on the target [31]: field lines
penetrating deeper into the plasma see a hotter region and
can transport higher energetic particles to the target causing
a larger heat flux compared to field lines staying only in
the very edge. By comparing results from the vacuum
modelling to the thermoelectric current model, the effect of
the additional thermoelectric edge current (about 2kA) is
seen. The observed secondary peak at 2.76 m, caused by the
pre-ELM structures, can be resembled by considering these
additional edge currents that cause a strong change of the
magnetic topology. Owing to the lack of time dependence
of the thermoelectric current model, it cannot describe the
radial propagation of the structures. Apart from this, the
thermoelectric current model provides a possible, but not
conclusive, explanation for the appearance of the pre-ELM
structures. For a further development of this model the
consideration of plasma transport is required. This would on
the one hand show the effects of cross-field transport and on
the other hand allow a direct modelling of heat fluxes, enabling
a quantitative comparison.

5. Discussion

This paper focuses on the appearance of pre-ELM structures
with applied EFCC fields. However, it has to be considered that
pre-ELM structures are also observed without the additional
perturbations by external coils, although less pronounced as
seen by a much shorter lifetime; see figure 1(a). Up to
now, no studies were carried out to examine whether the
appearance without EFCC fields is linked to other, internal
perturbations e.g. induced by modes in the plasma. Comparing
the observations with and without EFCC fields it can be stated
that an event, due to the EFCC fields, is either produced
or decoupled from the ELM crash which results in the seen
pre-ELM structures. This event is possibly caused by the
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Figure 5. Geometrical set-up of the presented JET experiments.
The locations of the heat flux and 7, measurements are shown.

ELM trigger mechanism that also causes the ELM frequency
increase seen with RMPs, when the RMPs are understood to
lead to an early triggering of ELMs.

A valid question to be discussed is: whether the pre-ELM
structures originate from another (smaller) ELM, perhaps of
type-III? For answering the question we recall the observations
presented and other studies on ELM physics at JET. (1) The
observed 7, drop and D, increase in the phase between
two large ELMs is comparably slow and does not show the
burst like behaviour as expected for an ELM. (2) Compound
ELMs have an irregular behaviour: after a large type-I ELM
several small ELMs follow, a behaviour as presented in this
letter where small and large D, peaks appear alternately has
never been seen on JET when studying compound ELMs.
Furthermore, the pulses analysed are not performed in a regime
which shows type-III ELMs at JET [32]. (3) In addition, it
has been shown that mitigated ELMs still show the features
of type-I ELMs and do not come with compound ELMs [9].
From all this we conclude that the described observations of
the pre-ELM structures are unlikely to result from small ELMs.

It has been shown that the thermoelectric current model
might predict the appearance of the pre-ELM structures but
not their radial propagation. A possible explanation for the
radial propagation of the pre-ELM structures may be found
by considering the existence of ballooning modes at that early
phase of the ELM, which could be enhanced by the RMPs
and therefore appear early in the ELM cycle. Simulation
results from the reduced MHD code JOREK, have shown that
radially propagating stripes in the heat flux on the divertor

during the ELM crash, are linked to rotating ballooning
modes [33]. A radial propagation of the pre-ELM structures
could therefore be due to the RMP effects on the ballooning
mode stability, including threshold and growth rate, whereas
the mode numbers can be dissimilar to the dominant RMP
mode. Dedicated simulations considering RMPs have not been
carried out. However, experiments have shown that an addition
of RMPs causes a slowing down of the toroidal plasma rotation
for the plasma configuration used [21]. A slower rotation
of the ballooning modes leads to a reduction of the radial
propagation speed of the structures. This is in-line with the
experimentally observed difference in the propagation speed
of the pre-ELM structures compared to the ELM stripes, seen
without RMPs [33].

6. Summary

In this letter we have presented new observations of pre-ELM
structure in the divertor heat loads. This structure is seen by
the appearance of a dynamic, quasi-stable heat flux pattern on
the divertor plates a few milliseconds before the ELM crash
accompanied by an increase of the D, emission. The pre-
ELM structures appear on a much longer time-scale than that
of typical ELM crash rise times [20]. This suggests that the
phase prior to an ELM crash has an effect on the particle
transport to the divertor before the ELM crash. The appearance
location of the pre-ELM structures might be explained by
considering thermoelectric currents in the plasma edge. Their
radial propagation may be caused by rotating ballooning
modes. Further studies, including full transport modelling, are
needed to come to a conclusive understanding of the observed
phenomena. The pre-ELM structures are not restricted to
the application of EFCC fields, although they are seen to be
strongly enhanced and appear regularly, when the EFCCs are
present and above a threshold similar to that causing saturation
of the ELM mitigation. Observed splitting of the ELM crash
heat deposition appears to be influenced by the pre-ELM
structures, whether this is a general feature of the pre-ELM
structures remains open. Further experiments and analysis are
needed to quantify this effect.
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Abstract

Significant changes in the edge localized mode (ELM) crash heat load deposition patterns compared to typical ELMs are
seen via infra-red observations during resonant magnetic perturbation experiments at the Joint European Torus (JET). These
modifications result from the changed magnetic topology of the plasma, caused by the perturbations. Dependences on the
perturbation strength and the edge safety factor are analysed and discussed. A thermoelectric current model shows that current
filaments in the plasma edge could explain the observations. This study gives an insight into how the changed magnetic topology
affects the peak heat fluxes of ELMs which is crucial for understanding ELM control.

Keywords: JET, edge localized modes, divertor heat load deposition, resonant magnetic perturbations, thermoelectric current
model

(Some figures may appear in colour only in the online journal)

1. Introduction Applying RMPs to a low-confinement mode (L-mode)

plasma, results in a perturbation of the plasma edge that

An edge localized mode (ELM) crash [1] leads to fast,
repetitive losses of energy and particles from the plasma
edge, resulting in peaked heat fluxes onto the plasma facing
components, mainly in the divertor region. The high energy
and particle fluxes may be unacceptable for large tokamaks
like ITER [2]. Non-axisymmetric perturbations are one option
for controlling ELMs. These perturbations are applied as
resonant magnetic perturbations (RMPs) and their feasibility
has been demonstrated on various, different sized, devices such
as MAST [3], AUG [4], DIII-D [5] and JET [6]. However,
the current understanding of the involved processes for ELM
control is low. An open question is: what is the influence of
RMPs on the dynamic of ELMs?

4 See the appendix of Romanelli F. er al 2012 Proc. 24th IAEA Fusion Energy
Conf. 2012 (San Diego, CA) iopscience.iop.org/0029-5515/53/10/104002.

0029-5515/14/064012+07$33.00
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changes the magnetic topology and causes a splitting of the
strike-line [5,7]. At a fixed toroidal angle this appears as
several stripes in the heat load on the targets. It has been shown
that the dependence on the perturbation strength and the edge
safety factor is in accordance with modelling predictions based
on the vacuum assumption [7]. The vacuum assumption only
takes into account the magnetic fields of the toroidal symmetric
equilibrium reconstruction, and the non-axisymmetric fields of
the applied RMPs.

A different situation is found for the high-confinement
mode (H-mode) discharges, which we are focussing on
throughout the paper. No observations of continuous strike-
line splitting of the divertor heat loads are reported in ELMy
H-mode plasmas on the Joint European Torus (JET). The lack
of splitting in these H-mode cases suggests that the effect of

© 2014 EURATOM  Printed in the UK
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RMPs is weakened. A spin-up of the electron perpendicular
rotation caused by the high amount of neutral beam injection
(NBI) is understood as one reason for the appearance of plasma
response that results in the so-called RMP screening [8].
Different observations were made on the DIII-D tokamak,
where a continuous splitting of the divertor heat flux appears
during H-mode discharges, but larger than that predicted by
simple vacuum assumption modelling [9].

However, different observations are made for the phases
during ELM crashes. Findings at DIII-D show splitting of the
ELM crash heat load deposition. In low-collisionality plasmas
an agreement to vacuum model predictions for the splitting
could be found. The splitting of type-I ELMs comes along
with a drop of the deposited energy per ELM and was stated as
alocking of the ELM to the RMPs [10]. A concern for ITER is
the observation that the energy deposition on secondary stripes
can exceed the amount of energy deposited at the position of the
original strike-line. In cases where larger amounts of splitting
occurs, the higher order strike-lines could be located in regions
not specified for these high heat loads. Therefore, this is of high
relevance for the design of the divertor.

The good agreement of the vacuum model predictions and
measurements in low-collisionality H-mode plasmas suggests
that the RMPs change the magnetic topology in the same way
as it is known from L-mode discharges. It is now necessary
to investigate the similarities between the L-mode and ELM
crash observations in terms of the changed magnetic topology.

In this paper, the effects of RMPs on the heat load
deposition patterns at the outer target, during ELM crashes on
JET, and the dependence on a changed magnetic topology, are
presented. Firstly, after a description of the experimental set-
up, the significant differences of the heat deposition without
and with RMPs are shown and discussed (sections 3.1 and 3.2).
Secondly, the splitting is studied in terms of its dependence
on the changed magnetic topology (sections 3.2.1 and 3.2.2)
by varying the perturbation amplitude and the edge safety
factor. Finally, the modified heat deposition is compared to a
vacuum model and to an extension of this model, incorporating
thermoelectric currents (section 4). It will be shown that for
moderate-collisionalities the consideration of thermoelectric
currents is necessary to result in good agreement.

2. Experimental set-up

During the JET shut-down between 2009 and 2011 the quality
of the infra-red measurements has been greatly improved due
to the new Tungsten divertor [11], and the upgraded infra-red
divertor observation system [12, 13]. Furthermore the now
available stronger perturbation fields lead to more pronounced
effects. Compared to the old Carbon divertor, thermography
on Tungsten is much more reliable due to the avoidance
of a surface layer build up [14]. With these significant
improvements, JET becomes an ideal device for the further
study of the ELM crash heat deposition splitting.

Infra-red thermography is the key diagnostic for the
discussed observations. Due to the high temporal and spatial
resolution of the JET infra-red divertor cameras they allow
for a good characterization of the heat loads deposited during
an ELM crash as well as giving information about the ELM
dynamic itself. The camera views the outer divertor from

the top of the machine, at a toroidal location of 43°. Tts
spatial resolution is 1.6 mm and the camera was operated at
a frequency of about 10 kHz.

All presented experiments are performed in type-I ELMy
H-mode plasmas with a toroidal magnetic field B, = 1.85T,
and plasma currents between [, = 1.18-1.38 MA, which
results in edge safety factors in the range of go5s = 3.4-4.0. The
target plasma, with a moderate election pedestal collisionality
around v} ~ 0.7, was sustained by additional NBI heating of
9.2 MW. A slim divertor configuration with a low triangularity
(6y ~ 0.1, 8L ~ 0.4) was chosen for the plasma shape.

At JET, the error field correction coils (EFCCs) [15]
are used to apply RMPs. Each coil consist of 16 turns
with a maximum current of Igpcc = 6kA per turn which
makes a total current of /gpcc = 96 kAt per coil. For the
discussed experiments the perturbation fields were operated
to apply a dominant toroidal mode number n = 2. Based
on calculations using the vacuum assumption the maximum
applied perturbation current /gpcc = S5kA results in an
effective perturbation of b5 = 3 x 10™* on the resonant
surface ¢ = 3.5.

3. Experimental observations

3.1. Typical ELM crash structures without RMPs

An ELM crash leads to a strong increase of the heat load at
the original strike-line position due to the increased particle
transport and the higher energetic particles leaving the confined
region of the plasma. Additionally, a non-axisymmetric
deposition of heat on the target, with a large radial spread in the
outward direction, appears. Figure 1 gives a typical example
of the heat deposition during one ELM crash of the discharge
with JET pulse number (JPN) 82 469. Here, the original strike-
line is located at a major radius R = 2.73 m, where the highest
heat flux during the ELM crash arrives.

The chaotic heat and energy deposition pattern on
the target plates is understood to result from the natural
ergodization during an ELM [16]. Natural ergodization means
here that during the ELM, currents in the plasma edge create
a chaotic layer even without externally applied RMPs. This
pattern shows filamentary structures that appear at different
radial positions with an increasing number of filaments during
the ELM crash. Some filamentary structures propagate radially
outward during the ELM crash [17]. As a consequence of
the natural ergodization the locations and amplitudes of the
individual heat flux peaks vary strongly for each ELM crash
[18], also seen in figure 1 (bottom) where the averaged profile
does show a smooth radial decay compared to the profile of
the single ELM.

3.2. RMP effects on the ELM crash structures

The ELM crash structures seen during applied RMPs are
different. They show splitting of the peaked heat flux and
a reduced peak heat flux compared to the non-RMP case; see
figure 2 (same pulse as before, but during the RMP phase).
Furthermore, the duration of the increased heat deposition is
reduced compared to the phase without applied RMPs which
was found as a general feature of RMPs and comes along
with the increase in ELM frequency [19,20]. When the ELM
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Figure 1. (top) Heat load deposition of one ELM showing typical
heat deposition patterns. Plotted is the length along two of four
lamellas of the outer target versus time. The colour scale indicates
the amount of heat flux, the white line marks the gap between the
two lamellas, and the dotted line indicates the location of the
original strike-line before the ELM crash. (bottom) Radial profile of
the ELM at the time of the maximum peak heat flux (solid)
compared with an averaged profile for eight ELMs (dashed), s is the
distance to the original strike-line position. The data is acquired at a
plasma current [, = 1.38 MA, a toroidal magnetic field B, = 1.85T,
and an edge safety factor gos = 3.4.

crash occurs, an increase of the heat flux at the original strike-
line position is observed, which is similar to typical ELM
crash structures, but no clear radial propagating structures in
the region further away from the original strike-line can be
found. Instead a second region of strong heat flux appears
and stays at a constant radial position over the duration of the
ELM crash. This observation is comparable to the strike-line
splitting caused by RMPs in L-mode discharges, but limited
for the duration of an ELM crash.

It is hypothesized that the appearance of splitting for the
ELM crash heat deposition results from the same mechanism
as the observations for L-mode discharges. This suggests that
the heat pattern will be affected by changes in the magnetic
topology caused by different perturbation amplitudes or edge
safety factors.

3.2.1. Dependence on the RMP amplitude. In figure 3
averaged ELM crash heat deposition profiles observed for the
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Figure 2. ELM heat flux during applied RMP fields

(Igrce = 2.8 kA) for the same pulse as in figure 1. (top) Temporal
evolution for one ELM, and (bottom) the profile at the maximum
peak value for the same ELM (solid) as well as the average over
eight ELMs (dashed).

same discharge at different perturbation amplitudes are shown:
during the perturbation ramp-up (solid, /grcc = 0.35kA), and
at a high, constant perturbation amplitude (dashed, Igpcc =
2.4KkA).

The amount of splitting appears to be dependent on the
applied RMP strength. For a lower perturbation, a splitting
of around 1.5 and 3.3cm is observed for the additional
stripes. For the case of the highest perturbation, the splitting
is increased to a separation of about 2.3 and 6.0cm. The
distance of the third region from the original strike-line varies
between 5 and 7cm in the case of the strong perturbation.
This third stripe is much lower in its heat flux, than the
other two.

Similar behaviour is experimentally seen and theoretically
predicted in L-mode studies where strike-line splitting at
a fixed toroidal angle only appears above a certain RMP
threshold [7]. The modelling suggests that this is due to
a toroidally growing lobe structure which at a high enough
perturbation, elongates into the area viewed by the infra-red
diagnostic. This explains the appearance of the third region,
however, it does not explain the increased separation of the
original strike-line and the stripe next to it seen for the medium
to high perturbation case.
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Figure 3. Averaged ELM heat fluxes during different phases of the
applied RMPs: (solid) five ELMs during the EFCC ramp-up with
Igrcc = 0.35kA, (dashed) seven ELMs at high constant EFCC
current Igpce = 2.4 kA. Plasma parameters are the same as in
figure 1.

3.2.2. Dependence on the edge safety factor. Previous
analyses of the RMP effects on L-mode plasmas have also
shown a dependence of the edge safety factor on the observed
splitting of the strike-line [7]. A small change in ggs acts as
a shift of the footprint structure along the divertor targets and
therefore the splitting, observed at a fixed toroidal position,
appears to increase or decrease depending on the gos change.
Small changes do not affect the resonance of the applied RMPs
as they only lead to a negligible movement of the resonant
surfaces in the plasma edge.

Two pulses with ggs = 4.0 (solid) and gos = 3.4 (dashed)
are shown in figure 4 (top). The amount of splitting of the ELM
heat deposition decreases with decreasing gos. This can be
seen by the peaks at s = 2.8 cm and s = 7.3 cm coming about
1.5 cm closer to the original strike-line for the low gos. This
general trend is in-line with the observations from strike-line
splitting for L-mode plasmas at JET. The g-scan is performed
by changing the I, for a constant B, = 1.8 T.

In [10] it was stated that the ELMs lock to the external
applied field, which would suggest no further movement in
the heat load patterns for the duration of the ELM crash. The
observations at JET show clear differences. Although the ELM
crash heat deposition seems to be located at pre-defined static
positions, the ELM heat load shows a remaining dynamic as
seen for typical ELMs and described by filamentary structures.
An example is shown in figure 4 (bottom) where for instance
the stripe starting at R = 2.73m shows a radial outward
propagation of a filamentary structure.

4. Modelling of RMP affected ELMs

4.1. Vacuum assumption

It was presented in the previous section that the ELM
crash heat depositions are clearly influenced by the RMPs.
Changes in the magnetic topology lead to modifications in the
deposition patterns. Field line tracing based on the vacuum

JPN 82468, KL9B
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.0020
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Figure 4. (top) Averaged heat flux profiles during the maximum
ELM heat deposition for pulses with different gos, due to different
plasma currents (I, = 1.18 MA, eight ELMs (solid) and

I, = 1.38 MA, six ELMs (dashed)). (bottom) Temporal evolution of
the heat flux profile for an ELM heat load deposition showing a
remaining dynamic during the deposition. A perturbation current of
Tgrcc = SKA is used.

assumption is a standard technique to predict the RMP changed
magnetic topology without considering any plasma response.
A comparison of vacuum modelling predictions with the
experimental measurements is shown in figure 5. Two ELMs
during the same pulse are compared: one at a weak magnetic
perturbation with /grcc = 1.6 kA (left) and another at a strong
perturbation with Igpcc = 4.9kA (right). The experiment
(top) shows large splitting for the strong perturbation case
whereas no clear splitting is seen in the case of a weaker
perturbation. It has to be stated here that due to the changes in
the perturbation strength the target plasma at JET also changes.
Especially, the shape compensation coils will causes shifts
in the strike-line position and modifications in the plasma
shape. For the consideration of these further effects in the
modelling, corresponding equilibria reconstructions are used
for the different cases. The modelling (bottom) shows the
footprints on the outer target with ¢, the toroidal angle. The
colour scale gives the minimum poloidal flux, ¥,, reached
by field lines started from the outer target according to the
position given in the plot [21]. At regions with a smaller
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Figure 5. Comparison of the heat fluxes during two ELM crashes
with different perturbation amplitudes (top) and the corresponding
vacuum model predictions (bottom). Perturbation currents of
Igrce = 1.6 KA (left) and Igpcc = 4.9 KA (right) are used.

minimum poloidal flux, i.e. stronger penetration depth, it is
expected to observe higher heat fluxes [22] which allows for
this comparison. The modelling predicts for the two cases
a difference in broadening of the region covered by the lobe
structure. For weak perturbations, the strike-line extends about
2 cm radially, in the strong perturbation case the extension is
more than doubled.

The comparison shows, that an absolute agreement
of the original strike-line position between the modelling
and experiments is not given, therefore only a qualitative
comparison is possible. This disagreement originates from
the EFIT equilibrium calculation [23] as such is a 2D
reconstruction of a non-axisymmetric plasma configuration. A
3D reconstruction would be a better basis for the calculations,
but does not exist. Based on the results, it can be stated
that predictions and measurements show the same trend
regarding the amount of splitting: the predicted separation
between original strike-line and tip of the lobe is much larger
for strong perturbations which agrees to the measured heat
deposition. However, considering the absolute position of the
infra-red camera (marked by the dotted lines), no agreement
in the locations can be found between vacuum modelling and
experiments for the case with the strong perturbation.

A more precise comparison is given in figure 6, where
the heat flux profile (solid) for the time of the maximum
peak heat flux is compared to the vacuum model predictions
(dashed). The minimum poloidal flux, ¥in, reached by field
lines, started from the target, is used for the comparison as
a measure of the penetration depth. A much less broadened
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Figure 6. Comparison of the predicted penetration depth by the
vacuum model (dashed) with the measured heat flux profile (solid)
for the strong perturbation case in figure 5. An artificial shift in
radial direction has been introduced to the modelled data as
discussed in section 4.2.
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Figure 7. Connection length plot near the X-point region predicted
by the vacuum model for the strong perturbation case in figure 5.
The colour scale gives the connection length and white marks the
scrape-off layer (SOL).

heat flux deposition is predicted by the vacuum model than
experimentally measured. This is in contrast to the findings
for low-collisionality cases on DIII-D, where a good agreement
was found.

4.2. Thermoelectric current model

For typical ELMs, an interpretation of the ELM crash heat
deposition patterns, based on the thermoelectric current model
considering additional plasma edge currents, was found to
result in good agreement with predictions and experiments
[24,25]. Up to now, the thermoelectric current model has
only been applied to ELMs without RMPs. In the following,
the model is applied to an ELM during the RMP phase and the
necessity of thermoelectric currents to explain the observed
ELM crash heat deposition pattern is discussed.

The starting point for the model is a perturbed magnetic
topology, here with n = 2 fields at a perturbation current of
Igrcc = 4.9kA. The changed magnetic topology, represented
by a connection length plot in figure 7, shows short-connection
length flux tubes (blue regions) created due to the initial RMP
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Figure 8. Comparison of the predicted penetration depth by the
thermoelectric current model (dashed) with the measured heat flux
profile (solid).

fields [26]. The model is based on the idea that triggered by an
initial heat pulse during the ELM, thermoelectric currents flow
through short-connection length flux tubes. This additional
non-axisymmetric current flow is incorporated in the field line
calculations and results in a strong change of the magnetic
topology. It leads to a further growth of the lobe structures and
the formation of several new structures due to the additional
perturbations. For more details on the implementation of the
thermoelectric current model for JET see [25].

Figure 8 compares the predicted penetration depth
(dashed) by the thermoelectric current model with the
experimental measured heat flux profile (solid) at one toroidal
position. The thermoelectric current is assumed to have a
current density of 6 A cm~2 on the outer target which results in
a total current of 2.7 kA running through the short-connection
length flux tubes via two poloidal turns from the outer to the
inner target (see [25,27]). This comparison shows that an
addition of thermoelectric currents allows for a much better
agreement than the vacuum assumption. The misalignment,
discussed previously, was compensated by manual adjustment
in figures 6 and 8 of AR = 7mm to achieve a strike-line
alignment in the thermoelectric current model predictions.

By considering thermoelectric currents in the calculations
of the magnetic topology, the model potentially covers the
existence of the experimentally observed ELM filaments
[28]. Due to the additional non-axisymmetric currents, an
ergodization of the plasma edge is caused. This ergodization,
resulting from the modelling, can be understood as the natural
ergodization of ELMs, seen in experiments. The addition of
RMPs brings a further ergodization, forcing the ELM heat
deposition in pre-defined patterns. Only by considering both
sources of ergodization can ELM crash heat deposition patterns
during applied RMPs can be understood.

5. Discussion

The effects of RMPs on ELMs can be put in two classes:
those influencing the ELM trigger mechanism, e.g. seen by
an increased ELM frequency, and those affecting the ELM
crash heat deposition, e.g. the discussed findings that show

clear splitting during H-mode discharges for the duration of an
ELM crash.

In [10], a mechanism was suggested to explain why
splitting appears only in the ELM crash heat deposition but not
during the time between two ELM crashes. It is based on the
idea that the RMPs perturb only the very edge of the plasma and
create stochastic lobes which contain high energetic particles
for a short period after the ELM crash and are cooled in the
time between two ELM crashes. However, this mechanism
does not explain the feature that the positions of the outermost
heat deposition are not similar for every ELM which leads to a
broadening in the averaged profiles as seen in figure 2. Thus,
an additional mechanism to that proposed in [10] is suggested
whereby the strong drop in electron temperature and density
when a crash occurs reduces the screening. The drop in the
electron profiles will effects the screening directly through the
electron perpendicular rotation. This shows a dependence on
E x B and Vp,, with E the electric field, B the magnetic
field, and p. the electron pressure. In the pedestal region, V p,
is the dominant parameter leading to the strong RMP screening
in H-modes. The drop in temperature and density reduces the
pressure gradient in the plasma edge, consequently lowering
the electron perpendicular rotation, and therefore allows RMPs
to penetrate deeper in the plasma. Therefore, if the additional
mechanism is present the observations of the moving outermost
strike-line could be explained by different ELM sizes, where
for a smaller ELM, a larger RMP screening remains reducing
the effect of the external field on the ELM crash heat deposition.

The good agreement of the thermoelectric current model
prediction to the measurements strongly suggests the existence
of additional edge currents during the ELM crash. An ELM
crash leads to a redistribution of any existing currents in the
pedestal region. During the ELM cycle such currents will
start to slowly diffuse in radial direction. Once the currents
reach and diffuse in the short-connection length flux tubes, they
are quickly lost to the targets due to the much faster parallel
transport. However, the field line tracing model only considers
changes in the magnetic topology and lacks in the comparison
with the experiments due to the missing plasma component.
Therefore, a qualitative comparison can only be provided and
no comparison of absolute values. Also cross-field diffusion
is not considered as it is in fluid codes like EMC3. This also
will have an influence on the predicted broadening.

In addition to the increased ELM frequency leading to a
reduction of the ELM size, the split nature of the ELM crash
heat deposition provides a further explanation of a reduced
peak heat flux with RMPs due to the broader redistribution
of the heat on the target. Through the dependence on the
edge safety factor, it has been seen that the splitting has
a toroidal dependence. Therefore, it is necessary to view
the ELM heat load deposition pattern at different toroidal
locations to understand if and how the heat distribution can
be optimized to reach the lowest possible load on the plasma
facing components.

The presented results show that the ELM crash heat
deposition during RMPs can exceed the vacuum modelling
predicted broadening. This larger splitting can lead to large
heat loads being placed outside of the divertor region during
RMP application which would be a problem for ITER. These
effects needs to be considered to guarantee a safe operation.
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6. Summary

One understood effect of RMPs on a tokamak plasma is
the appearance of strike-line splitting in L-mode discharges.
However, the behaviour in H-mode discharges is different:
no continuous strike-line splitting in the divertor heat load
can be seen on JET, the splitting is only observable for
the duration of an ELM crash. This paper shows, that the
effects of RMPs on the ELM crash heat deposition pattern
in contrast with typical ELM crashes result in the preferred
static heat deposition during the ELM crash. A dependence
on the applied perturbation strength and on the edge safety
factor has been shown. The observed splitting in the
ELM heat deposition disagrees for moderate-collisionalities
to the vacuum model predictions. This paper shows that by
considering further plasma edge currents, here motivated by
thermoelectric currents, it is possible to find an agreement
between the model predictions and experiments. These
plasma responses can result in significantly larger splitting than
expected from vacuum modelling predictions.
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Abstract

The lower hybrid wave (LHW) heating experiments at the Experimental Advanced Superconducting Tokamak (EAST) show
a wide range of similarities to effects known from applied resonant magnetic perturbations (RMPs) by in-vessel or external
magnetic perturbation coils. These observations suggest a current flow understood to be along scrape-off layer (SOL) field
lines; here called helical current filaments (HCFs). For a better understanding of the experimental observations, a model to
incorporate the magnetic perturbation of HCFs in the magnetic topology has been developed. Modelled SOL field lines, starting
in front of the LHW antenna, show agreement in position and pitch-angle with the experimentally observed radiation belts. The
comparison of the pick-up coil signals and the modelled HCFs’ perturbation allows for determination of the current strength
depending on the filaments’ distance from the plasma edge. Agreement of predicted footprint structures with experimentally
observed heat load and particle flux profiles at different toroidal angles in the divertor region is found. Based on the modelling
results, the idea of LHW-induced RMPs, originating from the experimental observations, is strongly supported.

Keywords: resonant magnetic perturbations, lower hybrid waves, magnetic topology

(Some figures may appear in colour only in the online journal)

1. Introduction

Thermonuclear fusion is one possible future energy resource.
The most developed machines for achieving thermonuclear
fusion are magnetic confinement devices of the tokamak
design. One of the requirements for a reactor, a steady-state
operation, has not been achieved. Modern tokamaks, such
as the Experimental Advanced Superconducting Tokamak
(EAST) [1], focus on this aim. Current drive techniques
are a key aspect [2-4]. During recent experiments, lower
hybrid wave (LHW) induced magnetic perturbations have been
observed, which indicates an additional non-axisymmetric
current flow. Anobservation of scrape-off layer (SOL) currents
induced by LHW was also found on Alcator C-Mod [5].

The EAST experiments with LHW show the appearance
of helical radiation belts in the SOL which are well aligned
with the LHW array once they pass the mid-plane [6,7].
Furthermore, the number of radiation belts equals the number

0029-5515/14/064016+09$33.00
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of LHW antenna rows. The position of the helical radiation
belts is determined to be in the SOL as they stay on the low
field side (LFS) in a double-null plasma configuration. Those
helical radiation belts are only observed if LHW heating is
applied, especially in high-density plasmas. They become
well pronounced with additional helium puffing. In addition,
a splitting of both outer strike lines is seen, as well as
the mitigation or even suppression of edge-localized modes
(ELMs). Both effects resemble those of resonant magnetic
perturbations (RMPs) [8—11].

This work discusses a modelling approach for LHW-
induced helical current filaments (HCFs) located in the
region where the radiation belts appear and studies HCF
effects on the magnetic topology, which can lead to the
described experimental observations. Further information on
the experimental observations can be found in [6].

This paper begins by giving a brief overview of the field
line tracing technique (section 2) which is the basis of the HCF

© 2014 EURATOM  Printed in the UK
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model. In the main part (section 3), the model approach and
its parametric dependences are discussed with the focus on the
effect on the magnetic topology. Finally, the application of the
model to an EAST pulse and the agreement of predictions and
measurements (section 4) are discussed. Section 6 provides a
summary of the results and a conclusion of the investigations.

2. Field line tracing

Field line tracing is a standard technique for viewing and
studying non-axisymmetric perturbations to magnetically
confined plasmas [12-14]. It is based on the differential

equations
dR B
o =Rg M
¢ B,
dz By
—~ =R-Z=, 2
do B, @

where (R, ¢, Z) are cylindrical coordinates, and B =
(Bg, By, Bz) the total magnetic field. Magnetic fields can
be expressed by the poloidal, v, and toroidal, F, fluxes via

__ w1
R=—oo R 3)
F
By =% @
_wl
Bz=3R% ®

The simplest approach for the total magnetic field is the
vacuum assumption. The magnetic field is calculated taking
into consideration the toroidal field, the field produced by
the plasma current, as well as fields of any shaping coils of
the magnetic confinement device. This is commonly called
the equilibrium reconstruction of the field, which is toroidally
symmetric.  Furthermore, non-axisymmetric perturbation
fields are covered by the vacuum assumption. Throughout
this work the perturbation of the error field is neglected as it is
much smaller than the perturbation fields discussed later.

The limitation of the vacuum assumption is that no plasma
responses, e.g. screening fields or resonant field amplifications,
are included. Extensions have been developed to include
further plasma effects [15,16]. These are modelled as
additional internal perturbation fields as a reaction of the
plasma to the externally applied field or as a mock-up of
internal modes. Throughout this work, plasma responses to
additional applied fields are not considered. However, the
model can be seen as an extension to the vacuum assumption
to cover plasma responses to applied LHWSs.

3. Model

Using the field line tracing technique, field lines in the SOL
that start in front of the LHW antenna are modelled. The
traced SOL field lines are found to agree in position and pitch-
angle with the experimentally observed helical radiation belts
(equilibrium reconstruction for EAST pulse 29 100 at 3500 ms
used); see figure 1.

The qualitative agreement between the experimentally
observed radiation belts and the modelled SOL field lines

LHW
antenna

Figure 1. Sketch of the first wall of EAST (black) including the
plasma shape taken from the equilibrium reconstruction of EAST
pulse 29 100 at 3500 ms (blue). The solid lines give traced SOL field
lines starting in front of the LHW antenna.

suggests that the radiation belts are field aligned. The
formation of the HCFs is caused by a current flow along SOL
field lines. By superimposing the equilibrium field with the
magnetic field induced by line currents, the HCFs can be
modelled and made accessible through the field line tracing
technique. A further discussion of the implementation of each
HCEF is given in the appendix (for other applications of this
method see also [15, 17, 18]). The helical current is understood
to be a thermoelectric current flowing from one target tile to
another, whereby the current flows only in the SOL. A possible
trigger of these HCFs is discussed in [6] and is therefore not
the focus of this work. This work presents the implementation
of HCFs on the basis of a field line tracing code. Furthermore,
the effects of HCFs on the magnetic topology of the plasma are
discussed. As already presented in section 2, SOL field lines
started in front of the LHW antenna with a certain distance from
the last closed flux surface (LCFS) appear at the same position
as the helical radiation belts discussed in [6]. However, the
numerical implementation of the HCFs leaves a number of
open parameters. These are (1) amount of current flow, ||,
(2) direction of current, I /|1 | (with respect to plasma current),
(3) distance, d, from the LCFS and (4) spacing, Az, between
the HCFs.

Those parameters and their effects on the magnetic
topology are discussed throughout the next subsections.
Figure 2 indicates the meaning of the geometrical parameters
d and Az.

3.1. Amount of current flow

For the first part of this study, Az = 10cm is chosen as this
equals the spacing between the LHW antennas which would
seem to make it a reasonable choice. The distance from the
LCEFS is assumed to be d = 10 mm. This subsection focuses
on the influence of the current amplitude.

The connection length plots [19] of the poloidal cross-
section in figure 3 represent the magnetic topology at the same
toroidal angle as the LHW antenna is positioned. An up/down
symmetry is found for this double-null plasma shape, thus the
presented calculations can focus only on the lower divertor
region.
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Figure 2. Poloidal projection of five SOL field lines starting in front
of the LHW antenna. The black dots give the starting points at the
toroidal angle ¢ = 0.

The presence of HCFs leads to significant changes in
the magnetic topology. Consistent with the number of
implemented HCFs, groups of five lobes each are found in
the connection length plots. These groups of lobes elongate
when they are closer to the X-points and consequently touch
the wall at some distance from the original strike line. Such
behaviour of X-point lobes is well known and studied in terms
of RMP physics [20, 21].

In the two cases shown, an asymmetry is seen for the
size of the lobes within one group. The lowest lobe in
each group appears shorter than the uppermost lobe. This
observation can be quantified by expressing the length of each
lobe as the difference in poloidal flux between its tip and
the separatrix, which yields a measure independent of the
poloidal flux expansion. The second column of table 1 gives
the relative lobe length for the 0.5 kA case normalized to the
largestlobe atabout (R, Z) = (2m, —0.7 m). The asymmetry,
confirmed by the measurement shown in table 1 (second
column), can be explained based on simple considerations.
Due to the geometrical configuration in the two cases shown,
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Figure 3. Connection length plots of the poloidal cross-section at
the lower X-point regions for a helical current of 0.5 kA (top) and
1.5kA (bottom). The solid line gives the LCFS of the unperturbed
case and the crosses indicate the locations of the HCFs. The colour
scale represents the connection length and is kept the same
throughout this section of the paper.

Table 1. Lobe length relative to the longest lobe in a group in terms
of poloidal flux. The lobes are numbered from bottom to top.

Lobeno. 0.5kA case 1.5kA case/0.5 kA case
1 0.139 £0.007 1.26 £0.29
2 0.382£0.013 1.87+0.16
3 0.554+£0.023 1.95+0.11
4 0.772£0.020  1.99 £0.07
5 1 1.97 £0.04

the uppermost lobe in each group experiences the strongest
perturbation field in an outward direction as it feels the
constructive contribution of all five HCFs. In contrast, the
lowest lobe in a group experiences the strongest field in an
inward direction. This causes the observed asymmetry of the
lobe length in each group.
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Clear changes can be seen for different current amplitudes.
When increasing the current, the lobe size increases. The
difference in the elongation of the lobe groups for different
currents causes an increased broadening of the strike line for
larger current amplitudes. A detailed study of the lobes within
each group shows that for different currents, the increase in
the lobe size appears to be different for different lobes. For
instance, the lobe at the coordinates (R, Z) = (2m, —0.7m)
seems to increase strongly in size, whereas the smallest lobe
appears nearly unchanged. A quantitative study of the relative
change in the lobe size with the current measured is given in
the third column of table 1. The lobe lengths for the two cases
are measured in terms of poloidal flux as described above.
The length of the smallest lobe only increases by a factor of
about 1.3, whereas the others are nearly doubled in size. The
Melnikov integral [22, 24] suggests a linear increase with the
source current of the perturbation, i.e. a similarrelative increase
for all lobes. Furthermore, an increase by a factor of three is
predicted by the Melnikov integral as it is proportional to the
perturbation current. Such a discrepancy between simulation
results from field line tracing codes and the Melnikov integral
has been seen before [23] for set-ups in which the source
currents are located close to the separatrix. This discrepancy
can be understood by considering that the Melnikov integral
is a first-order approximation in current, which may no longer
hold if the source current of the field is close to the point where
the integral is evaluated.

A second effect that occurs with increased current
amplitude is the deeper penetration of the chaotic layer into
the plasma edge. This allows particles from further inside to
propagate out of the plasma along the open field lines. As the
HCFs are only positioned at the LFS, their effect on the plasma
is limited to the outer strike line. The inner strike line does not
show any splitting. Comparing the position of the inner strike
line for the two discussed cases, a difference is seen. This
is caused by a strong n = 0 component of the perturbation
leading to a plasma shift.

3.2. Current flow direction

During the experiments at EAST, it was found via Mirnov coil
measurements that the current through the HCFs flows in the
same direction as the plasma current (same finding on Alcator
C-Mod [5]). However, the trigger mechanism for this current
is not completely understood and so it is not clear whether the
current flow direction depends for instance on certain plasma
parameters. Further experiments on this topic are needed to
investigate this issue. Therefore, it is also worth discussing the
effect of a reversed current flow through the HCFs.

A reversed current flow direction leads to significant
changes in the magnetic topology (figure 4). The strong plasma
shift in the X-point region (original LCFS in red) indicates the
large n = 0 component, compare also figure 3 (bottom). In
addition, the perturbation of the plasma edge is modified. The
lobes create vortices which cannot be seen in the case of a
co-1, current flow direction. Additionally, the groups of lobes
appear mirrored: regions of long connection length (green)
are exchanged with the regions of shortest connection length
(blue). This is a direct consequence of the argumentation
discussed above. The tilting of the groups also changes. Small

I=-15kA,d = 10 mm

R [m]

Figure 4. Same as figure 3 (bottom), but for a negative current.

lobes are less pronounced or vanish. This is a consequence of
the plasma shift and a therefore larger distance of the HCFs
from the plasma and will be discussed below. The separation
between the different groups of lobes changes in such a way
that a larger broadening of the strike line can be found for the
co-1I, case.

3.3. Distance from LCFS

A parameter that cannot be directly measured from
experimental viewing of the helical radiation belts is their
distance from the LCFS. Via modelling, it was found that this
distance has essential effects on the perturbation of the plasma
edge. One effect on the topology is seen in the number of lobes
per group, which reduces for larger d, as seen in figure 5. In
addition to this, the lobes are pulled further out of the plasma
and touch the wall far away from the original strike line, about
0.5 m for the case shown in figure 5 (bottom). This is a high
safety risk for the plasma facing components as different wall
materials are foreseen for the divertor and the first wall. An
unexpected plasma—wall contact can cause severe damage.
Considering these two main effects, we can summarize that
the five HCFs appear to act as one strong HCF when they are
located far away from the LCFS.

This effect can be further understood by calculating the
spectrum of the applied perturbation for the different distances.
Figure 6 shows the effective radial perturbation field for
toroidal mode numbers, n, from 1 to 15 for the three previously
considered distances of the HCFs. It can be seen that the lowest
mode numbers have a similar amplitude in all three cases,
but for highest mode numbers (n = 10-15) only the HCFs
closest to the LCFS create a considerable perturbation. This
explains the observations made via modelling where HCFs
with d = 42 mm act more as a single filament at the plasma
edge. Effective perturbations from higher mode numbers are
required to create the group-like structures as seen for the other
two cases.

A further effect to be mentioned is the variation in the
length of the HCFs depending on d, see figure 7. The HCFs
that are far away from the plasma will be shorter than those
closer to the plasma. This has an influence on the poloidal
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Figure 5. Same as figure 3 (bottom), but for larger distances of the
HCFs from the LCFS, d = 26 mm (top) and d = 42 mm (bottom).
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Figure 6. Comparison of the radial component of the perturbation
field for the toroidal mode numbers, 7, of the HCFs used in figure 3
(bottom) and figure 5.

current density of the HCFs. We can state that the amount of
current, and the distance from plasma, of the HCFs influences
the effective perturbation. For the effective perturbation, an
expression of

8B ~ Il,(d) (6
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Figure 7. Relation of the distance of SOL field lines from the LCFS
and their length. The SOL field lines closer to the wall will be
shorter than those close to the plasma.

can be given, where /, is the length of the HCFs in toroidal
turns depending on their distance from the plasma.

A key requirement for the experimentally observed
appearance of the radiation belts is that the HCFs are unaffected
by their own perturbation field as they have to persist for very
long time-scales. The perturbation also atfects the SOL which
could lead to a modification of the field lines on which the
HCFs are aligned. This effect is visualized in figure 8 where
the dashed—dotted line shows a perturbed field line which
originally only stayed in the SOL and owing to the perturbation
completes 2.5 poloidal turns. It shows that a certain distance
from the LCFS is necessary to resemble the experimental
observations. It also introduces a limitation on the current
amplitude at distances d due to the dependence of the effective
perturbation on both parameters.

3.4. Relation between distance and current amplitude

Based on experimental measurements, it is possible to analyse
the relation of the distance and the current amplitude. Figure 9
gives the fit of the radial magnetic field of modelled HCFs to
pick-up coil measurements at a fixed toroidal angle for different
poloidal angles. Good agreement can be found for different
sets of HCFs with distances d € {8 mm, 16 mm, 23 mm}. For
each set of HCFs, a different current is found from the fit.

Figure 10 combines the fitting results for different
distances so a relation I = I(d) can be determined. The
relation shows two dominant effects. On the one hand, there
is a radial decay of the perturbation field (¢ > 12 mm), and
on the other hand, the influence of the plasma shift due to the
n = 0 component (d < 12mm). Only SOL field lines that
stay on the LFS were analysed. The grey region marks the
HCFs which would perturb themselves so they cannot remain
for long time-scales.

Even though the distance of HCFs from the plasma is
unknown, it can be related via I (d) to the necessary current.

3.5. Spacing between HCFs

As a first approach, the spacing between the HCFs was
assumed to be similar to the spacing of the LHW antenna
rows (Az = 10cm). Although this sounds like a reasonable
choice, it does not necessarily need to be true. A comparison
of footprints with Az = 10cm and Az = 15cm is shown in
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Figure 8. Poloidal projection of perturbed SOL field lines. The
dashed—dotted (d = 10 mm) and the dashed (d = 26 mm) lines give
the perturbed SOL field lines if HCFs with a current of 1.5kA are
present and the solid line a reference (d = 26 mm) without
perturbation.

figure 11. The different spacing leads to significant changes in
the footprint structures.

The separation between the lobes changes according to
the spacing between the HCFs. For a larger spacing, the lobe
lengths become more equal to each other. In addition, the lobes
size is more similar. These effects indicate that the HCFs act
more as individuals when the spacing is larger. Considering
the experimental findings presented in [6] the larger Az shows
a better agreement than the case with Az = 10cm.

By comparing the radial components of the perturbation
field, By, for different toroidal mode numbers, n, this effect
can be further understood. Due to the special geometrical
configuration of the HCFs, the dominant non-axisymmetric
toroidal mode number is n = 1. Figure 12 shows the
comparison of the radial components for spacings Az = 10 cm
and Az = 15 cm. Areduction of the dominant mode amplitude
can be found for the larger spacing and an increase for the

20 = d=8 mm, 1=0.98 kA
s |===d=16mm, I=1.1 kKA
MV d=23 mm, 1=1.43 kA i,
10 v..| [] Measured Data ds
) /
m- 0

Figure 9. Fit of magnetic field of modelled HCFs to the
experimentally measured field of pick-up coils at one toroidal
position.
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Figure 10. Dependence of the total HCF current on the distance
from the LCFS based on the comparison with experimental
measurements.

mode numbers 5 < n < 9. This proves the idea that the HCFs
act more as individuals for a larger spacing and explains the
different appearance of the footprints.

4. Comparisons with heat and particle flux
measurements

Following the MASTOC criterion [25] the predicted
penetration depth, 1 — Y, of a field line tracing model can be
compared with measured heat and particle fluxes. Considering
the studied parametric dependences we applied the HCF model
to EAST pulse 42327. An equilibrium reconstruction of
the plasma at 3900 ms is used with the model parameters:
I = 1.5kA, d = 20mm, and Az = 10cm. Figure 13
shows a comparison of the predicted penetration depth with the
measured heat (left) and particle flux (right) at two different
positions.

The comparison shows a qualitative agreement for both
toroidal positions. The experimentally found broadening of
the footprint structure and its toroidally asymmetry can be
described by the model presented here. The heat flux is
measured at ¢ = 22.5° and the particle flux at ¢ = 202.5°
with respect to LHW antenna. Although not the whole toroidal
range can be experimentally viewed, the separation by 180°
of the two measurement points gives a good overview and
confirms that the dominant non-axisymmetric toroidal mode
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Figure 11. Connection length plots of the footprints for the same
parameters as in figure 5 (top) with Az = 10 cm (top) and

Az = 15cm (bottom). The definition of the coordinate #,, is given
in figure 8, ¢ is the toroidal angle. The dashed lines indicate the
edges between the different divertor tiles.
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Figure 12. Same as figure 6, but for the HCFs used in figure 11.

number is n = 1. The agreement at both angles supports
the correctness of the basic features of the model approach.
A detailed comparison of the fine structures shows room
for further optimizations, e.g. via experimental measurements
of the current amplitude or considering plasma effects like
screening.

5. Discussion

The model explains the effects that LHWSs have on the magnetic
topology. In particular, the effect on ELMs opens a new
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Figure 13. Comparison of the predicted penetration depth with the
experimental heat (left) and particle (right) flux measured at
different toroidal angles.

interesting field of fusion research. HCF-inducing LHWs
could be an alternative method of ELM control, especially in
future fusion power plants where internal perturbation coils
may not be suitable. In addition, the RMPs applied by
LHWs provide a much higher flexibility compared to fixed
coil systems. The LHW geometry can be modified to optimize
the perturbation spectrum for different purposes e.g. heat
distribution and ELM control.

Other methods of creating RMPs without fixed coils have
been discussed in the past [26,27]. These methods are also
based on the idea of driving a thermoelectric current in the
SOL. The referenced publications discuss different methods of
driving these thermoelectric currents by modifying the divertor
properties. A key difference between those methods and the
one presented here is the origin of the thermoelectric current.
The source for the SOL current discussed in this work are
spatially very localized, defined by the location of the LHW
antenna. In contrast, the referenced publications describe large
regions of the divertor being used to create the thermoelectric
currents (e.g. via biasing). This causes the creation of surface
currents rather then current filaments. A consequence is the
possible degradation of the perturbation efficiency due to phase
interference [27] which is not the case in the method presented
here.

6. Summary and conclusions

The presented model approach demonstrates the effect of HCFs
in the SOL on the plasma. A dependence of distance from
the plasma and current of the HCFs was found based on
the correlation of modelling and experimental measurements.
Further dependences such as the current flow direction and
spacing between the HCFs were discussed in terms of their
effect on the plasma edge. From the studies, it can be
concluded that, for a standard double-null and near double-
null plasma configuration at EAST, the HCF currents flow in
co-1I,, direction and are in the range 1-1.5kA, with a distance
to the LCFS of 10-20 mm.

The presented studies were all made only for HCFs limited
to the LFS as radiation belts on the high-field side (HFS) have
not been observed at EAST. However, reports from Alcador
C-Mod also describe LHW driven currents on the HFS, which
will have further effects on the magnetic topology and can
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cause splitting of the inner strike line. The presented model
can be used to study the effect that HCFs will have on the HFS.

It also provides a basis for further studies on other devices
where LHW heating is in use or planned, e.g. JET or ITER.
For a further optimization of the model, tomographic methods
could be applied to the visual observations of the radiation
belts. This would allow the exact spacing of the radiation belts
and their position in relation to the LCFS to be determined.
The detailed study of the trigger mechanism of the currents
via LHWs is needed to achieve a full understanding of the
observations. Meanwhile, Langmuir probe measurements can
be used to determine the thermoelectric current flow between
the targets.
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Appendix. Implementation of the HCFs

For the discussions on the different model parameters
presented in this paper, each HCF has been implemented as
five virtual wires, carrying the same amount of current, see
figure Al (top). It is not clear whether this is a reasonable
choice or not. Considering a resistivity of the plasma suggests
that a representation of each HCF as an infinitely thin wire is
unrealistic. However, depending on the focus of the study, the
details of the implementation of such HCFs are not crucial for
the results, as shown below.

Figure A1 shows the same footprint structure calculated
with three different approaches for the current in the HCFs.
The first footprint structure results from the assumption of
infinitely thin HCFs, i.e. one virtual wire for each HCF. The
disturbance of lobes due to strong local fields caused by the
high current flowing through a single filament can be seen.
Similarly, the vortices, seen in figure 4, are created due to
strong near field effects. See also discussion in [18].

Another possibility for the implementation is the
assumption of a finite width of the HCFs with a more equally
distributed current per HCF. Figure Al (top) sketches the
used realization of a more equally distributed current per HCF
with a diameter of 16 mm. The second footprint structure is
calculated using this approximation. It results in a strong
reduction of the near field effects and a much smoother
appearance of the whole pattern. However, the envelope of
the footprints including the length of the lobes remains nearly
unchanged.

The last footprint structure results from an even higher
number of 25 virtual wires distributed on a regular grid of
16 mm x 16 mm. Such a further increase in the number of
virtual wires does not strongly modify the resulting structure
compared to the case with five virtual wires.

In summary, the usage of a single virtual wire per HCF
results in strong near field effects at the target disturbing the

16 mm

.
—
16 mm

I=15kA, d=26 mm, Az=15 cm

32n 2n

2 T
¢ [rad]

Figure A1. From top to bottom: sketch showing how each HCF is
separated into several filaments, and footprints representing the
resulting changes of the footprint structure with one, five and 25
filaments for each HCF.

footprint structure (e.g. at fo,y = 40cm, ¢ = 1.57 — 27 in
figure Al (upper footprint)). Multiple virtual wires per HCF
reduce the near field effects as the current is more equally
distributed. The length of the lobes is nearly unchanged.
However, owing to weaker near field effects, the smaller lobes
may get more pronounced and appear clearer. The number of
virtual wires to choose depends on the total amount of current.
In our given case, five virtual wires for each HCF appear to be
sufficient without causing excessive computational costs.

The strong near field effects could be seen as non-physical
artefacts, whereas the footprint using multiple filaments
appears to be more regular. This would suggest that multiple
filaments are needed. However, this is not proven and needs
further experimental investigations in the given case. An
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alternative approach for implementing additional currents in
the plasma edge/SOL is discussed in [23].
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Strong mitigation of edge-localized modes has been observed on Experimental Advanced
Superconducting Tokamak, when lower hybrid waves (LHWs) are applied to H-mode plasmas with
ion cyclotron resonant heating. This has been demonstrated to be due to the formation of helical current
filaments flowing along field lines in the scrape-off layer induced by LHW. This leads to the splitting of
the outer divertor strike points during LHWSs similar to previous observations with resonant magnetic
perturbations. The change in the magnetic topology has been qualitatively modeled by considering helical

current filaments in a field-line-tracing code.

DOI: 10.1103/PhysRevLett.110.235002

A great challenge for fusion energy research and tech-
nology is to confine a burning plasma while maintaining
tolerable steady state and transient heat and particle fluxes
on plasma-facing components. When tokamak plasmas
operate in a high-confinement (H-mode) regime [1], a
significant increase in the plasma energy confinement
time is observed. However, as a consequence, a steep
plasma pressure gradient and an associated increased cur-
rent density at the plasma edge could exceed a threshold
value to drive magnetohydrodynamic instabilities referred
to as edge-localized modes (ELMs) [2]. ELMs lead to
quasiperiodic expulsions of large amounts of energy and
particles from the confined region, which in turn could
result in serious damage to plasma-facing components.
The next generation fusion machines, like ITER and
DEMO, will need a reliable method for controlling or
suppressing large ELMs [3].

Resonant magnetic perturbations (RMPs), which
change the magnetic topology of the confined plasma,
have been applied to completely suppress ELMs in
DIII-D [4], or to mitigate ELMs (increase ELM frequency
and reduce ELM size) in JET [5], MAST [6], and AUG [7].
Although the physics mechanism is still unclear, experi-
mental results from those different devices demonstrate
that the magnetic topology plays a key role in plasma
confinement, edge magnetohydrodynamic stability, and
interactions between the plasma and the first wall, particu-
larly with the divertor [4,7,8].

To date, in all existing RMP ELM mitigation or suppres-
sion experiments, the magnetic perturbations are induced
by either in-vessel or external coil systems. In-vessel
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perturbation coils have been considered and designed for
ELM control in ITER. However, in future fusion reactors,
like DEMO, in-vessel perturbation coils may not be fea-
sible. Thus, ELM control through actively changing mag-
netic topology by other mechanisms offers an attractive
solution for next generation tokamaks beyond ITER.

Recent results from the Experimental Advanced
Superconducting Tokamak (EAST) [9] show that lower
hybrid waves (LHWs) provide an effective means to miti-
gate or suppress ELMs by inducing a profound change in
the magnetic topology, similar to the effect previously
observed with RMPs [4,5]. In this Letter, the influence of
LHWs on the ELM behavior and the heat load distribution
on the divertor plates will be presented, along with the
experimental observation of LHW-induced nonrotating
helical current filaments (HCFs), flowing along the mag-
netic field lines in the scrape-off layer (SOL). Comparisons
are also made between the observed three-dimensional
(3D) edge magnetic topology induced by the HCFs and
predictions from a field-line-tracing code.

EAST (major and minor radii of 1.85 and 0.45 m,
respectively) was built for demonstrating long-pulse stable
high-performance H-mode plasmas with ITER-like con-
figuration and heating schemes, i.e., with a flexible selec-
tion of double null, lower single null (SN), or upper SN
poloidal divertor configurations and dominant radio fre-
quency heating. The LHW system [10], operating at
2.45 GHz with an array of 20 (4 columns and 5 rows)
waveguide antennas, was installed at the low field side
midplane. The maximum output power of the LHW system
is 2 MW. It was originally designed for a core plasma

© 2013 American Physical Society
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current drive by transferring momentum to the plasma via
electron Landau damping with a peak parallel wave refrac-
tive index of ~2.1, and can achieve long-pulse H-mode
operations with or without additional ion cyclotron reso-
nance heating (ICRH). However, similar to other experi-
ments [11,12], significant LHW power can be lost at the
plasma edge, especially in a high-density plasma, due to a
complex problem of coupling between fast waves and
plasma particles.

The influence of LHW on the characteristics of ELMs
has been studied through the modulation of LHW power in
an ICRH-dominated H-mode plasma as shown in Fig. 1. In
this experiment, the target H-mode plasma with a lower SN
configuration was established mainly by ICRH with the
input power of 1 MW in a relatively high-density regime
after a fresh lithium wall coating. The edge safety factor
qos is 3.8 with a toroidal plasma current /, of 500 kA and a
toroidal field B, of 1.8 T. The bottom triangularity, &, , is
0.45. The central line-averaged density, (n,), is ~4.7 X
10" m—3, and the Greenwald fraction is ~0.9. The H
factor (H98y) obtained during the H-mode phase is ~0.8.
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FIG. 1 (color online). Effect of LHW power modulation on
ELMs. The time traces from top to bottom are injected power
from ICRH and LHW, central line-averaged density, plasma
stored energy, peak particle flux, and intensity of D, emissions
in the outer divertor. At the bottom is a focused view of LHW
power, stored energy, and peak particle flux in the outer divertor.

The LHW power was set at 1.3 MW and modulated at
10 Hz with a 50% duty cycle. Thus, the duration of the
LHW-off phase is 50 ms, which is about half of the energy
confinement time. Without LHW, the ELM frequency is
fairly regular at ~150 Hz. When LHW is switched on, the
ELMs disappear or sporadically appear with higher fre-
quency ~600 Hz as seen in Fig. 1 (lower panel). A sig-
nificant reduction in the ELM peak particle flux by a factor
of ~2 and an increase in the inter-ELM particle flux by a
factor of ~2 (but still lower than that in the L-mode phase)
have been observed on the divertor plate during the appli-
cation of LHW. The plasma stored energy W, was
increased by a factor of 2 from ~50 to ~100 kJ once
the H mode was established, and varied slightly (within
+ ~5%) following the modulation of LHW power.
A quick reduction in the divertor ion flux can be clearly
seen when the LHW was switched off. This may indicate
the LHW power was absorbed not only in the core plasma
but also deposited in the SOL.

Five helical radiation belts (HRBs) have been observed
in the SOL during the application of LHW in both L-mode
and H-mode plasmas on EAST. The number of HRBs is
the same as the number of rows of the LHW antenna.
Helium gas has been used to make the structure of the
HRBs clear without changing its general features. As a
typical example, Fig. 2 shows two tangential visible im-
ages taken during a helium plasma discharge from different
sides of the EAST torus during the application of LHWs.
The target plasma (I, = 300 kA, B, = 2 T, gg5 ~ 8) was
heated by LHW with a power of 0.7 MW in a double null
configuration. The gap between the plasma separatrix and
the outer limiter at the midplane is ~8 cm. The HRBs flow
through the SOL at the low field side toward both upper
and lower outer divertors along field lines in front of the
antenna. Modeled SOL field lines, starting at 1 cm away
from the original separatrix in front of the LHW antennas,
show a good agreement in position and pitch angle with the
experimentally observed HRBs.

FIG. 2 (color online). Image of helical radiating belts induced
by LHW superimposed on the EAST torus chamber. Photo of the
LHW antenna on EAST (middle).
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FIG. 3 (color online). (a) The sketch of the HCF modeling and
the poloidal profiles of the LHW-induced nonaxisymmetric
radial perturbation fields measured at different toroidal sectors
with (b) ¢ = 37/4, (c) ¢ = 57/4, and (d) ¢ = T7/4. Here,
the poloidal angle 6 is defined as starting from the midplane at
the low field side and is positive in the clockwise direction. The
toroidal angle ¢ starts from the sector containing the LHW
antennae in the counter-clockwise direction when viewing the
EAST torus from the top. The simulated nonaxisymmetric radial
perturbations using the modeled HCFs with a total filament
current of 1.3 kA induced by LHW are also plotted.

Magnetic perturbations induced by the currents flowing
in these edge helical filament structures (so-called HCFs)
have been measured by a set of Mirnov coils during the
modulation of LHWs. In this experiment, LHW power was
modulated with a square wave from 0 to 1.2 MW, with a
repetition rate of 100 Hz and a duty cycle of 50%. The
formation of HCF currents was rather quick, i.e., within
~2 ms, which corresponds to the ramp-up time of the
LHW. At the start of the LHW, ramp-down HCF currents
diffused away within a few ms. The HCF-induced mag-
netic perturbations are poloidally and toroidally asymmet-
ric, indicating the 3D distortion of the plasma topology.
Simulated perturbation fields using the modeled HCFs can
reproduce the Mirnov coil signals, as shown in Fig. 3. Here,
the HCFs are modeled as currents flowing in the HRBs as
seen in Fig. 3(a). The total HCF current can be determined
by fitting the simulated perturbation field to the measured
one, and is found to be ~1.3 kA in this experiment.

Splitting of the divertor strike points (SP) was observed
during the application of LHW with similar effects to those
reported for RMPs [13], as manifested in the heat load
pattern on the divertor plate; see Fig. 4. The surface tem-
perature on the outer lower divertor plate measured by an
infrared (IR) camera during LHW shows a distinct multiple
splitting of the original SP. The distance between the
secondary and original SPs depends on the toroidal angle,
indicating the 3D feature of the magnetic topology caused
by LHW. In addition, the splitting of the SP depends on the
edge safety factor as well, which was not observed in either
Ohmic or ICRH plasmas.

The change in magnetic topology has been qualitatively
modeled by considering the HCFs in a field-line-tracing
code as shown in Fig. 5. The connection lengths of the
magnetic field lines are calculated using an experimental
equilibrium superimposed with a perturbation field from
the HCFs with a total measured filament current of 1.3 kA.

Splitting of the
outer strike point

FIG. 4 (color online). IR image of the outer lower divertor
plate in a toroidal range of ¢ = 1.377—1.577 rad during the
application of LHW. Splitting of the original outer SP was shown
as a multiple striated heat pattern on the divertor plate. A mesh
plot of the wall is superimposed as white lines on the image. The
toroidal asymmetry of the SP splitting can be observed.

The fields produced by the HCFs form several lobes of
field lines with a long connection length near the X point,
which can directly reach the outer divertor plate, resulting
in the splitting of the SP, as identified by an IR camera.
The calculated results show that strong modifications of
the plasma edge depends on the edge safety factor, as well
as the amplitude of currents flowing in these filaments.

Z[m)

14 16 18 2 04
Rm]

[l 1

AL
IR view 1 1

FIG. 5 (color online). Contour of connection length on the full
poloidal cross section and expanded view of the bottom divertor
region at ¢ = 1.37 rad, as well as a calculated footprint on the
outer divertor plate as a function of the toroidal angle. Here, the
calculation was carried out using the equilibrium reconstructed
from the experiment shown in Fig. 4, with the IR viewing region
indicated.
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FIG. 6 (color online). Radial component of the n = 1 helical
mode spectrum calculated with 1 kA HCF current. m is the
poloidal mode number, and W is the normalized poloidal flux.
The calculation is based on the same equilibrium reconstruction
for an EAST pulse shown in Fig. 4. Pitch resonant modes with
m = ng(¥) are shown by the dashed line.

It should be noted that the HCF model does not take into
account the plasma response, and the modeling results can
only qualitatively explain the HCF-induced strike point
splitting.

Previous experimental results have shown that LHW can
produce dithering ELM H modes in SN divertor plasmas
on JET [14] and an ELM-free H mode in limiter plasmas
on JT-60 [15]. However, the physical mechanism has not
been investigated in detail. On EAST, a stationary ELM H
mode with mixed type-I and small ELMs can be obtained
with an application of stationary LHW power to the ICRH-
dominated plasmas in a relatively low-density regime
(n,/nSV <0.5). Here, nSV is the Greenwald-density
limit. By decreasing the ratio of ICRH to LHW power
and increasing plasma density, a stationary small ELM
H-mode regime has been achieved and sustained for
32 s. The new evidence of HCFs induced by the LHW
and its effects on the magnetic topology provide a possible
explanation for why LHW mitigates or suppresses ELMs
and induces a significant change in the heat load pattern on
the divertor plate. For an understanding of the physical
mechanism behind this, the dependences of LHW ELM
mitigation on (i) the lithium wall coating [16], (ii) plasma
pedestal collisionality, and (iii) go5 will be performed in
future EAST experiments.

Because of the geometric effect of the LHW antenna, the
perturbation fields induced by the HCFs are dominated by
the n =1 components, where n is the toroidal mode
number. The magnetic perturbation spectrum calculated
based on the experimental parameters indicates a good
resonant feature, whereby the plasma edge resonant sur-
faces are well aligned on the ridge of the spectrum as
shown in Fig. 6. In addition, the HCF-induced magnetic
perturbations are located more at the plasma edge, without
significantly affecting the plasma core. This is mainly

because the HCFs flow along the magnetic field lines in
the SOL; thus, the helicity of the HCFs always closely fits
the pitch of the edge field lines for whatever the plasma
edge safety factor is.

It is to be mentioned that the currents in the SOL induced
by LHW have been observed on several devices [11,12],
however, the physical mechanism is still unclear. On
Alcator C-Mod, the direction of the currents in the SOL
did not change when the direction of LHW injection was
reversed [11]. The estimated current in the SOL can be up
to ~20 kA with a LHW power of 850 kW in a high-density
regime on Alcator C-Mod, while the poloidally integrated
total HCF current is ~7 kA with a LHW power of 1.3 MW
on EAST. A simulation using the GENRAY-CQL3D code
package [11] with a two-dimensional SOL model includ-
ing the effects of collisional damping shows that about
10% of LHW power can be deposited in the SOL in the
high-density plasmas on EAST. The experimentally
observed currents in the SOL are far too large to be
explained by direct current drive via collisional absorption
of the LHW [12]. Note, however, that the absorption of
LHW in the SOL could contribute to an increase in the
ionization rate for neutrals in the divertor region, thus
enhancing the thermoelectric current flowing along the
SOL field lines from the hotter, less dense divertor plate
to the colder, denser divertor plate.

On EAST, preliminary results show that the amplitude of
the HCF current increases with an increase in either the
LHW power or the plasma density. However, the radial
location of the HCFs mostly stays near the separatrix in the
SOL, where the connection length of field lines is much
longer than the electron mean-free path. To achieve active
control of the ELMs and heat load distribution on the
divertor plates by LHW, parametric dependance of the
HCEF currents will be further investigated on EAST.

In summary, strong influence of LHWs on ELMs has
been demonstrated on EAST, showing that the ELMs
disappeared or sporadically appeared with increased fre-
quency from ~150 to ~600 Hz when LHW was applied.
LHW appears to induce a profound change in the magnetic
topology by driving the nonrotating HCFs flowing along the
magnetic field lines in the SOL. This leads to the splitting of
the divertor SP with effects similar to those produced by
RMPs. The observed change in topology is well reproduced
by considering the HCFs in a field-line-tracing code. This
offers a new attractive means to optimize the heat load
distribution on the divertor plates and to suppress or miti-
gate the large transit peak heat and particle loads due to
ELMs for the next-step fusion reactors (ITER and DEMO).
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This work discusses a new directional probe designed for measurements of fast ion losses and the
plasma rotation with a high angular resolution in magnetically confined plasmas. Directional and
especially Mach probes are commonly used diagnostics for plasma flow measurements, and their ap-
plicability for the fast ion losses detection has been demonstrated. A limitation of static Mach probes
is their low angular resolution. At the Tokamak Experiment for Technology Oriented Research, the
angular resolution is strongly restricted by the finite number of available measurement channels. In
a dynamic plasma, where instabilities can lead to local changes of the field line pitch-angle, plasma
flow, or fast ion losses, a low angular resolution makes a precise data analysis difficult and reduces
the quality of the measured data. The new probe design, the rotating directional probe, combines the
features of early directional probes and Mach probes. It consists of two radially aligned arrays of nine
Langmuir probe pins with each array facing opposite directions. During the measurement the probe
head rotates along its axis to measure the ion saturation current from all directions. As a result, the ro-
tating directional probe simultaneously provides an angular dependent plasma flow and fast ion losses
measurement at different radial positions. Based on the angular dependent data, a precise determina-
tion of the current density is made. In addition, the simultaneous measurement of the ion saturation
current at different radial positions allows for resolving radially varying field line pitch-angles and
identifying the radial dynamic of processes like fast ion losses. [http://dx.doi.org/10.1063/1.4816821]

I. INTRODUCTION

Thermonuclear fusion is foreseen as one of the future en-
ergy resources. In the first 50 years of research, the main fo-
cus has been on axisymmetric magnetic confinement devices,
for which the toroidal magnetic field is described as two-
dimensional, assuming toroidal symmetry. Current develop-
ments tend to make a three-dimensional treatment of the mag-
netic field necessary, e.g., in stellarators and tokamaks with
edge localized mode (ELM) control via resonant magnetic
perturbations (RMPs).! The effects of such non-axisymmetric
magnetic fields on the plasma and its confined particles are an
open question. One of the key aspects is the fast ion confine-
ment, since a sufficient «-particle confinement is needed for
an ignition of the fusion plasma; for the study of this, highly
suited diagnostics are needed.

Directional and Mach probes are commonly applied di-
agnostics for plasma flow measurements in magnetically
confined plasmas.>* Their usability for fast ion losses mea-
surements has been shown.* For both usages, the difference
between probe signals measured from Langmuir probe pins
facing opposite directions contains the information about the
asymmetric distribution of plasma parameters, including the
plasma rotation and fast ion losses.

Langmuir probes are a simple, well established plasma
diagnostics measuring the main plasma parameters: electron

0034-6748/2013/84(8)/083501/7/$30.00
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temperature, density, and ion saturation current. They are used
in various fields, apart from fusion, for the characterisation of
magnetised and non-magnetised plasmas, e.g., space, medi-
cal, and industrial research.

The early directional probes, e.g., presented by Hudis and
Lidsky,2 used one channel for such measurements and were
rotated during the discharge through 180° to measure the ion
saturation current from both directions. This necessarily as-
sumes that the plasma parameters are constant over a long
time, i.e., before and after the rotation of the probe. More re-
cent Mach probes®’ consist of several Langmuir probe pins
distributed around the probe head allowing for a measurement
of the ion saturation current to the probe from different di-
rections at the same time. Thus, an assumption of constant
plasma parameters during the measurement is not necessary.
In addition, an angular dependence of the ion saturation cur-
rent can be detected, allowing for the simultaneous measure-
ment of parallel and perpendicular plasma flows.

However, the angular resolution reached by these probes
is low and often limited due to the number of available chan-
nels of the probe manipulator. Especially, at the Tokamak
Experiment for Technology Oriented Research (TEXTOR),
the number of channels for reciprocating probes is limited
to 20 due to the technical specifications of the fast probe
manipulator.” Therefore, such a probe at TEXTOR can only

84, 083501-1
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give a very rough angular dependence. A technique to achieve
a much higher angular resolution is a rotating probe as
presented by Dyabilin et al.'® The rotating Mach probe,
described therein, measures the parallel and perpendicular
plasma rotation at one radial position. This allows for a very
accurate determination of the Mach number, but only at one
radial location. It misses the radial dependence, e.g., the ra-
dial correlation of physical quantities such as fast ion losses,
ELM filaments, and turbulence.

This paper describes a rotating directional probe which
achieves a high angular resolution and a simultaneous mea-
surement of the ion saturation current at different radial posi-
tions. The latter is of particular importance for obtaining the
radial profile of the plasma rotation and fast ion losses, as
well as the radial correlation of these quantities. The probe
combines the rotation of a directional probe and the contem-
poraneous measurement of the ion saturation current from op-
posite directions of a Mach probe. During the rotation an an-
gular dependent ion saturation current is measured. A radial
profile covering 4.8 cm, with a spatial resolution of 6 mm,
is provided. In this article, the design of the rotating di-
rectional probe (Sec. II) and the experimental set-up used
for the probe measurements at TEXTOR (Sec. III) are de-
scribed. The measurement technique (Sec. IV) and first results
(Sec. V) for the fast ion losses and plasma rotation mea-
surement are presented. The advantages and limitations of
the rotating directional probe in comparison with static Mach
probes are discussed (Sec. VI).

Il. ROTATING DIRECTIONAL PROBE DESIGN

One of the key points in the design of such a probe is
the materials used. Two main requirements exist for the probe
head of the rotating directional probe: (1) it has to sustain a
high heat load of plasmas, (2) it has to be mechanically sta-
ble to withstand the linear and rotary acceleration. In addition,
low-Z materials are preferred to decrease impurities released
to the plasma. For a sufficient plasma rotation measurement
half a rotation turn is needed. This means that at the maxi-
mum rotation speed available the probe head has to stay in
the plasma for at least 129 ms. Including the time taken to
plunge to the measurement position the total plasma facing
time will be 450 ms. An obvious advantage, compared to stan-
dard Mach probes, is the rotation which distributes the heat
load equity around the probe head.

Boron nitride (HeBoSint) has been chosen for the probe
head material due to its high temperature resistance. Its me-
chanical stability has been tested to be strong enough for a
linear movement with 0.3 m s~' and a maximum rotation
speed of 4 Hz, so as not to harm the material. During the mea-
surement of the plasma rotation, in an ohmic heated plasma,
with the probe placed 3 cm inside the last closed flux surface
(LCFS) an innocuous heat increase was noticed.

The probe head has a cylindrical shape with a cross-
section diameter of 30 mm and a total length of 160 mm.
Its modular design contains 14 segments: nine equipped with
two Langmuir probe pins and five without probe pins; see
Fig. 1. All segments are conjoined with two stainless steel
screws that are sealed with boron nitride caps on the plasma
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segments

FIG. 1. Picture of the probe head. The probe consists of nine segments with
two and five segments with no Langmuir probe pins. The Langmuir probe
pins are labelled with T1, T2, T3,... (seen in the picture) and B1, B2,... on
the opposite side of the probe head.

facing side. The probe pins on the one side are labelled as
T1, T2, T3, ... and those facing in opposite directions as B1,
B2,.... The radial distance between neighbouring Langmuir
probe pins is 6 mm. Each probe pin is made out of tungsten
and has a diameter of 4.55 mm. The copper wires attached
to the Langmuir probe pins are isolated with ceramic plates
connecting to the 20 pin feed through at the base of the probe
head, to fit to the TEXTOR probe manipulator.

The Langmuir probes are operated in the ion saturation
regime; a biasing of —176V, against the TEXTOR liner is
applied. For this purpose a battery array is used to keep the
noise level as low as possible. A typical noise level for the
system is less than 4 mA. The data acquisition uses a CT 1-T
current transducer of the company LEM for the conversion of
the measured currents to voltage signals and INCAA TR32
modules for the digitalisation of such. Data are acquired at
0.5 MHz to provide an accurate angular resolution of the mea-
surement. The linear and rotary motion of the fast recipro-
cating probe is detected by standard potentiometers recorded
by computer-automated measurement and control (CAMAC)
modules.

The rotating directional probe is operated in two modes:
(a) for fast ion losses detection and (b) for plasma rotation
measurement. The fast ion losses are detected with the probe
positioned outside of the LCFS. In the rotation measurement
mode, the probe is positioned in a range of r = 43 cm—48 cm
in the plasma edge. A combination of both modes is possible.

lll. EXPERIMENTAL SET-UP

TEXTOR is a medium size tokamak with a major ra-
dius of 1.75 m and a minor radius of about 48 cm. It has a
circular poloidal plasma cross-section. TEXTOR is equipped
with neutral beam injection (NBI) and ion cyclotron reso-
nance heating (ICRH) for an auxiliary plasma heating of 7
MW. The two NBIs are arranged tangentially, facing into op-
posite directions, allowing for independent control of the NBI
heating and injection direction of fast particles, as it is used in
our experiments to generate the fast ions. Its heating power is
changed either via the aperture of the beam, which changes
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FIG. 2. Typical time-traces for a fast ion losses experiment with the rotating
directional probe at TEXTOR. From top to bottom: the plasma current (1,),
the electron density (), the power of the NBI 2 (Pngr2), the radial probe
position (r), and the rotation angle (6).

the amount of injected neutrals, or by adjusting the accel-
eration speed, which influences the energy of the injected
neutrals.

In the conducted experiments for fast ion losses and
plasma rotation studies the typical plasma parameters at
TEXTOR are core electron temperatures of 1.5 keV, and
densities around 2 x 10" m™3 at plasma currents of about
200 kA, and magnetic fields of 2 T. Figure 2 shows time-
traces of a plasma discharge at TEXTOR with auxiliary NBI
heating for inducing fast ions. In that discharge, the rotating
directional probe is plunged to the position of minor radius r
= 47 cm. The probe rotation angle, 6, is given in the range of
—10 V to 0 V, which corresponding to 0°-360°. During this
pulse the probe head is rotated by 720°, the first and last 180°
are needed for the acceleration/deceleration of the rotation,
the measurement takes place during the centre turn.

The probe head of the rotating directional probe is
designed for the usage on the fast reciprocating probe at
TEXTOR. The fast reciprocating probe is placed on the mid-
plane of the low field side. It can move probes linearly in the
radial direction along the mid-plane and rotate them along the
probes head major axis. The linear movement is limited from
r =53 cm to 39 cm, at a speed of up to 5 m s~!; for the ro-
tating directional probe a speed of 0.3 m s~! is adequate. Its
rotation reaches a frequency of around 4 Hz.

IV. MEASUREMENT TECHNIQUES

Each pair of Langmuir probe pins, mounted on opposite
sides of one segment, measures the ion saturation currents in
both co- (jco) and counter-current (jcy) directions which are
proportional to the parallel particle fluxes I', as sketched in
Fig. 3.

Due to the rotation feature the ion saturation current de-
tected on one Langmuir probe pin of the directional probe
may provide the full information for both the co- and counter-
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FIG. 3. Sketch of a segment of the rotating directional probe. One segment
contains two Langmuir probe pins (orange). Both probe pins are facing into
opposite directions to measure the co- and counter-going particle fluxes, I'co
and I'cy, simultaneously. The probe head rotates anti-clockwise (looking to-
wards the core of the device). /, and B, give the toroidal plasma current and
toroidal magnetic field direction, B indicates the direction of the parallel
component of the magnetic field, and r is the direction of the minor radius.
6 is the rotation angle and 6 is the reference angle when the probe pin areas
are perpendicular to the parallel flux.

going particle fluxes (for constant plasma parameters during
the rotation); see Hudis and Lidsky.? Figure 4 shows the pre-
dicted signal of such a measurement, where I, is the ion satu-
ration current and 6 is the rotation angle. With non-changing
plasma parameters a constant particle flow in the scrape-off
layer (SOL)/plasma edge during the measurement can be as-
sumed. The maximum current from each direction is detected
when the Langmuir probe pin area stands normal to the parti-
cle flux direction. For a non-zero plasma flow in an ohmic
plasma the particle flux differs from the co- and counter-
current directions.

Furthermore, since the rotating directional probe is
equipped with two Langmuir probe pins on each side only
half a turn of the probe head is needed to measure the co-
and counter-current going particle fluxes. Consequently, this
brings two advantages: first, the measurement time is halved,
which reduces the total thermal load on the probe head, sec-
ond, the probe measurement becomes less frail for changes
in the main plasma parameters. Local pitch-angle changes do
not disturb the measurement.

As a result of the rotation of the probe head and the fast
data acquisition, a precise angle dependence of the ion satu-
ration current, Iy = I, (0), is known. From this the current
density, j, as a representative for the particle flux I" ~ j can be
calculated. j can be substituted with either jc, or jc, depend-
ing on the angular position of the Langmuir probe pin that is

~ ey

~Tco
Lsat

v

0

FIG. 4. Example for an ion saturation current measured by one Langmuir
probe pin during the rotation of the probe head by 360° with non-zero parallel
flow. Igy is the measured ion saturation current and 6 is the rotation angle of
the probe. The two maxima are proportional to the parallel particle flux in co-
(T co) and counter-current (I ¢y) directions.
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considered. For the current density j we know

_ La®
Aesi(0)

with Ay, the effective area of the corresponding probe pin,
and I, the angle dependent ion saturation current measured
from the co-/counter-side, respectively. The effective area can
be written as A.sr = Asin (6 — 6), where A is the probe pin
area. 0 gives the probe head angle at which A is perpendic-
ular to the particle flux. With a well aligned probe, regarding
the geometrical axis, the local pitch-angle can be determined
from 6. Following Eq. (1), the current density can be found
by applying a sine fit to the measured data:

L (0)
A

with the fitting parameters j and 6.

Figure 5 shows the measured data and the fitting results
(solid line) for a pair of Langmuir probe pins at r = 45.2 cm
in an ohmic heated plasma. A mean square algorithm is used
for the fit. The curve fits about half the measured data in
its maximum region (45°-135°), but fails near 0° and 180°,
where higher saturation currents are measured than expected
(cf. Refs. 10 and 11). This increase, when the normal of the
probe pin area is perpendicular to the plasma flow direction,
can be understood as “gyration hits” of passing ions. At that
plasma region ions have a gyration radius of about 0.4 mm
in ohmic TEXTOR plasmas. There guiding centre would pass
the probe head, but due to their gyration they hit the Langmuir
probe pins once it is in a perpendicular position to the plasma
flow.

An approach to compensate the gyration hits and get
more accurate values from the fit is an additional term in the
fit function that takes perpendicular gyration hits into account.

1)

= j sin(6 — 6o), 2

r=45.2 cm, TEXTOR pulse no. 117977

300f T1 Data |
R il e ; Fit Simple
Fit 1

25 90 135 180

0 [degree]

FIG. 5. Data of the rotating directional probe for two opposite facing Lang-
muir probe pins at r = 45.2 cm inside of the LCFS. The dots show the mea-
surement, and the solid and dashed lines give the fitting curves. The dashed
curve corrects for gyration hits of passing ions. The view is limited to half
a turn of the probe head, since this contains the whole information on the
plasma flow.
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It extends Eq. (2) to

L (0)
A

= jsin(6 — 6p)
+ Jeye[1 — sin(@ — 6p)], (3)

with jgy, representing the gyration hits. Similar to j, jeyr is han-
dled separately for each Langmuir probe pin. The comparison
in Fig. 5 presents a much better fit resulting from this extended
fit function (dashed line).

The spontaneous drop in the measured signal of the
Langmuir probe on top of Fig. 5 at 30° originates from a tech-
nical trip of the electrical connection. Such a drop of the sig-
nal below the noise level does not effect the analysis as these
regions are not taken into account for the fitting of the data.

The accurate determination of the current density from
both sides, as described here, is the basis for the calculation
of the fast ion losses and the plasma rotation. Discussions by
Goubergen et al.'? pointed out that j depends on the parallel
and perpendicular flows j ~ exp{v)/c; — vy cot(8)/c; — 1},
where v and v, are the parallel and perpendicular flow ve-
locities and ¢, is the ion sound speed. Following this, a con-
sideration of the perpendicular flow is necessary for the cal-
culations of the current density. During the measurement in
the SOL in the presence of fast ion losses the parallel flow
is strongly enhanced by the ion losses and becomes domi-
nant over the perpendicular, v >> v, (see also discussion in
Sec. IV A). Therefore, the perpendicular flow can be ne-
glected and no 6 dependence of j needs to be considered.
However, during measurements in the edge of an ohmic
plasma large perpendicular flows may appear that cannot be
neglected. The application of the presented analysis technique
is then strongly restricted to a f-range (80° < 6 — 6y < 100°)
where the v, -term becomes negligibly small. For determining
the perpendicular flow, the method described in Refs. 10-12
needs to be applied which will not be further discussed here.
Instead the main focus is on fast ion losses measurements.

With the knowledge of the current density from opposite
facing probe pins the two physical quantities fast ion losses
and plasma rotation can be calculated by taking the differ-
ence or ratio of the current densities, respectively. The fast
ion losses measurements are performed with the probe head
located in the SOL whereas the plasma rotation measurements
take place in the plasma edge and SOL.

A. Fast ion losses measurement in the SOL

Nagaoka et al. presented the general applicability of a di-
rectional probe for the measurement of fast ion losses.* Fast
ions are generated with a tangential NBI for the performed
experiments. The NBI will cause, on the one hand, fast ion
losses and on the other hand, a change in the plasma rotation.
In the SOL, the asymmetry caused by the fast ion losses is
dominant over that caused by the plasma rotation, as sketched
in Fig. 6(a), and therefore the asymmetry of the velocity dis-
tribution of the bulk plasma can be neglected in the analysis.

The hatched region in Fig. 6(a) corresponds to the
amount of particles flowing in counter-current direction that
are detected by one Langmuir probe pin and the cross-hatched
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Plasma

Bulk A\ SOL edge

Losses

Particle velocity

FIG. 6. Sketch of (a) the velocity distributions in the SOL of a beam heated
plasma with a dominant fast ion losses contribution and (b) the velocity dis-
tribution in the edge of a counter rotating ohmic plasma. The hatched and
cross-hatched regions correspond to the particle amount flowing in counter-
and co-current direction, respectively. See Fig. 3 for further information on
the flow directions with respect to the probe head geometry.

region corresponds to the co-going particles detected by the
probe pin facing in the opposite direction (see Fig. 3 for a
better visualisation of the flow direction with respect to the
probe head). In a beam heated plasma, jcy is the current den-
sity from the bulk ions and jc, contains, in addition, a large
fraction of the beam induced fast ion losses. The current den-
sity resulting from the fast ion losses, jioss, can be evaluated
by taking the difference of jc, and jcy:

Jco = JBulk t Jiosss 4

Jew = JBulk- 5)
It follows for a beam heated plasma
Jloss = Jjco — Jcus (6)

as a measure for fast ion losses in the SOL.

B. Plasma rotation measurement

In an ohmic plasma, the rotating directional probe can be
used to measure the local plasma rotation. Figure 6(b) shows
a sketch of the velocity distribution in the edge of a counter
rotating plasma. It gives the general idea on the background
of the measurement.

From the ratio of the ion saturation current measured in
co- and counter-directions the local Mach number, M, can be
determined as a measure for the plasma rotation

M =kn (’L) : %)
Jcu

with k a calibration constant taken as k &~ 0.4 based on the cal-

culations for magnetised plasmas by Hutchinson.'® k depends

on various plasma parameters, such as magnetic flux density

and ion temperature,'* and cannot be calculated analytically

for our cases in magnetised plasmas.

V. EXPERIMENTAL RESULTS

Figure 7 shows the fast ion losses measurement in a co-
beam heated plasma for four TEXTOR pulses with reversed
plasma current in the range —180 kA to —285 kA. A reversed
toroidal magnetic field of —2.25 T at an electron density of
1.5 x 10" m™3 has been used and 600 kW hydrogen NBI
heating was applied at an acceleration voltage of U = 50 kV.
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TEXTOR pulses 118070/1/2/3/68 @ 3.71 s
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FIG. 7. Measured fast ion losses in a co-beam heated plasma. The depen-
dence of fast ion losses on the plasma current is shown. A reference without
beam induced fast ions is shown by the stars.

The observed plasma current dependence is in line with
the known dependence of the critical loss energy of fast ions
on the plasma current:'> Ejoe ~ 13. It can easily be under-
stood by considering the reduced confinement at lower plasma
currents. In addition, a clear radial decay of the fast ion losses
can be observed for all cases with vanishing losses at around
r = 50.6 cm. No losses can be detected further outside in this
plasma configuration due to plasma facing components inter-
cepting the fast ions.

In Fig. 8, the measurement of the plasma rotation, given
as the Mach number, is shown. A slow counter rotation,
M ~ —0.1, in the range of around r < 46.3 cm is found
which then turns to a co-rotation and increases towards
M ~ 0.8 at the LCFS. In the SOL, a radial decay of the plasma
rotation can be observed. Similar trends are seen in other
TEXTOR plasmas as discussed by Xu et al.'® The higher ab-
solute values seen in the presented discharge (Fig. 8) result
from a different plasma configuration, here reversed plasma
current and toroidal field are used compared to standard
TEXTOR discharges.

The denoted error bars result from the inaccuracy of the
Langmuir probe pin area, which contains an error of about
5%, and the fit inaccuracy, usually around 1%. Inaccura-
cies of the data acquisition are below 1% and therefore not
considered.

TEXTOR pulse 117977 @ 2.96 s
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FIG. 8. Plasma edge and SOL Mach number measured in an ohmic plasma.
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Cross-correlation for r = 47.6 cm, TEXTOR pulse no. 118068
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FIG. 9. Cross-correlation between the signal measured at » = 47.6 cm with
signals measured further away from the plasma. The cross-correlations in-
dicates the radial outward propagation of ion losses with a speed of about
200 m s~ (marked by dashed line).

In addition to the fast ion losses and Mach numbers, the
presented multi-pin directional probe may also provide fur-
ther information about the radially dynamic of the plasma
seen as high frequent modulations in the ion saturation cur-
rent signal (cf. Fig. 5). These modulations can be found in-
side, as well as outside the LCFS. Fast changes in the ion
saturation current can be caused by turbulences and magneto-
hydrodynamic instabilities such as saw teeth, tearing modes,
and ELMs. Figure 9 depicts the radial cross-correlation of the
Langmuir probe pin signal at r = 47.6 cm with those mea-
sured by further outside probe pins. The presented TEXTOR
pulse 118 068 has the probe set-up for the fast ion losses mea-
surement, i.e., probe head in the SOL.

The cross-correlation is calculated based on

e
Ry (1) = ?/. x(t) - y(t +t)de, )
—-T/2

where x and y are the measured signals at different radial posi-
tions, and 7'is the considered time window for the correlation.
The variable 7 gives the lag between the signals.

For the given pulse, the cross-correlations allow us to de-
termine the radial outward propagation of ion losses with a
speed of around 200 m s~! starting at a radial position be-
tween r = 48.2 cm and 48.8 cm. The analysis of the ra-
dial correlations has been widely used in the study of edge
turbulence by Langmuir probes'’ and is helpful in explor-
ing the radial dynamic of other processes, e.g., in the char-
acterisation of ELM filaments where the presented probe
system can be applied as an additional tool to visual obser-
vation techniques‘]g In addition, the radial correlation is a
useful tool to gain the phase information of externally ap-
plied dynamic RMPs'® which is a major issue in the under-
standing of RMP physics and has been found to have a radial
dependence.?’
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VI. DISCUSSION AND CONCLUSION

The rotating directional probe is a suitable diagnos-
tics for measurements in a non-axisymmetric dynamic mag-
netic field, e.g., with the applied dynamic ergodic divertor at
TEXTOR. This is a strong advantage compared with earlier
directional/Mach probes. The high angular resolution enables
for a precise analysis of the ion saturation current, even in
presence of dynamic perturbations. A precise adjustment of
the probe head angle beforehand, as needed in the case of
non-rotating probes to bring the probe pins in line with the
parallel or perpendicular particle flow direction, is not neces-
sary. The rotation of the probe head allows the whole angular
dependence to be measured. Consequently, the maximum ion
saturation current can be detected and, therefore, the fast ion
losses and plasma rotation calculated. An angular misalign-
ment or a local change of the pitch-angle does not perturb
the measurements. Furthermore, radial changes in the pitch-
angle, e.g., due to non-axisymmetric fields, can be detected.
As the probe consists of an array with nine probe pins it mea-
sures a 4.8 cm radial profile of fast ion losses in the SOL and
the plasma rotation. Compared to a static Mach probe or the
rotating Mach probe, the measurement of the rotating direc-
tional probe takes place at different radial positions simulta-
neously, whereas for a standard Mach probe it can provide
a higher resolved radial dependence during one plunge, but
misses radial correlation of the signals from different radii.
Due to the design of the rotating directional probe, the ra-
dial resolution of the measured profiles is 6 mm. To increase
the radial resolution, the measurement is repeated in the same
target plasma, shifting the probe by 1 mm each time. Thus
a resolution of 1 mm is achieved; higher resolutions are un-
obtainable due to the limitations of the probe manipulator.
This discomfort, compared to standard Mach probes, is a con-
sequence of the probe design focussing on a high angular
resolution.

The large radial range that can be covered by the rotat-
ing directional probe simultaneously is a strong achievement
especially for the fast ion losses measurement. Previous re-
sults already showed the fast ion losses measurement with a
directional probe at one radial position, but a radial depen-
dent measurement of the fast ion losses could not be presented
before. The precise knowledge of the radial dependence of
fast ion losses helps for a further understanding of the pro-
cesses responsible for the losses. Furthermore, the availability
of simultaneously measured signals from different radial posi-
tions allows for estimating the radial cross-correlation of ion
loss signals. The radial dynamic is valuable information for
the investigation of the involved processes and becomes even
more important in the presence of dynamic perturbations of
the plasma.

Typical signal intensities of the rotating directional probe
are in the order of a 100 mA with a signal to noise ratio below
4%. The sub-structures in Fig. 5 with 50 mA on top of the
main signal are caused by fast intermittent events such as tur-
bulences that can be further characterised using the presented
probe, which is not in the scope of this publication.

Due to the good signal to noise ratio and the high time-
resolution of 0.5 MHz, the rotating directional probe is also
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well suited for studying ELM filaments, and the effect of
RMPs on those. The typical ELM frequencies measured at
TEXTOR are in the range of several hundred hertz and the
maximum RMP rotation frequency is 5 kHz. In ELM filament
studies during a limiter high-confinement mode (H-mode)
discharge the rotating directional probe measurements focus
on the filament propagation through the SOL, thus the probe
is positioned outside of the LCFS. Due to the strongly in-
creased heat fluxes in the confined plasma a safe operation
of the probe inside the plasma cannot be guaranteed during
a limiter H-mode. With the probe outside of the plasma, the
limiter takes the ELM heat loads and a safe operation of the
probe is gained.

The usage of the rotating directional probe on the fast re-
ciprocating probe at TEXTOR brings limitations for the pre-
sented probe which could be overcome by using an optimized
probe manipulator. These limitations are: the maximum ro-
tation speed of about 4 Hz, and the limit of 20 available
channels for measurement signals. A faster actuator for the
rotation will reduce the time needed for the probe to stay in
the plasma at a fixed radial position. If there was a larger num-
ber of available measurement channels, the probe head could
be equipped with further arrays of Langmuir probe pins posi-
tioned at different angles, which could be described as a ro-
tating Gundestrup probe. Such an improvement also reduces
the waiting time of the probe during the rotation. However,
more Langmuir probe pins will bring difficulties in the con-
struction of the probe head. Due to the limitations and tech-
nical difficulties outlined these improvements are not seen to
be advantages for the measurements currently performed with
the rotating directional probe at TEXTOR.

The presented rotating directional probe, allowing for a
highly resolved, angular dependent measurement of the ion
saturation current, is well suited for the measurements of
fast ion losses and plasma rotation in the presence of local
pitch-angle changes and dynamic perturbations. Its highly an-
gular resolved data and their radial correlation strongly ex-
tend the achievable information on fast ion losses and the
plasma rotation. The main focus for the future work with the
probe is the effect of RMP on the fast ion losses and plasma
rotation.
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1. Introduction

Sufficiently high a-particle and, more generally, fast ion confinement is of importance
for a self-sustaining burning fusion plasma. The fusion-born «-particles need to be
confined until their high energy is mainly transferred to the bulk plasma, known as
a-particle heating. Today, an open issue in fusion research is the sustainability of good
fast ion confinement in the presence of non-axisymmetric fields, such as those found in
stellarators [1, 2], and during the application of resonant magnetic perturbations (RMPs)
on tokamaks [3, 4, 5]. The application of RMPs is currently the most promising
technique for edge localized mode (ELM) control [6] and heat load distribution on the
plasma facing components, and their usage in the next-generation fusion device ITER is
very likely. Therefore, there is an increasing focus on the understanding of RMP effects
on the fast ion losses. Theoretical and experimental work [3, 4, 7, 8, 9] is ongoing in
this field; however, as of yet, final conclusions cannot be drawn. The understanding
of these effects allows optimization of the fast ion confinement in the presence of non-
axisymmetric fields for the next-generation fusion devices.

Studies of confined fast ions on the Tokamak Experiment for Technology-Oriented
Research (TEXTOR) have been performed in the past using collective Thomson
scattering [10, 11, 12, 13]. This paper focuses on the study of RMP effects on fast ion
losses at TEXTOR. The measurements are performed using a rotating directional probe.
Such probe measurements at TEXTOR with its flexible dynamic ergodic divertor (DED)
may help towards the understanding of fast ion losses, which is needed for the next-
generation fusion devices, like ITER and Wendelstein 7-X.

The paper is structured as follows: section 2 describes the experimental set-up, also
giving an overview of the features and the qualification of the analysis method used for
the rotating directional probe. The experimental results are presented in section 3, split
into general features seen with this probe and the observations during the application
of RMPs. Section 4 discusses the findings from TEXTOR in relation to other devices.
Finally, the last section summarizes the observations on TEXTOR.

2. Experimental set-up

TEXTOR is a medium-sized tokamak with a cylindrical shape in a limiter design [14].
Its major and minor radii are R = 1.75m and a =~ 48cm. A plasma current of
I, = 200kA and magnetic fields between By = 1.3T and 2.2T were chosen for the
fast ion loss studies performed with both reversed. The central electron density for
this experiment was n. = 1.5 x 10 m™ with deuterium as the species for the low-
confinement mode (L-mode) plasma.

A flexible perturbation coil system, the DED [15], is used in our experiment for the
application of static perturbation fields or fields rotating at up to 5kHz. It is located
on the high-field side as sketched in figure 1 (a) and differs from the more common
rectangular perturbation coils in that the DED coils are aligned parallel to field lines
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on the surface with safety factor ¢ = 3. Perturbations with dominant poloidal/toroidal
mode numbers of either m/n = 3/1 or 6/2 were applied for the experiment.
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Figure 1. In (a) the geometrical set-up of the measurement is sketched. The poloidal
cross-section of TEXTOR is shown at the toroidal location of the probe measurement
(¢ ~ 346°). The dashed line gives the first wall of TEXTOR and the colours of the
DED mark the current flow direction in the m/n = 3/1 perturbation mode (blue:
clockwise, red: counter-clockwise). (b) gives a picture of the probe head. A similar
array of Langmuir probe pins is located on the opposite side.

As TEXTOR cannot operate in a regime where fusion-born a-particles are created,
tangential neutral beam injection (NBI) with an energy Exp; = 50keV was used as
a proxy for generating fast ions in the plasma. Hydrogen atoms were injected. At
TEXTOR, two tangential NBIs are available facing in opposite directions [16]. Most of
the experiments performed used only one NBI facing in the co-current direction (stated
if different). The power output of the NBI is controlled via the aperture of the beam [17]:
in our standard settings with Pygr = 600 kW, the so-called V-target was set to 120 mm.

The rotating directional probe [18] is mounted on the reciprocating probe [19, 20]
and inserted from the low-field side (LFS) along the mid-plane into the scrape-off
layer (SOL) to a final position of r = 47 cm touching the plasma edge at a toroidal angle
=~ 346°; see figure 1. The probe head is equipped with two arrays of nine Langmuir
probe pins facing in opposite directions. A negative biasing (—160V) is applied to the
Langmuir probe pins in order to measure ion saturation currents. The probe rotates
along its major axis during the measurements with a speed of about 4 Hz and acquires
data at 0.5 MHz, allowing for a very high angular resolution. Radial profiles, with
a resolution of Ar = 6mm, are recorded during the measurement. For each of the
radial positions, an ion saturation current is measured as a function of angle, which is
a requirement for an accurate detection of the fast ion losses.

Figure 2 shows time traces of the typical plasma parameters relevant for our
experiment. The probe is inserted once during the discharge and rotated twice at its
final radial position. The middle 360° of the rotation are used for the measurement. In
figure 3, the measured ion saturation current of one probe channel is plotted against
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Figure 2. Time traces of typical plasma parameters for the experiments presented.
From top to bottom: plasma current (I,), electron density (ne), power of NBI 2
(Pxgi2), DED current (Ipgp), radial probe position (rprobe), and rotation angle of the
probe (Oprobe), with —10V to 0 corresponding to one complete turn.

the angle of rotation. The most obvious effect is the change from the low signal in
the range 0° < 6 < 180° to the sine-like dependence during the second half of the
rotation with a signal up to one order of magnitude higher. Furthermore, fast spikes
with an amplitude of several hundred mA are superposed with the base signal and can
be observed independently of the angle. These spikes are caused by transient events
and are observed with a non-rotating probe as well. In other words, these events have
a time dependence rather than an angular dependence; even so, their nature differs for
opposite directions as present below.

TEXTOR pulse # 120658

#2

500+ #1

50 100 150 200 250 300
0 [degree]

Figure 3. Measured ion saturation current of one channel of the probe plotted over
the rotation angle. The measurement is taken at r = 47.6 cm.

The important aspect during the analysis of these data is the distinction between
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thermal and fast ion losses. An analysis technique for detecting beam-induced fast ions
by means of a directional probe was initially presented in [21] and is further studied here.
Therefore, the following considerations are made. Thermal ions show a correlation in
the toroidal direction with a certain radial and poloidal extent as known from turbulence
studies [22]. This is different from fast ions that only propagate in one direction. These
show no correlation in the toroidal direction. Another aspect to consider is the much
larger Larmor radius of the fast ions compared to the thermal ions. Consequently, the
fast ions are travelling faster in radial direction when they are lost to the SOL. This
also results in a difference in the correlation. The correlation of thermal ions has a
radial extent but that of fast ions does not. These properties can be used to distinguish
between thermal and fast ion losses using the rotating directional probe and comparing
the signal of opposite facing probe pins. To do so, the correlation of the probe signal
closest to the plasma is correlated to all the other probe signals with
1 [T/2

Ry (7) = /_m:c(t) cy(t+ ) dt, (1)
where T is the time window used for the correlation (here 1 ms), and 7 is the lag between
the time-dependent signals = and y.

Figure 4 gives the peak values of the correlation Rje.c for each time window
(T = 1ms) and the corresponding lag Tpeax of the signals. The correlations to the
signals measured on the same side (a) and to signals from the opposite facing probe
pins (b) are plotted. There are two main aspects to be pointed out: on the one hand,
there is a clear difference between the first and second half of the rotation in (a); on
the other hand, there is a very weak correlation to the probe signals of the opposite
side. The latter is in agreement with the expectations for fast ion losses. One side of
the opposite facing probe pins is always seeing the fast ion contribution. A consequence
is that no correlation between opposite facing probe pins can be found. This directly
follows the fact that the considered fast ions only propagate in one direction. The
fact that there are two different regions in figure 4 (a) further supports the idea of the
different nature of the main losses detected in the first and second half of the rotation,
i.e. the losses from different directions. The strong correlation observed in the first half
is due to thermal ions, which are transported outward on a longer time scale than fast
ions and therefore show a radial correlation with a long tail. In addition, some events
with inward propagating ions are seen for 110° < 6 < 160° (Tpeax > 0). The second half
also shows a correlation, but with a much shorter radial extent, which is a consequence
of the strong fast ion content from that direction. It can be understood as the thermal
part being perturbed by the fast ion contribution.

The difference can be made even clearer when averaging the correlation peaks
detected in the first half (#1) and those from the second half (#2) and plotting these
against the radial coordinate along the probe, see figure 5. The half containing the
strong fast ion contribution (dashed) decays much more quickly. Additionally, the
purely thermal part (solid) shows a long tail. The correlations to the probe signals
from the opposite side (dashed-dotted, dotted) are also shown. These are below 12%
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Figure 4. Correlation diagram of the probe signal close to the plasma with all
other radial locations on the same (a) and opposite side (b). The correlation peak
Rpcak := max (R, ) and corresponding lag time Tpeax are shown by the colour code for
1ms time windows at different rotation angles of the probe.

along the entire profile. The different behaviour strongly supports the assumptions of
the analysis method presented in [21, 18]: fast ions are only detected from one side.

In the following the transient events are neglected and only the slow change in
the signal due to the rotation is considered. The angular dependent signals from
opposite facing probe pins are fitted with sine curves to derive accurate values of the
current density measured for the different directions. The fit formula is Lot (Gprove) /A =
(jH - jJ_) sin (Oprobe — o) + j 1, with the ion saturation current I, the Langmuir probe
pin area A, the parallel and perpendicular current densities j, j., the rotation angle
Oprobe, and the reference angle 6y at which the ion flux is normal to the probe pin area.
The fraction of fast ion losses is determined by Jioss = Jj,co —Jj,cor [21]; for further details
on the analysis, see [18]. A rotation of the probe by 180° is sufficient for measuring the
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Figure 5. Averaged correlation peak profiles of the first half rotation (#1) and the
second half rotation (#2) with the signals from the same and the opposite side.

fast ion losses as described in [18], but to improve the accuracy of the data presented, the
fast ion losses have been calculated based on data for 360°, and the first and second half
of a turn has been averaged. The error bars shown in the following figures result from
systematic and fitting inaccuracies as well as the standard deviation of the averaging.
The TEXTOR discharge numbers are given in the top-right corner of the figures, and
the plasma parameters are stated in the shaded box within the figure.

3. Experimental results

3.1. General properties without additional magnetic perturbations

Before presenting the results from the RMP experiments, some general properties
measured by the rotating directional probe are discussed, expanding those presented
in [18]. A general property of the ion losses seen in figures 6 and 11 is their radial decay
for r < 50.6 cm and a vanishing of the losses from around r > 51.2 cm, likely due to the
interception of the plasma facing components.

3.1.1. Dependence on beam power The impact of the number of beam particles injected
is studied based on discharges with different V-target opening, but the same acceleration
energies of the particles. The triangles in figure 6 give a reference case of detected
losses without additional beam particles. With increasing opening of the V-target, the
detected losses increase for all radial positions r < 50.6cm. At r = 48.2 cm, the cases
with an opening larger than 60 mm are getting closer and overlap for r = 47.6 cm. This
can possibly be explained by the location of the measurement being close or already
inside the last closed flux surface (LCFS). Both the intrinsic and the beam-induced ion
losses follow the plasma current direction. In the following, the effects on the ion losses
detected between 48.8 cm < r < 50.6 cm are considered (dashed rectangle).
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Figure 6. Radial profiles of the fast ion losses. The dependence on the NBI power is
shown by changing the V-target opening, with 30 mm to 120 mm corresponding to a
power of about 200 kW to 600 kW.

8.1.2. Dependence on plasma position As seen above, the losses depend on the distance
from the LCFS. Exact measurements of the position of the LCFS at TEXTOR do not
exist for the discharges studied. However, the location of the magnetic axis is known
from laser interferometry measurements [23]. In the following, this is used to judge
the difference in distance of the LCFS from the probe, keeping in mind that an exact
measurement, lacks the knowledge of the Shafranov shift. Figure 7 (top) shows the
dependence of fast ion losses on the plasma position. The plasma position, AR, varies
with respect to the geometrical centre while keeping all other plasma parameters the
same. It is observed that a more outward plasma position (larger AR) causes higher
losses as the plasma is closer to the probe compared to the cases with the plasma
axis moved by about 2.5 cm further inwards. The discharges with plasma positions of
—7cm < AR < —5cm show further reduced losses. No large differences can be seen
in this range, likely due to the fact that the losses are already strongly reduced in this
range and additional changes cannot be resolved.

However, a simple shift of the loss profiles cannot fully explain the observed
changes if modifying AR. Additionally, the different plasma position affects the toroidal
field ripple 6 seen at the LCFS. The ripple is known to have a strong effect on
the fast ion confinement [3] and should not be neglected in the interpretation of the
observations. Therefore, the influence of the plasma shift on the ripple is also plotted in
figure 7 (bottom). It can be seen that the ripple changes from 0.74% at the outermost
plasma position to 0.33% for the innermost position. An increase in losses is observed
when a stronger ripple is present, which is in line with observations from other devices.
An interplay of both effects—the distance of the probe form the LCFS and the different
toroidal field ripple—are likely to cause the observed influence on the ion losses.

The strong effect of the plasma position needs to be considered in the following
studies. Consequently, the relative plasma position is stated as a plasma parameter and
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Figure 7. Dependence of the fast ion losses on the plasma position. The plasma
position is given as the displacement AR of the magnetic axis with respect to the
geometrical centre. On the top the ion losses are given and on the bottom the toroidal
field ripple.

only those pulses with the about same plasma location are compared. Changes in the
vertical plasma position are not detected at TEXTOR and are set to the geometrical
centre for all discharges.

3.1.3.  Dependence on beam ratio The availability of two opposite-facing NBIs at
TEXTOR allows for the study of the effect of co- and counter-injected fast ions at
constant heating power. Therefore, a beam ratio scan was performed. The power of
each beam was controlled by changing the V-target while the dependence of V-target
opening and beam power in the range considered is about linear (cf. figure 6 of [17]).

The beam ratio f is determined as
= (opening NBI2) — (opening NBI 1) 2)
" (opening NBI2) + (opening NBI 1)’

with a fixed total opening of 120mm. The experimental results presented in figure 8

do show a trend to larger losses for predominantly co-injected cases, but not a clear
dependence. It is observed that the losses for both extremes occur in the co-current
direction.

Based on these observations, we can conclude that the observed losses do not result
from passing particle losses, as those passing particles usually keep their initial direction
of motion and therefore should lead to different loss directions if co- or counter-NBI is
used. This is not seen here. Furthermore, prompt losses caused by intersection of the
beam particles with the plasma-facing components are unlikely as they usually happen
close to the fast ion source and should lead to a strong difference in the results at our
measurement position as NBI 1 is much closer to the measurement position than NBI 2.
Remaining types of known loss processes for the fast ions include the first orbit losses
and the stochastization losses [24, 25].
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Figure 8. Influence of the NBI direction on the fast ion losses. Different ratios f of
the V-target opening for each of the opposite facing NBI systems are compared.
8.2. Study of the influence of RMPs

For the study of RMP effects on fast ion losses, the DED is applied to create static as
well as rotating fields in both perturbation modes m/n = 3/1 and 6/2.
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Figure 9. Effect of the static DED on fast ion losses. Different perturbation
amplitudes for the perturbation modes m/n = 3/1 (a), and m/n = 6/2 (b) are shown.

8.2.1. Static DED Figure 9 shows the stepwise increase in the strength of a static
perturbation field that covers the whole available range in both perturbation modes.
Even at the maximum perturbation strength, no locked modes [26] are observed for
those discharges. In figure 9 (a), results from the 3/1 perturbation mode are shown.
The three different perturbation amplitudes do not show a clear trend in the effect on the
ion losses. Only for the strongest perturbation are increased losses seen at r = 48.8 cm
and 7 = 49.4cm. The further outward channels are not affected. Figure 9 (b) shows
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the results for the 6/2 cases. Due to the different perturbation mode, it is technically
feasible to reach double the DED current. The results for the strongest and weakest
perturbations are similar along the entire profile. For the other perturbation amplitudes,
the losses at the innermost location appear to be slightly higher and peak around
Ipep = 5.3KkA. The strong increased losses for r = 48.8cm and r = 49.4cm as in the
3/1 cases cannot be found. From this results it is difficult to state a clear dependence
of the perturbation amplitude of the DED on the fast ion losses at TEXTOR.

3.2.2.  Rotating DED In figure 10 (a), the two different rotation directions are
compared for the rotating DED in the 6/2 perturbation mode. The perturbation field
was rotating with a frequency fprp = 1.38kHz in the co- (filled symbols) and counter-
current (open symbols) direction. Each direction is studied at different perturbation
amplitudes up to the maximum available. It should further be noted that only half the
set of coils is used in the rotating 6/2 DED operation compared to the static operation.
In both cases, the ion losses are identical for all three amplitudes. No dependence on
the perturbation amplitude can be seen in the range considered.
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Figure 10. Effect of the rotating DED on fast ion losses. In (a) different perturbation
amplitudes for co- (filled symbols) and counter-rotation (open symbols) with respect
to the plasma current direction are shown. (b) shows the comparison of the ion
saturation signal of two opposite-facing probe pins at r = 48.7cm with the DED
current modulation for TEXTOR discharge 120638 (cf. open pentagon in (a) at
Ipgp = 2.4kA). Additionally, the influence of the DED on the D, signal is shown.

Due to the analysis method used on the experimental data, high-frequency
modulations on the ion loss signal cannot be resolved in plots like those shown in
figure 10 (a). Therefore, figure 10 (b) shows time traces of the raw ion saturation
data in comparison with the DED amplitude and the D, signal. The upper two time
traces show the ion saturation current measured from opposite-facing probe pins at
the same radial position » = 48.7cm for a short time interval of about 5ms. The
interval is chosen at the time when the probe signals peak. Sub-structures can be seen
in the probe signal, but they do not correlate with the DED amplitude modulation. In
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contrast, the D, signal shows a modulation following the DED amplitude as observed
before on TEXTOR [27] which can be understood as results of the near field effects on
the strike lines.

Experiments with the 3/1 perturbation mode have also been performed at
TEXTOR for different rotation frequencies and directions. Technical restrictions only
allow DED currents of up to 0.8kA, but with the full set of coils and therefore only
about a third weaker compared to the cases in the 6/2 perturbation mode. Frequencies
of 1kHz and 5kHz have been used. Similar to the results with 3/1, the study in 6/2
does not show any impact on the fast ion losses. In conclusion, it can be stated that
an effect of the rotating DED field on the fast ion losses cannot be observed at these
perturbation amplitudes.

8.2.3. Dependence on edge safety factor An important aspect of RMP physics is the
edge safety factor of the plasma as this defines the location of the resonant layers of
the perturbation. To study the influence of different edge safety factors, g,, under the
same DED conditions, a ¢, scan is performed by modifying B;. Although the preferred
technique for performing ¢, scans is the variation of I, rather than By in order to keep
the effective perturbation the same, this is not an option when studying effects on fast
ion losses. As presented in [28, 18], fast ion losses are strongly dependent on the chosen
plasma current. Figure 11 shows the study of the B; dependence. With the chosen B
fields 1.3 T to 2.2'T, g, ranges from about 4 to 7 and the effective perturbation decreases
by 40%. The grey shaded region marks the reference cases without applied DED where
no effect on the losses but a larger scatter can be seen. With the perturbation, B
fields larger than 1.6 T do not show a clear dependence and lead to losses similar to the
unperturbed cases. In contrast, a clear difference for the 1.3T case (pentagons) is seen.
The losses are strongly reduced by about a factor of two. Additionally, the shape of the
radial profile changed strongly, which indicates a modified distribution of the fast ion
losses. In the region 48.2cm < r < 50 cm, the profile becomes very flat, which could be
an indication of fast radial transport in that region. Studying the magnetic response
of the plasma, shows no mode locking or field penetration in this pulse. Instead, an
increase in central plasma rotation is observed, seen via the sawtooth precursor mode,
which spins up from 6.2kHz to 7.8kHz in the co-current direction. Such an effect
due to the DED fields has previously been observed [29]; the only requirement for the
observation is that no field penetration occurs as in the case here.

At first glance, the reduced losses appear counter-intuitive to an effect on fast
ion losses by RMPs. The observation of reduced losses can mean three things: (a)
increased losses appear at a different location in the torus and therefore the losses at the
measurement, position decrease, (b) a external kinking of the plasma results in a larger
distance between the probe and the LCFS, which leads to reduced losses (cf. figure 7),
or (c) the fast ion confinement improved, i.e. the losses are reduced. Due to a lack of
diagnostical capabilities at TEXTOR it is not possible to measure the fast ion losses
at a different location or to determine a possible kinking of the plasma edge. However,
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Figure 11. Effect of the edge safety factor on the fast ion losses. The scan was
performed by changing B;. The grey shaded region gives the reference to non-perturbed
plasmas.

some considerations can be made to support the one idea or another. In contrast
to other fast ion loss detectors, the rotating directional probe provides measurements
along a radial profile. It is easily understood that measuring along the radial profile
is equivalent to measuring along the toroidal direction: fast ions leaving the confined
region propagate in the toroidal and radial directions before they intersect the plasma
facing components. Consequently, the rotating directional probe provides information
along a toroidal range and not only a local measurement. Tracing of fast ion orbits is
required to get an estimate of the toroidal range covered; unfortunately, this does not
exist. Still, the drop along the entire profile indicates improved fast ion confinement and
diminishes possibility (a). A second aspect is the observed increase in plasma rotation.
One consequence of increased plasma rotation is better confinement, also including
better fast ion confinement. Nevertheless, modelling of the topology changes due to
the DED fields and/or fast ion tracing is required for a complete understanding of the
observations.

4. Discussion

The studies presented on different perturbation strengths and types have not shown a
clear effect of the applied perturbation fields on fast ion losses, apart from the case with
low edge safety factor. The low edge safety factor ¢, ~ 4 leads to a strong resonance
of the RMPs in the plasma edge as the DED is aligned with field lines on the ¢ = 3
surface that are located close to the plasma edge for such a case. Consequently, a strong
effect is seen. This is in line with observations from KSTAR: studies with perturbations
which are resonant and non-resonant in the plasma edge have been performed leading
to the result that only resonant perturbations show an effect on fast ion losses [9].
Those experiments at KSTAR were performed with perturbations of a toroidal mode
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number n = 1. In the non-resonant cases, nearly twice as high perturbation fields were
applied without effects on the fast ion losses. This supports the idea that only at strong
resonances do the perturbation fields affect the fast ion confinement.

Another aspect to consider when evaluating the TEXTOR results is the limitation
of the study to a fixed toroidal and poloidal location. Variation of the measurement
position in the toroidal or poloidal direction was not possible. Experiments on other
devices have shown a toroidal and poloidal dependence of fast ion losses towards the
wall components. A strong toroidal dependence is found on ASDEX Upgrade (AUG) by
measurements with fast ion loss detectors located about 30 cm above the mid-plane and
113° apart toroidally [9]. The toroidal asymmetry in the losses led to a strong increase
at one position, while at the other position, the fast ion loss signal dropped rapidly
if RMPs were applied. Recalling our finding for a low edge safety factor (figure 11),
one explanation can be a toroidal asymmetry of the fast ion losses as found on AUG.
However, in contrast to the radially localized measurements at AUG, the measurement
at TEXTOR provides a radial profile which also contains information from different
toroidal locations. Therefore, a drop along a wide toroidal range is seen, which gives a
second possible explanation: a reduction of the fast ion losses. At DIII-D, losses appear
predominantly at the mid-plane compared to a second detector significantly below the
mid-plane, which is not strongly affected by the applied RMP [5]. The studies at DIII-D
were performed in L-mode plasmas. There, a kinking of the plasma edge was observed
when the effect on the fast ion losses were seen.

Furthermore, simulations with the ASCOT code, a Monte Carlo method—based fast
ion tracer, show for AUG that the effect of RMPs on the losses strongly depends on the
NBIs and toroidal field configurations used [8]. For simulations with high toroidal fields,
nearly no effect of the RMP on the fast ion losses is seen. At low toroidal field, the
amount of losses depends on the NBI system used (different in location and injection
direction).

5. Summary

This article presents the results of a study of the RMP influence on fast ion losses at
TEXTOR. The measurements were taken with a rotating directional probe located at
the mid-plane at a fixed toroidal angle providing information along the radial axis in the
SOL with a resolution Ar = 6 mm. From discharges without applied RMPs, the strong
dependence of the losses on the location of the LCFS could be seen, and the appearance
of passing particle losses could be excluded at the measurement position. During this
work, clear RMP effects on the fast ion losses are only seen when investigating the edge
safety factor dependence. At a low edge safety factor about ¢, =~ 4, a strong reduction
of the losses by 50% along the entire profile is observed when applying strong static
perturbation fields with a poloidal/toroidal mode number 6/2. At a moderate edge
safety factor ¢, ~ 6, RMP rotation scans in co- and counter-direction with frequencies
of up to 5 kHz show no clear effects on the fast ion losses at TEXTOR. These scans have
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been performed for poloidal/toroidal mode numbers of 3/1 and 6/2. Theoretical studies
that involve tracing the fast ions are required to understand the impact of RMPs on the
losses at TEXTOR and can help towards a further interpretation of the experimental
results.
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B. Commonly used acronyms

Some experienced scientists in the field of magnetically confined fusion love
to use acronyms when talking about their own research. For young scient-
ists, such as master and Ph.D. students, it is very difficult to follow these
discussions in the beginning. Nevertheless, fusion needs many young and in-
terested researchers, being able to understand each other as good as possible,
to reach the ambitious goal of a working fusion reactor in the next decades.

Therefore, young fusion scientists might find the following list of acronyms,
commonly used in the field of magnetically confined fusion, helpful. For
further details the first appearance of each acronym in this dissertation is
given.

ASDEX Axially Symmetric Divertor EXperiment........................ 4
AUG ASDEX Upgrade ... 9
DED dynamic ergodic divertor ........... ... i 9
EFCC error field correction coil.......... .. ... ... i 8
EAST Experimental Advanced Superconducting Tokamak.............. 10
ELM edge localized mode ....... ... )
H-mode high-confinement mode................... ... ... ... ... ... ....... 4
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HFS high-field side.......... ... 9
JET Joint European Torus ....... ... 3
L-mode low-confinement mode ............ ... ... . i 4
LCFS last closed flux surface.......... .. ... i 3
LFS low-field side . ... ..o 15
LHW lower hybrid wave....... ... .. i 9
NBI neutral beam injection.......... ... ... o i i 30
RMP resonant magnetic perturbation ........... ... .. .. ... .o L 5
SOL scrape-off layer. ... .. ... 3
TEXTOR Tokamak Experiment for Technology-Oriented Research ... ... 3
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