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Kurzfassung

Die Leistungsfédhigkeit eines magnetisch eingeschlossenen Fusionsplasmas hingt stark
vom Plasmarand ab, der die Grenze zwischen dem heiflen, eingeschlossenen Plas-
ma und der Reaktorwand darstellt. In einem Tokamak, der eine toroidale, axial-
symmetrische Magnetfeldkonfiguration besitzt, wurde ein Regime mit verbessertem
Plasmaeinschluss, die High Confinement Mode (H-Mode), beobachtet. Der verbes-
serte Einschluss wird durch eine Randtransportbarriere (ETB) bedingt, welche mit
der Formierung von steilen Gradienten des Plasmadrucks einhergeht, die als Pedestal
bezeichnet werden. Das maximal erreichbare Pedestal, d.h. der maximale Druckgra-
dient, ist normalerweise durch ein magnetohydrodynamisches Limit begrenzt, dessen
Uberschreitung zu sogenannten Edge Localised Modes (ELMs) fiihrt. ELMs sind In-
stabilitaten, die das Pedestal abflachen und zu einem Verlust von rund 10 % der im
Plasma gespeicherten Energie fithren. Die Mechanismen, die die Pedestalstruktur vor
einem ELM Ausbruch bestimmen, sind nicht vollstdndig verstanden. Es wird erwar-
tet, dass mikroturbulente Instabilitdten, z.B. Kinetische Ballooning Moden (KBMs),
hierbei eine wichtige Rolle spielen.

Die vorgelegte Dissertation untersucht die zeitliche Entwicklung der Dichte- und Tem-
peraturprofile des Pedestals zwischen ELM Ausbriichen am ASDEX Upgrade Toka-
mak. Die Ziele waren Vergleiche von unterschiedlichen Plasmabedingungen, wie der
Kollisionalitat (#*) des Plasmas, verschiedenen Hauptionenspezies und unterschiedli-
chen Plasmaformen. Weiters wurde der Einfluss der Bedingungen auflerhalb des einge-
schlossenen Plasmas auf die Pedestalentwicklung untersucht. Die umfassende Studie
dieser Parameter resultierte in einer Schliisselbeobachtung: Das Pedestal baut sich
in unterschiedlichen Phasen zwischen ELM Ausbriichen auf, deren Abfolge immer
gleich ist. Unmittelbar nach dem ELM Ausbruch wird das Elektronendichtepede-
stal hergestellt, anschliefend das Elektronentemperaturpedestal. Abschliefend tritt
eine Phase mit konstanten Druckgradienten auf, die unterschiedlich lange andauern
kann.

Uber einen weiten Bereich von v* wurde beobachtet, dass das Einsetzen von Magnet-
feldfluktuationen mit Frequenzen iiber 200 kHz mit einer Stagnation des Elektronen-
druckgradienten im Pedestal korreliert. Wenn diese Fluktuationen vorhanden sind,
steigen die Gradienten von Elektronendichte und -temperatur nicht weiter an und
sind stabil gegen einen ELM Ausbruch. Die Fluktuationen sind Signatur von Mikro-
instabilitdaten, die sich im Pedestal befinden. Ihre Frequenz, die an der Auflenseite, der
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Niederfeldseite (LFS), detektiert wird, korreliert linear mit der neoklassischen Appro-
ximation der Hintergrundgeschwindigkeit am Plasmarand, was indiziert, dass sich die
Instabilitdt mit der Hintergrundgeschwindigkeit des Plasmas bewegt. Dariiber hinaus
konnte den Fluktuationen eine globale Modenstruktur mit toroidalen Modenzahlen
im Bereich von 11 zugeordnet werden. Die Fluktuationen sind auch auf der Innensei-
te, der Hochfeldseite (HFS), des Tokamaks mit signifikanter Amplitude messbar, was
fiir eine KBM nicht erwartet wird, deren dominante Amplitude auf der LFS liegen
sollte.

Ein Vergleich von Wasserstoff (H), Deuterium (D) und Helium (“He) Plasmen wur-
de durchgefiihrt, um die inter-ELM Entwicklung der Pedestalstruktur in Plasmen mit
verschiedenen Hauptionenspezies zu untersuchen. Die Pedestalstabilitéit aller Plasmen
stimmt mit der , Peeling-Ballooning* (PB) Theorie tiberein, die unabhéngig von der
Hauptionenspeziesmasse ist. Die inter-ELM Pedestalentwicklung zeigt dieselbe Pha-
sensequenz im Pedestalaufbau fir alle Hauptionenspezies. Weiters wurde eine dhnliche
inter-ELM Signatur der magnetischen Fluktuationen sowie gleiche zugehorige toroi-
dale Modenstrukturen gemessen.

Zusatzlich zum Abflachen des Pedestals beeinflussen ELMs das Plasma im Divertor
und in der Abschélschicht (SOL). Der Einfluss der geinderten Bedingungen auflerhalb
des eingeschlossenen Plasmas auf die inter-ELM Pedestalentwicklung wurde unter-
sucht, wobei der Fokus auf der Entwicklung der Elektronendichte lag. Die Teilchen-
und Leistungsfliisse, die durch den ELM ausgestoflen werden, fithren zu einem ,,Re-
Attachment“ des Plasmas im inneren Divertor. Nach dem ELM Ausstofl geht der
auBere Divertor in ein Regime mit hohem Neutralenrecycling iiber, welches eine hohe
Elektronendichte vor den Divertorkacheln bedingt. Auf &hnlichen Zeitskalen hebt sich
das Plasma vollstandig vom inneren Divertor ab (,,Detachment“) und eine Hochfeld-
seitenhochdichteregion (HFSHD) formiert sich, die bis zur Mittelebene auf der HFS
ausgedehnt ist. Weder die Zeitskala der Formation der HFSHD noch der Anstieg der
Neutralenfliisse in der Hauptkammer weisen dieselbe Zeitskala wie das Elektronen-
dichtepedestal auf, das sich schneller aufbaut. Es wurde beobachtet, dass der Aufbau
des Elektronendichtepedestals mit der magnetischen Aktivitat an der LF'S Mittelebene
verkntipft ist, deren Amplitude wahrend des schnellen Aufbaus des Elektronendichte-
pedestals stark reduziert ist.

Die Form des Plasmas, beziehungsweise die Triangularitét, beeinflusst die Stabilitat
des Pedestals. In dedizierten Experimenten wurde beobachtet, dass die erhohte Elek-
tronendichte, die in hochtrianguldren Plasmen auftritt, bereits wihrend der Phase
des Elektronendichteaufbaus erreicht wird. Die Erniedrigung der ELM Frequenz bei
groferer Triangularitat ist mit langeren Aufbauphasen des Pedestals verbunden. In
sdmtlichen untersuchten Entladungsintervallen befanden sich die pre-ELM Pedestal-
profile in Ubereinstimmung mit der PB Theorie.



Die detaillierte Untersuchung der einzelnen Phasen des Wiederaufbaus der Randgra-
dienten nach einem ELM zeigte erstmals, dass die Phasensequenz unabhéngig von
Hauptionenspezies, Kollisionalitat und Form des Plasmas immer gleich ablauft, bis
die Stabilitatsgrenze, die gut mit der PB Theorie beschrieben werden kann, erreicht
ist. Auflerdem konnte gezeigt werden, dass der schnelle Anstieg des Elektronendichte-
pedestals nicht von der Dynamik der Neutralen im Divertor oder Hauptraum domi-
niert wird, da er auf schnelleren Zeitskalen erfolgt. Die magnetischen Fluktuationen,
die in der Phase vor dem ELM auftreten, in der sich der Druckgradient nicht mehr
andert, konnten erstmals genauer charakterisiert werden. Es wurde gezeigt, dass die
zugrundeliegende Instabilitat im Minimum des radialen elektrischen Feldes lokalisiert
ist, eine toroidale Modenzahl von 11 aufweist und auch auf der HF'S messbar ist, was
fir einen signifikanten ,,Peeling®“- Anteil spricht.
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Abstract

The performance of a magnetically confined, fusion plasma is strongly impacted by
the plasma edge, which is the boundary between the hot, confined plasma and the
reactor walls. In a tokamak, which uses a toroidally axis-symmetric magnetic field
configuration, a regime of improved plasma confinement, the high confinement mode
(H-mode), has been observed. The confinement improvement originates from an edge
transport barrier (ETB), which is accompanied by steep gradients of the plasma
pressure, named pedestal. The maximum sustainable pedestal, i.e. the maximum
pressure gradient, is usually set by an ideal magnetohydrodynamic limit, which if
exceeded is leading to edge localised modes (ELMs). ELMs are instabilities that relax
the pedestal and lead to a loss of the order of 10 % from the plasma stored energy.
The mechanisms, which set the pedestal structure before an ELM crash, keeping
the pedestal stable up to this point, are not fully understood. Here, microturbulent
instabilities, e.g. kinetic ballooning modes (KBMs), are expected to play an important
role.

The presented PhD thesis investigates the temporal development of the pedestal den-
sity and temperature profiles in between ELM crashes at the ASDEX Upgrade toka-
mak. The aims were comparisons of different plasma conditions, i.e. plasma colli-
sionality (v*), main isotope species and plasma shapes. Further, the impact of the
conditions outside the confined plasma on the pedestal development was investigated.
The extensive study of these parameters resulted in one key observation: The pedestal
recovers in distinct phases in between ELM crashes with always the same sequence.
Immediately after the ELM crash, the electron density (n.) pedestal is established,
followed by the electron temperature (7;,) pedestal. Finally, a period with constant
pressure gradient appears, which can vary in duration.

For a large range of v* it has been found that the onset of radial magnetic fluctuations
with frequencies above 200 kHz correlates with the stagnation of the electron pressure
gradient in the pedestal. When these fluctuations are present, the gradients of the
edge n, and T, are clamped and stable against an ELM onset. These fluctuations
are signatures of microinstabilities which act in the pedestal. Their frequency, that is
detected on the outboard, low field side (LFS), linearly correlates with the neoclas-
sical estimate of the plasma edge background velocity, indicating that the instability
propagates with the background flow. Furthermore, it has been found that the fluc-
tuations have a global mode structure with toroidal mode numbers in the region of
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11. The fluctuations are also observable on the inboard, high field side (HFS) of the
tokamak with significant amplitude, which is not expected for a KBM that should
have its dominant amplitude on the LFS.

The comparison of hydrogen (H), deuterium (D) and helium (*He) plasmas has been
performed to investigate the inter-ELM evolution of the pedestal structure in plasmas
with different main ion species. The pedestal stability of all plasmas is in agree-
ment with peeling-ballooning (PB) theory, which is independent of the main ion
species mass. The inter-ELM pedestal evolution has the same sequence of recov-
ery phases for all main ion species. Further, similar evolution of the inter-ELM
magnetic signature as well as similar corresponding toroidal mode structures are
found.

In addition to the relaxation of the pedestal, ELMs introduce changes to the divertor
and scrape-off layer (SOL) conditions. Their impact on the inter-ELM pedestal recov-
ery was investigated with emphasis on the evolution of the n. pedestal. The particle
and power fluxes expelled by the ELM crash lead to a re-attachment of the inner
target plasma. After the ELM crash, the outer divertor target moves into a high recy-
cling regime with high n, in front of the plate. On similar timescales, the inner target
fully detaches and the high field side high density region (HFSHD) is formed reaching
up to the HFS midplane. Neither the timescale of the appearance of the HFSHD nor
the increase of the main chamber neutral fluxes fit the timescale of the n. pedestal,
which is faster. It is found that the recovery phase of the n, pedestal is linked to
the magnetic activity at the LFS midplane. The fluctuation amplitude is strongly
reduced during the re-establishment of the n. pedestal.

The plasma shape, respectively triangularity (¢), impacts on the pedestal stability. In
dedicated experiments it was found that the higher pedestal top n., which is observed
at high ¢, is already established in the n, pedestal recovery phase. The lowering of
the ELM repetition frequency (fgrym) with increasing ¢ is related to longer pedestal
recovery phases. In all investigated discharge intervals, the pre-ELM pedestal profiles
are in agreement with PB theory.

The detailed investigation of the pedestal recovery phases after an ELM crash showed
for the first time that the sequence of recovery phases evolves independently of main
ion species, plasma collisionality and plasma shape till the stability limit, which is
well described by PB theory, is reached. Furthermore, it was evidenced that the fast
increase of the n, pedestal is not dominated by the neutral dynamics in the divertor
or main chamber because it occurs on faster timescales. The magnetic fluctuations,
occurring in the pre-ELM phase with constant pressure gradient, were characterised
in detail for the first time. It has been shown that the underlying instability is
located close to the minimum of the radial electric field, exhibits a toroidal mode
number of 11 and is also detectable on the HFS, indicating a significant peeling
contribution.
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1 ‘ Background and Motivation

Electric power is one of the main bases for technological, economical and social
progress. For this reason, the demand for electricity has been steadily increasing
for several decades. But currently it is mainly met by non-renewable sources [1],
which have the drawback that energy production is not sustainable on long time
scales. Today, the majority of conventional power plant concepts rely on burning fos-
sil fuels, emitting huge amounts of green house gas, most prominently carbon dioxide.
These are proven to cause global warming [2] and therefore, are responsible for the
world’s climate change with all its unratable consequences. To curtail the impact of
power generation on the environment, i.e. green house gas emission, by simultaneously
meeting an increasing demand, alternatives to common power plant technology are
required. This pushes research towards the realisation of novel methods for electric
power generation.

Several renewable energy sources without green house gas emission like solar power
or wind energy have been developed and promoted within the last years. Their
major drawback is a non-reliable power production in the sense that they cannot
cover the grid base load. Here, large power plants that continuously produce elec-
trical power by nuclear fusion reactions could help to cover the base load in fu-
ture.

1.1 Thermonuclear Fusion

In a nuclear fusion reaction two light atomic nuclei are combined, forming a heavier
one. Since the reaction leads to a loss of total mass, i.e. the sum of the starting nuclei
masses is larger than the total mass of the products, energy is released. Nuclear
fusion reactions have been the energy source of the sun for several billions of years.
This illustrates the enormous potential that underlies fusion reactions. However, the
sun is huge in dimension and consists of many particles. Therefore, it is not possible
to continuously reproduce similar conditions on earth. Especially, the high particle
densities at the required temperatures to enable fusion reactions cannot be achieved
simultaneously.

1
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Figure 1.1: Cross sections for several fusion reactions: The D-T fusion reaction
(T(d,n)*He) has a significantly higher cross section at low energies than the
D-D (D(d,n)*He) or D-*He (*He(d,n)*He) reaction. Curves taken from [3, 4].

The last decades of fusion research aimed at using the energy source from nuclear
fusion reactions for electric power production. A more efficient fusion reaction than
in the sun has to be used:

D+ T — “He + n + 17.6MeV. (1.1)

This is the so-called deuterium-tritium (D-T) reaction: Two isotope nuclei of hy-
drogen, deuterium (D) and tritium (T), fuse to helium (*He) and a neutron (n),
while 17.6 MeV of kinetic energy are released to the fusion products. Since a “He
nucleus is almost four times heavier than a neutron, 3.5 MeV of energy are given to
‘He and 14.1 MeV to the neutron due to kinematics. The D-T reaction is the most
efficient one because it has the largest cross section in comparison to other fusion
reactions at the achievable temperatures. Figure 1.1 presents a comparison of the
cross sections (o) for different nuclear fusion reactions in dependency of the energy
of an impinging D nucleus. At relatively low energies of roughly 100keV, o of the
D-T reaction is approximately two orders of magnitude larger than for the D-D or
D-He reaction. It has to be stressed that 1keV corresponds to a temperature of
roughly 1.1-107 K. Matter heated-up to such temperatures is in the aggregate state
of plasma.

A plasma is an ionised gas, meaning that the electrons are not bound to the atomic
nuclei. To fuse positively charged nuclei, the counteracting process of Coulomb repul-
sion has to be exceeded. Since ¢ for the Coulomb repulsion is higher than o for fusion
reactions, on average the nuclei in the plasma have to collide roughly 50 times till a
fusion reaction happens. Therefore, it is required that the plasma is well confined in
the reactive volume.
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The threshold for self-sustaining D-T fusion reactions is given by the so-called Lawson
criterion [5]. Tt is based on power balance considerations and yields that the product
of plasma density, energy confinement time and temperature has to be higher than
5-102 m—3keV's for a D-T plasma.

Within the last decades of research two main approaches were considered to fulfil the
criterion. The first one is to increase the density by compression, while the energy
confinement time is automatically reduced owing to the Coulomb repulsion. The
plasma confinement is solely sustained by the inertia of the particles, therefore, this
approach is called inertial confinement fusion [6]. Usually, frozen D-T pellets are
compressed with laser or ion beams, to achieve fusion. The second approach is to
enlarge the confinement time by applying electromagnetic fields, which is bound to
operate at lower plasma densities. This approach is utilized in magnetic confinement
fusion [7].

1.2 Magnetic Plasma Confinement

Since the plasma particles are charged, they interact with electric and magnetic fields
according to the Lorentz force. In a magnetic field a charged particle with a velocity
component perpendicular to the magnetic field lines is forced on a gyro-orbit. In a
certain sense, this confines the charged particle in the perpendicular direction to the
magnetic field, whereas the particle does not experience any repelling force by mo-
tion in parallel direction. Therefore, in a first order approach a magnetic field with
self-contained field lines is desired, which can be realised in toroidal geometry. How-
ever, this is not sufficient to confine a plasma since drifts occur, which lead to charge
separation and loss of confinement. To sustain confinement a superimposition of a
toroidal and poloidal magnetic field is required. The poloidal field can either be ex-
ternally introduced by application of a helical current component around the toroidal
magnetic field, which is the concept of a stellarator. Or it can be achieved by driving
a large current in the plasma, which is the concept of the tokamak. Both concepts are
currently expected to be applicable to power plant requirements. Recently, a new stel-
larator experiment Wendelstein 7-X (W7-X) has been taken into operation. It already
demonstrated that the achieved magnetic field geometry agreed with the designed one
with an accuracy better than 107° [8], which is an enormous advance for design and
optimisation of stellarators. A large tokamak experiment, ITER (the Latin word for
‘the way’) is currently constructed in southern France. It should demonstrate the
production of several times more thermal power from fusion reactions than required
for the heating of the plasma [9] and the feasibility to build a fusion power plant,
named DEMO (DEMOnstration power station).

3
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Figure 1.2: Magnetic coils and field lines in a tokamak: The magnetic field
produced by the toroidally assembled coils (blue) is superimposed by the field
produced by the current that is induced in the plasma (green arrow) resulting
in helically twisted field lines (dark blue). Figure taken from [10].

1.2.1 Tokamak

In the early 1950s this concept was developed in the former Soviet Union. Its main
components are illustrated in figure 1.2. Toroidally assembled magnetic field coils
(blue coils, figure 1.2) create the toroidal component of the magnetic field. The
required poloidal field component (green arrows, figure 1.2) is established by induction
of an electric current (of the order of MA) in the plasma, which is done with the inner
poloidal field coils (green, figure 1.2). These coils represent the primary circuit of a
transformer with the plasma as secondary circuit. The superimposition of the toroidal
and poloidal magnetic fields results in helically twisted field lines (dark blue arrow,
figure 1.2), which can sustainably confine the plasma particles. The requirement of an
induced current is one of the disadvantages of the tokamak concept, since this implies
a pulsed operation. Ongoing research also focuses on driving the plasma current non-
inductively to extend the pulse duration or fully overcome the pulsed operation mode
[11].
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Figure 1.3: Nested magnetic flux surfaces in a tokamak configuration: The
toroidal magnetic field (B;) decreases from the inboard side of the torus
towards the outboard one by 1/R. This forms two regions on a flux surface,
one with higher By (HFS) and one with lower B; (LFS). Figure modified
from [12].

1.2.2 Plasma equilibrium and flux coordinates

Because the magnetic geometry of a tokamak is toroidal, it is useful to apply a torus
coordinate system for its description. Torus coordinates are spanned between the
toroidal angle ¢ € [0, 27|, poloidal angle 6 € [—7, 7| and the radius r > 0. A quantity
that describes the magnetic field lines that circulate around the torus is the safety
factor (q):

q= Z; = Z? (1.2)
It is a measure for the helicity of a magnetic field line or put simply the poloidal
field line displacement A# per toroidal turn. If ¢ is not a rational number ¢ # m/n
(n,m € N) the magnetic field line circulates infinite times around the torus forming
a surface of equal magnetic flux, a so-called flux surface. In a tokamak configuration
these flux surfaces are intrinsically nested as shown for five of them in figure 1.3.
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By applying Ampere’s Law, integrating the toroidal magnetic field (B;) around one
toroidal turn the relation

7{ Bids = ol (1.3)

must hold at the inboard (Ry,) and outboard (Ra..s) side of the torus. Since the
current I that flows trough the surfaces, which are expanded by these two paths, is
constant:

2 Ry, By = 2T Raus By = pol. (1.4)

This follows that:
Bi(R) x 1/R. (1.5)

In consequence the helically twisted magnetic field line experiences a larger By at the
inboard side of the torus than on the outboard side. For this reason these regions are
also called high field side (HFS) and low field side (LFS) as indicated in figure 1.3.
The gradient of the magnetic field is a drive for plasma instabilities at the LF'S, while
it stabilises the plasma at the HFS [13].

Another important feature of the tokamak configuration is that it is axis-symmetric
in toroidal direction. For this reason a 2-D poloidal plane is representative for the 3-D
magnetic equilibrium. In this context a magnetic equilibrium is the balance of the
forces acting on the plasma particles from the thermal pressure (p) and the magnetic
field. This is implemented through the magnetic part of the Lorentz force j x B and
given from magnetohydrodynamics (MHD) [14]:

jx B=Vp. (1.6)

The relation implies that there is no parallel pressure gradient to B. In consequence
p must be constant along a magnetic field line, which causes constant p on a flux
surface. Physical units that are constant on flux surfaces are called flux quantities.
By introducing a coordinate system that represents the 2-D flux surface structure,
flux quantities can be represented in 1-D profiles. In plasma edge physics usually two
representations are applied. The normalised flux (¥y)

w - waxis

wLCFS - waxis’

which is defined using the flux at the magnetic axis (¢axis), which represents the
innermost flux surface that is basically an infinitesimally small tube, and the flux at
the last closed flux surface (¢rcrs). The last closed flux surface (LCFS) represents
the outermost flux surface of the plasma, which has no contact to the wall. Magnetic
field lines that are radially further outside intersect wall elements. These ‘open’ field
lines form the so-called scrape-off layer (SOL), where the plasma is ‘scraped-off’ by
the wall elements, which are named limiters.

(4N (1.7)
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Another coordinate system that is applied to represent the flux surfaces is the nor-

malised poloidal flux (ppol)
Ppol = \/\D»N7 (18>

which is the square root of Wy. According to the normalisation of Wy, pyo1 is O at the
magnetic axis and 1 at the LCFS and larger than 1 in the SOL.

Another important quantity, the ratio of thermal to magnetic pressure (/3)

p

= B2/2py’

(1.9)

describes the effectiveness of the plasma equilibrium. In nowadays tokamaks this value
is roughly 2 %. Further, an ideal MHD limit determines the maximum achievable 3
[15], i.e. this parameter cannot be pushed to arbitrary numbers.

Besides its importance for plasma confinement, a reconstruction of the magnetic equi-
librium is used to map measurements of plasma parameters, which originates from
diagnostics that are at different radial, toroidal and poloidal locations around torus
to flux coordinates. This enables combination or comparison of measurements origi-
nating from different plasma diagnostics (see chapter 3).

1.3 Divertor

Applying additional vertical magnetic fields e.g. with outer poloidal field coils (indi-
cated grey in figure 1.2), the plasma shape in a poloidal cross section can be modified.
By this a region of zero poloidal magnetic flux can be a achieved, which is called
X-point. In this configuration the LCFS forms two legs that intersect with the wall in
a dedicated region, the divertor. This is illustrated in figure 1.4a. Since the LCF'S has
closed as well as open magnetic field lines the term LCF'S is imprecise. For this reason
the flux surface between the confined region and the SOL in a diverted configuration
is named separatrix.

The divertor region is usually equipped with tiles that can resist a large plasma heat
load. According to the two legs of the separatrix two rings of tiles are assembled
to intersect with the SOL plasma. These are called the inner and outer divertor
targets according to their distance to the torus axis. Heat and particles that cross
the separatrix e.g. at the magnetic midplane are guided towards the divertor targets
along the open field lines in the SOL.

7
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Figure 1.4: Divertor configuration and pressure profiles: (a) cutaway of the
toroidal plasma with X-point and divertor target plates, (b) comparison of
pressure profiles in L- and H-mode. In a diverted plasma the plasma is shaped
in such a way that the LCFS self intersects forming X-point and separatrix.
In H-mode an ETB leads to the formation of steep gradients in the plasma
edge pressure profiles, which are called pedestal. Figure adapted from [16].

A diverted plasma configuration has several advantages:

« A spatial separation of the confined plasma and the location of the plasma-wall
interaction. Wall material that is sputtered by the plasma is confined in the
divertor region by geometric shielding and therefore, cannot contaminate the
plasma.

o Neutrals can be pumped efficiently and by applying baffles can be compressed
in the divertor region.

e The heat flux can be spread along the target according to the expansion of flux
surfaces in the divertor region.

« It enables an easier access to the high confinement mode (see section 1.5).

Because of these and further advantages, the diverted plasma configuration will be
used in ITER and is the most promising one for a tokamak-type fusion power plant.
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technical data ‘

maximum toroidal magnetic field (B;) 3.2T

plasma current (/) 0.4MA to 1.6 MA

plasma heating power (Peat) up to 27 MW
plasma parameters |

major plasma radius (Ry) 1.65m
minor plasma radius (a) 0.5m
plasma volume 14m?
plasma mass 3mg

Table 1.1: Design parameters of ASDEX Upgrade
1.4 ASDEX Upgrade

The Axially Symmetric Divertor Experiment Upgrade (ASDEX Upgrade) is a medium
sized tokamak [17]. It was constructed between the late 80s and early 90s, is operated
by the Max Planck Institute for Plasma Physics (IPP) and located in Garching near
Munich, Germany. Besides the exploration of the diverted plasma configuration, the
research nowadays focuses on the support of ITER and preparation of DEMO [18].
In addition to many scientific results that influenced the design of ITER and DEMO,
ASDEX Upgrade is the worldwide leading experiment operating with an all-tungsten
wall [19, 20].

Table 1.1 gives an overview of the design parameters. ASDEX Upgrade is approxi-
mately a factor of 2 smaller in minor plasma radius (a) (distance between magnetic
axis and separatrix) and major plasma radius (Ry) (distance between the torus axis
and the magnetic axis) than the Joint European Torus (JET) [21, 22], which is cur-
rently the world’s largest tokamak experiment. With an external heating power (P eat)
of roughly 27 MW for a typical plasma volume of 14m? it has a very high P for
its relatively small volume. Remarkably, the total mass of the plasma is just 3mg
(roughly 1.3 - 10?2 particles), which can be heated to temperatures so that an equiva-
lent pressure of a truck tyre (approximately 5 bar) is reached.

1.5 High confinement mode

In the predecessor experiment of ASDEX Upgrade, ASDEX, an operational regime
of improved plasma confinement was discovered in the early 1980s [23, 24]. In com-
parison to the low confinement mode (L-mode) operation, the energy confinement is

| 9
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roughly a factor of two larger in high confinement mode (H-mode). The regime is ac-
cessed when a certain density and toroidal field dependent threshold in P ., the L-H
power threshold (Pp,_g), is exceeded [25]. It has been found that the confinement im-
provement occurs in the plasma edge region due to an edge transport barrier (ETB).
Its origin is a radially sheared F x B plasma flow, which is driven by the radial electric
field (E,) [26]. The sheared plasma flow reduces the turbulent transport due to decor-
relation of the turbulent eddies [27]. Coming along with the ETB, the gradient of the
plasma pressure profile steepens up at the plasma edge as illustrated in figure 1.4b.
In ppo1 coordinates the region of the ETB is approximately between 0.96 and 1.00 or
in real space roughly 2 cm inside the separatrix.

The plasma temperature profiles in the core are found to be ‘stiff’ [28, 29], meaning
that the achievable temperature gradient is limited or differently that the heat trans-
port increases drastically, when a critical gradient is exceeded. Therefore, when the
edge pressure gradient steepens up, also the core pressure is enlarged at unchanged
gradient lengths. For this reason the region of the ETB is named pedestal because the
core pressure is ‘lifted up’ according to the edge pressure increase. Larger pressure
across the whole plasma volume results in an increased plasma performance, meaning
more fusion reactions in a D-T plasma.

Because of the improved plasma performance, H-mode operation is highly favourable
for a future fusion power plant. Therefore, it is also the foreseen plasma scenario for

ITER.

1.6 Edge localised modes

The static picture of the pedestal and its gradients is a limited one. With ex-
ception to special operational regimes with improved confinement like quiescent H-
mode (QH-mode) [30-32] or enhanced D, (EDA) H-mode [33, 34], the steep pedestal
pressure gradients are not temporally stable. Usually, they are limited by edge lo-
calised modes (ELMs) [35], which are quasi-periodic relaxations of the ETB and as-
sociated to a flattening of the pedestal gradients. Figure 1.5 illustrates this process.
The ETB collapses, therefore, the gradients flatten and the pedestal is lowered.The
lost energy and particles are expelled into the SOL and mainly hit the divertor tar-
gets.

According to their behaviour, e.g. ELM repetition frequency (fgry) dependency on
Preat Or energy loss, several categories of ELMs were historically established [36]. The
three main categories are:

Type-l Type-I ELMs usually occur in fully developed H-mode plasmas, when B eat
is far above P,_y. Typically 5% to 10% of the pedestal energy are lost by
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pressure
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Figure 1.5: lllustration of an ELM crash: The ETB relaxes during the ELM
leading to a collapse of the pedestal and flattening of the associated gradients.
Figure adapted from [16].

a Type-I ELM crash. The energy loss increases towards larger fusion devices
i.e. higher pedestals, leading to heat loads on the divertor tiles that exceed the
material limits [37].

A feature that is used for the identification of type-I ELMs is that fgry in-
creases with increasing Ppe.;. Typical fgrm for type-I ELMs are ranging from
approximately 10 Hz to 250 Hz.

Type-ll These ELMs feature a high fgpy (several hundreds of Hz) and a rather small
energy loss. Usually, the plasma parameters leading to the occurrence of type-II
ELMs are strongly shaped and highly collisional plasmas meaning large plasma
density and low temperatures [38]. Therefore, this plasma regime is currently
not scalable towards reactor relevant regimes.

Type-lll These ELMs are rather small and occur immediately after the L-H transi-
tion with Pye.s only marginally above P, _g. In contrast to type-I ELMs, fgrm
decreases with increasing Peas [39]. Another feature of type-III ELMs is the
onset and growth of an ELM precursor, which evolves into the ELM crash.

Owing to their size and occurrence under reactor relevant conditions type-I ELMs are
of special interest. An impression of the impact of a type-I ELM crash on the plasma
edge and SOL is given in figure 1.6 by fast camera images of visible light from a tan-
gential view into the torus. Typically, a type-I ELM crash has a duration of 1ms to
3ms. The imaged light is a convolution of neutral and plasma density as well as tem-
perature. The main light contribution originates from excited D atoms and intrinsic
plasma impurities. For this reason, mainly the relatively cold plasma edge and SOL
emit light since in the hot plasma core the atoms are fully ionised. In between the
ELMs, the plasma is relatively quiet and the separatrix can be identified, figure 1.6a.

11
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Figure 1.6: Fast camera images of visible light in the H-mode, measured at
the Mega Ampere Spherical Tokamak (MAST): Tangential view into toroidal
direction (a) in between ELMs and (b) during an ELM crash. While the
edge plasma is relatively quiet in the inter-ELM period, filaments, which
are helical, field aligned plasma perturbations that increase the emission, are
expelled to the SOL and divertor. Figure adapted from [40].

During the ELM crash, when the pedestal collapses, a the plasma edge is much more
turbulent. Filaments, which are field aligned plasma perturbations are expelled into
the SOL, which cause enhanced light emission. These can be seen in figure 1.6b as
bright bands, which are helically wound around torus.

Pulsed heat and particle loads due to type-I ELMs are an engineering challenge for
plasma facing materials, especially in future devices such as ITER [41]. Therefore, fu-
sion research emphasises on the mitigation, suppression and avoidance of large ELMs.
Further, deeper insight in the underlying processes that determine the stability of the
pedestal with respect to the occurrence of large ELM crashes is required to optimise
plasma scenarios towards reactor applicability.
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1.7 Objectives of this thesis

The aim of this thesis was to systematically investigate the evolution of the pedestal
structure between type-I ELM crashes for a range of plasma parameters, which are
known to influence the stability of the pedestal. By this approach, a variety of com-
parisons could be achieved and the pedestal structure as well as the dynamics were
well characterised. These insights can support the improvement of pedestal mod-
els.

Investigating the inter-ELM pedestal structure evolution means to study the recovery
of the pedestal electron density (n.) and electron temperature (T;) profiles after its
collapse due to a type-I ELM crash. Throughout this thesis, whenever it is referred
to an ELM, a type-I ELM is implied. This is to clarify that the results of this thesis
apply to fully developed H-mode plasmas, i.e. the ETB is established and besides the
ELMs no temporal dynamics of the plasma is expected.

The work of this thesis has been conducted in close collaboration between IPP and
TU Wien, that is embedded in the European Consortium for the Development of
Fusion Energy (EUROfusion). Within this framework, the experiments and plasma
discharges that are presented in this thesis, were performed at the ASDEX Upgrade
tokamak (section 1.4).

The structure of the presented thesis follows the main research goals and scientific
tasks that were analysed. At the beginning, a deeper introduction into plasma edge
physics and pedestal stability is given in chapter 2. Chapter 3 introduces the mainly
utilised diagnostic principles and their specific set-ups at ASDEX Upgrade. By means
of this unique set of plasma edge diagnostics [42] high quality pedestal profiles were
provided. These data are the base for all scientific investigations, which are presented
within this thesis.

The main scientific tasks of this thesis and the achieved results as well as their in-
terpretation are summarised in the following chapters. These are structured as fol-
lows:

Inter-ELM pedestal recovery for different plasma collisionality (~*)
As it will be introduced in chapter 2, different microinstabilities are theoretically
expected to appear in the pedestal region. Their occurrence is mainly coupled to
several plasma parameters such as v* or p. Therefore, a variation of v*, without
changing other plasma parameters was performed. This variation is used to
investigate high frequency magnetic fluctuations in between ELMs. The results
of these study have been published in [43] and, are reported in chapter 4.

Inter-ELM pedestal evolution in plasmas with different main ion species
An exchange of the main plasma isotope leads to a change of the particle and
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energy confinement, i.e. lower mass hydrogenic species are confined worse. It
is known that also fgrm and ELM energy losses are affected by an isotope
exchange. To shed new light on the mechanisms, that determine the pedestal
structure, fgrv and inter-ELM pedestal evolution, D, hydrogen (H) and *He
plasmas are compared. The achieved results have been published in [44] and
are summarised in chapter 5.

Connection of the inter-ELM divertor, SOL and pedestal evolution
Due to the expelled particles and heat, ELMs introduce changes on the divertor
and SOL conditions. The impact of these dynamics on the inter-ELM pedestal
recovery is investigated, emphasising on the n, evolution. The related results
are in preparation for publication [45] and are discussed in chapter 6.

Impact of plasma shape on pedestal stability, fgrn and the inter-ELM evolution
It is known that the plasma edge stability is affected by the plasma shape e.g.
triangularity () [46]. A parameter scan of § is performed and edge stability
analysis was done for several cases. These results are summarised in chapter 7.

In chapter 8, a summary of the achieved results is given. Further, general conclusions,
drawn from the combination of results from different scientific tasks, and a brief out-
look into new questions for future work complete the thesis.



2 ‘ Introduction to plasma edge and

pedestal physics

Since the discovery of the H-mode, the pedestal has been in focus of research to
understand underlying mechanisms, leading to the formation of the ETB and its
sustainment. Over the years an experimental as well as theoretical picture has been
formed, up to now, however, it is still incomplete. Several key questions are currently
under research, most of them addressing either trigger mechanisms of ELM crashes
[47], the stabilisation of the pedestal afterwards and the remaining transport in the
ETB [48]. Further, techniques for mitigation or suppression of large ELMs [49] are
developed in order to be applied in ITER or DEMO.

This chapter introduces the current understanding of the pedestal and its dynamics in
between ELM crashes. Section 2.1 focuses on the plasma edge stability, in section 2.2
the evolution between ELMs is emphasised.

2.1 Plasma edge stability

ELMs are large scale instabilities at the plasma edge. In a first step, it is important to
understand the stability of the pedestal. As already introduced in section 1.2.2, the
plasma equilibrium balances the forces acting on the particles (see equation (1.6)).
Here, two important quantities enter, which are potential drives for instabilities: The
thermal pressure (p) and the current flowing in the plasma (j) An equilibrated state
does not imply stable conditions, i.e. a perturbation to the state could either relax (sta-
ble conditions) or grow (unstable conditions) [13]. This also applies to the pedestal.
The topology of the magnetic field, the steep thermal pressure gradient (Vp) in com-
bination with large currents determine the pedestal stability. Only a small fraction of
the current in the pedestal is induced by the ohmic transformer, its main contributors
are Pfirsch-Schliiter (PS) currents, which are parallel to the magnetic field and cancel
the charge separation of the diamagnetic drift, and the bootstrap current [50, 51].
The bootstrap current is a self-generated toroidally flowing current that is caused by
the presence of Vp in a toroidal magnetic configuration and particle collisions. For
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this reason Vp and j are coupled. The underlying mechanism that generates the
bootstrap current is outlined in section 2.1.1.

2.1.1 Bootstrap current

For particles moving along field lines from LFS to HF'S, a magnetic mirror is formed
because of the radial VB. Their kinetic energy

1
E = §m(v” +v,)? (2.1)
using the parallel (vj) and perpendicular (v,) velocity component relative to the
magnetic field, and their magnetic moment
2

_Imog

2 B

Il (2.2)
are invariant along field lines. When the plasma particles move towards regions of
higher B, v is reduced. If v becomes zero, the particle gets reflected. This is
called trapped, since the particle cannot move freely parallel to the field lines. Ow-
ing to drifts in the plasma the particles are additionally pushed up- or downwards
when moving relative to VB, leading to characteristic trajectories named banana
orbits. A sketch of a trapped particle orbit is shown in figure 2.1. These orbits
are named ‘banana’, since their poloidal projections are shaped like the eponymous
fruit.

Considering two banana orbits, which intersect at one radial location, and a density
gradient Vn towards the plasma core, the inner banana orbit is traced by a larger
amount of particles than the outer banana orbit. This leads to a net current in
poloidal direction [52]. The momentum of the trapped particles is transferred to
passing, non-trapped particles via collisional friction [53]. Passing particles have a
large enough v to overcome VB. The resulting currents have opposite directions for
electrons and ions owing to their charge. The bootstrap current is then the difference
between these two currents. It has roughly the following parametric dependencies
[54]:

. Vp

Jbs X \/E Bpol .

A more general expression of the bootstrap current has been derived taking into ac-
count plasma geometry and arbitrary plasma collision rates [55, 56].

(2.3)
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Figure 2.1: Banana orbit of a trapped particle in a tokamak: Additionally to
the gyro-motion the trapped particle precesses in toroidal direction. In con-
sequence of scattering processes between these trapped and passing particles
a toroidal current, the bootstrap current, is produced. Figure taken from
[12], which was originally modified from [10].

2.1.2 Plasma collisionality

The driven bootstrap current depends on the collision rate of the plasma particles
because of the necessary momentum transfer from trapped to passing particles [57].
A dimensionless parameter, which is used to describe this quantity is the plasma col-
lisionality (v*) for species j (e for electrons or i for ions):

]/.
vi=—. 2.4
= (2.4)

It is the ratio of the particle collision frequency (v;) and the banana bounce frequency
(wpj) weighted with the inverse aspect ratio e = a/R, and describes basically the
number of collisions while passing a banana orbit. The particle collision frequency is
given by

_ ZGInA n;e

1/27:3/2
G 2T
i egmy’ TG

(2.5)

j
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using charge (Z), coulomb logarithm (InA), ion density n;, elementary charge (e),
vacuum permittivity (go), species mass (m;) and species temperature (7}) [58]. The
constants (¢;) are ¢; = 127%/2 and (; = 4 for ions as well as ¢, = 3 (27)*? and ¢, = 2 for
electrons. Further the banana bounce frequency is determined by

(2.6)

v /T \Y? 7}1/27”1/2
=i ()

i \3Ry) T PR

at a plasma radius (r) with major plasma radius (Ry), safety factor (¢) and by approxi-
mating v, ~ vy = /27;/m;, which is the thermal velocity of the species.

This yields
. Z¢GInA Rg/Qnie4
T ge r1/2T3eg’

(2.7)

which now can be evaluated either for the ions or electrons. Most important dependen-
cies of v* are the proportionality to n; and the inverse relation to sz. This means that
at constant p, v* decreases when the temperature increases.

2.1.3 Plasma shaping

As already seen in the introduction of the bootstrap current, where the inverse as-
pect ratio (€) enters, geometrical conditions can impact plasma quantities, which

then can change the stability. In the following, the most relevant ones are intro-
duced.

A parameter, describing the ellipticity of the poloidal cross section is plasma elonga-
tion (k):
Kk ="b/a. (2.8)

It is defined as the ratio of vertical minor plasma radius (b) and horizontal minor
plasma radius (a), which would be the main axis lengths of an ellipsis. Since real
plasma shapes are not perfectly elliptical a more general definition of a and b is
utilised:

- €0 2dA
a= \J Js (R fsﬁil ) , (2.9)
b= J Js(= }S?ZPM. (2.10)
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By [¢dA an integration within the separatrix is denoted. Further, the geometrical
plasma axis radius (Rgeo,) is defined as

Jg RAA
Ryeo = =— 2.11
g fS dA ( )
and accordingly defined the geometrical plasma axis height (2geo)
JgzdA
0 = . 2.12
Zg fS d A ( )

In comparison to a circular plasma cross section, an elongated plasma has a roughly

(1 + x*)/2 larger poloidal circumference. For given I, By, a and Ry this increases ¢

by a similar factor [13]:

1+ K2
5

Since enlarged ¢ impact positively on the plasma stability, an elliptical shape k > 1

stabilises the plasma.

qx = {circ (213)

Another quantity that positively impacts on the plasma stability is the triangularity
(0). To illustrate its determination, figure 2.2 shows a poloidal cross section of a
diverted plasma, including the contributing parameters.

The upper (dup) and lower (dioy) triangularity are calculated from the ratio of the
radial distance (rypiow) between the uppermost/lowest point of the plasma (Rup jow)
and the mid radius (Rq),

Tup,low = Rup,low - Rmida (214)

and the geometrical minor radius (ap,):

Tup,low
6up,low = ;7111 (215)

The average of ¢, and oy gives d:

5up + 5low

0=—>

(2.16)
It is a measure of the D-shape of a plasma. While a circular plasma has zero ¢, a
plasma with its top and bottom at R;, has 6 = 1. Also configurations with negative
triangularity are possible with Ryupiow > Rmia [09]. Positive § stabilises the plasma
edge because the magnetic field lines are pushed towards the HFS. There Vp and
VB have opposite directions, which has a stabilising effect [13]. At the LFS Vp
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Figure 2.2: Definition of the triangularity (6): the average of upper and lower
triangularity dyp 10w, Which are the ratios of the distance from mid radius to
upper- and lowermost separatrix position radius 7up 10w and geometric mi-
nor radius a,,. Further, the positions of the magnetic axis (Rmag) and the
geometrical plasma axis (Rge,) as defined in equation (2.11) are indicated.

and VB point inwards, i.e. in the same direction, which is destabilising. This HFS-
LFS difference will lead to characteristic instabilities, which are called ballooning
modes.

2.1.4 Peeling-ballooning theory

As already discussed in section 2.1, the main drives for instabilities at the plasma
edge, that can cause ELM crashes, are pressure gradient and current. From the
ideal MHD equations the most common model to describe the plasma edge stability
is derived [60], the so-called peeling-ballooning (PB) model. In MHD, instabilities
are named ‘modes’ because their periodicity is used to characterise their structure,
according to the mechanical analogue of eigenmodes from an oscillating string. In
toroidal geometry the periodicity in toroidal direction is characterised by the toroidal
mode number (n) and in poloidal direction by the poloidal mode number (m). The



2.1. Plasma edge stability

strong shaping

Peeling

Ballooning
Unstable

pedestal current <jio>

Stable
pedestal pressure gradient o

Figure 2.3: Illustration of the pedestal stability: normalised pressure gradient
() and flux surface averaged toroidal current density (jior) determine the
stability boundary (magenta). Plasma shaping extends the region of stability
towards larger o and (jior) (purple). Figure modified from [62].

radial location of the mode is given by the flux surface that satisfies the condi-
tion

¢=—, (2.17)

n
which is called ‘resonant’ because the magnetic field line helicity is equal to the per-
turbation structure, i.e. in resonance. For example an m/n = 3/2 mode is localised
at the ¢ = 1.5 flux surface, has a toroidal periodicity of two and a poloidal periodicity
of three.

The PB model is based on the coupling of pressure gradient driven ballooning modes
and current driven peeling modes [61]. Figure 2.3 illustrates this by plotting the
normalised pressure gradient («) and average toroidal current density in the pedestal
((Jtor))- As a measure of the Vp, « is defined as follows [63], using the plasma volume
(V) at a given :

ov 1 VN2 op
= 2Up——— —. 2.1
@T TGy 2n)? (27TQRO> B, (2.18)
This expresses that:
2410 Roq? dp

A region of stability is spanned between maximum normalised pressure gradient (pax)
and (jio;) that is limited by the PB or stability boundary. When exceeding this
limit towards larger (jior), it is likely that peeling modes exceed a critical growth
rate, which dominantly happens at low v*. If the PB boundary is passed towards
larger aunax, ballooning modes overcome critical growth. This is more likely at high

*

v*. At intermediate v* the coupled PB modes get dominantly unstable, when the

21



22

2. Introduction to plasma edge and pedestal physics

n=3 #30701 (a) T 3.00-3.40s (b)
'.__|_| T | T | T | T | L __\'_I T | T | T | T | L
L - 0.8 {Mos
i g "
L y ™, i b, J
h%!
L \ 1F4os . {FHos
051 y - 05 O
L . o4 L A db o4
L 12 2 L Hre2:
- g [} ,l— [
= | g g
E o0l L 00 £ E o0} Hijoo £
N EN £
- ¥ 4 ®© ,— @
3 - 02§ - 02§
[ ]7“€ ' 1€
L ;
L 4 v i
0.4 ’ 0.4
05 - 0.5 ' -
4
- 4 0.6 1806
- 0.8 1M-08
S T S R SR B S T H N R N B
12 14 16 18 20 12 14 16 18 20
Rm] Rm]

Figure 2.4: Poloidal mode structures: (a) of a low toroidal mode number (n)
peeling mode and (b) a large n ballooning mode. Because of the dominant low
n, peeling modes have a larger poloidal distance between amplitude minima
and maxima. Further the amplitudes on HFS and LFS are comparable. The
ballooning mode is dominant on the LFS due to the unfavourable magnetic
topology.

stability boundary is exceeded. Stronger shaping of the plasma, i.e. mainly increasing
0, enlarges the stable region in j-a, and therefore, allows steeper pressure gradients
and higher (jir) at the plasma edge [62].

Because of the different drive mechanisms peeling and ballooning modes have charac-
teristic mode numbers and features. The current driven peeling modes have low n and
are poloidally large in size, i.e. the corresponding m is also rather low. The poloidal
mode structure of an n = 3 peeling mode in real plasma geometry is presented in
figure 2.4a. The mode structure is localised at the plasma edge and visible on the
HFS. It seems that the outer part of the plasma is ‘peeled’ off, which is the reason
for the mode’s name.

In contrast to the peeling mode, the ballooning mode has relatively large n. An
example of an n = 15 ballooning mode structure is shown in figure 2.4b. The mode sits
dominantly on the LF'S, which is caused by the HFS-LF'S difference in the orientation



2.1. Plasma edge stability

#30701 (a) 3.00-3.40s (b)
T

T T T T T T T

80 80
_ g _10F - =
B 70 E S 7og
o E o g
° 602 B 60 2
g g 3 g
o o
E s0g E 50 £
[ T [0} o
o kel ° °
o = o =
= 40 _8 s 40%
Q. Q.

30 30

0.90 0.92 0.94 0.96 0.98 1.00 0.90 0.92 0.94 0.96 0.98 1.00
Ppol Ppol

Figure 2.5: Radial spectrum of the mode amplitude and the poloidal mode
numbers (m): (a) peeling and (b) ballooning mode. While the peeling mode
is characterised by one radial large extended mode with distinct m, the bal-
looning mode is characterised by the superposition of several m.

of Vp and VB. Further, the poloidal structure size is smaller. The associated m also
have to be higher because peeling as well as ballooning modes are localised at the far
plasma edge at similar q.

Another intrinsic difference between peeling and ballooning modes can be seen in
a radial m spectrum as shown in figure 2.5. Peeling modes have one dominant m
that extends radially inward over the full pedestal region, which is also reflected in
their HFS-LFS symmetry (figure 2.5a). In contrast, the ballooning mode consists
of several m, which cover the full pedestal region (figure 2.5b). The corresponding
mode structure, which is ballooned on the LFS, is formed by the contributions of
the different m. These couple such that they virtually cancel on the HFS and fully
add up at the LF'S midplane. The origin of the higher n of ballooning modes is that
the different m contributions have to couple radially, which requires short distances.
Since the variation of m implies a variety of resonant surfaces, these surfaces have to
be close enough. For larger n the distance of the resonant surfaces decreases, enabling
radial coupling and formation of a ballooning mode.

2.1.5 Linear MHD stability analysis

To determine the stability of the pedestal with respect to critical growth of PB modes,
linear ideal MHD stability analysis can be performed. Since geometric and shaping
effects have to be taken into account to accurately reproduce the experimental con-
ditions, a reconstructed plasma equilibrium serves as input for the calculations. The
ELM crash itself is a result of non-linear interaction [64, 65] and therefore, at least
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Figure 2.6: Illustration of an edge parameter scan: (a) pressure and (b) cur-
rent scan. The pressure gradient at the edge is varied and the core profile is
scaled contrariwise to keep Wymp constant. A similar approach is used for
the current scan, where (jio) at the edge is scaled and I, is kept constant.

requires non-linear MHD [66]. However, linear analysis is less computationally ex-
pensive and can be used to study the growth of PB modes in real plasma geometry
[67, 68]. By scaling the input equilibrium to larger size, also analyses for the edge
stability of ITER were performed [69].

For the linear stability analyses presented in this work, equilibria from the performed
discharges served as input. These were reconstructed by two different equilibrium
solvers that are usually used at ASDEX Upgrade, CLISTE [70, 71] and the recently
established IDE solver [72]. Further, the edge pressure profile was constrained to the
measured one, which significantly improves the reconstruction of the bootstrap current
[73]. The equilibria of both solvers were compared and agreed within the experimental
uncertainties. In the presented studies, whenever it is not explicitly specified the IDE
equilibrium solver has been used for the reconstruction.

For the stability analysis the recently improved stability workflow at ASDEX Upgrade
[74], called j-alpha work flow, has been applied. To remove the singularity in poloidal
flux, the X-point from the input equilibrium is removed by cutting off flux surfaces
outside 99.6 % of the poloidal flux inside the separatrix. The resulting data is fed to the
fixed-boundary equilibrium solver HELENA [75], which determines the equilibrium of
the experimentally measured operational point. In the next step, the resulting profiles
of p and (jior) are scaled at the edge, creating a grid in edge (jior) and aumax. The scans
of p and (jior) are illustrated in figure 2.6. The red profiles of the operational point are
scaled at the plasma edge as indicated by the different colours. This pressure variation
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Figure 2.7: j-a diagram: operational point and stability boundary. The op-
erational point represents the experimentally observed (jior) and qpax with
their uncertainties. The stability boundary is determined by combined pres-
sure and current scans. The red numbers indicate the most unstable n along
the stability boundary.

is performed such that the plasma stored energy (Wymup),

3
Wanp = 5 /pdV, (2-20)

is unchanged. Therefore, the core pressure is reduced, when the edge pressure is
increased. A similar condition is applied for the variation of (jio), here I, remains
unchanged.

In the following step, all resulting combinations of p and (j;.,) profiles serve as input to
HELENA and the corresponding equilibria are calculated. These are then analysed by
an ideal MHD stability code. Within this work two codes, a fast version of MISHKA
[76, 77] and ILSA [78], were used. Whenever it is not stated differently, MISHKA
was utilised for the stability analysis. In the calculations, the stabilising effect of the
diamagnetic drift were not taken into account.

With the linear MHD stability code the growth rates for a variety of n are calculated
for each equilibrium that resulted from the j-o scan. The most unstable mode is
determined from the resulting mode number spectra. If the growth rate of the most
unstable mode number is larger than 4% of the Alfven wave growth rate (Yaifen),
critical growth and therefore, pedestal instability is assumed. The equilibria, which
are closest to the operational points, and fulfil this condition give the stability or
PB boundary as indicated in figure 2.7 (red line). All equilibria, which have smaller
most unstable mode growth form the stable region in j-« space (blue area). In the
presented case the operational point is located very close to the PB boundary, within
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Figure 2.8: Illustration of a type-I ELM cycle: (a) sketch of pedestal height
(Ppea) and pedestal width (A) as well as (b) evolution of pedestal height
(Ppea) and pedestal width (A) throughout the ELM cycle according to the
EPED model. After an initial recovery the pedestal evolves along the KBM
constraint, which clamps the pressure gradient, towards the PB limit at which
the ELM crash occurs. Figure modified from [62].

the uncertainties of the experimental equilibrium. Along the stability boundary the
most unstable n are indicated in red. As expected, these are smaller at the peeling
part (1ow aupay, large (jior), n between 4 and 7) than at the ballooning part (large cupax,
low (jior), n between 17 and 21) of the stability boundary.

2.2 Inter-ELM pedestal evolution

Linear ideal MHD stability can determine the critical growth of modes that lead to
an unstable pedestal. But the onset, i.e. the non-linear interaction of the modes that
result in the ELM crash as well as the dynamics in between ELM crashes are not cap-
tured. Therefore, research also focuses on the periods in between ELM crashes, i.e.
the inter-ELM dynamics, which give insights in the instabilities that are present in the
pedestal and determine its evolution towards unstable conditions.

2.2.1 Theoretical description of the pedestal dynamics

One motivation to model the pedestal dynamics throughout the ELM cycle is to
gain predictive capabilities for the pedestal height (pyeqa) and pedestal width (A),
which are illustrated in figure 2.8a. The pyeq is one crucial parameter for machine
performance, because the edge pressure increase is directly transferred to the core
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plasma. Therefore, scaling of pyeq towards ITER is desired. However, PB analysis does
not give information about the maximum achievable ppeq.

To predict ppeq another constraint is required. Motivated from the experimental
finding, that A scales with 1/, the EPED model derives that KBM turbulence causes
this dependency and leads to the relation, which links § and A [79]. Figure 2.8b
illustrates the two constraints of pyeq and A used in the EPED model. Further, the
evolution of both quantities during the ELM cycle is indicated. After the ELM crash
the pedestal rapidly builds up in height. When the KBM constraint is reached, a
‘soft’ limit sets in that leads to clamping of Vp. Now, pyeq and A are connected but
increase further. The PB limit represents a ‘hard’ limit, which is related to the onset
of the ELM crash.

2.2.2 Microturbulent instabilities in the pedestal

It is still under discussion, which type of instabilities cause the connection of ppeq
and A in the second period of the ELM cycle. In the following section, findings from
plasma edge turbulence simulations are summarized and the theoretical motivation
for KBMs to cause the clamping of Vp is discussed.

In the following, the most common microinstabilities are listed and their features e.g.
poloidal propagation direction are characterised:

Kinetic ballooning mode (KBM)

KBMs are the kinetic analogues of ideal ballooning modes [80-82]. ‘Kinetic’ in
this sense means that pressure fluctuations in parallel to the field lines, which
are excluded in the ideal MHD equations, are allowed. Usually, gyrokinetic
simulations are used to study KBMs. Besides the characteristic ballooned mode
structure, KBMs show a stiff onset above a threshold of critical 3, that is close
to the onset for ideal MHD ballooning modes [83]. KBMs propagate poloidally
in the direction of the ion flow, that is caused by the diamagnetic Vp x B
drift. There is evidence from several experiments that KBMs are unstable in
the steep gradient region of the pedestal, e.g. in MAST [84], JET [85] and
ASDEX Upgrade [86].

Microtearing mode (MTM)
MTMs are the kinetic analogues to MHD tearing modes [87]. These are mainly
driven by the electron temperature gradient (VT,), causing small scale magnetic
islands and therefore, enhanced radial transport [88]. Their poloidal propaga-
tion is in electron-diamagnetic direction, i.e. opposite to the one of KBMs. In
gyrokinetic studies, MTMs were found to exist at the pedestal top of MAST
plasmas [89, 90], where also experimental measurements of fluctuation levels and
scale sizes agree with the expectations for MTMs [91]. They were also identified

27



28

2. Introduction to plasma edge and pedestal physics

__ 05
S 04t
2>
g 03rExB shearing rate
©
= = ITG
0.2
s TEM
3 0.1 BN —KBM
> 0,0 © idealay

0 12 3 4 5
normalised pressure gradient

(3 B/Berit)

Figure 2.9: llustration of turbulent regimes: While ion temperature gradient
(ITG) turbulence and trapped electron modes (TEM) are dominant at low
[ but well below the F x B shearing rate, kinetic ballooning modes (KBMs)
show large growth rates at experimentally observed . Figure modified from
[79].

in simulations of the pedestal region from JET [85, 92] and ASDEX Upgrade
[93, 94]. At ASDEX Upgrade also experimental evidence of MTMs was found
[95] as well as on the National Spherical Torus Experiment (NSTX), where mea-

surements were in agreement with MTM turbulence [96]. Further, simulations
of the NSTX pedestals revealed MTMs [97, 98].

lon and electron temperature gradient mode (ITG, ETG)

These turbulent modes are usually present in the core plasma. Their drives are,
according to their names, ion temperature gradient (V73) [99] and VT, [100].
Because of the difference in the gyro-radii ETG modes have much smaller scales
than ITG. Further, they propagate in opposite poloidal directions; ETG in
electron-diamagnetic and ITG in ion-diamagnetic direction. By an experimen-
tal variation of the plasma heating, i.e. dominant electron or ion heating, the
corresponding temperature profiles can be varied and transitions between the
ITG and the trapped electron modes (TEM) regime achieved [101].

Trapped electron modes (TEM)
Similar to ETGs, TEMs are driven by VT, however they have larger structure
sizes, comparable to I'TG and propagate in the electron-diamagnetic direction.

The motivation to relate KBMs to the clamping of Vp is illustrated in figure 2.9. While
ITG and TEM are dominant at lower 3, than observed in the experiment, the growth
rate of KBMs immediately increases when reaching the experimentally determined
critical 8. This is referred to as ‘stiff” onset of KBM turbulence.



2.2. Inter-ELM pedestal evolution

Up to now, the E x B flow of the background plasma has not been considered.
But sheared flows rip apart or distort radial structures and therefore, suppress the
development of turbulence, which is the case in the ETB. As indicated in figure 2.9
the E x B shearing can be transferred in a growth rate that must be exceeded.
This simplified picture illustrates that turbulent instabilities below a certain critical
growth are suppressed by the F x B flow shear. If this critical growth is reached,
the instability develops and gets dominant. In this picture, solely KBMs exceed the
critical growth.

2.2.3 Experimentally observed phases of the inter-ELM pedestal evolution

Previous studies on the inter-ELM profile evolution at ASDEX Upgrade revealed dif-
ferent recovery time scales for n, and T, [102]. Similar observations were made at the
JAERI tokamak - 60 Upgarde (JT-60U) [103], DIII-D [104] and JET [105], however, at
the latter one the sequence of n, and T, recovery was opposite to ASDEX Upgrade and
JT-60U. At ASDEX Upgrade it was found that electron density gradient (Vn,) and
VT, are clamped already of the order of ms before the ELM onset [102], which inspired
the theoretical picture of the ELM cycle (see section 2.2.1).

In general, the major phases of the ELM cycle are similar in all experiments:

Pre-ELM phase

As the edge plasma reaches a stability limit, fluctuations in the magnetics, n, and
T, can be found. Their characteristic frequencies reach from 5kHz to 300 kHz
and were observed at several experiments: Alto Campo Toro (Italian for high
field torus) C-modification (Alcator C-Mod) [106, 107], ASDEX Upgrade [108],
Experimental Advanced Superconducting Tokamak (EAST) [109, 110], DIII-D
[111], HL-2A [112, 113] and JET [114, 115]. The origin of these fluctuation and
their relation to the evolution of the pedestal structure, i.e. the clamping of Vp,
is not fully understood. Parts of the presented work emphasise on this phase
(see chapters 4 and 5).

Collapse phase - the ELM crash
In this phase, non-linear interaction of modes leads to an eruptive-like event
and the profiles of n, and T, collapse with a typical timescale of 1 ms. Particles
and energy are released into the SOL, where they form filamentary structures
as also visible in figure 1.6b.

Recovery Phase
After the collapse phase, the edge profiles of n, and T, are flattened. In the re-
covery phase the profiles start to steepen up to their original pre-ELM shape. In
ASDEX Upgrade several phases of the pedestal structure build-up can be distin-
guished [102, 116]. These are shown in figure 2.10, which presents the temporal
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Figure 2.10: Inter-ELM pedestal recovery: Distinct recovery phases of max-
imum electron density gradient (max(—Vn,)) and maximum electron tem-
perature gradient (max(—V7.)) can be seen. While max(—Vn,) recovers
immediately after the ELM crash, the recovery max(—VT,) takes longer.
The recovery is already completed 1 ms to 2ms before the next ELM. Figure
modified from [102].

evolution of the maximum electron temperature gradient (max(—V7)) (top)
and of the maximum electron density gradient (max(—Vmn,)) (bottom). The
development of max(—VT) (red) shows five distinguishable phases. First, the
profile stays constant for approximately 1.5ms (i), then there is a short recov-
ery phase of 1ms in which the ETB is re-established (ii). This is followed by
a stagnation phase in which the gradient stays constant for 1.5ms (iii), before
a fast recovery of the original pre-ELM gradient takes place (iv). Here, the
gradient steepens more than 50 % in 1.5ms. Afterwards, max(—V7T,) increases
very slowly and saturates before the next ELM crash.

The evolution of max(—Vn,) (blue) in the ELM-cycle happens on different
timescales with less phases than max(—V7T,). After the ELM crash max(—Vn,)
immediately starts to recover and the pre-ELM gradient is established within
3ms. The data suggests a peaking of max(—Vn,) but this is not clearly identifi-
able owing to scattering. Mentionable, this peaking ends at almost the same time
as the development of max(—VT,) enters phase (iv). Afterwards max(—Vn,)
stays constant till the next ELM crash.

The saturation of max(—V7,) as well as max(—Vn,) in the recovery phase means a
clamping of Vp. This phase is identical to the pre-ELM phase.



3 ‘ Utilised plasma diagnostics and data

analysis

To investigate the evolution of the pedestal structure, SOL and divertor throughout
the ELM cycle a variety of plasma diagnostics were utilised. The main quantities that
were investigated within this work were electron density (n.), electron temperature
(T%), ion temperature (7}), D, line radiation (D,,), thermoelectric SOL currents, neu-
tral fluxes and radial magnetic field fluctuations (0B, /0t).

The lithium beam (LIB) diagnostic (section 3.1) as well as reflectometry (section 3.2)
measure the n, profile. Additionally, deuterium cyanide laser interferometry (DCN)
(section 3.3) gives line integrated measures of n.. The Thomson scattering (TS)
diagnostic (section 3.4) gives access to n. and T, at equal positions, which is very im-
portant to align the profiles of both quantities. At the divertor target plates, n, and T,
are measured by Langmuir probes (LPs) (section 3.5). Further, the electron cyclotron
emission (ECE) diagnostic (section 3.6) is used to measure the midplane T, profile with
high temporal resolution. The T} profile is measured by the charge exchange recom-
bination spectroscopy (CXRS) diagnostic (section 3.7).

A volume integrated spectroscopic detection of the D, emission is installed in the inner
and outer divertor region. The D, emission intensity is a convolution of the divertor
neutral density, the plasma density and the plasma temperature. The thermoelectric
current in the SOL is measured by shunts that are attached to several tiles of the
divertor [117]. Neutral fluxes are measured by pressure gauges [118]. To detect 0B, /0t
a set of toroidally distributed pick-up coils, so-called ballooning coils, are mounted
close to the plasma [119].

The locations of the diagnostics are distributed around the torus and at different
poloidal positions as presented in figure 3.1. To compare measurements from different
diagnostics, the reconstructed plasma equilibrium is required. It allows mapping of
the measurement positions on the flux surfaces. Therefore, e.g. n, profiles of LIB and
TS or T, profiles of ECE and TS can be compared, when plotting them versus flux
coordinates. At the plasma edge usually the normalised poloidal flux (ppe1) coordinate
(equation (1.8)) is used, because it is defined in the confined region of the plasma as
well as in the SOL.
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Figure 3.1: Poloidal locations of the main plasma diagnostics: (a) midplane
and (b) divertor. The HFS and LFS SOL n, profiles are measured by O-mode
reflectometry (dark red, dark blue) and lithium beam (blue). Several chords
of the DCN (black) provide line integrated measurements of n.. The core and
edge Thomson scattering (TS) systems (magenta) can measure n, and 7.
The ECE diagnostic (red circles) gives profiles of T,. Ballooning coils located
at the HFS (red) and LFS (light blue) midplane are utilised to measure radial
magnetic field fluctuations (0B,/0t) and a pressure gauge that is oriented
towards the plasma (violet) is used to measure the main chamber neutral
fluxes. The inner (red) and outer (black) divertor regions are diagnosed by
a set of triple Langmuir probes (LPs) (circles), optical volume integrated D,
line radiation (D, ) spectroscopy (light colours) and shunts that measure the
thermoelectric SOL currents (coloured tiles).
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3.1 Lithium beam

The principle of the LIB diagnostic is the spectroscopic measurement of the inter-
action between the plasma and a beam of lithium (Li) atoms [120]. Two kinds of
spectroscopic measurements are usually be performed: CXRS and impact excitation
spectroscopy (IXS) or also named beam emission spectroscopy (BES). While the di-
agnostic principle of CXRS (section 3.7) is used to measure T; and plasma impurity
densities [121, 122], BES is used to determine the n, profile [123, 124] or to measure
n. fluctuations [125-129]. Because of their multiple applications, LIB diagnostics are
installed at several experiments [130-133].

At ASDEX Upgrade the LIB is routinely used for plasma edge n, profile measure-
ments. By collisions of the Li atoms and mainly the electrons of the plasma, the
Li atoms get excited or ionised. Further, de-excitation processes due to collisions
are possible. After the natural lifetime, the excited state decays by emitting charac-
teristic line radiation. For Li the Li(2p) state is the most populated one. It has a
lifetime of approximately 27 ns and decays to the Li(2s) state by emitting the char-
acteristic Li I (2p — 2s) line radiation at 670.8nm wavelength. This line emission
is detected along the neutral beam by an optical observation system. The lines of
sight (LOS) are equipped with interference filters, which just extract the spectral
intensity of the Li I (2p — 2s) line radiation, and photo-multipliers to detect the in-
coming light.

The current LIB diagnostic setup at ASDEX Upgrade [134] is illustrated in figure 3.2.
In the LIB injector, Li ions are extracted from a [-eucryptite emitter, which is heated
with roughly 200 W, a Li ion beam is formed, focused and accelerated to an energy of
45keV. The beam is then neutralised in a heated sodium (Na) cell by charge exchange
processes between the Na atoms and Li ions. The neutralised beam has a diameter of
10mm to 15mm. It is injected from the LFS into the plasma, approximately 30 cm
above the midplane (see figure 3.1). Two optical observation systems for BES monitor
the emission along the beam, in a region of approximately 20 cm from the wall towards
the plasma.

Since the observation systems integrate the emission intensity along the LOS (also
see figure 3.5), active contributions, originating from the LIB, and passive emission
from the background have to be separated. For this purpose the LIB is modulated,
i.e. switched on and off by a high voltage MOSFET switch [136]. During transient
events such as ELM crashes, also the background radiation is modulated. To cor-
rectly subtract these contributions, either a fast modulation of the LIB has to be
applied [136], or a synchronised background subtraction can be used as introduced in
section 3.1.2.
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Figure 3.2: Setup of the lithium beam (LIB) diagnostic at ASDEX Upgrade:
The Li injector forms the neutral Li beam, which is monitored by two optical
observation systems (LOS) for BES. The new LOS (blue) are much shorter
than the old (green) ones, giving larger count rates and better signal-to-noise
ratio. Figure taken from [135].

3.1.1 Collisional radiative modelling
From the measured, background corrected line radiation profiles, the n, profile can be

evaluated by applying a collisional radiative model [123]:

dz

= [ne(2)ay(Te(2)) + byl N;(2). (3.1)

This system of coupled differential equations calculates the occupation numbers (1V;)
of the energy levels of the Li atoms along the beam coordinate (z). The indices i
and j represent the different energy levels Li(nl) starting from Li(2s) (i,j = 1), Li(2p)
(i,j = 2) and so on. Excitation to energy levels with n > 4 are considered as ionisation.
The rate coefficients (a;;) for i # j specify stimulated excitation and de-excitation
processes from the energy level j to i. Ionisation or excitation to energy levels with
n > 4 is described by a;. In an impurity free plasma a;; depends on the electron
temperature T,(z), and the resulting rate is proportional to the electron density n(z).
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Plasma impurities can be considered by the effective charge (Z.s), which modifies aj;.
The atomic data, which underlays the rate coefficients, were calculated, measured and
validated for several types of collisions [137-139]. The Einstein coefficients b;; consider
spontaneous, emissive de-excitation and are calculated from transition probabilities
of excited Li atoms [140]. The boundary condition is that the beam enters the plasma
at z = 0 with a fully occupied ground state:

Ni<Z == 0) == (511. (32)

The measured Li (2p — 2s) line radiation intensity along z (/i (2p—2s)(2)) is assumed
to be proportional to the occupation number of the Li(2p) state (No(2)):

Ny(z) = alyi (2p—2¢)(2) ; @ = const. (3.3)

By integrating equation (3.1) stepwise from z = 0 the n, profile (n.(z)) can be re-
constructed [123]. A more advanced and robust method to reconstruct n.(z) is a
probabilistic data analysis approach, which models the Ir; (op-24)(2) profile [141]. Tt
solves equation (3.1) for a given n, profile, that is parametrised by cubic splines.
Within Bayesian probability theory (BPT), that allows the inclusion of weak con-
straints on monotonicity of the density profiles, the input n, profile is varied till the
best agreement of the measured and the calculated line radiation profile is found.
This approach is usually applied for the ASDEX Upgrade LIB n, reconstruction.
Similar approaches for the LIB evaluation are also applied at other experiments [142—
144].

3.1.2 Background subtraction for ELM cycle resolved analysis

For an accurate n, profile reconstruction the subtraction of the background radiation
is crucial. Large, transient events such as ELM crashes, can lead to an enhanced
background radiation as seen in figure 3.3a. Here, the Li line intensity of one channel
is plotted. Whenever, an ELM crash occurs, leading to a burst of the divertor shunt
current in figure 3.3b, the measured line intensity increases. This happens also when
the LIB is switched off (unshaded areas in figure 3.3a), which means that also the
average background radiation increases.

By determining the onset of the individual ELM crashes (dashed vertical lines in
figures 3.3a and 3.3b) and synchronising the data in beam off phases relative to the
ELM onset of several similar ELMs, the average background radiation during an ELM
crash can be evaluated. The method of ELM synchronisation is described in more
detail in section 3.9. The ELM synchronised data of beam on (active emission, red)
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Figure 3.3: Background subtraction during the ELM crash: (a) Li intensity
at one channel, (b) divertor shunt current, (c¢) synchronised time traces of the
detected intensity with active (beam on, red) and background (beam off, blue)
signal and (d) synchronised divertor shunt current. The grey shaded areas
in (a) indicate the modulation of the LIB, which is performed to measure
the background radiation. During the ELM crash, the background intensity
increases, which has to be subtracted, when evaluating n. profiles. Figure
modified from [145].

and beam off (background emission, blue) phases are presented in figure 3.3c. Fur-
ther, the ELM synchronised divertor shunt current is shown in figure 3.3d. Before
reconstructing the n, profile during the ELM crash, i.e. when divertor shunt cur-
rent is high, the background radiation can be removed, enabling a more accurate n,
evaluation.

3.2 Microwave reflectometry

The diagnostic principle of microwave reflectometry diagnostics is to probe the plasma
ne by measuring the propagation time of an electromagnetic wave, which is re-
flected by the plasma [146]. One wave, which reflection is solely determined by n,
is the ordinary wave or mode, which is transverse and plane polarised. It is re-
flected at the so-called cut-off frequency, which is given by the plasma frequency
(Wp):

Nee?

— 3.4
WP £0Me ) ( )

using elementary charge (e), vacuum permittivity (gq) and electron mass (m.). When
emitting, different wave frequencies, several density layers can be probed since w,, o
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/Ne. From the time delay of incident and reflected wave, the distance between the
cut-off density layer and the antenna can be calculated, which enables to display n,.
profiles.

At ASDEX Upgrade two ordinary mode reflectometry diagnostics are installed [147].
These launch microwave beams at midplane from the HES and LFS (see figure 3.1a).
According to their probing frequencies usually the SOL and steep gradient region n,
profile is measured. With these two systems asymmetries in the HFS and LFS SOL
ne can be studied [148].

3.3 Deuterium cyanide laser interferometry

Interferometric diagnostics use the refraction of light, when passing through a plasma,
which depends on n, [149]. Therefore, the interferometric principle measures a line
integrated n, along a chord. The change of refractive index in a plasma in comparison
to vacuum leads to a phase shift () of the light:

© = AoTe /OL ne(z)de. (3.5)

Here, n, is integrated along the beam path of length (L) within the plasma. The
vacuum wavelength (\g) of the laser is given by

Ao = <, (3.6)

with the frequency (w) of the laser light source. Further, the classical electron radius
(re)
Te = —— (3.7)

Aregmec?’

enters in equation (3.5).

Experimentally, ¢ is measured by a Mach—-Zehnder interferometer, which has one
beam path crossing the plasma and the other one as vacuum reference. Figure 3.4
illustrates the phase shift of an electromagnetic wave, that is caused when passing
through a plasma. Deuterium cyanide lasers, operated at a wavelength of 195 jum,
were chosen as light sources at ASDEX Upgrade. In total 5 chords of the DCN in-
terferometer are installed (see figure 3.1a) [151]. These give mainly information on
the core n, and a n, profile can be deconvolved from the line integrated measure-
ments.
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Figure 3.4: Interferometry principle: A light ray passing through a plasma
gets phase shifted by ¢ with respect to a ray in vacuum. Figure adapted from
[150].

3.4 Thomson Scattering

This widely used diagnostic is based on scattering of electromagnetic waves on charged
particles [146]. The differential cross section for scattering processes is given by

do q*

A ST 3.8
ds) (47r80mc2)25m ’ (3:8)

with particle charge (¢) and particle mass (m). Owing to the 1/m? dependence,
mainly the electrons contribute to the scattering.

A TS diagnostic accesses the n, and T, profile at identical locations. Due to the
thermal movement of the electrons, Doppler broadening of the scattered light is ob-
served, which can be used to determine T,. By integrating the intensity (/(w)) of the
scattered light n, can be evaluated.

At ASDEX Upgrade the TS diagnostic uses six neodymium-doped yttrium aluminium
garnet (Nd:YAG) infrared lasers with a pulse energy of 1J [152, 153]. These have a
pulse duration of 15ns and 20 Hz repetition frequency. There are two beam paths in
vertical direction through the plasma (see figure 3.1). One probes the core plasma
(core TS system) and the other one is localised at the plasma edge (edge TS sys-
tem). Within the short pulse duration the plasma can be approximated as frozen,
which enables the diagnostic to investigate fast, turbulence timescale events [154,
155]. But the low pulse repetition rate rather limits the resolution of full ELM cy-
cles.

The advantage of the TS diagnostic is the intrinsic alignment of the n. and T,
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profile. Therefore, the profiles form TS are used to relatively align the n,. profile
from LIB diagnostic and the T, profile from the ECE diagnostic (see section 3.6),
which is e.g. especially important for the forward model of the ECE propagation
[156].

3.5 Langmuir probes

Langmuir probes (LPs) are used to determine n,, T,, ion saturation current and
floating potential of the plasma [146]. For this, plasma-matter interactions have to be
accepted, i.e. this diagnostic principle is invasive and disturbs the plasma. However,
in the divertor, where the plasma contacts the wall, LPs are well suited to characterise
the plasma sheath.

In the inner and outer divertor targets of ASDEX Upgrade several LPs are embedded
as shown in figure 3.1b. Some of them are operated in the so-called triple probe
configuration, i.e. that three points along the current-voltage characteristic can be
measured simultaneously by three probe tips, that are spatially close [157]. From
these measurements n, and 7T, in the plasma sheath in front of the divertor can be
determined.

3.6 Electron cyclotron emission

This diagnostic method is used to measure the 7. profile in the confined plasma
region. Due to the gyro motion of the electrons, microwave radiation is emitted from
the plasma with a frequency (f):

, (3.9)

with the harmonic number (I). Since B o« 1/R (see equation (1.5)) in a toka-
mak, f and its higher harmonics are radially dependent. Therefore, a radial lo-
calisation of the measurement is possible. When the plasma is optically thick, i.e
when the radiated temperature is equal to Ti, and the energy distribution is close to

thermal equilibrium the radiated intensity can be assumed as black body radiation
(IBB)I

UJ2

les(w) = 553

From this relation, 7}, can be evaluated. But close to the plasma edge, the assumption
of a black body radiator does not hold. The plasma becomes optically thin because

kT, (3.10)
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ne is lower at the edge. To reconstruct the T, profile at the plasma edge from ECE,
an electron cyclotron forward model (ECFM) of the radiation transport trough the
edge plasma needs to be applied [156].

The experimental realisation of the ECE diagnostic at ASDEX Upgrade is a hetero-
dyne radiometer [158], which has 60 channels and is absolutely calibrated. Usually,
the second harmonic of the ECE is measured. A recent upgrade included the exchange
of the frequency mixer giving an improved signal-to-noise ratio and an increased ra-
dial resolution at the edge of 300 MHz per channel, which corresponds to 5 mm spatial
width of one channel at B; of 2.5T [159].

3.7 Charge exchange recombination spectroscopy

The main diagnostic method to measure quantities of the plasma ions is charge ex-
change recombination spectroscopy (CXRS). It is based on the interaction of a neutral
beam and intrinsic plasma impurities. Typically, this spectroscopic method is applied
on a neutral beam injection (NBI) heating beam. Charge is transferred from the neu-
tral D beam to ionized plasma impurities (A%T) [160]:

DY+ A% — Dt 4 AGDH (3.11)
ADE  ACDE gy (3.12)

These occupy excited states (A(Z_1)+*), which decay by emission of characteristic
line radiation (hv). Usually, low Z impurities are used for CXRS, since they are
fully ionised throughout the plasma, which allows a localised measurement along the
neutral beam from the edge to the plasma core.

A measured spectrum of the He’" (4 — 3) transition is shown in figure 3.5 [145].
It consists of two contributions, the active one (blue), which results from CXRS
processes from the neutral beam, and the passive one (red), which originates from
residual neutrals along the LOS. From the active line spectrum, the impurity den-
sity (n;), temperature (73) and rotation component in the direction of the LOS
(Vj - dr0s) can be determined for the impurity species j. Assuming a thermal im-
purity temperature distribution, the line emission (Icx(\)) needs to be Gaussian

shaped:
m;c? m;ic® (A — Ao)?
Iex(\) = Iy, | ——— — . 3.13
ox(N) = Toy o T eXp( 2T, A2 (3.13)

The maximum spectral radiance (Ip), the impurity mass (m;) and the un-shifted
wavelength (Ag) enter the spectral distribution. From the full width at half maximum
(FWHM) of the distribution, 7} can be extracted. When the impurities are assumed
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Figure 3.5: Principle of charge exchange recombination spectroscopy (CXRS):
Active (blue) and passive (red) contributions are integrated along the LOS,
which are reconstructed by fitting the measured spectrum. Figure modified
from [145].

to be in thermal equilibrium with the main plasma ions, which is usually the case, T}
can be approximated by Tj.

From the Doppler shift (A)) of the active component, vj-tir,og is determined:

AN V- dos
—_— = 3.14
N . (3.14)
By using LOS in poloidal and toroidal direction, both rotation velocity components
of the impurity ions can be accessed [161].

From the spectral radiance (Lcx(A)), n; for the ionisation state (Z) can be evalu-
ated:
hy &

47 s

Lex (A outhin [ myamidl, 3.15
ox(A) (onv)in | iz (3.15)
when the beam neutral density (ny) for the beam energy components k is known,
i.e. modelled correctly taking into account the beam geometry [162]. Further, the
charge exchange rate coefficients for a specific velocity and a beam energy component
((onv)k.2) enter in Lex.

At ASDEX Upgrade several CXRS diagnostic systems are installed [161, 163]. Re-
cently, the edge CXRS system was upgraded with a new spectrometer [164], enabling
a temporal resolution down to 70 ps (from originally 2.3 ms). This gives the possibility
to study the inter-ELM evolution of T} and E, [165].
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3.8 Integrated data analysis

Within the integrated data analysis (IDA) framework, measurements from several
types of plasma diagnostics are combined to reconstruct continuous profiles of n, and
T, from the plasma core to the SOL [166]. These are parametrised by cubic splines
and combined within a BPT approach. All measurement locations are mapped via
the reconstructed plasma equilibrium to ppo, which enables the combination of the
different diagnostics. For the n, profile, usually LIB data from the plasma edge
and DCN data for the core are used. Optionally, TS and reflectometry can also
be included. The T, profiles are routinely reconstructed from ECE and application
of the ECFM, with optional input of TS. Owing to the limited repetition rate of
the TS laser, these data are excluded from the analysis, because throughout this
work the profiles are evaluated with a temporal resolution of 250 ps. However, the
relative alignment of the reconstructed n, and 7, profiles is cross checked with the TS
profiles.

The combination of n, and T, profiles automatically reconstructs an electron pressure
(pe) profile, which served as input for the pressure constrained plasma equilibrium
reconstruction. With the corresponding plasma equilibria the linear MHD stability
analysis was performed (see section 2.1.5) as well as an improved IDA evaluation with
more accurate mapping of the diagnostics locations.

3.9 ELM synchronisation

This basic data analysis method is applied throughout this work. Usually, single ELM
cycles are poorly resolved due to the limited temporal resolution of profile reconstruc-
tion and features that are not generally characteristic. Superimposition of data from
several, ‘equal’ ELM cycles increases the density of data points and conserves the
general dynamic behaviour throughout the ELM cycle.

As illustrated in figure 3.6a, the onset of the individual ELM crashes in the analysed
time interval is determined by the corresponding bursts in divertor shunt current
measurement [167]. ‘Equal’ ELM cycles are characterised by similar fgpy, length
of the divertor shunt current burst and inter-ELM evolution of the divertor shunt
current.

The time bases are collapsed relative to the corresponding ELM onset, i.e. each input
data point is related to the previous and the next ELM crash. Then the resulting
data points, which are twice as many as the input data, are superimposed and plotted
relative to the onset of the next (negative sign) and previous (positive sign) ELM crash
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Figure 3.6: ELM synchronisation: (a) time traces of ne, Tt at ppo = 0.96 and
the inner divertor shunt current and (b) ELM synchronised data of (a). The
ELM onsets of the individual ELM crashes are determined by the bursts in
the divertor shunt currents as indicated by vertical, red lines in (a). The time
bases are collapsed relative to the individual ELM onsets and the correspond-
ing data is superimposed as shown in (b), resulting in an ELM synchronised
representation.

figure 3.6b. For this reason, no absolute value of time is now given on the abscissa
but it is changed to the ‘time relative to the ELM onset’.

In addition to the divertor shunt current measurements, n. and 7, at a location close
to the top of the pedestal (ppo = 0.96) are plotted in figure 3.6. While the data
scatters in the time traces in figure 3.6a and the overall trends of n. and T, are poorly
visible, the ELM synchronised representation in figure 3.6b clearly reveals that the
pedestal top n. recovers faster than the pedestal top T, after an ELM crash. This
observation is in agreement with previous analyses of the inter-ELM profile evolution
in ASDEX Upgrade [102].

The ELM synchronisation method of data analysis is also applied to raw data of the
LIB diagnostic, i.e. to the Li line radiation profiles. By this means the background
radiation is subtracted during the ELM crash for a more accurate reconstruction of
the n, profile (see section 3.1.2).
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4 ‘ Pedestal collisionality variation

Parts of the following chapter were already published in [43].

As discussed in sections 2.1.1 and 2.1.2, v* (see equation (2.7)) impacts on the
bootstrap current and therefore, the stability of the plasma edge. Further, micro-
instabilities such as MTMs (see section 2.2.2) show strong dependencies on v*. In
order to disentangle the effect of v* and the pressure drive of instabilities, an experi-
ment was performed, which aimed at a variation of v* without affecting p by simulta-
neously varying the n, and T, profile. This was achieved for two discharge intervals by
adjusting P, and gas puff as described in section 4.1. Both discharge intervals show
a similar sequence of pedestal recovery phases in between the ELM crashes. Further,
high frequency magnetic fluctuations in radial direction are observed in the pre-ELM
period. These can be interpreted as signature of instabilities, that are present in the
pedestal and their onset is correlated to a clamping of the electron pressure gradi-
ent (Vp.) (see section 4.2). The stability of both discharges during the period of
clamped Vp, is consistent with PB theory.

Analysis of a larger data set reveals that the detected fluctuation frequency (in the
lab frame) can be related to the E x B rotation at the plasma edge. Further, the
fluctuations are also visible on the HF'S and the underlying mode structure is found to
be large scale with n of approximately —11 (see section 4.5). Possible interpretations
of the observations are presented in section 4.6.

4.1 Investigated plasma scenario

In the following, the two discharges with similar p and a variation of *, in which high
frequency magnetic fluctuations prior to the ELM occur, are presented. Here, p is rep-
resented by ratio of electron to magnetic pressure (). The f, profile is calculated sim-
ilar to 5 (equation (1.9)) by using only the profiles of the electrons:

nde
- B2/2p9

Be (4.1)
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using the local magnetic field (B) at the LFS midplane. The electron collisionality
(1) from equation (2.7), is modified by approximating the Coulomb logarithm leading
to

. qRoZegne[10Y m—3]
=0.0012
Veped (T [keV])?
which is locally evaluated at the pedestal top (ppor = 0.96). Here, Zg is set to

1 because there is no accurate measurement and the discharge conditions in both
presented plasmas were similar.

(4.2)

The two discharges with different pedestal top electron collisionality (v .q) were
#30701 with high v 4 of roughly 1.5, and #30721 with low v .4 of approximately
0.6. Both have almost identical pedestal 3, as presented in section 4.1.1. The dis-
charges were performed at [,= 1.0 MA, B;= —2.5 T (negative sign stands for opposite
direction to I,) and identical plasma shape. Time traces from the investigated, high
v* discharge (#30701) are presented in figure 4.1. Here, two H-mode phases are
induced by the application of external heating using NBI and electron cyclotron res-
onance heating (ECRH). When the H-mode is accessed, Wyyp, ne at a central DCN
chord (necore) and at a plasma edge DCN chord (needqe) as well as T, at central lo-
cation (T, core) and at the plasma edge (7t eqqe) immediately increase as seen at 0.7s
and 2.5s. When neutral beam heating power (Pygi) is roughly 4 MW and Wymp in
the region of 0.4 MJ, large type-I ELMs occur with fgrm between 50 Hz and 100 Hz.
For the detailed analysis of the inter-ELM profile evolution, time intervals with rela-
tively constant fgry and similar ELM behaviour are chosen (grey shaded area, 3.3 s
to 3.4s).

The variation of v .4, simultaneously keeping 3, constant, was achieved by a variation

of Pheat and externally applied gas puff. In the high Vo ped €28€, Deat (from NBI and
ECRH) was 5.3MW and the external deuterium puff was 11.3-10*' es™!, whereas
in the low Vi ped €ase Pheay Was increased to 6.9 MW and the gas puff decreased to

2.1-10%es™ 1,

4.1.1 Pedestal profile analysis

The n. and T, profiles at the plasma edge are evaluated using the IDA approach as
introduced in section 3.8. As mentioned in section 3.4, the application of the ECFM
and successful fitting of the ECE ‘shine-through’ at the plasma edge, crucially depends
on the alignment of the n, and T, profiles. Therefore, n, and 7, are aligned relative
to the T'S measurements. Here, the T, profile is slightly shifted (< 3mm such that
the separatrix T, is 100eV [42, 168]. The reliable evaluation of the T, profiles as well
as VT, down to the separatrix, is essential because the onset of the high frequency
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Figure 4.1: Time traces of the plasma stored energy (Wymp), the heating
power (Pheat) by neutral beam injection (Pypr) and by microwave heating
(Pgcru), the line integrated electron density at a central chord (necore) and
at a plasma edge chord (neeqge), the electron temperature at central location
(Tt core) and at the plasma edge (T edge), as well as the ELM repetition fre-
quency (feLm) of discharge #30701. When external heating power is applied,
the plasma enters the H-mode, which leads to a rise of n.. In the fully devel-
oped H-mode, ELMs are occurring regularly. The ELM synchronisation and
data analysis is done in phases with stable fgy (grey shaded area).
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Figure 4.2: Pre-ELM (averaged between —2 ms and —1 ms relative to the ELM

onset) profiles of (a) ne, (b) T, and (¢) .. The shaded areas represent the

uncertainties of the profile analysis (propagated from the IDA evaluation and

the standard deviation of the ELM synchronised average). Both discharges

have similar 3, profiles and vary in v 4. Figure already published in [43].

magnetic fluctuations is correlated to the inter-ELM recovery of max(—VT) at the
edge.

The presented n, and T, profiles are evaluated with a temporal resolution of 250 ps.
This is sufficient to resolve the full ELM cycle (average duration approximately 10 ms)
and long enough to suppress scattering of the profiles due to measurement uncer-
tainties. Figure 4.2 presents ELM synchronised profiles of n., T, and (., which are
averaged between —2ms and —1ms relative to the ELM onset, for the high v 4
(#30701, blue) and low v} __, (#30721, red) discharge.

e,ped

These discharges are compared in the following: First, in terms of their inter-ELM
pedestal evolution and then, the onset of high frequency magnetic fluctuations is
characterised.

4.2 Pedestal profile evolution and onset of magnetic fluctuations

To detect 0B, /0t, several ballooning coils are installed in ASDEX Upgrade [119, 169].
A coil, which is located at the LFS midplane (B31-14), was used for the presented
measurements (see section 4.5 and figures 3.1a and 4.7). Figure 4.3a presents a spec-
trogram of dB,/0t in the top plot. Additionally, time traces of n, (blue), T, (red),
measured at the pedestal top (ppo = 0.96), and inner divertor current (black) are
shown. The grey shaded area marks a period when the Li-Beam was modulated to
measure the background emission (details see section 3.1). Since there are no n. pro-
files available in this time interval, the ECFM is not applicable and the T, profiles are
also not evaluated.
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Figure 4.3: Pedestal evolution of the high v 4 case (#30701): (a) Spectro-
gram of 0B, /0t (top) and time traces of n, (blue), T, (red) at the pedestal
top (ppor = 0.96) and inner divertor current (black). The grey shaded area
indicates when the Li-beam was off to measure the background radiation.
(b) ELM synchronised frequency histogram of 0B,/0t and ELM synchro-
nised time traces of max(—Vn,) (blue), max(—V1T,) (red) and inner divertor
current (black). After max(—V1,) is recovered (10 ms after the ELM onset)
fluctuations with a frequency of approximately 240kHz set in. The verti-
cal bars and numbers indicate the phases in which the linear MHD stability
analyses were performed (see section 4.3). Figure already published in [43].

A pulse in the divertor current (black) corresponds to an ELM crash. Although,
the ELM frequency varies slightly, i.e. the duration of the inter-ELM period dif-
fers, the pedestal recovery is very similar after each ELM crash until the pre-ELM
temperature gradient is established. This is directly related to the recovery of the
pre-ELM pressure gradient. The evolution of the pedestal profile gradients is demon-
strated in figure 4.3b, which presents an ELM synchronised frequency histogram of
0B, /0t together with max(—Vn,) (blue), max(—VT,) (red) and inner divertor cur-
rent (black). ELM synchronised plots superimpose the data with respect to the ELM
onset (see section 3.9). For spectrograms the windows of the Fourier transform are
superimposed relative to the ELM onset giving ELM synchronised frequency his-
tograms.

The first inter-ELM recovery phase is from max(—Vn,). In this period also the
pedestal top n, is re-established (approximately 5ms relative to the ELM onset).
This phase appears before the max(—VT,) recovery, which is the second phase of the
inter-ELM pedestal recovery. These observations are in agreement with previous stud-
ies [102] (see section 2.2.3). After the recovery of max(—Vn,), the onset of magnetic
fluctuations in the region of up to 150kHz can be seen (around 4 ms relative to the
ELM onset). From their onset on, these fluctuations are then present throughout the
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ELM cycle. They are associated to low n as shown in section 4.5. When max(—V7T,)
is recovered (approximately 10ms relative to the ELM onset), magnetic fluctuations
with rather high frequencies at roughly 240kHz set in. These fluctuations continue
until the next ELM crash, which occurs between 10 ms and 17 ms after the previous
ELM. In figure 4.3b only data up to 1.5ms before the following ELM crash are plot-
ted. In this pre-ELM phase, from approximately 10 ms after the previous ELM, only
marginal changes in max(—Vn,) and max(—V7T,) can be seen. The next ELM crash
is connected to the disappearance of the magnetic fluctuations, which set in again
after the recovery of max(—Vn,) and max(—V7T,). A similar behaviour can also be
seen in figure 4.3a in the evolution of the pedestal top 7. (red points). The onset of
the high frequency fluctuations is clearly correlated to the recovery of the T, pedestal
and, consequently, the p. pedestal because the n, pedestal is already recovered before.
However, the duration of the period with high frequency fluctuations and clamped
pedestal gradients differs in the presented case from ELM to ELM (figure 4.3a). This
is an indication that the observed fluctuations are not ELM-precursors in a classical
sense. From ELM-precursors one would expect continuous growth in amplitude, lead-
ing to the ELM crash. For this reason, a similar duration between precursor onset
and ELM crash would be expected. The observed high frequency fluctuations do not
show clear changes in their amplitude, which could be related to growth. A saturated
mode, which sets in when a certain threshold (in terms of pedestal parameters) is
exceeded, is a better explanation for the observed fluctuation signature. This mode
is then either affected by the ELM crash, or the drive vanishes due to the flattening
of the pedestal. Further, it has been observed that the high frequency fluctuations
sometimes disappear before the ELM onset (< 0.5ms) [119]. This could suggest a
possible ELM trigger mechanism. Since the fluctuations clamp the pedestal gradient,
their disappearance leads to a further increase of the gradient, which then leads to an
unstable pedestal.

In the discharge with low v 4, the inter-ELM pedestal profile evolution shows similar
behaviour (see figure 4.4, same plot setup as figure 4.3). The recovery of max(—Vn,)
and max(—VT,) has an identical sequence as in the high v .4 case (figure 4.3b), i.e.
max(—Vn,) is re-established before max(—V7;). In comparison to the high v} 4
case, frrum is larger because Pt is higher and for type-1 ELMs, fgrv increases with

Phieat (see section 1.6).

After the recovery of max(—V1T,) (6 ms relative to the ELM onset), magnetic fluctu-
ations set in, which in this case are broadband with frequencies between 300 kHz and
400kHz. The width of the frequency band is larger than in the high v .4 case and
the fluctuations are not clearly seen before every ELM crash (figure 4.4a). Further,
the fluctuation intensity also varies from ELM cycle to ELM cycle. It is important
to note that the frequency of the fluctuations strongly differs from the one in the
high v .4 case. However, the high frequency fluctuation onset is again correlated
with the max(—VT,) recovery, and consequently with the re-establishment of the
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Figure 4.4: Pedestal evolution of the low vy .4 case (#30721): (a) Spectro-
gram of 0B, /0t (top) and time traces of n, (blue), T, (red) at the pedestal
top (ppor = 0.96) and inner divertor current (black). (b) ELM synchro-
nised frequency histogram of dB,/0t and ELM synchronised time traces of
max(—Vn,) (blue), max(—VT,) (red) and inner divertor current (black).
Identical observations as in the high v .4 case can be made: The onset of high
frequency magnetic fluctuations occurs after the recovery of the max(—VTy).
Figure already published in [43].

maximum electron pressure gradient (max(—Vp,)). This points into the direction
that the detected magnetic fluctuations (at low and high v7 .4) have a similar ori-
gin.

4.3 Stability analysis of the pre-ELM phase

To investigate possible drives for instabilities, which could cause the high frequency
magnetic fluctuations, linear MHD stability analyses were performed for the high and
low v} .q discharge. These are presented in figure 4.5. The applied stability chain,
using a pressure constrained equilibrium reconstruction, the HELENA free boundary
equilibrium solver and a fast version of MISHKA, is described in section 2.1.5. For
every discharge three phases are analysed, in which the high frequency magnetic
fluctuations are clearly present. The analysed intervals are (1) —2ms to —1 ms relative
to the ELM onset, (2) 10ms to 11 ms relative to the ELM onset for #30701, 8 ms to
9ms for #30721 and (3) 12ms to 13 ms relative to the ELM onset for #30701, 10 ms
to 11 ms for #30721. The vertical bars in figures 4.3b and 4.4b indicate the analysed
intervals.

The operational points of both discharges are located close to the PB boundary in
the analysed intervals, which is in line with the observation that the high frequency
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Figure 4.5: j-a diagrams for the period when high frequency fluctuations are
present: (a) high Vi bea Case, for comparison the light blue, dashed boundary
is calculated from a CLISTE equilibrium, and (b) low v} 4 case. For the
analysed time intervals, stability boundaries as well as operational points are

similar.

fluctuations clamp the edge pressure gradient at a stable level. The uncertainties
of the operational point are calculated from the statistical errors, i.e. the standard
deviation, from the equilibrium reconstruction. There is no difference between the
three analysed phases within the experimental uncertainties. Neither changes of the
stability boundary can be seen nor movement of the operational point. This indicates
that during the presence of the high frequency fluctuations the MHD behaviour of
the pedestal does not change significantly.

4.4 Dependency of the detected fluctuation frequency

The high frequency inter-ELM magnetic fluctuations have been observed in several
plasma discharges with a variation of frequencies. The pedestal profiles of these
discharge intervals are analysed and correlated to the detected fluctuation frequency.
To explain the measured frequencies, it was assumed that the instabilities causing
these fluctuations are located in the pedestal region [106, 108]. This is reasonable,
because the fluctuations are terminated by the ELM crash. In the pedestal region a
strong background (E x B) flow is observed [170], mainly caused by the E,. The E,
profile at the plasma edge in H-mode, is well described by neoclassical theory [171]. At
low toroidal rotation, the dominating term in E, is Vp;/Zen; (using main ion pressure
(p:), ionisation state (Z) and main ion density (n;)).

Since no measurements with the required temporal resolution were available for n;
and T;, the quantities entering Vp;/Zen; are approximated by Vn;/n; ~ Vne/n, and
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Figure 4.6: E,, Vp./en. and fluctuation frequency: (a) Example profile of
E. (the blue dashed line indicates a vgyp of —18kms™!) and (b) dB,/0t
frequency over —Vp./en, (x —FE;). The boxes along the frequency axis
indicate the width of the fluctuation frequency band which can span up to
100kHz. A linear dependence between the detected fluctuation frequency
and the background flow velocity (vexp) can be seen (dashed line). Figure
already published in [43].

max(VT;) ~ max(VT,). This should be valid in the plasma steep gradient region,
when v* is sufficiently large. Furthermore, Z is 1 for hydrogenic plasma species
An example profile of E; (red) of the high 1/} .4 case, evaluated by CXRS [172], i
compared to the estimations of V(Tin.)/en. (black) and Vp./en, (blue) in figure 4. 6a
The presented profiles agree within their uncertainties. Their minimum is around
—35kV/m, which corresponds to a vgxp of —18kms™! (the negative sign indicates
propagation into the electron diamagnetic direction). V(Tine)/en. and Vp,/en, have
similar shapes (within the error bars), which justifies the approximation of Vp;/en;
by Vpe/ene.

Figure 4.6b presents the fluctuation frequency (considering only frequency bands at a
statistical distribution > 200 kHz) with respect to —Vp,/en., taken at the position of
the max(—Vp,) (averaged between —2.0ms and —0.5 ms relative to the ELM onset),
for a set of 12 discharge intervals. The boxes on the frequency axis indicate the
bandwidth of fluctuation, which are estimated by a FWHM criterion. The discharge
intervals were chosen to span a wide range —Vp,/en, and show the onset of high
frequency magnetic fluctuations connected to the clamping of the pedestal pressure
gradient in the pre-ELM phase, similar as observed for the high and low v 4 discharge
(see section 4.2). The analysed discharge intervals have v 4 ranging from 0.55 to
1.80, determined by equation (4.2). It has been found for a similar range of v* at
ASDEX Upgrade that the minimum of F, agrees well with the approximation Vp/en
[173].
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In figure 4.6b, a clear, linear correlation between fluctuation frequency and —Vp,/en,
can be seen. This suggests that the detected frequency (in the lab frame) is caused by a
mode structure that rotates with the background E'x B velocity at the edge.

It should be noted that the detected fluctuation frequency can change slightly for
single ELMs (see figure 4.4a). Therefore, the analysis of single ELM cycles might
give smaller bandwidths and separated blocks of the detected fluctuation frequencies.
These could then be connected to slight changes of Vp,/en.. However, these analyses
could not be performed, because of the limited time resolution and the uncertainties
in the determination of the pedestal profiles.

4.5 Mode structure of the high frequency fluctuations

4.5.1 Detection of the fluctuations on the high field side

The poloidal structure of the observed inter-ELM magnetic fluctuations, can be char-
acterised by ballooning coils with different locations. The mode structure can help
to identify the underlying instability. In figure 4.7 the positions of two coils, located
at the LFS (B31-14, red) and HFS (B31-35, blue) midplane, are indicated. Owing
to the plasma position and shape, the HF'S and LFS coil have different distances to
the same flux surface and the magnetic axis (shown for p,o = 0.99). In cylindri-
cal geometry with conducting wall the detected amplitude of a mode is lowered by
(rm/(rm + Ar))™t1 [13]. Here, the distance between the geometric axis and the mode
location (ry,), the distance between the mode location and the coil location (Ar) and
the poloidal mode number (m) are used. This effect has to be taken into account,
when comparing fluctuation amplitudes from HFS and LFS; i.e. to gain insight if the
mode structure is ballooned.

ELM synchronised frequency histograms of the LF'S and HF'S coil signals are presented
in figure 4.8 (for the high 1/} .4 case). Figure 4.8a shows the high frequency range for
the spectrograms of the HFS (top) and LFS (bottom) coil. The inter-ELM fluctuation
is clearly visible on the HF'S too. It appears at similar time relative to the ELM onset
as the fluctuations detected on the LFS. A strong fluctuation amplitude on the HFS
would not be expected if the underlying instability has a ballooned mode structure
e.g. KBMs. In figure 4.8b the integrated frequency histogram (from —2.5 to —0.5ms
relative to the ELM onset) is shown. A dominant mode is present in both spectrograms
around 12kHz, which is identified as m/n = 1/1 core mode. Taking this mode as
reference and assuming that the 1/1 mode amplitude does not change from HFS to
LFS, i.e. neglecting m + 1 sidebands and their relative phase, then the lower spectral
intensity, detected on the HFS might be attributed to the (ry/(ry + Ar))™* decay.
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Figure 4.7: Ballooning coil positions: 0B, /0t is detected at the LFS as well as
at the HF'S midplane. The coils have different distances to the mode location
(Ar). For ppo = 0.99 (steep gradient region) the LES coil is approximately
8 mm closer to the flux surface than the HFS coil. Figure already published
in [43].

In the cylindrical approximation the ratio of the detected LFS and HFS amplitudes
for the 1/1 mode is given by

T/ (Tm + ATLps) ah Tm + Argrs Ak
= — = ~ 1.38 (4.3)
rm/(rm + AT’Hps) Tm + ATLFS

using 1, ~ 10.3cm, Argps ~ 60.0 cm and Arpps ~ 49.6 cm. This effect only explains
parts of the weaker HFS signal for the 1/1 mode. Additionally, the HFS coil is
located behind a tile of the inner heat shield, therefore, electromagnetic shielding
might be another reason for the weaker detected signal. Further effects for the HF'S-
LF'S discrepancy of the detected mode amplitude might be different gain factors in the
data acquisition (DAQ), but both coils use identical DAQ systems, or the inaccurate
assumption of constant mode amplitude.

The inter-ELM high frequency fluctuations are localised in the pedestal, therefore,
the LFS to HFS ratio of the detectable amplitudes in cylindrical approximation
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Figure 4.8: Comparison of the 0B, /0t intensity at LFS and HFS: (a) Spec-
trogram of the HFS (top) and the LFS ballooning coil signals (bottom), (b)
Integrated spectrum before the ELM onset. The high frequency fluctuations
(240kHz) are also detected at the HF'S although the coil sensitivity might be
lower (c.f. 1/1 mode). Figure already published in [43].
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using r, &~ 48.9cm, Argps &~ 16.7cm and Arpps ~ 15.9cm and m &~ 55 (see sec-
tion 4.5.2). This could be interpreted such that the fluctuation amplitude on the HF'S
might be even higher than detected, which is another indication that a ballooning
type instability is not causing the high frequency fluctuations since a ballooned mode
structure is expected to have zero amplitude on the HF'S.

4.5.2 Toroidal mode structure of the fluctuations

The toroidal mode number (n) of the fluctuations can be determined from a set of
ballooning coils, which are toroidally distributed at the LFS. The signal response of
each coil is frequency dependent, therefore, phase shifts between the coils’ signals are
possible. This leads to inaccurate fits of the mode numbers. To reduce the systematic
errors of the mode number fits, the transfer functions of the individual coils were mea-
sured and taken into account [169]. In figure 4.9 the ELM synchronised n histograms
for the high 1} .4 case (a) and the low v .4 case (b) are presented. In this kind of
plot, the n numbers are fitted in a period relative to the ELM onset for all ELMs in
the analysed time interval. Then the resulting n are superimposed. There are differ-
ent time intervals relative to the ELM onset for high v} 4 case (=2.5ms to —0.5ms

relative to the ELM onset) and low v .4 case (—2.5ms to —1.0ms relative to the
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Figure 4.9: ELM synchronised toroidal mode number histograms: Determined
from 5 toroidally distributed ballooning coils located at the LFS midplane,
(a) for the high v} 4 and (b) low 1/} .4 case. Positive values of n correspond
to co-current rotation of the mode, negative n to counter-current (electron
diamagnetic) rotation. The dashed white line indicates constant frequency
over n (f/n) ratio, meaning equal propagation velocity. The mode numbers
of the high frequency fluctuations (at (a) 240kHz and (b) 375kHz are in both

cases about —11. Figure already published in [43].

ELM onset) chosen because the high frequency fluctuations are dominantly present
in different time periods relative to the ELM crash (compare figures 4.3b and 4.4b).
In both v 4 cases, clear mode numbers from n= —2 to n= —8 (negative sign for
counter-current or electron diamagnetic rotation in the lab frame) are observed in
the frequency range up to 180kHz. These modes were previously found at JET and
named washboard modes [174]. The onset of these washboard (150kHz) modes is
earlier in the ELM cycle and more related to the recovery of the density pedestal
(see figures 4.3b and 4.4b). For the inter-ELM magnetic fluctuations with frequencies
of 240kHz (high v} ,.q) and 375kHz (low v} 4) n is ranging between —10 and —12.
Around n = 0 there are artefacts from timepoints with ill defined mode numbers ap-
pearing in the high and low v} .4 case. Comparing figures 4.9a and 4.9b, it can be seen
that the observed magnetic fluctuations have a similar toroidal mode structure and dif-
ferent detected frequencies. This corresponds to the change of the background plasma

rotation velocity, which is higher in the low v .4 case.

The alignment in terms of frequency over n (dashed white lines in figures 4.9a and 4.9b)
of the high frequency fluctuations and the low frequency washboard modes is observed.
This is an indication that these modes have similar velocities relative to the lab frame,
when projected into the toroidal plane. If the contributions of toroidal and poloidal
rotation in the projection are similar, the low frequency washboard and the high fre-
quency fluctuations are located at similar radial positions. Nevertheless, just after
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the onset of the high frequency fluctuations a clamping of the pedestal max(—Vn,)
and max(—VT,), respectively max(—Vp,), is seen.

Since the detected fluctuation frequencies are proportional to Vp,/en,, i.e. the min-
imum of F; in the pedestal, it is suggested that the modes are located in the steep
gradient region. Using the evaluated background rotation velocity (vgxp) and the
observed mode number, it is possible to estimate the detected fluctuation frequency
in the lab frame and compare this to the experimentally measured frequency. Fig-
ure 4.6a indicates the minimum of the vgyp velocity (blue dashed line), which is
—18.0 £ 5.7kms™!. At the position of the vgyp minimum, ¢ is ~ 5, the toroidal
plasma circumference (Uyo,) is 13.4m, and the poloidal circumference (Up,q) is 3.9 m
resulting in an average field line pitch angle («)

1 U

tan(«o —
( ) q tor

~ 0.05814. (4.5)

Taking into account the ‘barberpole effect’, the projection of vgy«p in the toroidal plane
the total toroidal rotation measured in the lab frame (vior 1ab) is given by

Viorlab = VExB/SIN(a) 4 vior &~ —299 & 88 km s, (4.6)

with the toroidal plasma velocity (v, &~ 10kms™!, measured by CXRS). The estima-
tion of the detected fluctuation frequency in the lab frame ( fi.;,) is then

Frap = Jtonlab T 946 + 78 kHy, (4.7)
Utor
using n= —11, which can be extracted from figure 4.9a for the magnetic fluctuation

frequency of 240 kHz. This frequency agrees with the calculated fi,, within the experi-
mental uncertainties, which additionally supports the hypothesis that the background
plasma velocity dominates the mode propagation.

This behaviour is consistent with the linear dependence of the detected fluctuation
frequency on —Vp,/en, found in section 4.2. From this dependency (dashed line in
figure 4.6b) n can be estimated by assuming similar mode structures for all analysed
discharge intervals. In figure 4.10 the detected fluctuation frequency is fitted in de-
pendence of v_yp,jen.xn (taken at the position of max(—Vp,)). This results in an n
of approximately —11, which is in good agreement with the magnetic measurements
(see figure 4.9).

From [86], using the KBM and the MTM frequencies (w) and scale sizes (kyps), the
phase velocity (w/ky,) of KBMs and MTMs can be estimated for a similar plasma (see
table 4.1). These are in the low km s™! range for locations in the steep gradient region.
These expected phase velocities and the propagation direction relative to the back-
ground F X B velocity cannot be extracted, because the measurement uncertainties of
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Figure 4.10: Neoclassically estimated background velocity and fitted n: De-
tected fluctuation frequency over —v_g,_ /en, (X VExg). From the linear de-
pendence between the detected fluctuation frequency and the background
flow velocity a n number of approximately —11 can be determined (red line).

instability | pior | ppor | s [kms™] | pg [mm] | kyps | w [es/a] | w/ky [kms™!

KBM 0.95 | 0.981 153 1.28 0.07 0.5 2.0
KBM 0.97 | 0.994 110 0.91 0.10 0.1 0.1
MTM 0.95 | 0.981 153 1.28 0.07 ] =25 —10.2
MTM 0.95 | 0.981 153 1.28 0.07 ] —=3.5 —14.3
MTM 0.97 | 0.994 110 0.91 0.05 | —=2.0 —5.8
MTM 0.97 | 0.994 110 0.91 0.05| 3.0 —8.7

Table 4.1: Estimated phase velocities (w/ky) for MTM and KBM: Data taken
from [86], (figures 7, 11), a = 0.688m. This simulation was performed for
plasma that is comparable to the high v .4 case that is presented in the
paper. The estimated phase velocities (w/ky) are of the order of a few kms™*
in the region close to the E, minimum (ppe = 0.995).

the background velocity are in a similar range or larger.

4.6 Theoretical interpretation of the high frequency fluctuations

For a variation of plasma edge v* it was found that the onset of high frequency
fluctuations in the ELM cycle occurs at the same time as the re-establishment of the
pressure gradient. During the presence of the high frequency magnetic fluctuations,
the max(—Vp,) is clamped, i.e. saturated. For this reason, the pre-ELM max(—Vp,) is
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already achieved of the order of milliseconds before the ELM crash. The corresponding
mode structure propagates with the F x B background velocity at the edge, which
indicates a location in the steep gradient region. Uncertainties in the measurements
of the background velocity profile do not allow the determination of the propagation
direction and phase velocities, if they are smaller than approximately 5kms~!. For
this reason, information on the structure propagation is not accessible to relate the
observed structures to an underlying instability.

The strong signature of the fluctuations on the HFS can be interpreted as follows:
In a turbulence picture, the current fluctuations leading to 0B,/Jt are in parallel
direction to the magnetic field, which implicitly requires non-adiabatic electron re-
sponse. At the plasma edge this can become possible because the field line connection
length increases (increasing ¢), the ion sound velocity (cs) decreases and the density
and temperature profiles have steep gradients [83, 175]. Consequently, the non-linear
interaction between potential, pressure and current results in 0B,/Jt on the HFS.
These do not necessarily require a ballooned structure as an ideal linear MHD in-
stability, which is solely driven by the pedestal gradient on the LFS. The observed
toroidal mode structure and the enhanced transport, which is a consequence of the
clamping of the gradients, might be only described by such non-linear interactions.
Furthermore, the poloidal wave numbers (kgp;), calculated from the poloidal mode
number, have similar scales (0.1 < kgps < 0.2) at which KBMs and MTMs were found
to be unstable in a similar discharge (see table 4.1).

Comparing the high frequency fluctuations to modes, which occur in ELM-free regimes
as QH-mode [30] or EDA H-mode [33], the observations can be interpreted differently.
The modes in ELM-free are localised at the very plasma edge, limiting the pressure
gradient below the critical value. The magnetic signature of the EDA H-mode is
broadband (between 0kHz and 200 kHz) and for this reason, not comparable to the
fluctuations investigated here. In QH-mode an edge harmonic oscillation (EHO) has
been found, which usually has frequencies < 50kHz. But at ASDEX Upgrade addi-
tionally a high frequency oscillation (HFO) is present simultaneously with the EHO.
The HFO has frequencies in the range of 350 kHz to 500 kHz [31, 32], which are close to
the highest detected fluctuation frequencies in this study (see figure 4.6b). Usually the
QH-mode at ASDEX Upgrade is achieved at low pedestal top densities and v*. There-
fore, the E, wells in the pedestal are deep and the background E x B rotation is high.
This is in line with a mode propagation with the background velocity. However, a low
frequency fluctuation related to an EHO is not visible in the magnetic signals, when
the inter-ELM high frequency fluctuations are present.

Linear MHD stability analysis has shown that DIII-D QH-mode plasmas are situ-
ated in the peeling region of the stability diagram close to the PB boundary. This
suggested, that the EHO is caused by a saturated peeling mode [176]. For the high
frequency magnetic fluctuations, the detected amplitude at the HFS is comparable
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to the one measured on the LFS. This can be explained by peeling drive, which is
HFS/LFS symmetric, however, current driven instabilities should show a dependency
on v*.
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5 ‘ Isotope comparison

Parts of the following chapter were already published in [44].

ITER will start its operation with either H or more likely “He plasmas. This is
required to commission the operationally relevant systems and plasma diagnostics
in a non-nuclear environment, which enables easier access to components. Further,
the plasma scenarios for D-T operation have to be developed [9]. But it is well
known that plasma discharges with different main ion species show changes in their
behaviour, e.g. Py, ferm and ELM size are affected by an isotope exchange (see
section 5.1).

The impact of different main ion species on the pedestal was investigated by a match-
ing experiment of the pedestal top n, and T, in D, H and “He plasmas (see section 5.2).
Thereby, the pedestal structure, stability and inter-ELM evolution are characterised
for these main ion species. First, the hydrogenic species plasmas (D,H) are com-
pared and the PB stability of the pedestal is analysed (section 5.3). Then, section 5.4
presents a comparison to *He plasmas, resulting in the following, consistent picture
(section 5.5): PB theory describes the pedestal stability for all investigated cases of
main ion species and reproduces qualitative trends. No difference in the pedestal re-
covery phases, magnetic signature and corresponding structure of inter-ELM magnetic
fluctuations could be identified. This suggests that there is no change of dominant
processes, which determine the pedestal evolution, when the main plasma isotope is
exchanged.

5.1 Impact of different main ion species on the plasma
behaviour

To achieve the transition from L-mode to H-mode a certain power threshold, the
L-H power threshold (P,_p), has to be exceeded [177]. This threshold differs when
exchanging the main ion species of the plasma [178], which gives some uncertainty
whether H-mode can be achieved in the non-nuclear phase of ITER with the avail-
able amount of P.,;. To investigate the access to the H-mode in plasmas with different

63



64

5. Isotope comparison

main ion species, studies on several experiments have been performed: ASDEX Upgrade
[25, 179], DIII-D [180, 181], TCV [182] and JET [183, 184]. In summary, an inverse
mass proportionality of P,_g oc A;' (atomic mass number (A;)) is reported for hy-
drogenic species meaning that P,_g is approximately a factor of 2 higher in H than
in D. Furthermore, P,_y for *He plasmas is about similar to D in a metallic wall
environment. More recent studies at ASDEX Upgrade revealed that the ion heat flux
at the plasma edge plays an important role for the L-H transition [185]. It has been
found that the edge ion heat flux at the L-H transition is about twice as high in H as
in D plasmas at similar VT;. F, at the plasma edge is well described by neoclassical
theory [171, 173]. The diamagnetic term (Vp;/Zen;), using the main ion pressure (p;),
the ionisation state (Z), the elementary charge (e) and the main ion density (n;), is the
dominant contribution to the radial force balance. For this reason it is suggested that
in D and H plasmas E, at the L-H transition is similar.

Similar to the higher P, _g, which is caused by larger ion heat conductivity, bet-
ter plasma confinement for heavier hydrogenic isotopes has been experimentally ob-
served in L-mode [186] as well as H-mode [187, 188], also known as isotope ef-
fect. This behaviour is contrary to the expected confinement assuming gyro-Bohm
diffusive transport because the gyro radius increases with mass at fixed tempera-
ture. Dimensionless scaling [189] of the H-mode plasma confinement requires a pos-
itive dependence on the ion mass [190]. The worse energy confinement in H plas-
mas was attributed to enlarged heat conductivity [191, 192]. Furthermore, the be-
haviour of ELMs, in terms of fgrm, particle and energy losses, has been reported
to change, when different main ion species are investigated [193] especially in “He
plasmas [194, 195]. With respect to ITER’s non-nuclear operation one important
question is if the behaviour of H or *He plasmas can be extrapolated to scenarios for
D-T operation.

In H-mode core and edge behaviour are coupled [196, 197] and especially ELMs lead
to additional particle and energy losses. Therefore, all contributions to heat and par-
ticle transport as well as pedestal stability have to be analysed simultaneously. The
presented investigations focus on a separation and ordering of core, edge and effects
caused by ELMs in plasmas with different main ion species.

5.2 Motivation of the experiment and setup

The conducted experiments aimed at a quantitative comparison of pedestals in plas-
mas with different main ion species, respectively D, H and “He. For this reason it
was intended to match the pedestal structure (fit n., T, and T} profiles) keeping a
similar magnetic configuration (B, I, and plasma shape). Figure 5.1 compares the
plasma shapes of the performed D, H and *He plasma discharges. While the sepa-
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Figure 5.1: Comparison of the plasma cross section: For the D (blue), H (red)
and “He (black) plasma discharge. The separatrix, strikepoint as well as flux
surface locations of the D and H plasma agree well. The separatrix of the
“He plasma (black) does not perfectly match these references on the LFS.

ratrix, strikepoint and flux surfaces locations are well matched for the D (blue) and
H (red), the separatrix of the “He plasma (black) deviates on the LFS. This change
of the separatrix location impacts the pedestal stability, i.e. the PB boundary is at
reduced values of auay and (jior) in comparison to the D and H discharge (compare
figures 5.3 and 5.11).

The chosen plasma scenario was a lower single null (LSN) discharge with [, = 1.0 MA,
B, = —2.5T (negative sign stands for opposite direction to I,) at an average 0 of
0.22. The varied control parameters were P..; and the gas puff. This procedure
enables a direct comparison of the edge stability between the different ion species.
The ELM behaviour (frequency, losses and temporal evolution) with similar pre-ELM
pedestal structure and the inter-ELM magnetic activity can be directly compared.
Furthermore, from the necessary change of control parameters (necessary to achieve
the match) possible changes in particle and/or energy transport due to the isotope
exchange can be concluded.

The pedestal profiles were measured with high spatial and temporal resolution (see
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chapter 3). The presented n, and T, profiles are analysed within the IDA framework
(section 3.8) at a temporal resolution of 250 us. The T, profile is aligned such that
100eV at the separatrix are achieved [168]. As discussed in section 4.1.1 relative
alignment of the n. and T, profiles is cross checked with the T'S diagnostic (section 3.4).
In general only shifts smaller than 3 mm were applied.

The presented T; profiles are measured by the edge CXRS system (see section 3.7) with
a temporal resolution of 2.3 ms. The radial resolution is 3 mm at the edge and increases
towards the pedestal top. Usually, 7} is measured on intrinsic light impurities such as
boron or nitrogen. In *He plasmas 7} can be directly measured by CXRS processes on
the main ions, resulting in large count rates. The recent upgrade of the spectrometer
enabled a temporal resolution of 100ps in the *He plasmas at the achieved signal
levels. This gives the possibility to study the inter-ELM evolution of the pedestal
Ti (see section 5.4). The presented 7} profiles are aligned relative to the T, profile
such that the max(—VT,) and maximum ion temperature gradient (max(—VT;)) are
located at a similar radial location. Also the radial shift of the T} profile was below
3mm.

5.3 Comparison of hydrogenic main ion species

The following section emphasises on the comparison of D and H plasmas, which aimed
on a match of the pedestal n, and 7T, profiles.

5.3.1 Pedestal structure and stability

By a variation of two control parameters gas puff and Py, a match of T, as well
as good agreement of T; pedestal profiles (pedestal top of T; slightly higher in H) are
achieved (see figure 5.2, blue: D, red: H). Only a match of the pedestal top n, is pos-
sible due to a different Vn, (figure 5.2a). This pedestal top match required roughly
a factor of 2 higher heating power (D: Pieat 3.9 MW, H: Biar 7.5 MW) as well as a
factor of almost 10 higher gas puff (D: 1.5-10*'es™!, H: 12.1-10?*es™!) in the H
plasma. The heating systems were ECRH at central deposition location to avoid im-
purity accumulation (1.1 MW in both plasmas) and NBI operated with the particular
ion species. The shallower Vn, in the H plasma is probably caused by the change of
particle confinement, because a stronger ionization source due to the higher gas puff,
further inside the plasma in H (at similar particle confinement), would lead to higher
pedestal top ne. It is very likely that the SOL transport behaviour is different in the
compared plasmas since the SOL density is significantly higher in the H plasma. The
formation of this ‘SOL density shoulder’ has been reported previously in D plasmas
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Figure 5.2: Pre-ELM (averaged between —2ms to —1 ms relative to the ELM
onset) profiles of (a) ne, (b) T, and (c¢) T; for D (blue) and H (red). The
coloured vertical bars indicate radial positions at which the inter-ELM tem-
poral evolution of the corresponding quantities are tracked in figure 5.5. The
gradient of the n, profile in H is shallower than in D, leading to a wider

pedestal and a reduction of the achievable pressure gradient (compare fig-
ure 5.3). Figure already published in [44].
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Figure 5.3: Comparison of the stability boundaries for the D (blue) and the
H (red) plasma: average toroidal current density in the pedestal ({(ji.)) and
maximum normalised pressure gradient (auay). Both operational points are
located close to the PB part of the boundary. Figure already published in
[44].

and is attributed to enlarged perpendicular transport by filaments (convection) owing
to disconnection of filaments and wall [198, 199].

To compare the stability of both plasmas and investigate the impact of the shallower
Vne, linear MHD stability analysis were performed using the improved stability work-
flow (section 2.1.5). The resulting boundaries and corresponding operational points
are presented in figure 5.3. Owing to the shallower Vn, in H, a.y is lower, leading
to a reduced operational point in ap.. Within the experimental uncertainties both
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Figure 5.4: Time traces of 100 ms duration of the (a) D and (b) H plasma
discharge: plasma stored energy (Wymp, black, top plot), radial magnetic
field fluctuations (0B,/0t, blue), the integrated spectral power of 0B, /0t
for frequencies larger than 40kHz (red) and divertor shunt current (black,
bottom plot). In the H plasma, fgpm is about twice as large as in the D

plasma and the Wyyp losses due to ELMs are larger in H. Figure already
published in [44].

plasmas are qualitatively consistent with PB theory.

5.3.2 ELM behaviour and losses

Moving from the static pre-ELM picture to a dynamic one, the evolution in between
ELM crashes is compared using the time traces presented in figure 5.4 for D and H.
Wb, 0B, /0t measured by a magnetic pickup coil that is located at the LFS midplane
(B31-14), the integrated spectral power of 0B, /0t (for frequencies larger than 40 kHz)
and divertor current, measured by shunts in divertor target plates (bursts indicate the
ELM crashes), are plotted. By counting the number of ELMs (since the chosen time
intervals have similar lengths), it is visible that fgpy is about twice as large in the H
plasma in comparison to the D plasma. A list of further ELM characterising quantities
and their uncertainties can be found in table 5.1. In terms of average ELM energy
losses (AWymp) the ELMs in H are almost twice as large as in D. But the Wymp
before the ELM crash is about 20 % higher in H due to slightly higher n. and 7; from
the pedestal inwards (compare figure 5.2). In principle the larger stored energy should
be beneficial for the pedestal stability due to a bigger Shafranov shift. However, it
can be seen in figure 5.3 that this effect is overruled by the shallower Vn, and only of
secondary order in this comparison. Taking into account the differences in Wymp and
comparing the average, relative ELM energy losses, approximately 1.5 times higher
losses are found in H in comparison to D. Combining fgryv and AWymp, the power
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species ‘ shot ‘ time [s] fELM [Hz] ‘ AWynp [kJ] ‘ AWynp [%)]
D #31619 2.00—-2.11 48 + 17 20.1 £4.6 51+1.2
H #31393 4.10 - 4.35 101 +6 36.9+5.2 79+1.1

| Perat (MW] | Phear IMW] | Pt [IMW] | Pragop [MW] | =B85 [%]

D 0.97 £0.41 3.93 3.76 1.254+0.15 38.6 = 16.5
H 3.73£0.97 7.51 7.28 0.72£0.22 56.8 £8.9

Table 5.1: ELM energy and power losses for D and H: ELM repeti-
tion frequency (fgLm), average ELM energy loss (AWymp), power loss by
ELMs (Pgpm), heating power (Ppeat), corrected heating power (P ), radi-
ated power inside the separatrix (Paqsep) and relative power loss by ELMs
(Perym/ (Pact — Pradsep))- In both species about half of power crossing the
separatrix is transported by ELMs. In absolute numbers an enhanced heat
flux across the pedestal in H is required to balance the power.

losses caused by ELMs (Pgry) in H are about 4 times higher than in D. Correcting for
the radiated power inside the separatrix (Pradsep), the relative power losses caused by
ELMs (Perm/ (Paet — Pradsep)) are calculated using the for beam losses and 0Wypup /0t
corrected heating power (P, ). These are in the range of about 40 % to 50 % in both
plasmas. To fulfil power balance the remaining power Ppet — Prad sep — Prrm has to be
lost by heat transport. Therefore, a factor of 1.8 higher heat flux across the pedestal
is required in H in comparison to D. Assuming conductive heat transport (inside the
confined plasma region), the heat conductivity across the pedestal should also increase
by a similar factor since the pedestal temperature profiles are similar in both plasmas,
which is consistent with previous findings [191, 192].

An indicator for the presence of instabilities or modes in the plasma are fluctuations of
the magnetic field. In the spectral analysis low frequencies in the range of a few tens
of kHz are mostly associated to rotating modes in the core, whereas high frequencies
are more connected to microinstabilities or fast poloidally rotating structures at the
plasma edge. In between the ELM crashes, the detected 0B,/0t (figure 5.4, blue) is
larger in amplitude for H than for D. This is mainly caused by a larger amplitude
response of a core mode in the H plasma, which dominates the power in frequencies
up to 40kHz. The inter-ELM integrated spectral power for frequencies larger than
40kHz (red) is at similar levels for both main ion species. Furthermore, the integrated
spectral power shows a similar evolution. After the ELM crash, which appears as
burst, a low level phase, correlated to the n, pedestal recovery (see section 5.3.3), is
observed. This phase is followed by an increase (during the 7, pedestal recovery),
resulting in a saturated phase before the ELM onset, in which it has been found that
the maximum pedestal gradients are clamped [43]. The toroidal structure of these
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Figure 5.5: Pedestal gradient evolution throughout the ELM cycle: Vn, and
VT, at certain positions (ppe ; compare figure 5.2) for the (a) D and (b) H
plasma. The pedestal recovery phases have a similar sequence in both main
ion species but different duration (At,., Atz ). Figure already published in
[44].

fluctuations is analysed in more detail in section 5.3.4.

5.3.3 Inter-ELM pedestal evolution

Comparing the inter-ELM evolution of the n, and T, pedestal for the different ion
species gives insight in the build-up of the pre-ELM pedestal structure. It has been
found previously in D plasmas that the n, pedestal recovers on a shorter timescale than
the T, pedestal [102]. A change of this behaviour in H would be a strong indication
for different mechanisms acting on the pedestal. In figure 5.5 the ELM synchronised
evolution of Vn, and VT, for D and H at representative radial locations (ppe = 0.98
and 0.99), which are also indicated in figure 5.2, are presented. In both main ion
species the pedestal shows qualitatively similar recovery phases, i.e. the n, pedestal
recovers faster than the 7T, pedestal.

The first phase in the ELM-cycle is the ELM crash, which has a duration Atgpm
of 1.5ms for both plasmas, according to the duration of the bursts in the divertor
shunt current. This phase is followed by the recovery of the n, pedestal with duration
At,., which is longer in D. Two possible mechanisms could cause this difference
in At, : On the one hand the 10 times higher gas puff (larger particle source) as
well as the faster velocity of recycled particles due to the lower mass in H or on the
other hand an increased outward particle transport from the core to the pedestal top
in H. The third phase is the recovery of the T, pedestal, respectively VT,. Here,
the duration Atz is also longer in D, most probably caused by the lower heat flux
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to the pedestal. During the last phase of the ELM cycle the pedestal gradients do
not evolve and high frequency magnetic fluctuations set in (see section 5.3.4). This
period lasts up to several milliseconds in D, whereas in H it is just present for 1ms
to 2ms.

Qualitatively, a similar sequence of pedestal recovery phases is observed in D and
H, giving no evidence in the direction that the dominant processes determining
the pedestal recovery are changed by the isotope exchange. However, the differ-
ent duration of the phases support quantitative changes in particle and heat trans-
port.

5.3.4 Structure of pre-ELM magnetic fluctuations

Analysing the toroidal structure of magnetic fluctuations can give further insight in
the underlying instabilities causing them. The comparison of the frequencies from
the detected 0B, /0t enables the determination of propagation velocities of the struc-
tures.

The toroidal mode structures are reconstructed from measurements of a toroidal
magnetic pickup coil array. Analysing relative phase shifts (and multiples of 27
added /subtracted) in between the coils signals, one can determine the toroidal struc-
ture of the detected fluctuation, represented by the toroidal mode number (n). It is
important to consider that the pickup coils can have an intrinsic, frequency dependent
phase response (due to inductances or shielding), especially at higher frequencies. For
this reason, these intrinsic phases have to be taken into account to reliably determine n
[169]. The method has been improved recently by statistically increasing the amount
of data using ELM synchronization [119], which enables the analysis of n throughout
the ELM cycle.

To compare the frequency resolved magnetic activity at the LFS midplane for the
hydrogenic species, figure 5.6 presents ELM synchronised frequency histograms for D
and H. At lower frequencies (< 40kHz) the frequency histogram is dominated by a
core mode in both presented cases. The post-ELM magnetic activity in the medium
frequency range (40kHz to 200kHz) during the n, pedestal recovery (At,_, compare
figures 5.5a and 5.5b) is lower than in the other phases of the pedestal evolution. In D
the fluctuations in this frequency range are more band-like than in H, where they are
rather broadband. After the recovery of the T, pedestal (Atr,) high frequency fluctua-
tions between 300 kHz and 400 kHz set in. The pre-ELM phases (between —2.1 ms and
—0.1 ms relative to the ELM onset) are analysed in detail by the ELM synchronised
toroidal mode number histograms (figures 5.6b and 5.6d). The sign of the mode num-
bers indicates their rotation direction. Positive n represent a co-current (toroidal)
or ion-diamagnetic (poloidal) propagation direction, whereas negative n indicate a
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Figure 5.6: Comparison of the magnetic fluctuations: ELM synchronised (a,c)
frequency and (b,d) toroidal mode number histograms (determined between
—2.1ms and —0.1ms relative to the ELM onset) for (a,b) D and (c,d) H.
The white dashed lines in (a,c) indicate the time interval of the mode number
determination and in (b,d) the two mode branches with different propagation
velocity. Similar inter-ELM activity and corresponding toroidal structure
can be seen in D and H. The different detected frequencies for similar n
correspond to different rotation velocities relative to the lab frame. Figure
already published in [44].
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species‘ shot ‘ time [s] ‘ Pheat [MW] ‘ gas puff [10* es™ ‘ feLm [Hz]

D #31547 | 3.50 - 3.95 6.8 4.2 88 £ 7
D #31547 | 6.40 - 6.65 6.6 0.1 90 + 10
H #31393 | 4.10 - 4.35 7.1 12.0 101 +6
H #31393 | 6.00 - 6.50 11.0 5.5 1377

Table 5.2: Varied control parameters in D and H: In D the gas puff was
reduced to almost zero whereas in H a reduction by 50 % could be achieved
when increasing Peat-

counter-current (toroidal) or electron-diamagnetic (poloidal) propagation direction.
At lower frequencies the core mode has a clear n = 1, 2 structure for both plasmas.
The higher frequency range shows two mode branches with negative n for D and H as
it has been previously found in a D discharge [119]. These are indicated by the white
dashed lines, which inclination represent the rotation velocity relative to the lab frame.
The different inclination means that the two branches rotate at different velocities.
The shallower slopes of the branches in H in comparison to D indicate a lower rotation
velocity. This can be explained by the different n, profile in H, since the £ x B flow
at the edge is proportional to Vp;/Zen;. Assuming Vn;/n; & Vne/ne, the shallower
Vne in H leads to a lower background E x B velocity.

It can be seen that the branches have similar structure in both main ion species. At
medium frequencies n is in the region of —3 to —8. Consistent with the more broad-
band ELM synchronised frequency histograms in H, the measured n have less distinct
peaks in the mode number range than in D. The high frequency fluctuations are re-
lated to n in the region of —11 in both main ion species.

The comparison of the pre-ELM structure of 0B, /0t reveals similar n for both main
ion species, which also supports that similar instabilities are present in these plasmas.
The detected rotation velocities differ, since the background flow velocity is affected
by the shallower Vn, in H.

5.3.5 Control parameter variation

To support the matching experiments, a variation of the two utilised control param-
eters (Paeat and gas puff) were performed to investigate their impact on the pedestal
structure. In D at constant P..; the gas puff was reduced to almost zero, whereas
in H the gas puff could be reduced when increasing Ppe.s. Detailed numbers on these
variations can be found in table 5.2. Comparing the ELM behaviour in D, two ELM
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Figure 5.7: Effect of a control parameter variation on the pedestal profiles
in (a-c) D (high gas puff: blue, low gas puff: dark blue) and (d-f) H (high
gas puff: red, low gas puff: dark red): (a,d) ne, (b,e) T, and (c,f) 7;. The
gas puff reduction in D (dark blue) leads to an inward shift of the n, profile,
giving better pedestal stability, therefore, higher T, and T} pedestals. In H
the increased Pyeat in the period of gas puff reduction (dark red) leads to a
higher Shafranov shift and increased pedestal stability, as indicated by the
steeper V.

repetition frequency bands [102] are found in the period of higher gas puff. In ta-
ble 5.2 the fgrum of the frequency band, which is the dominant in terms of number of
ELMs, is given. The dominating fgry does not change by the reduction of gas puff,
but the second ELM repetition frequency band with higher frequency disappears.
In the compared H cases, there is one ELM repetition frequency band identified.
Here, fgru increases in the period with reduced gas puff and increased Pje.;. This
is related to the higher Peat, which provides a higher heat flux to the pedestal, pro-
voking a faster recovery of the T, pedestal (shorter Atz ) and therefore, a higher

fELM-

The pre-ELM pedestal structure is compared in figure 5.7 for D (high gas puff: blue,
low gas puff: dark blue) and H (high gas puff: red, low gas puff: dark red). In D
the reduction of the gas puff leads to a radial inward shift of the n, profile (dark
blue) with respect to the T, profile. It has previously been shown that such a shift
increases the pedestal stability [200], which is also valid, however, less pronounced, in
the presented case. The T, and T} pedestal increase, because of a positive feedback
loop due to the higher Wyyp and Shafranov shift.
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Figure 5.8: Comparison of the stability boundaries for the gas puff variation
in D: Normal (blue) and reduced (dark blue) gas puff. When the gas puff
is reduced and the n, profile shifts radially inwards, the operational point is
located at slightly higher ap.x and (jio;) at unchanged PB boundary.

A j-a diagram for the two D discharge intervals are presented in figure 5.8. The
corresponding PB analyses were performed using the ILSA ideal MHD stability code,
which gives the possibility to analyse the radial mode spectrum and exclude core
instabilities from the analyses. When the n, profile is shifted inwards, the operational
point moves to slightly higher ay,.x and (ji;). However, the increased pedestal top
temperatures are compensated by a lower n, at the pedestal top, only leading to
slightly higher pedestal top pressure. The PB boundary is unaffected by the n. profile
shift.

In H the variation of the gas puff (figures 5.7d to 5.7f) does not show such clear results
since it was on the one hand not possible to achieve a similar variation of the gas puff
as in D and on the other hand necessary to increase Pe.;. When decreasing the gas
puff and increasing Peat the ne profile (dark red) steepens. This can be explained by
the higher Wyp that leads to a higher Shafranov shift, which increases the pedestal
stability. Therefore, also a slightly larger 7T} at the pedestal top can be sustained.
However, the pedestal improvement by this effect is smaller than the effect of the n,
profile shift observed in D.

Putting the observations of the control parameter variation together, the explanations
from the pedestal matching experiments are further supported. The pedestal stability
in D and H is determined by similar mechanisms: Relative inward shifts of the n,
profile with respect to the T, profile are beneficial for the stability. An increased
Wumnp stabilises the pedestal by a larger Shafranov shift in both main ion species. The
different response to a gas puff reduction (Ppeat increase in H), points into the direction
of a worse particle confinement in H in comparison to D.
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In H the n, pedestal was stabilised by higher amount of Pe.;, which was applied
by NBI. Therefore, the core fuelling was also expected to increase, which is, in
combination with the higher gas puff required in H, a strong evidence for worse particle
confinement in H in comparison to D.

5.4 Helium plasmas

For further comparison to another main ion species, *He plasmas were performed.
Again a match of the pedestal n, and T, profiles to the D and H references (see
section 5.3.1) was envisaged. However, due to the two electrons provided by a ‘He
atom to the plasma, the n; will be lower in comparison to hydrogenic species at similar
Ne.-

In *He several operational boundaries at ASDEX Upgrade have to be taken into ac-
count. For the density control only a small pumping rate by the turbomolecular pumps
is available since cryopumps do not freeze *He. By applying argon frosting [201], in
which an argon frost layer is condensed on the cryopump to enable the binding of *He
atoms, this issue can be overcome. Operating the NBI injectors with *He causes a sig-
nificant reduction of available heating power owing to a limitation of the extractable
beam current. Furthermore, the pumping of the NBI neutralisers is crucial, since
at ASDEX Upgrade titanium sublimation pumps are used, which inefficiently pump
“He. Using *He NBI gives huge neutral influx from the NBI neutralisers, a reduced
available P and no CXRS measurements for 7;. For this reason it was decided to
operate the NBI with H for these experiments.

The achievement of plasma scenarios with large and low frequent ELMs turned out
to be rather challenging since density control is quite difficult. Finally, the most suit-
able scenarios were operated with a small discharge pre-fill of *He and with almost
no additional gas puff. The overall plasma behaviour of these discharges was rather
stable with no indication of impurity accumulation, which usually causes problems
in hydrogenic plasmas, operated without gas puff and wall conditioning by boroniza-
tion.

Time traces of a *He discharge (with argon frosted cryopump) are presented in fig-
ure 5.9. In the discharge ramp-up phase one H NBI source is used to stabilise the
H-mode. Then the NBI is switched off to keep the level of H in the *He plasma as
low as possible. During this ECRH only phase at low n, (for *He plasmas), which is
well controlled by the argon frosting, the ELMs disappear. Two short H NBI blips at
roughly 2.3s and 2.8 s were performed for CXRS T} measurements. When the Pygr
is ramped-up, Wyup and n, increase and the ELMs return. The short switching off
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Figure 5.9: Time traces of a matching discharge in *He: (a) Wymp, (b) H
neutral beam heating power (Pygr, black) and electron cyclotron resonance
heating power (Pgcrmu, red), (c) line integrated n. in the core and at the
edge, (d) T, in the core (black) and at the edge (red) and (e) frrm. At
roughly 2.3s and 2.8 s neutral beam injection (NBI) blips were performed for
T; measurements by CXRS, whereas at 3.3s, 3.8s and 4.2s the beam source
for CXRS was switched off to measure the passive emission. The grey shaded
boxes indicate the time intervals in which the pedestal profiles are analysed
(see figure 5.10). After the discharge ramp-up using H NBI, an ECRH only
phase was performed to keep the plasma as pure as possible. During this
period an ELM-free phase occurred. At the end of the discharge the heating
power was increased and the ELMs reappeared.
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of the NBI source, at which CXRS measurements were made, was performed to mea-
sure the passive emission of the background *He radiation. By ELM synchronization
the background can be determined throughout the ELM cycle and correspondingly
subtracted from the active signal, similar as presented for the LIB diagnostic in sec-
tion 3.1.2. This method enables the reliable evaluation of the inter-ELM T; evolution
of the main plasma species, as presented in section 5.4.2.

5.4.1 Pedestal structure

The ELM-free phase has its origin in the pedestal structure as it will be shown by
linear stability analysis. In figure 5.10 the pedestal profiles of the ELM-free phase
(grey) and the phase short after the re-occurrence of the ELMs (black) are compared.
The n, pedestal is higher in the phase with ELMs, while T, is similar in both phases,
meaning that the larger n, increases the pedestal pressure, moving the operational
point to the PB boundary. This is shown by stability analysis (figure 5.11), performed
in a similar manner as described in section 5.3.1. Three phases of the discharge are
analysed as indicated in figure 5.9: One period during the ELM-free phase, in which
no stability boundary is identified since the pedestal is deeply PB stable, and two
in which n, and later P, are increased. When ay,., increases due to the larger
ne, a peeling ballooning boundary is found, that moves further towards the opera-
tional point, when P, is increased. This qualitatively explains the experimental
observations.

In the phase when the first n, increase takes place (2.85s and 2.95s), the n, and T,
pedestal profiles are similar to the ones achieved in the D plasma. Comparing the
ELMs with the ones in D plasmas, a much larger fgry as well as lower AWyyp losses
are found. Since Wymp in “He is about 20 % lower than in D owing to the lower n;, the
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Figure 5.11: Comparison of the stability boundaries in *He: ELM-free ECRH
only phase (grey), small ELMs (dark grey) and large ELMs at higher n,
(black). In the ELM-free phase no stability boundary could be determined,
meaning that the pedestal is PB stable. When increasing the pedestal pres-
sure by increasing the density the operational point evolves to larger amay

and a close PB boundary is found, which is in line with the re-occurrence of
ELMs.

species ‘ shot ‘ time [s] ‘ feLm [Hz] ‘ AWymp [kJ] ‘ AWymp [%]

‘He | #32758 | 2.85-2.95 | 148 461 11.3£26 3.5+£0.8
“He | #32758 | 4.24 - 4.64 | 73415 36.0 £4.2 9.1+0.5

Table 5.3: ELM energy losses (AWymp) for the analysed intervals of the 4He
discharge.

relative AW yyp is in a similar range. The detailed values are listed in table 5.3. The
main heating method was ECRH for reasons of plasma purity. This is different to the
heating scheme of the D and H discharges, where mainly NBI was used. For this reason
quantitative comparisons of the power losses are rather uncertain and estimations of
the energy and particle transport are not possible.

5.4.2 Inter-ELM pedestal evolution

When fgrum gets lower, the inter-ELM pedestal evolution can be investigated. In
comparison to the D and H discharges higher n, pedestals are present in this period but
Wwunp, feowm and relative AWypp are comparable to the D discharge (table 5.3). In
figure 5.12 the evolution of Vn,, VT, and VT; at radial positions close to the separatrix
(Ppor 0.98, 0.99) are shown. Similar recovery phases as in the hydrogenic plasmas are
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Figure 5.12: Temporal evolution of the pedestal gradients in *He: Vn,, VT,
and VT at two positions in the pedestal (ppo = 0.98,0.99). The recovery
of Vn, and VT; take place on similar timescales (At,, ), whereas VT, is
established later in the ELM cycle (Atr,). Figure already published in [44].

identified. Again n., respectively Vn, recovers faster than V7T,. Remarkably, VT;
does not follow the evolution of VT, but is re-established after At,_, which is the
recovery timescale of n,. Such a behaviour was also suggested by the comparison of
the neoclassically estimated current in the pedestal (using 7; equal to T;) and the
current in the pedestal reconstructed from magnetic measurements [202], because the
neoclassical current evolved more slowly than the reconstructed one. More recently,
the recovery behaviour of 7} has also been investigated in D plasmas, where impurities
were puffed for fast 7} measurements [165]. It has also been found that the 7; pedestal
recovers on a similar timescale as the n, pedestal.

5.4.3 Structure of pre-ELM magnetic fluctuations

As it can be seen in the ELM synchronised frequency histograms there is much less
medium and high frequency magnetic activity (100 kHz to 400 kHz, figure 5.13a) than
in the investigated cases of D and H. Also the frequency of an acting core mode is
lower in “He. Both are indications that the rotation velocities are lower in this case.
The low core rotation can be explained by the lower NBI momentum input than e.g.
in H (less NBI sources), whereas a lower poloidal edge rotation can be explained by a
change in the Vp;/Zen; term.

During At,, a phase with very low magnetic activity is present, similar to the one
observed in the hydrogenic plasmas. Later on in the ELM cycle well defined frequency
bands develop, which last till the onset of the next ELM.
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Figure 5.13: Comparison of the magnetic fluctuations: ELM synchronised (a)
frequency and (b) toroidal mode number histograms (determined between
—2.1ms and —0.1ms relative to the ELM onset) for “He. The white dashed
lines in (a) indicate the time interval of the mode number determination
and in (b) the two mode branches with different propagation velocity. In
comparison to D and H similar magnetic activity and n are found at lower
detected frequencies owing to the lower propagation velocity relative to the
lab frame. Figure already published in [44].

Analysing the pre-ELM (determined between —2.1ms and —0.1 ms relative to the
ELM onset) toroidal structure (figure 5.13b), two mode branches are found, similar
to the one in D and H. The contributing mode numbers are well defined and in
the range of n —2 to —11. As indicated by the white dashed lines the propagation
velocities relative to the lab frame are lower than in the hydrogenic plasmas. This
is in line with a lower rotation of the plasma owing to the previously discussed ar-
guments. In summary, clear evidence is found that the same kind of instabilities as
in hydrogenic plasmas are also present and dominant in the pedestal of “He plasmas
with ELMs.

5.5 Summary and interpretation of the observations

Pedestal matching experiments between D, H and *He plasmas were performed to
compare the pedestal structure, stability and inter-ELM evolution. The overall be-
haviour of these discharges was different in the sense that different energy as well as
particle confinement is observed. E.g. in H due to lower particle confinement a shal-
lower Vn, is found and a factor of approximately 2 higher heat flux across the pedestal
is estimated in comparison to D. In *He due to the higher plasma dilution (lower n;)
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the Wymp is roughly 20 % lower than for the D reference with similar pedestal n, and
T, profiles.

All investigated pedestals are found to be consistent with linear PB stability analysis.
The occurrence of an ELM-free phase in “He can also be explained by PB theory.
The analyses of the inter-ELM n, and T, profile evolutions showed similar sequences
in the pedestal recovery for D, H and *He. After the ELM crash the n, pedestal
recovers first, then the 7, pedestal recovers. In *He detailed studies on the inter-
ELM recovery of the T; pedestal were made. These show that T} recovers on the
same timescale as n., as suggested previously [202] and also observed in D plasmas
with impurity seeding [165]. The magnetic activity throughout the ELM cycle is
comparable in all investigated main ions species. After the ELM, which causes large
magnetic fluctuations a phase with very low activity is found. Its duration corresponds
to the recovery of the n, pedestal. Later on the magnetic fluctuations set in and
continue till the next ELM crash. These have similar n in the range of —3 to —8 in
all presented cases. When the pedestals of n. and T, are recovered, fluctuations with
n in the region of —11 set in, which are connected to the clamping of max(—Vp,).
Furthermore, two mode branches with different propagation velocities relative to the
lab frame can be identified. Comparing the different main ion species, differences in
the E x B flow due to changes in the edge profiles can explain the different propagation
velocity relative to the lab frame.

In conclusion, the experimental observations suggest that independently of main ion
species, the pedestal stability can be sufficiently described by PB theory. Furthermore,
the inter-ELM pedestal recovery behaviour and the identified magnetic structures
point into the direction that the dominant mechanisms in the pedestal are acting
independently of the main ion species.
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Parts of the following chapter are in preparation for publication in [45].

Since ELMs cause a quasi-periodical collapse of ETB and pedestal, they lead to an
enhanced particle and heat transport across the separatrix into the SOL. By con-
duction along the magnetic field lines most of the expelled plasma is guided towards
the divertor and depending on the divertor state either dumped on the target plates
(attached) or dissipated in a neutral gas cushion above the target plate (detached)
[203]. In a future fusion power plant (DEMO) a stable detached divertor operation is
required [204]. For this reason the impact of transient particle and heat fluxes on the
divertor condition is crucial.

At the onset of divertor detachment a region of high plasma density is formed at the
entrance of the inner divertor that can extend up to the HFS midplane. This is also
named the high field side high density region (HFSHD) [205] and originates from drift-
caused neutral particle accumulation in front of the inner target that is ionised by the
SOL plasma [206]. Since the density of the HFSHD is typically an order of magnitude
larger than the density at the separatrix, it also affects the pedestal density profile
and therefore, the pedestal stability with respect to ELM crashes [207]. Further, the
divertor conditions and the HFSHD evolve throughout the ELM cycle, which can also
impact the dynamics of the inter-ELM pedestal evolution.

Previous work at ASDEX Upgrade has identified the evolution of the outer divertor
into a high recycling regime after an ELM crash [208, 209], that is connected to large
plasma densities in front of the target and high D, emission. Similar observations
have been made at JET and it is suggested that the enhanced D, emission is related
to outgassing of D, which was implanted by the ELM crash [210]. However, this
strong change of recycling cannot be reproduced by diffusion-trapping modelling of
hydrogen in tungsten under pulsed, ELM-like plasma loads [211]. On DIII-D two
dimensional modelling of the ELM cycle reproduced a phase after the ELM crash
with relatively dense and cold divertor plasma but without increased D, emission
[212].

In the following, the evolution of the divertor, SOL and pedestal for a typical ELM
cycle is characterised and connected. The recovery of the pedestal n, profile is corre-
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lated with the magnetic activity in the pedestal and the particle transport across the
pedestal is simply estimated by applying the continuity equation. Section 6.1 intro-
duces the investigated plasma scenario and the large set of plasma edge and divertor
diagnostics used in this study. In section 6.2 the dynamics throughout the ELM cy-
cle at the inner and outer divertor target as well as the HFS and LFS midplane are
compared. The measured pedestal n. profiles are used to estimate the particle flux
across the pedestal in section 6.3. This rough approximation suggests that the parti-
cle flux across the edge is strongly reduced during the recovery of Vn, and increases
afterwards (section 6.3.2).

6.1 Investigated plasma scenario and utilised diagnostics

For the purpose of this study a plasma discharge with relatively low ELM frequency of
approximately 70 Hz is used so that the phases of the pedestal recovery are sufficiently
long and well discriminable. The discharge was performed with a standard magnetic
configuration of plasma current I,=1.0 MA and toroidal magnetic field By=—2.5T
(negative sign stands for opposite direction to I,) in LSN. During the analysed dis-
charge phase a Pyeat 0of 5.3 MW by neutral beam injection and electron cyclotron reso-
nance heating was applied. Further a moderate neutral gas puff of 11.3 - 10?' es™! was

injected from valves that are located in the lower divertor.

Chapter 3 and figure 3.1 give an overview of the plasma diagnostics, which are utilised
within this study. The lower divertor of ASDEX Upgrade (figure 3.1b) is equipped
with a set of triple Langmuir probes (LPs) [157], which are used to measure n, and
T, at the divertor target (see section 3.5). A volume integrated spectroscopic de-
tection of the D, emission for the inner and outer divertor is installed. The D,
emission intensity is a convolution of the divertor neutral density, the plasma den-
sity and the plasma temperature. Further shunts are attached to several tiles of
the inner and outer divertor that measure the thermoelectric current in the SOL
[117].

The midplane profiles of n, at the HFS and LFS are measured by two O-mode reflec-
tometers (see section 3.2). Slightly above the LFS midplane a lithium beam (LIB)
diagnostic is installed, which measures the n, profile up to the pedestal top (see sec-
tion 3.1). This enables on the one hand a comparison of the LFS SOL n, profile by
two independent measurements and on the other hand a connection of the pedestal
and SOL n,. Main chamber neutral fluxes are measured by a pressure gauge (M 17),
that is located at the LF'S midplane and oriented towards the plasma [118]. To detect
the magnetic signature a set of toroidally distributed ballooning coils are mounted at
the LF'S midplane [119].
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Figure 6.1: ELM synchronised evolution of the SOL current and D, emission
at the (a) inner and (b) outer divertor target: The SOL current flows from
the outer to the inner target. The D, emission at the outer target increases
approximately 2.5 ms after ELM onset a second time, which is not connected
to another ELM crash but to high neutral recycling.

6.2 Inter-ELM evolution of the SOL

The following section characterises the divertor plasma throughout the ELM cycle
as well as the dynamics of SOL n, at inner and outer midplane, which are clearly
connected with the divertor evolution.

6.2.1 Divertor conditions in the ELM cycle

Figure 6.1 presents ELM synchronised time traces of the SOL current measurements
and the D, emission at the inner and outer divertor target. The SOL current consists
of PS current contributions, ohmically driven currents and thermoelectric currents,
that originate from temperature differences of the inner and outer divertor plasma
[117]. In a standard ASDEX Upgrade magnetic field configuration, like the investi-
gated plasma was performed in, the current flows through the plasma SOL from the
outer to the inner target. For this reason the measurements in the inner and outer
targets have opposite signs. The ELM crash appears as large burst in the SOL current
and has a duration of approximately 2ms. Then a period of reduced SOL current is
observed from 2ms to 7ms relative to the ELM onset especially at the outer target.
During this phase the D, emission at the outer target has a second peak that is of
similar magnitude as the observed emission at the ELM crash. This is characteristic
for a regime of high recycling [208]. For times larger than 7ms after the ELM onset
the D, emission lowers to its pre-ELM values, indicating an attached divertor plasma
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Figure 6.2: n, and T, at the (a) inner and (b) outer divertor target: ELM
synchronised evolution and spatially superimposed triple LP measurements
between 0.5cm and 2.5cm outside the strike line (AS). While the inner
divertor is partially detached in the inter-ELM period, the plasma at the
outer target is relatively hot and 7T, decreases in the period of high recycling,

while n. increases.

as it will be discussed later. At the inner divertor target the D, evolves differently
than at the outer divertor. The large pre-ELM D, emission indicates that neutral
radiation is already present in front of the target and the inner divertor is at least
partially detached. During the ELM crash the D, emission is reduced, which can
be interpreted as re-attachment of the inner divertor target since a larger amount of
hot particles flows to the divertor. After the ELM crash the D, emission increases
(2.0ms to 2.5ms relative to the ELM onset) indicating a post-ELM detachment of
the inner target. Then D, decreases slightly during the high recycling period of the
outer divertor. In this phase the inner target fully-detaches and the D, radiation front
moves upwards towards the midplane and therefore, out of the lines of sight of the
D,, detector. Approximately 7.5 ms relative to the ELM onset the D, emission jumps
to pre-ELM values indicating, that the radiation front moves quickly towards the tar-
get again. A more detailed view on the state of the inner and outer divertor targets
throughout the ELM cycle is given by divertor LP measurements of n, and 7,. These
are presented in Figure 6.2 as ELM synchronised plots. The data is superimposed
for locations between 0.5 cm and 2.5 cm outside of the strike line position (AS) in the
SOL. Before the ELM onset the inner divertor is partially detached since T is below
5eV. During the ELM crash T, and n, are increasing, indicating re-attachment of the
inner divertor. After the ELM (between 2.5 ms and 7.0 ms relative to the ELM onset)
ne at the target fully vanishes, which is an indication for full detachment. At the
outer divertor target the plasma is attached in the pre-ELM phase and 7; is roughly
15eV to 20eV. When the ELM crash starts (between 0.0 ms and 0.5 ms relative to
the ELM onset) a pulse of hot plasma (‘electron heat pulse’; T, larger than 30eV)
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Figure 6.3: Comparison of the HFS and LFS n, profiles from reflectometry
(ref.) and lithium beam (LIB): (a) pre-ELM (averaged between —2.0 ms and
—1.0ms relative to ELM onset), (b) post-ELM (averaged between 3.0 ms and
4.0 ms relative to ELM onset) and (c) far post-ELM (superimposed between
7.0ms and 8.0ms relative to ELM onset) profiles. The LFS n, profiles of
reflectometry and LIB agree very well. When the HFS-LFS asymmetry is
largest, the HFSHD extends up to the midplane and radially outwards to the
wall of the inner heat shield.

is observed, that is followed by a phase of larger n, (0.5ms to 2.0 ms relative to the
ELM onset). After the ELM crash, the plasma T, at the outer divertor target is
approximately 5eV to 10eV during the period of high recycling. It is accompanied
by relatively high plasma n. at the outer target, which reaches a similar magnitude
as the n, peak caused by the ELM crash.

6.2.2 SOL electron density evolution at the midplane

To connect the divertor conditions with the midplane, SOL n, profiles at the HFS and
LF'S are compared. These are measured by reflectometry and at the LFS additionally
by the LIB. ELM synchronised profiles are presented for three different time intervals
relative to the ELM onset in figures 6.3a to 6.3c. The superimposed reflectometry
profiles, which were measured in the corresponding time interval relative to the ELM
onset, are fitted by a spline curve. The LFS reflectometry profiles are shown in dark
blue, whereas the HFS profiles are shown in dark red. For comparison the LIB n,
profiles, which are also averaged in the corresponding time interval relative to the ELM
onset, are shown in blue. Both independent LFS diagnostics measure similar SOL n,
profiles in all time intervals relative to the ELM onset. In the pre-ELM phase the HF'S
and LFS profiles are similar and below 2.0 - 10 m™3. A large asymmetry is found in
the post-ELM phase in figure 6.3b, when the inner divertor target is fully detached
and the HFSHD is present, which in this case reaches up to the midplane causing the
strong difference of the HFS and LFS SOL n, profiles. This asymmetry decreases,
when the HFSHD is reduced as seen in figure 6.3c.
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Figure 6.4: Comparison of the inter-ELM (a) HFS and (b) LFS SOL n, evo-
lution: ne at four different radial positions (ppo) from near (1.01) to far
(1.04) SOL. After the ELM crash a strong asymmetry between LFS and
HFS SOL n, is observed, which timescale corresponds to the appearance of
the HFSHD that probably extends up to the LFS, where the SOL density
shoulder appears.

The dynamics of the SOL n, profiles for HFS and LFS are presented in figure 6.4.
On four radial positions from near to far SOL, n, is tracked. After the ELM crash
the HF'S n, at the tracked positions is larger than the cut-off n, for the reflectometer.
The decay of the HFSHD has a similar timescale as the measurements in the divertor
would suggest. During the presence of the high recycling regime in the outer divertor
also an increased n, in the LF'S SOL is observed. This was previously named the SOL
ne shoulder and its formation is suggested to be associated to a change of the SOL
transport regime [199].

6.3 Inter-ELM pedestal evolution

The inter-ELM evolution of the SOL and divertor plasma is closely related to the
inter-ELM evolution of the pedestal, since SOL and divertor represent in some sense
the boundary of the pedestal. It was previously discussed that the inter-ELM pedestal
evolution of n, and T, profiles at ASDEX Upgrade has different timescales (chapters 4
and 5). First, the max(—Vn,) is established, then the max(—V7,) builds up. Al-
ready several milliseconds before the ELM onset, the pedestal gradients are clamped.
This period is accompanied by the onset of high frequency magnetic fluctuations,
which have n in the region of —11 [43, 119]. In the following the recovery of the n.
pedestal will be connected to the magnetic activity and the neutral fluxes at the LFS
midplane.
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6.3.1 Pedestal recovery and LFS magnetic activity

The recovery of the n, pedestal usually takes of the order of less than 2ms. This
short timescale indicates that lost particles due to the ELM are immediately replaced
after the ELM crash. A larger neutral particle source caused by neutralisation of
the plasma, which is expelled by the ELM crash, the appearance of the HFSHD or
a change of the particle transport in the pedestal are possible reasons to explain the
short recovery timescale of the n, pedestal. Figure 6.5 presents ELM synchronised
frequency histograms of 0B,/0t at the LFS midplane, LF'S midplane neutral fluxes
measured by the manometer M 17 (see figure 3.1a), which were temporally shifted by
—1.5ms, ne and Vn, at four radial positions. The temporal shift of the neutral fluxes
was applied to align the increase of the fluxes due to the ELM crash with the actual
ELM onset. Because of the finite volume and the small aperture of the manometer,
an intrinsic response delay of roughly —1.5ms is estimated, in which the gas streams
into the manometer and fills its volume.

The radial magnetic field fluctuations (0B,/0t) at the LFS midplane (figure 6.5a)
shows low activity between 1.5 ms and 3.0 ms relative to the ELM onset for all frequen-
cies. During this period the n, pedestal and, respectively, Vn, in the steep gradient
region recover (figure 6.5d). Remarkably, the steepening of the gradient is not solely
attributed to a rise of the n, pedestal but also related to a n. decrease in the confined
region close to the separatrix (figure 6.5¢), i.e. at ppo1 = 0.99. This is an indication for
a reduced particle flux across the pedestal region. The neutral fluxes at the LF'S mid-
plane (figure 6.5b) stay high while the n. pedestal recovers. It is unknown, whether
in addition to the time delay, also a temporal smearing of the measured neutral fluxes
occurs, which would lead to a longer detected period of higher neutral fluxes. How-
ever, if present a similar timescale as the one of the delay could be assumed, which
would be in the region of 1 ms. An indication that the fast n. pedestal recovery is
not directly linked to the evolution of the source is that between 3.0 ms and 5.0 ms
relative to the ELM onset, the neutral flux slowly decays. In this period neither Vn,
nor the pedestal top n. evolution are affected by this decrease of the source. For this
reason the n, pedestal recovery is not directly related to the evolution of the source,
especially the prompt saturation of the max(—Vn,) at 3.0ms relative to the ELM
onset. This will be studied in detail in section 6.3.2. Temporally correlated to the
stagnation of the n, pedestal recovery is the onset of medium frequency fluctuations in
the range of 30 kHz to 150 kHz approximately 3 ms relative to the ELM onset. These
fluctuations could cause an additional particle flux across the pedestal, leading to the
saturation of max(—Vn,) and causing the high recycling phase in the outer divertor.
Roughly 7.5 ms after the ELM onset the max(—V1T,) is clamped and high frequency
fluctuations set in. The period between 3.0 ms and 7.5 ms is also the timescale of the
high recycling in the outer divertor and the HFSHD is present. These two effects are
not temporally correlated to the establishment of Vn, and the fast recovery of the
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Figure 6.5: Correlating the ELM synchronised n,. pedestal recovery with the
magnetic activity and the main chamber neutral fluxes: (a) ELM synchro-
nised frequency histogram of 0B, /0t measured at the LF'S midplane, (b) LFS
midplane neutral fluxes (shifted by —1.5ms), (c¢) n. and (d) Vn, at four ra-
dial positions (ppe1) in the confined plasma from the pedestal top (0.96) to
the steep gradient region (0.99). During the recovery of Vn, in the steep
gradient region (between 1.5 ms and 3.0 ms) a phase of low magnetic activity
is found. During this period also the particle flux at the LFS main chamber
is enhanced, well before the D,, emission and n, increase in the outer divertor
and the appearance of the high recycling regime.
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ne pedestal, which already takes place before. The experimental data suggest that a
reduced particle flux is connected to the fast recovery of the n, pedestal or vice versa
an increased particle flux across the pedestal causes the stagnation of the n, recovery
as well as the second D, peak in the divertor.

6.3.2 Estimation of the particle flux across the pedestal

A simple estimation of the particle flux (I") across the pedestal can be done by applying
the continuity equation:

on. OI

The particle flux into the volume (0I'/0V') and ionisation source (.S5;) including the
proportionality factor («) determine the temporal evolution of electron density re-
covery rate (On./0t). The n, evolution at certain positions from figure 6.5¢ can be
used to determine dn,/0t. Figure 6.6a presents dn,/0t at four radial positions in the
pedestal region. S; profiles are determined by the 1.5-D neutral transport code KN1D
[213]. Of course a spatial 1-D treatment of the neutral distribution is a very simplistic
picture in a toroidal plasma. But the LFS main chamber has been found to be the
main region for neutral fuelling [206], especially when the HFSHD is present. The
neutral flux at the LF'S midplane as shown in figure 6.5b was used as condition at the
wall and the n, profiles of the LIB diagnostic, which are measured at the LFS served
as input. Since there are no midplane SOL T, measurements with the required tem-
poral resolution available, the SOL T, was parametrised by an exponential decay with
a characteristic decay length according to the H-mode scaling for ASDEX Upgrade
[214]. With this procedure a possible variation of the SOL T, throughout the ELM
cycle is not considered. Further, the SOL T; is assumed to be equal to T,, which is rea-
sonable in the sense that the cross sections of ion-neutral collisions do not have strong
dependencies on 7} in the relevant temperature range.

The evolution of the S; profiles is presented in figure 6.6b. They are mainly deter-
mined by the evolution of the midplane neutral fluxes, which strongly increase after the
ELM crash between 2.5 ms and 6.0 ms relative to the ELM onset. When the SOL n,
is higher, e.g. during and immediately after the ELM, only few neutrals can penetrate
into the confined plasma region, leading to a reduction of Sj.

To adapt the S; profiles from the 1-D simulation to experimental conditions, a single
profile of « is utilised for the whole ELM cycle. In the pre-ELM phase between —4 ms
and —1ms relative to the ELM onset o can be determined since On,/0t is close to
zero and the pedestal gradients are clamped. Therefore, I' can be chosen in such a
way that the diffusion coefficient (D) is in agreement with the ones that are observed
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Figure 6.6: Estimation of the particle flux across the pedestal: (a) electron
density recovery rate (0ne/0t), (b) ionisation source (.S;) and (c) estimated
particle flux into the volume (0I'/OV') at four radial positions (ppe1) in the
pedestal (pedestal top (0.96) to the steep gradient region (0.99). After the
ELM, owing to the increasing S; also the outward particle flux across the edge
increases. This takes place in a similar phase, when the magnetic fluctuations
at the LF'S midplane set in.
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in H-mode [118]:
ov

N aIOpol

One
8ppol .

I'= ((Vopot)*) D (6.2)

The assumption of solely diffusive transport in the steep gradient region is rather rough
and based on previous results of modelling the L-H transition [215]. Here, a small
pinch velocity could not be excluded, but the transport at the edge was dominantly
diffusive. Nevertheless, within this work the assumption of diffusive transport is
solely used to determine ov. A radial dependent D profile ranging from 0.10m?s~! at
the separatrix to 0.25m?s™! at the pedestal top, assumed between —4 ms and —1 ms
relative to the ELM onset, gives a continuous profile of a.

The temporal evolution of OI'/OV', shown in figure 6.6¢, is determined from the conti-
nuity equation (equation (6.1)) at every timestep. The ELM onset leads to an outward
burst of plasma particles. After the ELM crash the particle flux across the pedestal
is strongly reduced. During this period dn./0t is largest for the pedestal top and no
magnetic activity is present in figure 6.5a. When S; increases after the ELM crash,
then also OI'/OV goes up since On, /0t is already reduced. This is another indication
that the fast recovery of the n. pedestal is more related to a reduced particle flux in
the gradient region than to an increased particle source. When S; decreases roughly
5.0 ms relative to the ELM onset, OI'/0V is also reduced, indicating the strong cou-
pling between these quantities. Since the magnetic activity in the medium frequency
range is only slightly reduced in this period, the reduction of 9I'/0V cannot be related
to a change of turbulent transport in the pedestal.

When attributing I' to D then the behaviour of the n, pedestal recovery becomes more
visible. Figure 6.7 shows the evolution of D in the ELM cycle. During the ELM crash
Vn, is flattened, therefore D increases especially at positions far inside the separatrix.
The reduced I' after the ELM crash is reflected in a lower D at the pedestal top. When
the S; is large, between 2.5ms and 5.0ms relative to the ELM onset a larger D is
required since Vn, does not change. After the recovery of the T, pedestal and the onset
of the high frequency fluctuations, D increases again.

6.4 Discussion

The inter-ELM dynamics in the divertor, SOL and in the pedestal and their corre-
sponding timescales can be summarised in a consistent picture. The phases of the n,
pedestal recovery can be well related to the magnetic activity in the pedestal and to
the conditions in the divertor and SOL. The ELM crash expels heat and particles to
the SOL, causing a re-attachment of the inner divertor target. During the recovery
of Vn, the magnetic activity in the pedestal is reduced significantly. Further, the
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Figure 6.7: Estimated particle diffusion coefficient (D): Determined at four
radial positions (ppo1) from pedestal top (0.96) to the steep gradient region
(0.99). After the ELM crash D drops strongly during the phase of the n,
pedestal recovery and simultaneously increases with I'.

corresponding timescale of the Vn, recovery is only reproduced by the change in the
magnetic activity. When Vn, is recovered, approximately 3 ms relative to the ELM
onset, medium frequency fluctuations between 30kHz and 150 kHz set in. Further,
the LF'S SOL n, increases, which is accompanied by high recycling in the outer diver-
tor and full detachment of the inner divertor target and the HFSHD appears. In the
following, dn,/0t decreases and max(—Vn,) evolves much more slowly than directly
after the ELM crash. Because S; is high in this period, I" through the edge is also
large to balance it. When S; decreases, also I' does so. High frequency magnetic
fluctuations (around 240 kHz) set in approximately 7.5 ms relative to the ELM onset.
In this phase the pedestal Vn, as well as the VT, are clamped, the latter suggests an
additional heat flux towards the SOL. The recycling in the outer divertor is reduced
because no additional neutrals are provided for ionisation, leading to a hotter SOL
plasma, which is related to the T, increase at the outer target. Further, the HFSHD is
reduced and the inner divertor moves to a partially detached state. In summary, the
dynamics in the divertor and SOL are well connected with and likely caused by the
evolution of the pedestal, because changes in the heat and particle fluxes across the
pedestal introduce transient changes to the SOL plasma.
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In section 2.1.3, it was already discussed that higher 6 and x are beneficial for the
plasma edge stability, enabling steeper profile gradients and higher pedestal pressure.
The positive impact of § on the pedestal height has also been experimentally con-
firmed in several tokamak experiments [216-218]. It has been found that higher ¢ is
connected to an increase of the n, [219, 220], which increases the edge pressure. This
dependency could be biased by changes of the strikepoint positions in the active diver-
tor, which were necessary to vary d, because they can impact on the neutral pumping
efficiency and divertor conditions. For this reason, the presented experiments aimed
for a variation of § without changing the strike- and X-point position in the active
divertor.

Additionally to the changes in the pedestal structure, a variation of  impacts on the
ELM behaviour, mainly fgry [39]. In general, Type-I ELM behaviour, respectively
ferm and ELM duration, can be influenced by several discharge conditions, e.g. im-
purity seeding [200, 221, 222] or neutral influx like external gas puff [167, 223]. At
ASDEX Upgrade two separated frry bands have been observed [102, 224]. Similar
observations have been also made on the Korea Superconducting Tokamak Advanced
Research (KSTAR) experiment [225], here, referred to as secondary ELM peaks, and
at Tokamak & configuration variable (TCV) [226].

In the following, an experiment is introduced that was performed to compare H-mode
plasma discharges with a variation of 0, P and gas puff (section 7.1). In sec-
tion 7.2 the general discharge behaviour is described, emphasising on the impact of
0 on fgrm, pedestal and Wypgp. The stabilising effect of 4 on the pedestal is pre-
sented in section 7.3 and the inter-ELM evolution for selected cases of § are shown.
In the conducted discharges several phases with two distinct fgry bands occurred.
These are analysed in section 7.4 giving insight that the ‘fast’ ELM cycle (higher fgrum
band) is ended by an ELM crash, which occurs at an inward shifted n, profile with
shallower Vn,. In section 7.5 the main results are recapped, showing that enlarged ¢
increases the pedestal top n. and the pedestal stability towards higher Vp,. At higher
0, feLm decreases because the inter-ELM recovery phases are prolonged, especially the
pre-ELM phase with clamped pedestal gradients [43].
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7.1 Conducted experiment

To perform a § scan without changing the divertor conditions in the active divertor,
a LSN plasma scenario was chosen and only d,, was intended to be varied. The
achievable range of ¢ is limited by operational boundaries on maximum coil cur-
rents at ASDEX Upgrade. Further, increasing § increases the n, pedestal, which
can lead to ne above the ECE cut-off and therefore, limiting the diagnostic capa-
bilities. For these reasons, a plasma scenario with reduced I, in contrast to the
ASDEX Upgrade standard configuration was chosen. The main parameters were
I,= 0.8 MA and B;= —2.5T (negative sign stands for opposite direction to I,). This
gives an enlarged ¢ at the edge in comparison to the I, 1.0 MA standard configura-
tion, lowers the required poloidal coil currents for shaping by roughly 20 % and extends
the achievable discharge length because of less flux consumption of the transformer
coil.

7.1.1 Shape comparison and varied parameters

Usually, a variation in § by solely changing the shaping coil currents also impacts
on x, which influences the stability. For this reason it was emphasised to adjust the
shaping accordingly that only small variations of x occur. Further, changes of Pt
and correspondingly Wyp impact on the Shafranov shift and therefore, modify the
plasma shape. To avoid this, the shaping coil currents were adjusted, such that § or
remained unchanged, when steps in P, e,; were performed.

The general experimental procedure was to establish a plasma scenario at fixed ¢
and then vary Pe.; and neutral gas puff. In the following, § was varied from dis-
charge to discharge. By this procedure the achieved range of § was between 0.20 and
0.45

Figure 7.1 presents a comparison of the plasma shapes for low (dark blue), medium
(dark red) and high (orange) §. In figure 7.1a it can be seen that at higher 0 the
SOL flux surfaces open up towards the upper divertor. A more detailed view on the
separatrix and strikeline positions is presented in figure 7.1b. At low and medium delta
a nice match of X-point and strikepoint locations were achieved, while the location of
the plasma top was moved inwards resulting in an increased d. For the high § scenario
a small change in the strikeline positions of the order of 3cm had to be accepted.
Since the targets in this region are usually well conditioned no impact on the divertor
conditions or neutral recycling is expected by this change.

The accessed parameter range of P, and neutral gas puff is presented in figure 7.2. In
principle two levels of P, were applied: A lower level between 6.5 MW and 7.5 MW
(blue shaded area) and a higher level in the range from 11.5 MW to 13.0 MW (red
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Figure 7.1: Comparison of the plasma shapes with varied d,,: (a) Overview
including SOL flux surfaces and (b) zoom-in to the separatrix location. At
low (0.21, dark blue) and medium (0.30, dark red) ¢ the strike- and X-point
locations are the same, whereas at high (0.37, orange) 0 the strikelines have
slightly different locations (shift at the outer target in the region of 3 cm) and
Olow 18 higher.

shaded area). The gas puff was varied between 0 - 10** es™! and 10 - 10*! es™! in such
a way that usually towards the end of the discharge it was turned off completely. A
variation of x in the region of £5% was tolerated.

7.1.2 Performed data analysis

This study is mainly focused on the investigation of the pedestal structure for the
electrons and inter-ELM dynamics. Therefore, the n, and T, profiles are evaluated
using the IDA approach, which was introduced in section 3.8. The relative alignment
of the n, and T, profiles was determined by cross comparison to the corresponding
profiles of the T'S diagnostic (see section 3.4). The quality of the raw data allows a
profile evaluation with a temporal resolution of 250 ps.
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Figure 7.2: Varied control parameters: At mainly two levels of Ppeas (6.5 MW
to 7.5 MW, blue shaded area and 11.5 MW to 13.0 MW, red shaded area) a
scan of the gas puff was performed for the different . A variation of x in the
region of £5 % was tolerated.

To reconstruct the plasma equilibria and corresponding quantities like, e.g. § and
Kk, the IDE solver [72] was routinely applied, which implements a constraint on the
pedestal pressure profile according to the one evaluated by IDA at the corresponding
timepoint. The equilibria are reconstructed at a temporal resolution of 1 ms and also
serve as input for the PB stability analyses, which are presented in sections 7.3.1
and 7.4.3.

7.2 General behaviour

In the following, the overall discharge behaviour at different § with respect to the
pedestal and ELM behaviour is discussed. As shown in figure 7.3, fgrm decreases
at higher §, which is in agreement with previous observations [39]. In this figure
only discharge intervals with a single fgry band are considered. In comparison to
the lower level Pt (points) ferwm increases at the higher level of P, (triangles),
which is characteristic for type-I ELMs (section 1.6). For both levels of Pe. the
anti-correlation of fgry and ¢ is found. Scattering of the data could be related to the
applied gas puff, which also impacts on fgry, however, no clear ordering in terms of
gas puff can be seen (compare colour scale). In this comparison it is evident, that the
impact of § is much stronger than the one of the gas puff in the investigated parameter
range.

Another general trend of previous studies is that n, increases with § [219]. This is also
reproduced in the conducted experiment as shown in figure 7.4a. Here, the pre-ELM
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gas puff.

-2.0 to -1.0 ms relative to ELM onset (a)

8

T

T

T
Pheat 11.5 -

T
13.0 MW

T
A

Ne (Ppol 0.96) [10" mJ)

Pheat 6.5 - 7.5 MW_ e

I I I I I
0.20 0.25 0.30 0.35 0.40
4]

gas puff [1021 es™]

(b)
T T T T T
Preat 11.5- 13.0 MW A
800 -
Pheat 6.5 - 7.5 MW @ 8
A A —
7001 - :
— LA A 3
2 600} A N 2t Y
2 A =
S 500]- . M. s
; ° b Q
° P s
400 oo © P 4 ° - <3
2
3001 ° .
1 1 1 1 1
020 025 030 035 040
o

Figure 7.4: Impact of 6 on: (a) the pedestal top ne (ppor = 0.96) and (b)
Whmap. The pre-ELM pedestal top n, increases with d. As expected a separa-
tion of Wyp for the different Pea; is found. At high Py..; a clear degradation
of Wymp can bee seen with increased gas puff (colour scale).
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pedestal top n., averaged between —2.0ms and —1.0ms relative to the ELM onset
and measured at p,o = 0.96, is plotted in dependency of §. At medium and high gas
puff (orange and yellow markers) the trend is obvious, whereas at low gas puff (blue
and purple markers) lower pedestal top n, are measured at very large 6. This could be
related to a reduction of the available amount of neutrals, which are required to ‘fill-
up’ the n, pedestal. No clear dependence of the pedestal top n. on the two different
Pieas (compare points and triangles) can be identified.

Comparing the pre-ELM Wypp in dependency of ¢ (figure 7.4b) no trend can be
observed. This indicates that at high §, where the n, is larger the core T, profiles
are reduced. However, within the presented study no deeper emphasis was taken
on the core profiles as well as MHD behaviour. The most dominant impact on the
Wb is given by Pieas, when comparing points and triangles. By applying approx-
imately two times the Pe.;, Waymp is increased by roughly 50% in the covered ¢
range.

At the higher level of Py a separation for the different applied gas puffs can be seen
(colour scale). While at low gas puff (blue) the highest values of Wyyp are measured
for all §, the confinement is reduced at higher gas puff (red). This is in agreement
with results from JET and ASDEX Upgrade, where a confinement degradation with
high gas puff was observed [207, 227].

7.3 Impact of triangularity on the pedestal

As already discussed in section 7.2 the pedestal top n. increases at higher §. In the
following the relation between pedestal structure and § is analysed and compared to
PB stability analysis.

7.3.1 Pedestal structure and stability

To investigate the impact of d on the pedestal structure and stability, three different
discharge intervals, performed at the lower level of B¢, are investigated. These have
a similar x and also the applied gas puff is in the range of 5- 10 es™ to 7- 10*' es~!.
The corresponding pre-ELM profiles of ne, T, and p, are compared in figure 7.5. The
three different discharge intervals correspond to the low (0.21, dark blue), medium
(0.29, dark red) and high (0.37, orange) §. The vertical lines correspond to different
radial locations at which layers of n, and T, are tracked throughout the ELM cycle
in figure 7.7.
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Figure 7.5: Comparison of the pre-ELM pedestal structure at low (0.21, dark
blue), medium (0.29, dark red) and high (0.37, orange) 0: (a) ne, (b) T and
(c) pe profile. At similar gas puff and Py, the n. pedestal systematically
increases with ¢, while T, shows no clear trend. In combination, a higher and
steeper p, pedestal is found at higher ¢.

When increasing § the pedestal top n. increases (see figure 7.5a) and so does Vn,
too, meaning that the pedestal width is not strongly affected. The T, profiles (fig-
ure 7.5b) of the low and high ¢ case overlay, however, the medium § case has a higher
pedestal top T, and a steeper VT,. The origin of this inconsistent 7}, variation remains
unknown, since no clear deviation in comparison to both other cases was identified.
Probably changes in the core transport could be the cause. The combined p, profiles
(figure 7.5¢) reflect the variation of n, and T,. In general, at higher ¢ a higher p,
pedestal and steeper Vp, is observed.

As theoretically predicted, the steeper gradients are achievable owing to the stabilising
effect of higher § (see section 2.1). The j-a diagram for the low and high ¢ case are
presented in figure 7.6. Similar to the illustration in figure 2.3, at higher 6 the PB
boundary is extended towards larger (jio;) and uax. This allows the operational
point to shift towards larger ay,.x as also shown in figure 7.5c. For this reason,
the investigated pre-ELM pedestals are in agreement with PB theory. At high ¢
the distance between operational point and PB boundary increases in comparison
to the low 0 case, however, this is not a robust observation and usually within the
uncertainties in the location of the PB boundary.

7.3.2 Inter-ELM evolution

The comparison of the inter-ELM pedestal development for the different 6 can give
insight on the changes in fgry and the temporal approach of the stability limit.
Figure 7.7 presents the dynamics of the pedestal n., and T, profiles throughout the
ELM cycle at low (figures 7.7a and 7.7b), medium (figures 7.7c and 7.7d) and high
(figures 7.7e and 7.7f) §. The n, profiles are tracked on four radial locations from
the SOL (ppo1 = 1.02) towards the pedestal top (ppo1 = 0.96) and the T, profiles are
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Figure 7.6: PB stability diagram for low (dark blue) and high (orange) ¢:
As illustrated in figure 2.3 the stability boundary at high ¢ is pushed to-
wards higher apax and (jio;). The steeper p, gradient at high § moves the
operational point towards larger qax.

tracked in the confined plasma region from p,q = 1.00 to ppo = 0.94 (see vertical
lines in figure 7.5).

A similar sequence of pedestal recovery phases as in the collisionality variation (chap-
ter 4) and isotope comparison (chapter 5) studies is observed at all §. After the
ELM crash with duration Atgpy, the n. pedestal recovers first (At,, ), followed by
the recovery of the T, pedestal (Atr,) and the pre-ELM phase in which max(—Vp,)
is clamped (see chapter 4).

When comparing the different § cases, the Wyp losses per ELM increase at higher
0. Further, At,  as well as Atr, also increase at higher . This can be either related
to lower recovery rates of the n, and T, pedestal or related to the higher ELM loss
and therefore, drop in n, and T,. For the n, pedestal the recovery times are too short
to perform a quantitative comparison of dn./0t for the different 0 cases. At high 9,
T, at the positions ppo = 0.96 and ppo = 0.94 is lower in the beginning of Aty, than
at low ¢. This would be related to a higher ELM loss, causing the longer pedestal
recovery time.

Most prominently, the duration the pre-ELM phase with clamped pedestal gradient
is almost doubled from low to high ¢. This is the largest contribution to the observed
lower fgry at higher 0 and an indicator that at high § especially this period is more
stable and therefore, prolonged.

In summary, the higher pedestal top n, is established immediately after the ELM crash
in the n, pedestal recovery phase. All phases in the ELM cycle are longer at higher
0, especially, the pre-ELM phase. For the n, and T, pedestal this prolongation is
very likely caused by higher ELM losses, whereas in the pre-ELM phase this might be
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Figure 7.7: Inter-ELM pedestal evolution: (a,c,e) n. and (b,d,f) T, at certain
radial positions across the pedestal (p,o1) for (a,b) low, (¢,d) medium and (e,f)
high 4. For all cases the n, pedestal is re-established before the T, pedestal
and the sequence of recovery phases is similar. All recovery phases (At,,

and Atr,) increase their duration with increasing ¢, which corresponds to a
decrease of fgrm.
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Figure 7.8: Discharge intervals with two fgry bands: Time traces of Wymp,
pedestal top pe, feLm and inner divertor current at (a) low and (b) high 4.
The threshold in fgry discriminating between ‘fast’ and ‘slow’ ELM cycle is
indicated by the red dashed line. Both types of ELM cycles appear irregularly.

linked either to enhanced particle and heat fluxes across the pedestal or the stabilising
effect of § allowing higher global Wyup.

7.4 ELM frequency bands

At all investigated J, discharge phases with two fgrv bands were observed. Their
appearance cannot be related to certain parameter combinations of P, and gas
puff. It is rather set individually for each d. At high 4, it is more likely that the two
feLm bands appear at the higher level of P ea.

7.4.1 Observation of ‘slow’ and ‘fast’” ELM cycles

The two fgrm bands are associated to ELM cycles of different duration. Therefore,
according to the observation, it is discriminated between ‘fast’ and ‘slow’ ELM cycles,
which are related to the high and low fgry band. Exemplary time traces of discharge
intervals with two fgry bands are presented in figure 7.8a at low ¢ and in figure 7.8b
at high 6. Here, Wymp, pedestal top p. (tracked at ppo = 0.96), frrm and inner
divertor current are shown. The burst in the divertor current is associated to the
ELM crash, fgpy is determined by the inversion of the time period from an ELM
crash until the following one. In both discharge intervals a similar P, is applied.
In agreement with the data presented in figure 7.3, both fgry bands have a higher
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frequency at low 0. The frequencies, which discriminate the fgry bands, are indicated
by the vertical, red dashed lines.

In both presented cases, ‘slow’ and ‘fast’” ELM cycles appear irregularly, i.e. there
is now systematic relation between them. At low § it can be seen that the ‘fast’
ELM cycle ends at reduced pedestal top p. in comparison to the slow ELM cycle.
The detailed pre-ELM pedestal structure of both kinds of ELM cycles is analysed in
section 7.4.3. In the following, the pedestal dynamics of the ‘fast’ and ‘slow” ELM
cycles are investigated at low and high §.

7.4.2 Pedestal development of ‘slow’ and ‘fast’ ELM cycles

In the low ¢ case the higher fgrn has a frequency of roughly 250 Hz to 300 Hz. In
combination with Atgry of approximately 2ms, this gives the pedestal only a short
time to recover in a ‘fast’ ELM cycle. In figure 7.9 the ELM synchronised evolutions
of the n, and T, pedestal are presented for ‘fast’ (figures 7.9a and 7.9b) and ‘slow’
(figures 7.9c and 7.9d) ELM cycles. The n. and T, profiles are tracked at equal
locations as in figure 7.7. In comparison to the ‘slow” ELM cycle, the ‘fast” ELM cycle
immediately ends after a short recovery phase of approximately 1.5ms. The ‘slow’
ELM cycle is longer. Because of the scattering in the data, it is still too short to
distinguish between n, and 7T, pedestal recovery phases.

At higher 0, the limitation in temporal resolution of the inter-ELM phases relaxes
since fgrm is lower. Figure 7.10 the pedestal development of the high ¢ case is shown
in a similar setup as figure 7.9. Here, the pedestal recovery phases are well resolved
and indicated by grey shaded areas. The ‘fast’ ELM cycle ends during the T, pedestal
recovery phase and therefore, also the pre-ELM phase is missing. In both types of
ELM cycles the n, and T, pedestal recovery behaves similar up to the point when
the following ELM crash appears. This suggests that during the inter-ELM pedestal
development, one or possibly more pedestal configurations could become unstable,
leading to an ELM crash. To investigate the pedestal stability at the end of both
ELM cycles, the pedestal structure is analysed.

7.4.3 Pre-ELM pedestal conditions and stability

Figure 7.11 compares the pedestal n., T, as well as resulting p, profiles for ‘fast’ (blue)
and ‘slow’ (red) ELM cycle. These are averaged in the time interval between —0.75 ms
and —0.25 ms relative to the onset of the following ELM crash, i.e. at the end of the
corresponding ELM cycle. For both cases of d, the T, profiles (figures 7.11b and 7.11e)
are similar for ‘fast’ and ‘slow’ ELM cycle. The largest difference is observed in the
ne profiles (figures 7.11a and 7.11d). While n, for ppe < 0.96 is similar for both
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Figure 7.9: Pedestal evolution at low ¢ for the two fgry bands: (a,c) n. and
(b,d) T, at several radial positions (ppe1) for the (a,b) ‘fast’ and (c,d) ‘slow’
ELM cycles. Roughly 1.5ms after the end of the ELM crash (Atgpy) the
‘fast’ ELM cycle is ended by another ELM crash.

types of ELM cycles, the pre-ELM n, profile of the ‘fast’ ELM cycle is located further
inwards and also Vn, is shallower. In the p, profiles this is reflected by a reduced
Ve.

The different edge profiles in combination with changes in Wygp can impact on the
PB stability. Therefore, stability analyses were performed with the corresponding
equilibria at the end of the ‘fast’ and ‘slow” ELM cycles. In figure 7.12 the corre-
sponding j-a diagrams are presented. At both investigated §, the operational points
at the end of the ‘fast” ELM cycles (blue) are located at lower ap.x as a result of
the inward located n, profile. The PB stability boundaries are shifted similar to the
operational points at low §. Further, the operational points are very close to the
PB boundary for both types of ELM cycles, which indicates that it is very likely for
the pedestal to become unstable. At high J the PB boundary of the ‘slow’ ELM
cycle (red) moves to higher (jior) and .y as the corresponding operational point.
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Figure 7.10: Pedestal evolution at high § for the two fgrm bands: (a,c) ne
and (b,d) T, at several radial positions (ppo) for the (a,b) ‘fast” and (c,d)
‘slow” ELM cycles. In comparison to the low ¢ case, the pedestal top n, is re-
established in the ‘fast’ ELM cycle but the ‘slow’ ELM cycle has an prolonged

T, evolution.

Nevertheless, it is very likely that the pedestal gets PB unstable at the end of the
‘fast” ELM cycles, since the ‘slow’” ELM cycles represents the maximum achievable

pedestal.

All in all, the pre-ELM pedestals at the end of the ‘fast’ and ‘slow’” ELM cycles
agree with PB stability. This can be interpreted such that the pedestal in between
ELMs evolves through configurations which become more likely unstable.

There-

fore, the occurrence of two fgry bands is linked to the inter-ELM pedestal stabil-

ity.
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Figure 7.11: Pre-ELM pedestal profiles at the end of the different ELM cycles:
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the end of the ‘fast’” ELM cycle the n, profile is located further inwards for
both 9, resulting in a reduced Vp,.
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Figure 7.12: Pre-ELM stability at the end of the ‘fast” and ‘slow’ ELM cycle:
(a) at low and (b) high §. The operational points are located at higher aupayx
at the end of the ‘slow’ ELM cycle for both §. The PB boundary is shifted
correspondingly at low §, while at high §, the distance between operational
point and PB boundary increases.
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7.5 Summary of the main observations

The presented results are consistent with previous studies on the impact of § on the
pedestal structure. Higher § enhances the pedestal top n. although Wymp is not
strongly affected, which might be due to changes in the core transport. Further, fgrm
decreases with increasing ¢.

The pre-ELM pedestal structure agrees with PB theory and at higher § the PB sta-
bility boundary is moved towards larger (jior) and amax allowing the higher pedestal
top pe. The inter-ELM evolution shows a similar sequence of pedestal recovery phases
for all 9. The enhanced pedestal top n. at higher ¢ is already established during the
recovery phase of the n, pedestal. The lower fgr\ at high ¢ is caused by prolongation
of the pedestal recovery phases. For the T, pedestal recovery phase, this is related to
the higher ELM loss. The extended pre-ELM phase at high ¢ could be either caused
by an increased particle and heat flux across the edge or by the beneficial effect of ¢
on the edge stability.

The occurrence of two fgry bands is connected to the inter-ELM pedestal stability.
Both types of ELM cycles pass through a similar pedestal development. At the end
of a ‘fast” ELM cycle the n, profile is located radially inwards relative to the n, profile
at the end of a ‘slow’ ELM cycle, leading to a reduced Vp.. When analysing the PB
stability of the pedestals at the end of both types of ELM cycles, the PB boundary is
in similar distance to the operational point, indicating that both pedestals can become
PB unstable.
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8 ‘ Summary and Conclusions

The main results of this thesis were presented in the chapters 4 to 7. In the following a
summary of them is given (section 8.1) and general conclusions are drawn (section 8.2).
Further a brief outlook is given on topics for future work and questions resulting from
the presented work (section 8.3).

8.1 Summary

In chapter 4, a variation of the pedestal v* was investigated and the inter-ELM
pedestal evolution was compared. A similar sequence of pedestal recovery phases
is observed. Further, the re-establishment of the pedestal max(—Vp,) occurs already
of the order of ms before the ELM onset. This pre-ELM saturation of max(—Vp,)
is accompanied by the onset of high frequency magnetic fluctuations. Their detected
fluctuation frequency is linearly correlated to the neoclassical estimation of the E' x B
background flow velocity at the plasma edge. This indicates that the underlying
mode structures are localised at the plasma edge and that the instability has a low
phase velocity relative to the background flow. Because of the uncertainties of the
background flow velocity, it is not possible to extract phase velocities and relate the
underlying instability to known microturbulent instabilities, which have characteristic
propagation directions.

The high frequency fluctuations are also seen on the HFS of the torus, which is not
expected for a ballooned mode structure. The toroidal mode structure of the high
frequency fluctuations has n in the range from —11. These mode numbers were
independently estimated by analysis of magnetic measurements and by fitting the
linear relation between detected fluctuation frequency and approximated background
velocity.

In chapter 5, the pedestal structure, stability and inter-ELM evolution was investi-
gated for D, H and “He plasmas. Comparing the hydrogenic species plasmas roughly
a factor of 2 higher P, was required in H as well as a factor of 10 higher gas puff
to match the pedestal top n. and T,. In the “He discharges a match of the pedestal
top ne with the hydrogenic references led to an ELM-free phase, because of the larger
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Zog in *He (at similar p,) p is reduced since n; is lower. The disappearance of ELMs
is also reproduced in stability analyses of different discharge periods, where the op-
erational point is found in the deeply stable j-a space when ELMs are absent. The
comparison of the D and H pedestals reveals shallower Vn, in H, which affects the
pedestal stability and pushes the operational point to a reduced ay,.x. Furthermore,
the inter-ELM heat flux across the pedestal is estimated to be 2 times larger in H in
comparison to D.

Nevertheless, the inter-ELM pedestal evolves in a similar sequence of recovery phases
for all investigated main ion species, which is also consistent with the results of chap-
ter 4 and the associated magnetic activity to the recovery phases is similar. At
ASDEX Upgrade, first, the n, pedestal, respectively Vn,, is re-established after the
ELM crash. This fast recovery phase is associated with low magnetic fluctuation in-
tensity in the whole spectral range. After the n, pedestal recovery the T, pedestal
and max(—V1T,) recovers, in this period, low frequency fluctuations in the region from
50kHz to 150 kHz are present. When the pre-ELM max(—Vp,) is achieved, high fre-
quency fluctuations set in, which are then associated to a clamping of max(—Vp.),
which is sustained up to the next ELM-crash. In the “He plasma, the evolution of
VT; has been found to be connected to the recovery timescale of Vn,, i.e. that VT;
recovers faster than VT,.

For all investigated main ions species a similar toroidal mode structure of the pre-
ELM magnetic fluctuations is observed, which has a significant n contribution between
—10 and —12 in the high frequency component. This is in line with the observed
mode structures in chapter 4. Further, two mode number branches were observed
in the investigated cases, which indicate different propagation velocities relative to
the lab frame and therefore, different radial locations of the underlying mode struc-
tures.

In chapter 6, the mechanisms that lead to the fast recovery of the n. pedestal were
investigated by a multiple diagnostic approach, which characterised the inter-ELM
evolution of the pedestal, of the LFS and of the HFS SOL as well as in the divertor
region. The n, in these areas can impact on the n, pedestal evolution. It is found
that during the ELM cycle the HFSHD appears and extends up to the HF'S midplane.
Further, the ELM crash induced particle loss from the confined plasma leads to an
enhanced neutral flux at the main chamber wall. However, the timescales of both
effects do not fit the recovery time of the pedestal Vn,, which is faster. This timescale
is only reflected in the magnetic activity, which shows a significantly reduced intensity
during this period, indicating a lower fluctuation level.

A rough estimation of the particle flux across the pedestal, shows a well correlated evo-
lution with the ionisation source, which also increases when the magnetic activity sets
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in after the recovery of Vn,. When VT is established and the high frequency fluctua-
tions set in, additional particle flux trough the edge is observed, which is related to the
stagnation of the n, recovery rates at the pedestal top.

In chapter 7 the impact of the plasma shape on the edge stability and inter-ELM
pedestal evolution was investigated. For a variation of d the pre-ELM pedestal struc-
ture as well as the inter-ELM profile development was analysed. At high § the pedestal
top n. is enhanced and fgry reduced in comparison to plasmas with lower 6. The
higher pedestal top n. is already established during the recovery phase of the n,
pedestal, which takes place directly after the ELM crash. In general, a similar se-
quence of pedestal recovery phases is observed at all investigated d, which agree with
the ones observed in chapters 4 and 5. The reduction of fgry at high § is due to
longer pedestal recovery phases.

Two frgrm bands appeared in several discharge intervals. Their occurrence is related to
the pedestal stability during the inter-ELM evolution. The fgry bands are associated
to ‘fast” and ‘slow” ELM cycles, which both have a similar pedestal development, till
the onset of the following ELM crash. The n, profile is located radially inwards at
the end of the ‘fast’ ELM cycle. At the end of both types of ELM cycles, the pedestal
stability is similar. Therefore, it is likely that at the end of the ‘fast” and ‘slow’ ELM
cycle the pedestal becomes PB unstable.

8.2 Conclusions

From the results which were presented in this thesis the following general conclusions
on the pedestal and its recovery behaviour can be drawn:

Pedestal evolution
The sequence of pedestal recovery phases is robust, i.e. observed in all investi-
gated cases and independent of the varied parameters like e.g. main ion species,
gas puff, Peat or plasma shape. This points into the direction that mechanisms
and underlying drives that determine the pedestal recovery are dominant in the
same sequence.

Pre-ELM phase
When a saturation of the max(—Vp,) in the pre-ELM phase is observed, it
is correlated to the onset of high frequency fluctuations. The toroidal mode
structure of n between —10 and —12 points in the direction of a global, large
scale instability that is independent of v* (in the investigated range) and main
ion species.
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Figure 8.1: Estimated background velocity (v_vp./zen.) and detected fluctu-
ation frequency: Data combined from figures 4.10, 5.6b, 5.6d and 5.13b. For
the n equal —11 contribution of the high frequency fluctuations the detected
fluctuation frequency is linearly proportional to v_yy,/zen, independently of
main ion species.

Propagation of the max(—Vp,) clamping instability

The detected magnetic fluctuation frequency originates from the mode struc-
ture of the underlying instability and its propagation relative to the lab frame,
where the pickup coil sits. For the high frequency fluctuations it has been
shown that the detected fluctuation frequency is linearly proportional to the es-
timated plasma background velocity (v_vp./zen.). This holds for different main
ion species of the plasma. Figure 8.1 combines the data, presented in figure 4.10
and the detected fluctuation frequencies for the n= —11 component of the iso-
tope comparison, that are presented in figures 5.6b, 5.6d and 5.13b. The E x B
rotation is reduced in *He plasmas because of the higher Z.

Evolution of the magnetic flucutations int the ELM cycle

The magnetic activity in between ELM crashes is correlated to the phases of
the pedestal recovery. During the n, pedestal recovery phase, the overall spec-
tral intensity is lowest, while during the T, pedestal recovery phase medium
frequency magnetic activity is observed. The associated mode structure is in
the range from —3 to —8. In the pre-ELM phase, additionally the fluctuations
in the high frequency range set in. This behaviour of the magnetic activity is
observed generally and therefore, supports that similar mechanisms dominate
the pedestal recovery, independently of the varied parameters.

Recovery of the n. pedestal

It is a robust observation at ASDEX Upgrade that the n, pedestal is re-established
quickly after the ELM crash. The timescale of the n,. recovery is almost inde-
pendent of the applied neutral gas puff. For this reason, the recycled particles
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stemming from the ELM crash, fuelling from the core plasma or a transport
reduction are explanations for the fast recovery of the n, pedestal. The reduced
magnetic activity during the n, pedestal recovery phase suggests a change of
the dominating instabilities in the pedestal, however, owing to the larger neu-
tral source a higher particle flux across the pedestal is found.

Impact of o
In a large set of discharge intervals a higher n, pedestal as well as improved
stability was observed at higher 9. When investigating the inter-ELM pedestal
development, it is found the the enhanced n. at high ¢ is already established
directly after the ELM crash in the n, pedestal recovery phase. The reduction
of fgrm at high ¢ is related on the one hand to the larger ELM losses and on
the other hand to a prolonged pre-ELM phase with clamped pressure gradient.

.fELM bands
Two distinct fgrv bands are observed in a variety of plasma discharges. Their

appearance is related to the pedestal stability during the inter-ELM evolution.
It is found that the pedestals at the end of the ‘fast’ and ‘slow” ELM cycles are
likely to become PB unstable. This underlines that PB modes set the stability
limit of the pedestal.

8.3 Outlook

Research is an ongoing process, therefore, the end of this thesis does not imply com-
pleteness. The presented results, summarised in section 8.1, give a characterisation
and interpretation of the inter-ELM pedestal development at ASDEX Upgrade over
a wide range of varied parameters. Nevertheless, throughout the conducted work new
questions arose and the importance of questions that have not been sufficiently ad-
dressed so far was highlighted. For this reason several topics have to be accessed in
future work:

Mode localisation and coupling

The exact localisation of the mode, which causes the high frequency magnetic
fluctuations and clamp the pressure gradient, could give deeper insight in the
underlying instability. Here, on the one hand resonant flux surfaces can become
important or probably areas with reduced magnetic shear. Further, investi-
gations on the coupling of the different n contributions in the mode number
branches or of the two mode number branches, can shed light on the saturation
of the fluctuations [119]. Furthermore, mode coupling is also a candidate for the
ELM trigger mechanism.
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Pedestal optimisation
Another, more applied approach, which could take advantage of the observed
pedestal gradient clamping would be to optimise, respectively, control, the
pedestal such that the pre-ELM phase is extended without ending up in an
ELM crash. This points towards the realisation and optimisation of an ELM-
free plasma scenario with improved performance, below the PB pedestal stability
limit.

Neutral dynamics
When investigating the fast recovery of the n, pedestal, the impact of the neu-
trals and their dynamic changes in between ELM crashes turned out to be the
key parameter. Here, more accurate modelling of the source profile, i.e. with
3-D neutral codes like B2-EIRENE [228] could give better information. Further,
possible diagnostic principles, to resolve neutral density profiles in a tokamak
environment should be evaluated and realised, to experimentally study the neu-
tral dynamics.

Transport analysis
With the measurements of all sources, sinks as well as profiles for electrons
and ions, coupled heat and particle transport analysis in the inter-ELM periods
could be performed. The utilisation of more advanced transport solvers like AS-
TRA [229] allows the comparison of the experimentally observed to theoretically
predicted transport coefficients [48, 230].

In conclusion, the end of this thesis underlines the necessity to tackle the remaining
challenges on the path to establish nuclear fusion as a reliable and sustainable source
for electricity production.



Acronyms

a normalised pressure gradient
Qmax Maximum normalised pressure gradient
a minor plasma radius

Alcator C-Mod Alto Campo Toro (Italian for high field torus) C-modification; Shut
down, Previously operated by the Massachusetts Institute of Technology, United
States

ASDEX Upgrade Axially Symmetric Divertor Experiment Upgrade; Operated by
the Max Planck Institute for Plasma Physics, Germany

BES beam emission spectroscopy

B ratio of thermal to magnetic pressure

Be ratio of electron to magnetic pressure
BPT Bayesian probability theory

B, toroidal magnetic field

0B, /0t radial magnetic field fluctuations

cs ion sound velocity

CXRS charge exchange recombination spectroscopy
D deuterium

D-T deuterium-tritium

D, D, line radiation

DAQ data acquisition

DCN deuterium cyanide laser interferometry
d triangularity

A pedestal width
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Acronyms

DEMO DEMOnstration power station

DII-D Tokamak; Operated by General Atomics, United States
D diftusion coefficient

e elementary charge

EAST Experimental Advanced Superconducting Tokamak; Operated by the Hefei
Institutes of Physical Science, China

€ inverse aspect ratio

ECE electron cyclotron emission

ECFM electron cyclotron forward model
ECRH electron cyclotron resonance heating
EDA enhanced D,

EHO edge harmonic oscillation

ELM edge localised mode

EUROfusion European Consortium for the Development of Fusion Energy
E, radial electric field

ETB edge transport barrier

ETG electron temperature gradient

ferm ELM repetition frequency

FWHM full width at half maximum

I' particle flux

9T'/OV particle flux into the volume

H hydrogen

H-mode high confinement mode

3He helium-3

4He helium

HFS high field side

HFSHD high field side high density region
HFO high frequency oscillation
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HL-2A Tokamak constructed from major ASDEX components; Operated by the
Southwestern Institute of Physics, China

IDA integrated data analysis
I, plasma current
IPP Max Planck Institute for Plasma Physics

ITER the Latin word for ‘the way’; Tokamak that is currently constructed in Cadarache,
France

ITG ion temperature gradient
IXS impact excitation spectroscopy
(Jtor) average toroidal current density in the pedestal

JET Joint European Torus; Operated by the Culham Centre for Fusion Energy,
United Kingdom

JT-60U JAERI tokamak - 60 Upgarde; Shut down, Previously operated by the Japan
Atomic Energy Research Institute, Japan

K plasma elongation
KBM kinetic ballooning mode

KSTAR Korea Superconducting Tokamak Advanced Research; Operated by National
Fusion Research Institute, South Korea

L-mode low confinement mode
LCFS last closed flux surface
Li lithium

LIB lithium beam

LFS low field side

LOS lines of sight

LP Langmuir probe

LSN lower single null

m poloidal mode number

MAST Mega Ampere Spherical Tokamak; Operated by the Culham Centre for Fusion
Energy, UK

MHD magnetohydrodynamic
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Acronyms

MTM microtearing mode

n toroidal mode number

ne electron density

On, /0t electron density recovery rate

Vne electron density gradient

max(—Vn,) maximum electron density gradient
n; main ion density

v* plasma collisionality

*

Y bed pedestal top electron collisionality
Na sodium
NBI neutral beam injection

NSTX National Spherical Torus Experiment; Upgraded to NSTX-U, Operated by
the Princeton Plasma Physics Laboratory, United States

PB peeling-ballooning

Pgcru electron cyclotron resonance heating power
Pyeat heating power

p thermal pressure

Vp thermal pressure gradient

Pe electron pressure

Vpe electron pressure gradient

max(—Vpe) maximum electron pressure gradient
P; Main ion pressure

Ppea Dedestal height

Pi,_y L-H power threshold

Pnp1 neutral beam heating power

PS Pfirsch-Schliiter

q safety factor

QH-mode quiescent H-mode
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q safety factor

Ry major plasma radius
S; ionisation source
SOL scrape-off layer

T tritium

TCV Tokamak a configuration variable; Operated by the Ecole polytechnique fédérale
de Lausanne, Suisse

T, electron temperature

VT, electron temperature gradient

max(—VT,) maximum electron temperature gradient
T; main ion temperature

TEM trapped electron modes

T; ion temperature

VT; ion temperature gradient

max(—VT;) maximum ion temperature gradient

TS Thomson scattering

Wwamap plasma stored energy

W7-X Wendelstein 7-X; Operated by the Max Planck Institute for Plasma Physics,
Germany

Zog effective charge
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