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Abstract

One of the most promising concepts to achieve fusion on earth are toroidal devices
like tokamaks that confine plasmas with helically twisted magnetic field lines. In these
devices, the rotation of the plasma has a strong influence on the plasma transport by
the stabilization of modes and the suppression of plasma turbulence, which affects the
transport of heat, particles, and momentum. In tokamaks, the [toroidal rotation (fu.,)| is
essentially a free parameter that is usually dominated by the external momentum input
from the neutral beam sources used to heat the plasma. The [poloidal rotation (juy.)} on
the other hand, is strongly damped due to the motion of the particles from the regions
with higher magnetic field to lower magnetic field (and vice versa) and the associated
transfer from poloidal to toroidal rotation (magnetic pumping effect). Despite many
previous investigations, the nature of the core remains an open question: studies
at the tokamak show that at low collisionalities, fu,o is significantly more in
the ion diamagnetic direction than predicted from jneoclassical (NC)|theory. At higher
collisionalities, however, a good agreement between experiment and theory was found at
the tokamaks [TCV] and [DITI-D] which is qualitatively consistent with the edge results
from both [Alcator C-Mod| and [ASDEX]| Upgrade (AUG)|

In order to study the core impurity at the core [charge exchange recom-|
[bination spectroscopy (CXRS)|systems have been upgraded with new toroidal optical
heads providing 70 additional [lines-of-sight (LOSs)| from the [low-field side (LFS)|to the
lhigh-field side (HF'S)|pedestal top. From theory it is known that any plasma flow can be
expressed through a component parallel to the magnetic field and a rigid body rotation
such that the measurement of the core toroidal flow at two points of the same flux surface
enables an indirect determination of the core with an accuracy better
than 1km/s for certain plasma parameters and regimes.

At [AUC] the core at mid-radius is found to be more ion diamagnetic directed
than the prediction for both L- and H-mode discharges. At the plasma edge,
is found to be electron diamagnetic directed and in good agreement with codes,
consistent with previous investigations at [AUG] In order to characterize the core
further at [AUG] different parameter dependencies were investigated in the framework of
the poloidal rotation database. In the H-mode data there is an increase in the difference
between the experimentally measured and theoretically predicted values at lower
collisionalities concomitant with larger normalized Larmor radii. A possible explanation
for this result is a balance between the damping and the turbulent drive
of . Within this picture, the dominant driving mechanism for at the lowest
collisionalities of the database is turbulence. At higher collisionalities, the turbulent
drive is reduced and the experimental profiles agree with the predictions
within their uncertainties.

The indirect measurement of the core provides as well the missing ingredient to
evaluate the core m velocity from measurements only, which can then be compared
to measurements of |perpendicular plasma flow velocity (u.])| of the turbulent fluctua-
tions to gain information on the [fturbulent phase velocity (]Up—hm. This approach has been
utilized to gain further information on the physics behind the transition from the
lear Ohmic confinement (LOC)| to the [saturated Ohmic confinement (SOC)| regime in
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Ohmically heated L-mode discharges. The non neoclassicalljuq values from |CX'_$| lead
to good agreement between and indicating that is small and at similar
values as found with gyrokinetic simulations. Moreover, the data shows a shift in the
ion diamagnetic direction at the plasma edge after the transition from [LOC| to [SOC|
which is qualitatively consistent with a change in the dominant turbulence regime from
ftrapped electron mode (TEM)| to fion temperature gradient (ITG)l The upgrade of the
core [CXRS| system provides as well a deeper insight into the intrinsic rotation of Ohmic
L-mode discharges. This thesis shows that the reversal of the core occurs clearly
after the LOCHSOC] transition and concomitant with the peaking of the electron density.




Zusammenfassung

Tokamaks sind eines der vielversprechendsten Konzepte, um Fusion auf der Erde zu
erreichen und die immer steigende Energienachfrage zu decken. In diesen Gefaflen wer-
den Plasmen aus Wasserstoff-Isotopen durch einen helikal verdrillten magnetischen Kafig
eingeschlossen und auf Temperaturen von mehr als 150 Millionen Grad aufgeheizt. Die
Rotation des Plasmas hat einen sehr starken Einfluss auf die Stabilitdat verschiedener
Moden des Plasmas und die Auspriagung der Turbulenz, die den Transport von Warme,
Teilchen und Impuls maflgeblich bestimmt. Die toroidale Rotation ist in Tokamaks ein
freier Parameter, der typischerweise durch den externen Impulsiibertrag von neutralen
Atomen, die zur Heizung des Plasmas verwendet werden, bestimmt wird. Im Gegen-
satz dazu, wird die poloidale Rotation durch die Bewegung der Teilchen von Regionen
mit groffer magnetischer Feldstédrke in Bereiche mit geringem magnetischen Feld (und
umgekehrt) stark geddmpft und die neoklassische Theorie sagt Werte kleiner als 2 km/s
voraus. Obwohl die poloidale Rotation das Thema einer Vielzahl von wissenschaftlichen
Arbeit ist, bleibt ihr Ursprung unbekannt: Untersuchungen an dem Tokamak
zeigen zum Beispiel, dass es einen signifikanten Unterschied zwischen der gemessenen
und theoretischen vorhergesagten poloidalen Rotation bei kleinen Kollisionalitaten gibt.
Bei hoheren Kollisionalititen wurde eine gute Ubereinstimmung mit der neoklassischen
Theorie an den Tokamaks [DITI-D] und gefunden, die qualitativ mit Messungen an
den Experimenten [Alcator C-Mod| und [AUG] am Plasmarand iibereinstimmt.

Um die poloidale Rotation im Zentrum von experimentell zu messen, wurden
die Systeme der Ladungsaustauschspektroskopie (CXRS), um ein weiteres toroidales Sys-
tem mit insgesamt 70 Sichtlinien vom Plasmarand an der Niederfeld- zur Hochfeldseite,
erweitert. Durch den bekannten Zusammenhang, dass jede Plasmastromung durch eine
Komponente parallel zum magnetischen Feld und einer Starrkorperrotation ausgedriickt
werden kann, ermoglicht die simultane Messung der toroidalen Plasmastromung an zwei
Punkten der gleichen magnetischen Flussflache die Bestimmung der beiden Komponen-
ten und damit eine indirekte Messung der poloidalen Rotation. Eine Sensitivitatsstudie
zeigt, dass die polodiale Rotation im Plasmazentrum mit dieser Methode mit Fehlern
kleiner als 1km/s gemessen werden kann.

Die poloidale Rotation bei zeigt in der Mitte des Plasmaradius mehr in die dia-
magnetische Bewegungsrichtung der Ionen als von der neoklassichen Theorie vorherge-
sagt flir L- und H-Mode Plasmen. Am Plasmarand zeigt die poloidale Rotation in die
diamagnetische Driftrichtung der Elektronen und stimmt mit der neoklassischen Vorher-
sage gut iiberein. Die Beobachtungen am Plasmarand bestatigen vorherige Messungen
bei [AUGl Um Parameterabhéngigkeiten der poloidalen Rotation zu analysieren wurde
eine Datenbank fiir die poloidale Rotation. In den Daten der H-Mode Plasmen wurde ein
Anstieg des Unterschiedes zwischen der Messung und der Theorie hinzu kleinen Kolli-
sionalitaten beobachtet. Diese kleinen Kollisionalitdten stimmen mit den grofiten Werten
des normierten Larmorradius iiberein, so dass die Beobachtungen ein Gleichgewicht zwis-
chen der neoklassischen Dampfung der poloidalen Rotation und dem turbulenten Antrieb
nahelegen. Mit dieser Interpretation wiirde der Antrieb fiir die poloidale Rotation bei
kleinen Kollisionalitaten die Turbulenz sein. Bei grofleren Kollisionalitaten bestimmt die
neoklassische Dampfung die Rotation und eine gute Ubereinstimmung wird beobachtet.
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Die indirekte Messung der poloidalen Rotation ist auflerdem die fehlende Komponen-
ten, um die ExB Geschwindigkeit ([, 5) im Plasmazentrum zu messen. Ein Vergleich
mit der senkrechten Geschwindigkeit (u.|) von turbulenten Fluktuationen ermoglicht
Informationen iiber die Phasengeschwindigkeit . ) der Turbulenz zu erhalten. Dieser
Ansatz wurde verwendet, um weitere Informationen tiber die Physik hinter dem Ubergang
von dem linearen Ohmschen Energieeinschluss (LOC) Bereich zum geséttigten Ohmschen
Energieeinschluss (SOC) Bereich zu erhalten. Die nicht neoklassischen Rotationen in der
Mitte des Plasmaradiuses fithren zu einer guten Ubereinstimmung von und , die
zeigt, dass klein ist und mit Vorhersagen von gyrokinetischen Codes iibereinstimmt.
Die Messungen zeigen auflerdem, dass die Veranderung von in die diamagnetische
Bewegungsrichtung der Ionen erst nach dem Ubergang von LOC nach SOC passiert.
Diese Verdnderung stimmt qualitativ mit einem Ubergang in der dominanten Turbulenz
von der gefangenen Elektronenmode zu der Ionen Temperaturgradienten Mode tiberein.
Die Erweiterung der CXRS Systeme im Plasmazentrum ermoglicht zudem einen tief-
eren Einblick in die intrinsische Rotation von Ohmschen L-Mode Plasmen. Diese Arbeit
zeigt, dass die Umkehrung der toroidalen Rotation im Zentrum deutlich nach dem LOC-
SOC Ubergang passiert und von der Erreichung des Hohepunkts des Gradienten in der
Elektronendichte begleitet wird.
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Chapter 1

Introduction

1.1 Thermonuclear Fusion

Our quality of life is based on the continuous availability and consumption of energy.
The primary energy consumption increased by 120 % between 1973 and 2013 [1] and is
expected to increase even further by 2030 [2] due to the increasing energy demand in the
so-called developing countries. So far, the energy production is and was based mainly on
the burning of fossil fuels such that the growth in energy demand is coupled to a massive
rise in COy emissions [2, |3]. The eventual shortage of these resources and the steadily
increasing amount of greenhouse gases in the atmosphere [4] confront our society with
new challenges in order to meet our energy demand. Therefore, new energy sources are
necessary that are efficient, environmentally friendly, and economically viable.

A possible solution for the energy production problem is nuclear energy, since these
processes do not generate CO, emissions and the typical energy release is six to seven
orders of magnitude larger than in chemical reactions such as the burning of oil and
coal. The basic principle of nuclear energy production is hidden in the dependency
of the binding energy per nucleon (A E/A)|on the jatomic mass number (A)| shown in
figure . is the energy that would be required to disassemble the nucleus of
an atom into [neutrons and [protons divided by [A] and in case that the resulting atom has
a larger than the initial atom energy is released. Therefore, there are two energy
production regions in figure[I.Th: fusion energy is produced by combining two light nuclei
into a heavier one and fission energy production is feasible by splitting heavier nuclei
into lighter ones. The border between these two regions is marked by %2Ni.

Fission technology has been under development since 1954 [7] and produces currently
4.8% of the primary energy world-wide [1]. Recent accidents (1986: Chernobyl, 2011:
Fukushima) and the problem of storing the long-lived radioactive waste are, however,
leading to a controversial discussion about the usage of fission and an eventual reduction
in the usage of fission as an energy source. The advantage of fusion over fission is that no
radioactive isotopes are produced in fusion reactions and that the fusion process can be
stopped almost immediately since it is no chain reaction; making fusion an interesting
candidate to help solving the energy production problem.

1
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Figure 1.1: (a): The |binding energy per nucleon||A E/A| as a function of the

has been calculated from the measured mass defect given in [5]. The
element with the highest A E/A is ©2Ni. (b): Dependency of fusion rate coefficients on

temperature (parameters taken from [6]).

The knowledge about fusion is actually older than the discovery of fission: The first
evidence of a fusion reaction was found by Ernest Rutherford in 1919 [§] and Arthur
Eddington proposed in 1920 fusion as the energy source of the stars [9]. The dominant
energy production process in stars for temperaturesﬂ less than 1keV is the proton-proton
chain (see equations —): four protons fuse to make *He and release in total
26.7 MeVE| of energy. This energy is released as gamma rays and kinetic energy of the
fusion products.

H+H— D+vrv.+e"+042MeV, (1.1)
H+D—  3He+~+5.49MeV,
*He + *He —  “*He+ 2p + 12.9MeV.

The first step in the proton-proton chain, equation , involves the weak nuclear
force and has, therefore, a very small rate coefficient ((¢v) =~ 107**m3s~!) [10]. For
a ion, it takes on average roughly 10° years for one of these reactions to
occur. Therefore, different fusion reactions are considered for a future fusion power plant
on earth involving |[deuterium (D)), [tritium (T)| and fhelium (He);

D+D — “He+n+ 3.27MeV, (1.4)
D +%He - “‘He+p+ 18.4 MeV,
D+ T — “‘He+n+ 17.6 MeV.

!Throughout this thesis energies and temperatures are expressed in eV: 1eV is equal to 11.605 K.
2The energy difference between 26.7 MeV and the summed energy yield of the equations (1.1)), (1.2,
and |D results from the annihilation of electrons and positrons: e~ + et — 2y 4+ 1.02 MeV.
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Figure [1.1p shows the rate coefficients for the different fusion reactions relevant for
fusion on earth. The reaction is the most promising one since it has the highest
reaction rate and a broad maximum at around 50keV. accounts for roughly
0.0156 % of all naturally occurring [hydrogen|, and [tritium| can be bred with the neutrons
from the fusion process by using|lithium (Li); 6Li+n — ‘He+T+4.8 MeV. The naturally
occurring deposits of these fuels are sufficient to meet the world energy demand for more
than 1,000,000 years [11].

At the temperatures relevant for fusion, i.e. larger than 10keV (more than 100 million
degree Kelvin), the matter is in a state called plasma; the electrons are separated from the
nuclei and both species can move independently from each other. The charge densities
from ions and electrons are, however, equal such that the plasma is quasi neutral.

In present day experiments the total fusion power produced is less than the total
energy losses of the plasma. The point at which the losses from the plasma can be
covered by the heating from the a-particles resulting from the fusion process, is called
ignition. By solving a global energy balance of the plasma, it can be expressed in terms
of plasma parameters (Lawson criterion), i.e. by the fusion triple product of
ldensity (n)), [plasma temperature ([77)| and |energy confinement time (7)) [12]:

12 77

nT g >
DT,ignition FEius (Osus v)

~ 310" keVs/m?, (1.7)

where (o v) is the fusion rate coefficient shown in figure , is defined as the ratio
between the energy stored inside the plasma and the net input power, and Epxspr =
3.5 MeV is the kinetic energy of the fusion produced helium nuclei (a-particles).

The Lawson criterion states that fusion triple product has to be larger than a certain
value in order to achieve ignition. The fusion process has an optimum temperature for
a maximum in the fusion power such that there are two separate approaches to meet
this condition and realize fusion: magnetic confinement (trying to achieve a high [energy
lconfinement time)) and inertial confinement (trying to achieve high |plasma densities|).
The following discussion and this thesis in general will focus on magnetic confinement
and further information on inertial confinement can be found, for example, in [13].

1.2 Magnetic confinement: the tokamak concept

There are no materials which can withstand the high temperatures needed for fusion
without melting. Magnetic confinement overcomes this by keeping the charged particles
away from the walls by the Lorentz force. In the early days, one tried to confine plasmas
in a linear magnetic mirror configuration. It turned out that the losses at the end
points are too high and the triple product is roughly a factor of 300 too small [14].
An alternative idea was to bend the magnetic field lines together into a torus. This is
done by arranging toroidal field coils in a circle (see figure [1.2b) resulting in a is purely
toroidal magnetic field. The coils on the inner side of the circle are closer together than
on the outer side resulting in a radial gradient of the magnetic field. The resulting
movement of the particles around the magnetic field lines is, therefore, not helical but
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Figure 1.2: Comparison of two fusion concepts: (a) a schematic drawing of the stellarator
Wendelstein 7-X (taken from ) and (b) the tokamak concept (taken from )

has an additional up/down drift motion directed in opposite directions for electrons and
ions. This charge separation leads to an electrical field and finally to a force that pushes
the plasma radially outward to the wall. Therefore, the plasma is unstable in a purely
toroidal magnetic field and an additional magnetic field perpendicular to the toroidal
direction, called poloidal direction, is needed to average out the charge separation. The
combination of the toroidal magnetic field (By or By,,) and poloidal magnetic field (By
or Bpo) leads to helical magnetic field lines as illustrated in figures .

There are two concepts in order to realize the helical magnetic field: the (see
figure [1.2b) and the stellarator (see figure [I.2h). The stellarator concept was proposed
in 1951 by Lyman Spitzer Jr. [17] and generates the helical magnetic field directly
through the design of the coils (see figure showing a sketch of the magnetic coils
from Wendelstein 7-X). The other concept, the tokamak (see figure ), was invented
in the 1950s by the two Soviet physicists Igor Tamm and Andrei Sakharov |18] who were
inspired by the original idea of Oleg Lavrent’ev . The tokamak creates the poloidal
magnetic field through the induction of a current in the plasma.

Comparing the two designs, it can be seen that the stellarator is more difficult to
realize since the shape and position of the coils has to be computed numerically and the
complexity and required accuracy pose extreme engineering challenges. The stellarator
is, therefore, still one order of magnitude behind the tokamak in terms of performance
(see figure . It features, however, the advantage that it can be operated continuously
since there is no transformer necessary. As this work was done at a tokamak the following
discussion will focus on this magnetic configuration.

The efficiency of a fusion device can be expressed as the ratio of the power produced
by fusion reactions and the externally applied heating power defined as the fusion power
gain (). Breakeven is achieved when the fusion power is equal to the auxiliary power,
i.e. @ = 1. The highest fusion gain obtained so far was achieved in a[D}fI] plasma in the
tokamak, located in Culham, England, with @ = 0.62 [21]. Figure shows the
fusion triple product of different experiments as a function of the achieved temperature.
It can be see that there is no experiment so far that exceeds the necessary value from
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Figure 1.3: The fusion triple product achieved by various fusion experiments is shown
against the plasma temperature. Above a certain threshold (Lawson criterion, see equa-
tion the generated fusion energy overcomes the losses and the fusion experiment
could be operated as a power plant (adapted from )

equation ([1.7). The next generation fusion device is foreseen to operate above the
critical value with () > 10 .

The profiles of plasma parameters can be described in different coordinate systems.
Due to the shape of a tokamak, the most simple one is a toroidal coordinate system (R,
¢, z), with the major radius R, the toroidal angle ¢ (as defined in figure , and the
vertical position z. This can be converted into a Cartesian-cylindrical system (p, 6, ¢)
with the normalized radius p and the poloidal angle 6 (see figure . One example
for a definition of p is p = r/a with r being the distance from the plasma center and
a the minor radius of the plasma. The most commonly used definition of p is given by
the equations from magneto-hydrodynamics (MHD)| In the ideal equilibrium, the
single fluid force balance reduces to

jx B=Vp, (1.8)

where j is the plasma current density, B the total magnetic field and ﬁp the pressure
gradient. This equation defines flux surfaces on which the pressure is constant (see
figure and, thus, p can be defined using the poloidal magnetic flux W at a cer-
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Figure 1.4: Magnetic geometry and coordinate system definitions in a tokamak configu-
ration.

tain position and the magnetic flux at the separatrixﬂ (Wseparatrix) and at the magnetic

axis (Wayis):
v — ‘Ijaxis
P \/\Ijseparatrix — Waxis S

pol

A similar coordinate py,, can be calculated by using the toroidal instead of the poloidal
flux. This definition is more common for the plasma core, while p,o is more typical for
the edge. Throughout this thesis, ppo1 and pyor are used when showing plasma profiles.
Additionally, movements of the plasma can be described relatively to the magnetic field,
i.e. parallel and perpendicular to it.

From figure it can be seen that B, has a 1/R dependence which results from
the magnetic coil geometry. This dependency leads two two different areas on each flux
surface: the |high-field side (HFS)| on the inboard side with larger magnetic fields and
the [low-field side (LFS)|on the outboard-side with smaller magnetic fields.

1.3 Scope of this thesis

The plasma particles in a magnetic field are confined perpendicular to the field and free to
flow parallel to the magnetic field. As a result, finite velocities develop and the plasma
spins. In tokamaks, the toroidal rotation (ju.))|is essentially a free parameter that is
usually dominated by the external momentum input from the neutral beam injection|
heating. Figure shows exemplarily that an increase in the heating leads
to an increase of in the plasma core. The [poloidal rotation (upef)l on the other hand,
is strongly damped due to the motion of the particles from the [LEF'S|to the and the
associated magnetic pumping effect (see as well section . Therefore, the

3The last closed flux surface in a divertor configuration is called separatrix.
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Figure 1.5: Time traces of a plasma discharge showing the impact of heating on

(a) heating power (red) and [plasma current| (black), (b) central (H-1, red)
and edge (H-5, blue) electron density (c) toroidal plasma rotation for three time points

with different amounts of heating.

predictions for in the plasma core (see sections and [3.4) are on the order of a
few km/s.

Nevertheless, is important for many aspects of magnetically confined plasmas as
it affects the stability of different kinds of modes and induces transitions in
the equilibrium [26]. More generally, is connected to the [radial electric field]
which is a critical parameter for understanding the physics of micro-instabilities and
turbulent transport in plasmas . The determination of |F,| through measurements of
on the [LEFS and [HFS| of the plasma is a key point of this thesis. Since the divergence
of the plasma flow has to vanish on each flux surface, the poloidal and toroidal flows
are closely connected. Therefore, it is possible to extract from measurements on the
inboard and outboard sides.

In present day fusion devices, the rotation of the plasma is determined through spec-
troscopic diagnostics measuring the Doppler shift of known atomic emission lines.
lexchange recombination spectroscopy (CXRS)| exploits the line radiation from a charge
exchange reaction between fully or partially stripped impurity ions and injected neutrals
(more information will be given in chapter [4). With this technique, velocities as low as
5km/s can be measured quite accurately. This is generally sufficient for core toroidal
rotation measurements where velocities of 50 to 200 km/s are regularly observed. For
measuring core poloidal velocities, however, which are expected to be only a few km/s,
this accuracy is insufficient. Additionally, the atomic physics gets more complicated
when measuring in the gyro-orbit plane (poloidal direction) such that corrections to
are necessary that can be of the same order as the measurement [28], making the direct
measurement of in the plasma core challenging.
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These facts could be the reason that the reported direct measurements of show a
rather complicated picture for the plasma core. In general a good agreement to theoret-
ical predictions is found at smaller devices with lower magnetic fields and temperature
and under “normal” plasma operations as, for example, at MAST [29], NSTX [30] and
TEXT [31, 32]. In special plasma scenarios, a significant difference between the mea-
sured [upo values and theory was found as reported in anfinternal transport barrier (ITB)]
at [33, 134], in QH-modes and H-mode plasmas at [DIII-D| [35]. At TFTR, a plasma
with a reversal of the poloidal flow was found [36]. Recent studies at show that
is significantly higher at low collisionalities in the plasma core than expected from
theory [37], which could have a significant impact on the plasma confinement if present
in [TER] since will operate at even lower collisionalities.

In the 1980s, a novel technique was proposed at the [PDX] tokamak for the measure-
ment of @ in the plasma core [38] and has recently been established as well at
[39], [TCV] [40], and as subject of this thesis on [ASDEX] Upgrade (AUG)| The evaluation
of the inboard-outboard asymmetry of is a possibility to measure the full plasma
flow and, thus, to deduce indirectly in the plasma core accurately with errors in the
order of £1km/s |40, [41]. The advantage of this technique is that the indirect measure-
ment is not affected by aforementioned atomic physic’s effects such that the uncertainty
in the measurement is smaller and enables the accurate reconstruction of small
velocities. The results from [TCV] show a very good agreement between the
theoretical predictions and the experimental values [40].

For this thesis, a new core system has been installed at [42] (see chap-
ter |4f). This system has in total 70 dedicated [lines-of-sight (LOSs)|for the measurement
of the plasma rotation from the separatrix on the to the separatrix on the
and, thus, enabling the measurement of in the plasma core (see section . One
particular topic of interest of this thesis is the change of in Ohmically heated plasma
discharge featuring a transition in the confinement regime from [linear Ohmic confine-|
ment (LOC)|to [saturated Ohmic confinement (SOC)| By increasing the plasma density,
increases first linearly with the plasma density and saturates eventu-
ally above a certain critical density. Additionally, this thesis aims at characterizing the
nature of the core poloidal flow at [AUG] for the operating space available.

This thesis is structured as follows: Chapter [2introduces the [ASDEX]| Upgrade] toka-
mak and important diagnostics which are used throughout this thesis. Chapter [3] gives
an introduction into the theory behind the plasma flow, the general particle motion, and
the equation for the indirect measurement of the poloidal rotation. Subsequently, the
measurement technique of the plasma rotation, i.e. [CXRS| is introduced in chapter [4
Chapter [5| presents some initial tests on the indirect measurement technique and vali-
dates the measurement technique. In order to characterize the nature of the core poloidal
flow, a database approach is presented in chapter |§| and the measured values are
compared to theoretical predictions in a variety of discharges. Chapter [7] presents a
novel technique to address the physics behind a change in the energy confinement time
of the two Ohmic regimes observed in tokamaks and the last chapter concludes with a
summary of the most important findings and an outlook for future work in chapter [§




Chapter 2

The ASDEX Upgrade tokamak

This chapter gives an overview of the fusion experiment [ASDEX]| Upgrade| at which the
experiments of this thesis have been carried out. It starts with a short general description
of the machine and details of the heating systems, which is followed by an introduction
to the relevant diagnostics for this thesis.

2.1 Overview of ASDEX Upgrade

The largest tokamak in Germany, [ASDEX| Upgrade] is situated in Garching bei Miinchen
and is operated by the Max-Planck-Institut fiir Plasmaphysik. It is designed to study
the physics needed for the next generation of fusion experiments. Due to similarities in
magnetic configuration, divertor geometry, and plasma facing components, it is partic-
ularly well suited for studying the physics needed to successfully operate [TER] which
is a joint effort of 35 countries world-wide and currently built in Cadarache (France).
Its major radius is roughly 4 times the size of [AUG With a maximum electron den-
sity of 4.5 - 102 m™3, a maximum core temperature of 10keV, and a typical confinement
time of 100 ms, [AUG]is one order of magnitude below the Lawson criterion for ignition:
nT me|ave ~ 4.5- 102 m™3skeV = 0.15n T 7g|ignition. Thus, a burning plasma cannot
be achieved in[AUG] discharges and it is typically operated with pure deuterium plasmas
in order to minimize the neutron flux to the walls. Further parameters of the device are
summarized in table 2.1

Figure[2.T|shows a schematic illustration of the[AUG]tokamak. Theltoroidal magnetid
is created by 16 |toroidal field (TF)|coils and the [poloidal magnetic field|is generated
by the plasma current which is mainly driven by a central transformer coil. The shaping
coils and fast control coils are used for the vertical stabilization of the plasma and to
add some more flexibility in the shaping of the magnetic flux surfaces.

went into operation in 1992 and is the successor of the Axially Symmetric
Divertor Experiment . The name of the device refers to the divertor concept
which is a special magnetic field topology (see figure ) that allows efficient power
and particle exhaust. The key of this concept is that the outermost magnetic field lines
end on special tiles that tolerate large heat loads and have a high sputtering threshold.
Particles expelled from the plasma do not impact the neighboring walls, but are guided

9
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Figure 2.1: An overview of the ASDEX| Upgrade| tokamak. The vacuum vessel is shown
in blue, the 16 toroidal field coils are shown in light orange and the coils determining
the plasma shape and generating the plasma current are shown in purple. This figure is

taken from )

to the divertor tiles where their energy is reduced by collisions with a cushion with a
high neutral gas density. This concept leads, therefore, to a lower influx of sputtered wall
materials into the plasma and, hence, to plasmas with higher main ion concentrations.
The divertor concept was successfully tested at [ASDEX]and is as well foreseen for

2.2 Heating sources

In order to reach the temperatures relevant for fusion, i.e. 15keV, it is necessary to
externally heat the plasma until the a~heating can set in. An inherent heating mechanism
in tokamaks is Ohmic heating. The toroidal current, which is necessary for the
magnetic field (B, heats the plasma through the resistance of the plasma. At low

major plasma radius Ry 1.65m
minor plasma radius a 0.5m
torodial magnetic field |By| 1to3T
plasma current |I,| 0.4 to 1.2 MA
heating power up to 33 MW
plasma volume 14m?3
plasma mass 3mg
plasma fuel D, H, He

Table 2.1: Main machine parameters of |ASDEX| Upgrade|
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Figure 2.2: (a) View into the AUG vacuum vessel showing the magnetic flux surfaces.
(b) Overview of the different heating sources installed at ASDEX Upgrade. These figures
are taken from [43].

temperatures, this heating is very efficient, but the resistance of the plasma varies with
the temperature as 7—3/2 such that additional heating sources are necessary. The
most common ones in present day fusion experiments are meutral beam injection| and
wave heating which will be described briefly in the next sections.

2.2.1 Neutral beam injection heating

The neutral beam injection| (NBI) heating method injects fast neutral particles into the
plasma which get trapped in the magnetic field after their ionization and transfer their
energy to the plasma by collisions. These particles are generated in the following way:
ions are extracted from an ion source and accelerated through an electric field to the
desired energy. These ions are, subsequently, neutralized by passing through a cell with
higher gas pressure and the remaining ions are filtered out by a perpendicular magnetic
field before entering the plasma. At[AUG] a deuterium ion source is typically used which
produces in addition to DT, the molecules D and Dj. These molecules are accelerated
by the electric field such that fast deuterium atoms are injected into the plasma that
have full, half, and one third of the acceleration energy. The fraction of the different
injection energies is called species miz and can be defined in terms of particle numbers
(current) or with respect to the power.

As depicted in figure 2.2p, the system consists of two injectors/boxes
located in sectors 15 (box 1) and 7 (box 2) with 4 sources each. Each source typically
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injects deuterium atoms with a total power of 2.5 MW. Figure shows that the
sources located in sector 7 are named 5-8 and have a full injection energy of 93keV.
The sources in sector 15 are numbered 1-4 and have a maximum injection energy of
60keV. The power species mix of the [NBI| sources 1-4 is typically 0.65 : 0.25 : 0.10
and for the sources 5-8, 0.62 : 0.29 : 0.09 [45]. Knowing this ratio is important for the
accurate determination of the impurity density profile from measurements (see
section . The NBI source 8 is of particular interest to this thesis since new
spectrometers have been built utilizing this beam source to the complete core plasma

flow at [AUG!

2.2.2 Electron and ion cyclotron resonance heating

If electrons or ions have a velocity perpendicular to B then they move in helical trajec-
tories along B. The frequency of the circular motion is given by w, = |¢| B/m (cyclotron
frequency). Effective wave heating, i.e. absorption of an injected frequency, is possible if
the electromagnetic wave is injected with the frequency w. or some harmonics of it. This
process is called [electron cycloctron resonance heating (ECRH)|if it heats the electrons
and fion cycloctron resonance heating (ICRH)| for the ions. Due to the 1/R dependence
of the [foroidal magnetic field| w. depends as well on [R] and, hence, this method provides
a localized heating of the electrons or ions.

The locations of the[ECRH| and [CRH| antennas in are illustrated in figure 2.2p.
The [ECRH]system at [AUG]| can be operated at either 105 or 140 GHz, which corresponds
to the second harmonic cyclotron frequency of electrons at magnetic fields of 1.8 and
2.5T, respectively. This heating mechanism provides at AUG a power of up to 4 MW
[45] and is beneficial to prevent the accumulation of heavy impurities (such as tungsten)
in the plasma core, which leads to a loss of confinement due to the strong radiation losses
and could eventually cause to a disruption of the plasma.

At [AUG] the [CRH| waves are typically injected with a frequency of 30 or 36 MHz
and heat the hydrogen minority present in deuterium plasmas [44]. At[AUG] this system
consists of four generators with a frequency range of 30 to 120 MHz and an output power
of 2MW each. The radio frequency waves are coupled to the plasma via four antennas
which are located behind shielding strips (see figure 2.1h) in the wall of the tokamak.

2.3 Plasma diagnostics at AUG

In order to get accurate predictions from theory, it is necessary to measure the ion
temperature and electron density and their gradients accurately. At [AUG] there are
various diagnostics measuring these kinetic profiles. The most relevant ones for this
thesis are introduced in this section.

2.3.1 Electron cyclotron emission

The reconstruction of the [Ty profile is based on a radiometer measuring the
lcyclotron emission (ECE)| at the cyclotron frequency w. during the the gyro-motion of
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Figure 2.3: Overview of the measurement positions of the individual diagnostics in the
poloidal plane (a) and a comparison of the |electron density ()| (b) and
perature (7)) (c) profiles from the integrated data analysis (IDA) and the measurements
from individual diagnostics. The [DCN] interferometry measurements are not shown in
(b) since they are line-integrated.

electrons around the magnetic field lines. In the ideal case, the plasma emits radiation as
a black body so that the intensity of the emitted electromagnetic radiation is proportional
to the plasma temperature. At low temperatures (Rayleigh Jeans approximation: hAw <
kg T'), the intensity I of the radiation is given by Planck’s radiation formula:

wf l{fBT

[(w) = =B~
W) =< 52

(2.1)

where kg is the Boltzmann constant and ¢ the speed of light. The information on the

plasma position is given by the 1/R dependence of B. The o profile can, therefore, be

derived from:

873 c? I(we(R))
]i]B w? (R)

T(R) = (2.2)

At [AUG] the intensity is measured with a multichannel heterodyne radiometer in the
frequency range from 89 to 187 GHz. It measures the second harmonic cyclotron radia-
tion at 60 different frequencies (positions) as shown in figure [46]. More information
on the diagnostic is given in [47, 48].
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2.3.2 Lithium beam emission spectroscopy

The [Li-beam (LIB)|emission spectroscopy observes the spectral radiance of the [Lil I(2s —
2p) transition resulting from injected atoms with an energy of 30 to 80keV. The
neutral [Lilatoms collide with the plasma particles leading to excitation and de-excitation
of the atoms as well as ionization through collisions and charge exchange processes. These
processes depend on [ng and, therefore, [ng can be reconstructed using a system of coupled
linear equations [49:

dd]lvi = [ne(D) a (Te(2)) + byl Ni(2), (2.3)

J

Ni(l = 0) =6, (2.4)

where [ is the coordinate along the lithium beam (I = 0 is the entrance of the beam
to the plasma), IV; is the occupation density of the i-the energy level, aj; is the rate
coefficient for the transition ¢ — j and by; is the Einstein coefficient for the spontaneous
de-excitation. At[AUG] the temporal resolution of the diagnostic is 200 kHz [50]; a more
detailed description can be found in [51} 52).

2.3.3 Laser interferometry

If an electromagnetic wave with the wavelength )y passes through the plasma, it ex-
periences a phase shift by an angle ¢ depending on the local electron density profile

ne(l):
2
b= 20 /n dl, (2.5)

47 €y me C2

where [ is the coordinate along the wave path, ¢y the vacuum permittivity and e the
elementary charge . Laser interferometry provides, therefore, a line-integrated measure-
ment of [ng and, given a sufficient large number of lines-of-sight], it is possible to deduce
the full [ng profile. However, access restrictions often give a limit of 5-10 [LOSs

The [deuterium cyanide laser (DCN)| system used at is equipped consists of a
laser at a wavelength of 195 um; figure shows the [LOS| geometry in a poloidal view.
At the inner wall, the injected electromagnetic waves are reflected with a mirror and
the phase shift is measured with a Mach-Zehnder interferometer. A phase shift of 27
corresponds to a line-integrated density of 5.3 x 10'® electrons/m? [53].

2.3.4 Thomson scattering

Thomson scattering (TS)|is a common diagnostic technique that provides localized, si-
multaneous measurements of [ng and [T} This diagnostic is based on the measurement
of incoherent scattering of laser light on the plasma electrons [5456]. The electromag-
netic wave accelerates charged particles, which then emit radiation in all directions and,
thereby, scatter the incoming wave. In the case of a plasma, it is sufficient to consider
the scattering off electrons only (m, < m;). The Doppler width of the scattered wave
provides information on [Ty] and the intensity on [n]
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Figure 2.4: Principle of the Doppler reflectometry in slab (a) and real geometry (b).
Figure (a) is adapted from and (b) is adapted from

is equipped with two vertical systems, one for the plasma core and one for
the edge; see figure [57]. The systems consist of six (core) and four (edge) lasers
and the scattered waves are collected with, in total, 26 polychromators. The scattering
volumes are around 25 mm? in the core and 3mm? at the plasma edge. The system
provides no| and [I;| profiles with a temporal resolution of 8 and 3 ms, respectively.

2.3.5 Integrated data analysis of lelectron density| and temper-
ature profiles

At[AUG] the measurements of several diagnostics measuring [ng and [Tg] are combined in
the integrated data analysis (IDA)| framework, which treats the error bars of the indi-
vidual diagnostics using Bayesian probability theory. Thereby, systematic errors of the
different diagnostics can be detected faster and the combined fit to all experimental mea-
surements results in self-consistent profiles. In its standard setup, [DA] uses [ECE] for the
evaluation of the [T profile and a combined analysis of [LIB| emission spectroscopy,
interferometry, and [TS] for the determination of [n Figure shows the measurement
positions of the different diagnostics in the poloidal plane and figures [2.3p and ¢ compare
the measurements from the individual diagnostics to the result from the [DA] analysis.

2.3.6 Reflectometry

For this thesis, two reflectometry systems are of special interest: the [Doppler reflectom-|
system and the [poloidal correlation reflectometry (PCR)l They both provide
measurements of the [perpendicular plasma flow velocity]
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[Doppler reflectometry|

Figure [2.4h illustrates the principle of [Doppler reflectometryl A microwave beam is
launched into the plasma under a finite tilt angle 6 with respect to the normal of the
flux surface and is eventually reflected at a cutoff surface (order m = 0, see figure [2.4p)
depending on the magnetic field and the density of the plasma. In the presence of density
fluctuations, the cutoff surface is corrugated, and the injected wave gets scattered at the
cutoff layer (orders m # 0). The scattering surface can be described as a reflection
grating with a small sinusoidal corrugation characterized by a wavenumber &, [60]. If
the order —1 is observed then the emitting antenna can be operated as receiving antenna
and the backscattered wave satisfies the Bragg condition

ki = 2kysind, (2.6)

where kg is the wave vector of the microwave. With curved cutoff-layers (i.e. in real
geometry, figure ), a ray or beam tracing code has to be used to calculate the radial
position of the back-scattering volume and the probed turbulence wavenumber. At[AUG]
the ray tracing code TORBEAM is typically used [61].

In case the fluctuations move relative to the diagnostics antenna, the backscattered
signal is Doppler shifted with a frequency:

wD:U-E:uLkL+qu”+urkr, (27)

where # is the mean velocity of the density fluctuations. The Doppler shift can be seen
in the typical spectrum shown in figure 2.4b. The intensity is proportional to the
amplitude of the turbulence fluctuations at the probed wavenumber.

The @ systems are optimized such that they are only sensitive to k; and not to kj
by aligning them perpendicular to the magnetic field. Additionally, it has been shown
that k. /k| is close to 200 in the stellarator experiment TJ-K [62], about 100 to 200 in
TEXT [63, [64] and roughly 30 in TFTR [65] for magnetically confined plasmas. The
radial component of equation (2.7) can be neglected, since u, is very small and the @
system is optimized to select the k. ~ 0 component. This means, that both the radial
and the parallel component of the Doppler shift can be neglected in general: wp ~ u, k|
[59, 66]. The measured perpendicular velocity corresponds to the sum of the E x B drift

velocity and the turbulent phase velocity

u = Ug, g+ vph- (2.8)

A commonly used approximation is > wpn, so that the previous equation
reduces to u :@ and the radial electric field can be calculated from u,: E, = u, B.
It is, however, very difficult to confirm this approximation experimentally. At TJ-II,
this approximation was validated in [ECRH| and [NBI| heated L-mode plasmas through
comparative studies between and a heavy ion beam probe [67]. Comparisons with
Langmuir probes at [68] and with spectroscopic measurements at Wendelstein 7-AS
[60] support this approximation as well. Recent comparisons of ju, | measured at different
k, values done with [DR] at [AUG] suggest a [turbulent phase velocity] in the order of
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1.6km/s [58] while simulations yielded phase velocities smaller than 0.5km/s. Together
with very accurate measurements of iz, 5| from [CXRS| this approximation can be tested
and the magnitude of can be estimated. Chapter [7| presents some results obtained
for this thesis showing that is smaller than 1km/s and at a similar magnitude as
predicted from theory [69).

Poloidal Correlation Reflectometry

The [poloidal correlation reflectometry| diagnostic uses a multi-point time-delay estima-
tion approach to get information on the perpendicular velocity and the pitch angle of the
magnetic field lines [70]. The PCR diagnostic launches microwaves into the plasma where
they propagate until they reach a cutoff layer. The reflected wave is received by a cluster
of antennas (instead of one antenna), which is distributed toroidally and poloidally with
respect to the launching antenna. By cross-correlating the reflectometer signals from
different antennas, properties of the density fluctuations can be obtained such as the
correlation length, decorrelation time, and the fluctuation propagation velocity [71] as
well as the pitch angle of the magnetic field lines [72].

2.4 Deducing the magnetic equilibrium

In order to relate the locally measured profiles to the magnetic coordinate system (in-
troduced in section an accurate reconstruction of the magnetic equilibrium at all
positions in the plasma vessel is necessary. This section introduces briefly the techniques
applied for the magnetic equilibrium reconstruction.

2.4.1 Grad-Shafranov equation

Figure shows the magnetic topology of an [AUG] plasma in the poloidal plane. It
can be described by a set of nested flux surfaces of constant magnetic flux. The toroidal
component of the magnetic field is well known due to accurate measurements of the
currents in the coils. The poloidal component, however, is created by the plasma
current and has to be reconstructed from the current distribution in the plasma. Starting
from the equilibrium equation , the equilibrium for an axisymmetric system, such
as a tokamak, can be calculated from a differential equation for the poloidal flux
(Grad-Shafranov equation) |73, |74]:

d d .
N L L A (2.9)

dy dy
where —A* is the Grad-Shafranov operator, p the flux function describing the plasma
pressure, f the flux function describing the poloidal current and j, the toroidal current
density. This equation has two arbitrary functions (f, p) and the task of equilibrium
codes is to solve equation for these variables.
At AUG, there are several approaches to solve equation . CLISTE [75] 76| is
an iterative solver that uses information from 63 different magnetic pick-up coils (see
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blue arrows in figure ) measuring the local poloidal magnetic field at their relative
positions. Additionally, the information on the currents in different coils (toroidal field
coils, Ohmic transformer, shaping coils, passive stabilizing loop) are used routinely to
get the magnetic equilibrium. The results from CLISTE can be constrained further by
taking into account the thermal pressure profile and that of fast ions [77].

A novel technique couples the solver of the Grad-Shafranov equation to the results of
the current diffusion equation. The resulting equilibrium can be constrained further by
including information from diagnostics like the [motional Stark effect (MSE)| diagnostic
and polarimetry, which are sensitive to the current distribution in the plasma (a short
description is given in section . This method allows the evaluation of different
measurements in the framework of Bayesian probability theory and is called
idata analysis equilibrium (IDE)| [7§]. Equilibrium results from CLISTE with a 100 ms
time resolution (EQI) and 1ms time resolution (EQH) and the IDE reconstruction are
used in this work. General mapping is done with [EQH] as [DE] is only provided upon
request for special analysis.

2.4.2 Additional constraints on the plasma current profile

There are some diagnostics installed at[AUG]|that are sensitive to the current distribution
in the plasma. These will be outlined briefly since they are used inside the equilibrium
reconstruction with IDE code.

Motional Stark Effect diagnostic

An important effect on the spectrum of the injected neutrals from the sources is
the motional Stark effect| It is similar to the normal Stark effect splitting and shifting
the spectral lines of molecules and atoms in the presence of a magnetic field. The slight
difference is, however, that the electric field is not stationary present in the tokamak, but
caused by the movement of the beam neutrals in the magnetic field. In the rest frame of
the beam neutrals the electric field is given by: E=i,x B+ ED, where 1, corresponds
to the velocity of the beam neutrals and Ej to the background electric field.

This effect splits, therefore, the emission lines into parallely (7) and perpendicu-
larly (o) polarized light with respect to the electric field. The basic idea behind the
diagnostic is to measure the polarization of the o— and/or m—polarized light and,
thereby, to get information on the local magnetic field. The local magnetic field provides
then an additional constraint on the local current distribution since the toroidal field
component is well known. Further information on this measurement technique can be
found, for example, in |[79-81].

At [AUG there are two implementations of the [MSE] diagnostic: the conventional
MSE] [82, [83] provides up to 60 from the plasme edge to the core and the
motional Stark effect (iMSE)| [84] measures the effect in a continuous volume on a
charge coupled device (CCD)|-chip.
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Polarimetry diagnostic

The system introduced in section can be used as well to get more insight on
the plasma current distribution since light traveling through the plasma along a magnetic
field is affected by the so-called Faraday rotation [81]. The linearly polarized electromag-
netic wave from the laser can be considered as a superposition of two circularly polarized
lights. The left- and right- circularly polarized lights experience different refractive in-
dices such that the linear polarization changes its direction depending on the parallel
magnetic field along the observation direction and electron density. By knowing the local
electron density, information on the local magnetic field can be obtained [82, |85]. This
diagnostic technique is known as [polarimetry (POL)|







Chapter 3

Theoretical background on the
plasma flow

The previous chapter explained that a magnetic field is necessary to keep the hot plasma
away from the wall of the fusion device. This chapter will give a brief overview of the
theory of flows in a plasma. It starts with a general introduction to the fluid motion of the
plasma, which is followed by an overview of the radial plasma transport. Subsequently,
the theory behind the new approach to measure in the plasma core is presented in
section and, in general, the expectations for from theory are as well presented in
this chapter. It concludes with an overview over different confinement regimes observed
in tokamaks.

3.1 Fluid motion

Charged particles experience good confinement perpendicular to the magnetic field, i.e.
they gyrate around the magnetic field line with the cyclotron frequency w., and the
Larmor radius 7y, 4:

_9.|B  Vla MaUlg
c,a — ) La — - 9
Ma We,a 4o | B

(3.1)

where ¢, is the charge, m, the mass of a particle o, and B the absolute value of the
magnetic field. Parallel to the magnetic field line, there is no confinement and the
movement is unchanged. The gyro-motion of the particle is typically not of interest, but
rather the movement of the guiding center in the magnetic field. The guiding center
approximation is valid for magnetic fields that feature large spatial gradient lengths
V B/B and slow temporal changes in magnitude %—? /B with respect to the Larmor radius
and the cyclotron frequency, respectively [44].

In order to describe the movement of the plasma two pictures can be applied: the
particle picture and the fluid picture, which give similar solutions for the plasma move-
ment. For the fluid picture, the equations derived from hydrodynamics are extended
with the Maxwell equations which is then called jmagneto-hydrodynamics| The following

21
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introduction to the plasma dynamics focuses mostly on the fluid picture, where the single
trajectories of the particles are not of interest. Additional information on the treatment
of the plasma in terms of the particles can be found, for example, in [16] 44, [86].

3.1.1 Boltzmann equation

The kinetic theory of gases and plasmas describes their behavior in terms of statistical
parameters of the particles involved. In this description, the particles are characterized
by their positions 7" and velocities v’ in the six-dimensional phase space. The distribution
function f, (Z,¥,t) measures the probability density for a species v in a phase space
volume. The kinetic and collisional evolution of a plasma is described by the Boltzmann
equation:

af « Ga - >3 af a

—+Ua-va+—(E+q7axB)-vM: Ya . 3.2
ot f Ma f ot collisions ( )
Multiplying this equation with the mass of the particle m, and taking the first and
second order velocity moments yield the mass and momentum conservation equations

for the species a [87]:

d
e V- iy =0 (3.3)
dt
d/l,_[a — — — —
pmaﬁ = Pa <E + U X B)J_ vPa - vﬁnaﬁ + ,‘3 , - (34)
,H’,_/ ~ pressure force  viscosity friction
inertia Lorentz force
The total time derivative of these equations is defined as % = %—l—ﬁa-v. The mean veloc-
ity of the particles, also known as the fluid velocity, is defined as i, = (¥,) = nl Jv fad3v.

The density is given by n, = f fad3v, Pma = mn is the mass density and p, = ¢.n, is the
charge density. The quantity p, is the scalar pressure and Il,53 = pima <275275 — v/ 35a5>
is known as the viscous stress tensor [87]. The friction term R occurs in case that elec-
trons and ions flow with different velocities and can be written as B = NMeVei (Ue — Us),
where v,; is the electron-ion collision frequency [16]. Equation is as well known as
the continuity equation and equation as the equation of motion of the plasma.

3.1.2 Force balance equation

Considering a stationary plasma (i.e. % = 0), neglecting friction forces between different
species, and assuming an isotropic pressure, i.e. Il,5 = 0, the equation of motion of the

plasma reduces to:

VPa = pa (E+ T X E) . (3.5)

This equation is known as the force balance equation and states that to lowest order
the Lorentz force is balanced by the pressure force. The electric field parallel to the
magnetic field lines is, however, very small since accumulations of charges can be balanced
out easily. The radial component of the electric field is of special interest since it is
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governed by the perpendicular transport of electrons and ions. The radial component of
equation (3.5)) can be written as:

V.iPa

B =Py, B, (3.6)
Pa
V,Pa

= pp _upol,aBtor+utor,aBpol- (37)

Equation (3.7) is written in the coordinate system of the torus and can be used to
determine the [radial electric field| experimentally. Therefore, the flow and the kinetic
profiles of an impurity species o has to be measured experimentally (see chapter [4)).

3.1.3 Drifts perpendicular to the magnetic field

In order to derive flows perpendicular to the magnetic field, the cross-product of the
equation 1) and the magnetic field is taken. Additionally, an external force foy is
assumed acting on the plasmaﬂ:

0 =pa <E+ﬁax§) —Vp+ fox | % B, (3.8)
. Ex B Vp X B f;xt x B
o B2 pal3? paBB? (3.9)
— —_—
UExB ﬁdia,a Uext

Equation (3.9) shows that an electrical field, a pressure gradient and in general a force
perpendicular to the magnetic field lead to a flow of the plasma perpendicular to the
magnetic field. These components will be discussed briefly in the following.

E x B drift
The E x B drift results from the presence of an electric field and the corresponding force
F =g, FE. According to equation 1) the drift can be expressed as:
Ex B
UpyB = B2 . (3.10)

It is important to note that this drift is independent of the charge or mass of the particles
such that the electrons and ions drift in the same direction and with the same velocity
leading to macroscopic fluid flow without the generation of any electric current.

'In the derivation the following vector identity is used:
(ﬁxé) xB=-B% @ +(§ﬁ) .B=—i, B?
~—
:’17:” +1
=4 B*
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QB

Figure 3.1: Physical origin of the magnetization current. At the horizontal line, there
are more orbits from the high density side pointing to the right than orbits from the
low density side pointing to the left. The differential causes a magnetization current Jiia
horizontally to the left side. This figure has been adapted from [86].

Diamagnetic drift

The diamagnetic drift is not directly connected to the guiding center drifts. It arises
from a gradient in the pressure that is perpendicular to the magnetic field and causes
a fluid drift. Figure |3.1] illustrates the origin of the drift: Due to the gradient in the
density in a given volume (red box) there are more particles gyrating to the right at the
horizontal line resulting in a net drift. The electrons and ions drift in opposite directions
such that a current is generated, the so-called diamagnetic current fdm. The general
form of this drift is given by:
Vpa X B
paB?

The diamagnetic drift depends on the charge of the particles and is, therefore, oppositely
directed for electrons and ions.

(3.11)

Udia,q = —

General drift caused by an external force

In equation it was shown that any perpendicular external force will lead to a
perpendicular drift of the form: B B

— ext X B

Uext = fpaT (3.12)
The origin of this drift can be explained best when looking at the trajectory of a single
particle (see figure . In case there is no external force (case a), the particle gyrates
around the magnetic field line with a certain radial distance, i.e. the Lamor radius. With
an external force, the particle gets accelerated through ﬁxt as it moves from position
4 to 2 and slowed down between 2 and 4. This implies, effectively, that the average
velocity is higher in the upper part of the plot, i.e. between 1 and 3, than in the lower
part. A higher perpendicular velocity is associated with a larger Larmor radius (see
equation such that the gyro-motion has a larger radius in the upper part of the plot
as well. This results in an effective drift of the guiding center perpendicular to Jixt and
B as it is shown in figure .
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Figure 3.2: Schematic illustration of the effect of a force ]‘th, perpendicular to B on
the particle drift: ¢, is higher in the upper part of the plot leading to a larger rp.
The varying radius of the gyro-motion leads, subsequently, to an effective drift in the
fzxt. x B-direction (y-axis of the plot).

VB drift

Another drift which which applies to single particles and will be important for the fol-
lowing section is the drift due to the magnetic field gradient (see section , ie. it
has a 1/R-dependence such that there is a gradient in B along R. The gradient in the
magnetic field causes a force fyp = —0.5mui %2 [16] and thus a drift of the form:

mauiya VB x B

T = (3.13)

UVB,a = —

The VB drift is in opposite directions for electrons and ions.

There are additional drifts, like the polarization drift, the curvature drift, or the
gravitational drift. These drifts are, however, not relevant for this thesis and will not be
considered here. A treatment can be found for example in [44] [86].

3.2 Radial plasma transport

3.2.1 Classical transport by collisions

Charged particles gyrating around magnetic field lines can collide with particles from
other field lines leading to radial transport caused by Coulomb collisions (classical trans-
port). In the particle picture, the classical transport can be described by a random-walk
diffusion model with the diffusion coefficient given by

(Az)?
Dc assical — T4 A, 14
fassical = 7o At (3.14)

where A z is the typical step size and At the characteristic time scale of the random-walk
model. Particles are transported from the magnetic field lines by drifts (see section [3.1.3)
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Figure 3.3: Comparison of the classical and neoclassical diffusion coefficients for the
different plasma regimes. This figure is taken from [16].

and through collisions. Classical transport does, however, only treat collisions. The colli-
sions happen mostly under small angles and it takes typically one momentum relaxation
time 7 until the direction of the movement is shifted by 90° [16]. The collision between
the same particle species will not lead to an effective particle transport. The typical time
scale and step size of the system are, therefore, given by the inverse of the electron-ion
collision frequency and the electron Larmor radius:

r? mu 2
D assical = —2% ~ | — 3.15
classical 27—ei (qB) 27—ei ( )

Comparisons with experimentally measured diffusion coefficients show, however, that
the transport measured in experiments is substantially larger.

3.2.2 Neoclassical transport

The drifts introduced in section and the inhomogeneous magnetic field of a tokamak
leads to additional transport that is covered by the neoclassical (NC)| transport theory
[88]. Neoclassical transport is divided by the ratio of the transit time 7, and the electron-
ion collision time 7; into the banana regime, the plateau regime, and the Pfirsch-Schliiter
regime (see figure . The transit time 7y, is given by the time a particle needs to cover
a complete poloidal turn:

Ttr = —(s, (316)

where ¢; = (rBy)/(RBp) is the safety factor.



3.2. Radial plasma transport 27

Toroidal
Direction

Separatrix
—_—

Projection of Trapped lon
Trajectories is Banana Shaped

(for illustration only) i (
X-point
poin ‘ ',

lon gyro-motion - | N

Divertor
Targets

Figure 3.4: Illustration of the banana orbit. This figure is taken from .

Pfirsch-Schliiter transport

In the Pfirsch-Schliiter regime the collision time is smaller than the transit time, i.e.
Ter/Tei > 1. The drifts in the magnetic field (outlined in section lead to a displace
of the guiding center of the particle from the magnetic field line by the value dpg =
(mugs)/(g B) such that the diffusion coefficient in the Pfirsch-Schliiter regime is given

by :
Dpg

_ 51238 _ 1 mugs
a 2T a 2Tei qB

This simple derivation shows that the transport in the Pfirsch-Schliiter regime is en-
hanced by ¢2. A more thorough derivation shows that the diffusion coefficient is actually
enhanced by 2¢? so that the total diffusion coefficient is given by: Do, = Delassical (1+2¢2)
. For typical values of ¢; = 3, the classical transport is enhanced by a factor of 20.

2
) - Dclassicalqs- (317)

Banana transport

The banana regime treats transport for collision times larger than the transit time. The
main difference to classical transport is that particles can get trapped in the magnetic
field. The magnetic moment of the charged particle y = %mui /B is conserved in
a slowly varying magnetic field. Since the magnetic field changes from the [HEFS to
the [LFS] u, has to change as well. Additionally, the kinetic energy of the particle is
conserved meaning that the parallel velocity has to increase as u,; decreases and vice

versa. Therefore, there is an interchange between the parallel and perpendicular energy
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and the particle can be trapped between [LFS| and [HFS|if the mirror condition is fulfilled:

Il
Uy

<V2e, (3.18)

where € = /R is the aspect ratio (in the limit € < 1). Assuming a Maxwellian distribu-
tion of the particle velocities, the fraction of trapped particles is given by n/n = v/2e.
Due to the V B x B drift and its different directions on [LFS| and [HFS| the poloidal
projection of the trapped particle’s trajectory has a banana shape (see figure with
a width:

wp = L (3.19)

\/E QSv
which is wider than the step size of the classical transport by ¢s/+/€. Additionally, the
collision frequency of the neoclassical transport is enhanced by 1/e implying that the
diffusion coefficient for the banana regime is given by:

2 2

B TL (s I g 1

DB& - \/E ( \/E ) QTei B — 63/2 Dclassical — E?’W DPS. (320)
frac.trapped

The transport is, therefore, roughly a factor 50 higher than the classical

transport. The boundary at which the banana transport sets in is given by the condition

that the effective collision time is larger than the reflection time of the banana 7g,:

Ttr Ttr 3/2
e = Tup < The = L = T < 32 3.21
el eff >~ /Ba \/E Toi = ( )
In the plateau regime, the diffusion coefficient is constant and, therefore, equal to the
values at the boundary to the banana and Pfirsch-Schliiter regimes. In order to predict
transport properties from theory it is necessary to assume some orderings. Typical
assumptions are shown in [88§].

3.2.3 Turbulent transport

Even though transport predictions are significantly larger than classical es-
timates, the observed transport is in general larger than the predictions [90,
91]. Observed transport beyond neoclassical theory is attributed to turbulent transport.
From a theoretical point of view, turbulent transport is due to a release of free energy
driving fluctuations in the plasma parameters. These fluctuations, which can be thought
of as small irregular structures, enhance the radial transport due to microscopic potential
structures. There is evidence [66, [92] that microinstabilities are one generation mecha-
nism of turbulent transport which are excited once critical temperature and/or density
gradients are exceeded. Microinstabilities drive macroscopic turbulent eddies transport-
ing particles, heat and momentum. The sizes and lifetimes of these eddies serve as the
step size and characteristic time scale in the aforementioned ansatz to characterize the
diffusion coefficients of turbulent transport. The microinstabilities can be grouped based
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Figure 3.5: Simple model of emergence: (a) sketch of plasma equilibrium with a
magnetic field pointing into the plane, (b) initial periodic temperature variation (black)
on the leads to different drift velocities in the hot and cold region which (c) cause a
variation in the periodic potential (red). The resulting electric field amplifies the initial
drift wave. This figure is adapted from [82]

on their underlying physics’ generation mechanism and two groups are of particular in-
terest for this thesis which are the interchange and driftwave instability. Examples for
the interchange instability are the fion temperature gradient (I'TG)| and jelectron tem-|
perature gradient (ETG)| driven modes. One example where the driftwave instability is
important is the [trapped electron mode (TEM)| that is caused by trapped electrons in
the magnetic field topology. The aforementioned instabilites are briefly sketched in the
following.

Interchange instability

The analogy to the Rayleigh-Taylor instability in hydrodynamics is the interchange in-
stability in plasma physics [93]. It can be described as a 2D phenomenon and will be
sketched for the [ion temperature gradient| mode in the following. Figure [3.5h shows a
poloidal plasma cross section and an area treated on the [LFS] For simplicity, the plasma
is divided into two regions (hot and cold) and an initial perturbation is set up on the
boundary between the two regions (see figure ) Due to the V B-drift introduced in
equation , the ions will drift upwards. Ions in the hotter region drift faster than
those from the cold region (u ~ VT ) generating an area with higher ion density in point
@ and with lower ion density in @, i.e. a periodic perturbation of the ion density with

a phase shift of 7/2. The resulting electric field and E x B drift amplifies the initial
perturbation: the hotter plasma is pulled further into the cold region and vice versa.
This mode exists only on the[LES|of the plasma. On the[HEFS| VB stays unchanged, but
VT changes the direction such that resulting E x B flow reduces the initial perturbation.
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Figure 3.6: Illustration of the physics underlying the driftwave instability. The figure
was taken from [16].

The mode [94] is of particular importance for fusion plasmas since it is thought to
be the primary source of ion heat transport in the core.

The equivalent [ETG| mode for electrons follows the same principle with the roles of
ions and electrons switched. A major difference between the modes is the characteristic
step size, which is the ion Larmor radius for and electron Larmor radius for the

[ETG

Driftwave instability

Compared to the interchange instability, the driftwave instability is a 3D phenomenon
which can occur in an arbitrary magnetic field geometry and does not need a gradi-
ent in the magnetic field. For the driftwave instability, it is important that there is a
perturbation parallel and perpendicular to the magnetic field where the wavenumber of
the perpendicular perturbation is larger than the parallel one. Figure [3.6|illustrates the
process underlying the driftwave instability with an initial density perturbation that is
stretched in the direction of the magnetic field line. The mobile electrons react to the
perturbation faster than the ions and move to regions with lower density. Thereby the
positively charged ions are left behind in regions of higher pressure and regions of lower
density are negatively charged by the electrons. Adiabatic electrons would not lead to
transport since the perturbation in density and potential are in phase [16]. The response
of the electrons is slowed down due collisions causing a phase difference between the
density and potential perturbation leading to radial transport |44} |95].
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3.3 Plasma rotation in toroidal geometry

The magnetic equilibrium in a tokamak configuration can be described by a right-handed
coordinate system (r, 6, ¢) (see section and figure and the magnetic field can be
written as

B = s,FV¢+ 5V x Vi, (3.22)

where 9 is the poloidal magnetic flux (minimum on axis), s, = sign(R Bio) and s; =
sign(B - V) = sign(dy/dp) indicate the direction of the magnetic field and plasma
current with respect to the toroidal direction V¢ and poloidal direction V#@. sy, is defined
in such a way that F' = RBi, > 0.

In section|3.1.2] it was shown that the Boltzmann equation can be re-written to lowest
order as the force balance equation by applying the transport orderings introduced in
section Furthermore, it is accepted that flows are to lowest order incompressible such
that the continuity equation leads to requirement of a divergence free flow: V -4 = 0
[88, 196, [97]. Section showed, however, that the perpendicular plasma flow velocity|
(uL])| is given by the sum of and the diamagnetic velocity. The parallel flow has,
therefore, to balance the divergence of the perpendicular flow:

RBio: 1 0 0P
— uj = t { p

B |0t " 0u

where an integration constant C'B has been added to account for general flows and ® is
the electrostatic potential. Together with the perpendicular flow:

} +CB, (3.23)

S RBy,
= [ [qalnag_%g_@] & (3.24)
g = %b— Bpfflv¢ b=15 (3.25)

the total plasma flow is given by:

1 8p 0P
GaTa aw o

i=buy+i,=C-B+ { } R*Vé = CB + w(®)R*V¢. (3.26)

This equation shows that the total plasma flow can be expressed by a component
parallel to the magnetic field and a rigid body rotation purely in the toroidal direction.
This result is essential for this thesis since it enables the indirect reconstruction of w1
through the measurement of the total plasma flow (see chapter 4] given by measurements
of the toroidal plasma flow at two distinct points on the same flux surface. Some algebraic
manipulation&ﬂ allow the expression of the total plasma flow in the form:

@ =@, 0)6 0 + (v, 0)B (3.27)

2using the identity: R?V¢ = SbFBAZ + 5 V%ZB
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where é;,, = RV ¢ and

iV

(1, 0) = =
(¢, 0) 5 Ve

(3.28)

a0.0) = s g+ 28]

O Gana OV

Here, the functions @ and @ retain a dependence on the flux ) and the poloidal angle.
Assuming a stationary plasma density, i.e. there is no particle source and a negligible
radial derivative of the radial particle flux at all poloidal angles, the poloidal depdency
of @ vanishes and @ can be approximated by the equation [40]:

A _ K@)
a(y,0) = e 8) (3.29)

where K (7)) is a constant on each flux surface. There is a remaining dependency of @
on the poloidal angle which results from the possible dependence of n, on 6. There are
two possible assumptions on n,: first, that n, is constant on a flux surface and second,
that there is an asymmetry, which will be treated in the following.

3.3.1 Without impurity density asymmetries

Assuming a constant n, on the flux surface, equation reduces to u(¢, ) = u(y) =
K (v)/n4(1) and the poloidal dependence of equation (3.27)) vanishes entirely. Projecting
equation onto the toroidal direction, i.e. along V¢, and the poloidal direction, i.e.
along V¢ x Vi), the plasma flow can be written as:

teor = &(8) Rty (0) F(1)/ R (3.30)
Upol = Sj ﬁ(@b) Bpol (331)

Equation implies that the two flux functions @ and 4 can be determined from
two measurements of at the same flux surface. Preferably, these two locations are on
the[LFS|and [HFS] since the rigid body component & R depends on the difference between
of the two points. The largest radial distance between the two points is given by
the mid-plane values on [LFS| and [HFS| Utilizing these values, the uncertainty of the
measurement is minimized. According to equation , can then be reconstructed
if the poloidal magnetic field is known, i.e. the magnetic equilibrium (see section .

Figure illustrates the measurement principle for artificial data and the [AUG]
coordinate system with positive toroidal magnetic field and plasma current (s, = —1
and s; = —1). From equation it can be seen that a poloidal flow can only exist
if & # 0. Three different profiles for @ have been assumed: one with & = 0 (black) and
two with @ # 0 (red and blue). A linearly decreasing w profile is assumed (dashed green
line) for all cases. Figure shows the resulting profile and it can be seen from
the figures [3.7c and d that an existing poloidal rotation creates an asymmetry in w,,.
The direction of depends on the sign of A wior = Wior HFS — Wior,LFs: & Positive value
(A wior > 0), i.e. wyo is larger on the than on the , indicates a poloidal flow in
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Figure 3.7: Illustration of the indirect measurement principle for three different @ profiles,
without poloidal rotation (black) and with poloidal rotation (blue and red). (a) shows
the assumed flux functions @ and @. (b) illustrates the resulting[uso] profiles as a function
of major radius and (c¢) shows the corresponding wio, = Ui/ R profiles. The difference
between wy,, on the and the is shown in (d) illustrating that there is a poloidal
flow for the case that there is an asymmetry in wi.,, where A wy,, is defined as A wyo, =
Whor HFS — Wior,LFs- Lhis example is done for the @ coordinate system with positive
plasma current and positive toroidal magnetic field.

the electron diamagnetic direction and a negative one to a flow in the ion diamagnetic
direction.

3.3.2 With impurity density asymmetries

As it will be shown in section [p.4] [impurity density (rinp)] asymmetries between [LFS|
and are a regularly observed feature for the outer half of the plasma. They start
typically at pyo; = 0.6 —0.7 and the impurity density at the pedestal top on the can
reach values of up to 4 times the values on the[LFS| For the case with an [pimp| asymmetry,
the [poloidal rotation| reconstruction shown above has to be adapted slightly. Assuming
that the electrostatic potential is a flux function, a simple form for K(v), defined in

equation (3.29)), can be derived by combining equations (3.27)) and (3.28)) using similar




34 3 Theoretical background on the plasma flow

steps as for the case without an impurity density asymmetry [40]:

K () _ 5 (Utor,HFS Utor LFS 'Zﬁln ”a,HFS/na,LFs)

— S
F \ Rurs Ry s G oY (3.32)

-1
1 1
NonrsRips R2 '
o HFSLgps Mo, LFS{pg

3.3.3 At high Mach numbers

The main result of this section, i.e equation (3.27)), is not a formalism specific to neo-
classical poloidal rotations. It is valid as long as the transport orderings shown in the
previous section are valid, which is nearly always the case. A limitation for the appli-
cation of the equation are, however, large toroidal flows with Mach numbers close to or
larger than one. In that case the inertia term from equation cannot be neglected in
the approximation of the force balance. In this case, a more general form of the tokamak
flow is [98]:

. U(¢)§+R [Q(w) B qiln (nna ) g_ZJF;%a (R - R?) %{5}@ bor,  (3.33)
« a,p o

where U () and (1)) are two unknown flux functions (similar to & and w in the previous
equation), n, and R, are defined as impurity ion density at and major radius of the
outboard mid-plane.

3.4 Neoclassical poloidal rotation

The previous section showed an approach to evaluate by measuring at two
distinct points on the same flux surface. This section will show the expectations from

neoclassical theory for

3.4.1 Deriving the poloidal rotation for the plasma

Using the Hirshman and Sigmar moment approach [99], equations for the main ion and
impurity ion poloidal rotation can be deduced from the flux-surface averaged momentum
force balance equation . Neglecting external forces, the parallel electric field, and
the electron contributions to the viscous and friction forces, the following equations can
be calculated for a plasma with one impurity species « |100]:

neo 1 1 é'gtor

upo],i :iutherm,irL,i (Kl L’]"l ) <BQ> ) (334)
1 1 1  ZT, 1] BB

neo = omatn | (Ko + L5Ky) — — — 4 =2 , 3.35

Wi =i (64158 1= 7+ 2| T .
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Figure 3.8: Dependence of the viscosity coefficients on the main ion collisionality
and the impurity strength parameter o = nyZ2 /n; Z2.

where Ugperm i 15 the thermal velocity of the main ions, 7,; the ion Larmor radius, K; and
K are the collisionality-dependent viscosity coefficients as defined in [100] and sketched
in figure , and L, the main ion pressure gradient length. It can be seen that the ion
temperature gradient is crucial for the main and impurity ion poloidal rotation. While
the ion pressure gradient is of importance as well for the impurity the impurity
pressure gradient plays only a minor role since it is multiplied with the charge ratio
Zi| Zy.

In this thesis, equation is used to compare experimental measurements
with calculations from neoclassical] codes such as NEOART[101], NEO[102] and NCLASS
[103]. The last code is integrated into the TRANSP [104] package, which is used for
transport analysis.

3.4.2 Poloidal flow damping

One important outcome of neoclassical theory is the strong damping of poloidal flows
resulting from two different physical mechanisms. The first one, the more general one
that is valid for all regimes of neoclassical theory, results from the fact that B, is larger on
the inboard side than on the outboard side . Due to the motion of the plasma
parallel to the magnetic field, the plasma sees in its rest-frame a time-varying magnetic
field by which it is periodically pinched (HFS) and stretched (LFS). The collisions lead
to a transfer of the energy in the poloidal flow in the direction of the magnetic field
(magnetic pumping effect) (23], 24].

The second mechanism is rather specific to the scattering of trapped and passing
particles in the banana regime. For this regime, the parallel momentum change can be
written as [97]:

cl; dn

oui)p  viceTidn
eni Bpol dr
NS

ny = -_— — \/Euiiniu p = \/El/iini
ot € eByg dr bllp
po N——

—_———

— Ui||p|> (3.36)

passing—trapped ~~
trapped—passing =—upo1B/Bpol
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where p denotes the passing particles and 14 is the ion-ion collision frequency. This
equation shows that any finite poloidal rotation will lead to an increase in the parallel
velocity. Therefore, the expected poloidal rotation in theory results from the par-
allel motion along the magnetic field (which has a poloidal projection due to the pitch
angle). In the banana regime, the poloidal flow damping can be understood as the fric-
tion between passing and trapped particles, with the trapped particles unable to rotate
poloidally.

The concept of poloidal flow damping is taken into account in the poloidal projection
of the momentum conservation equation where the viscous stress tensor occurs [23]:

((VID)g) = a(ug — ug™), (3.37)

where a expresses the time-scale on which the poloidal velocity is damped to its neo-
classical value and depends on plasma parameters and especially on the collisionality. In
general, the process occurs on time-scales of the ion-ion collision time.

3.5 Plasma confinement

It was shown in section [I.1|that good plasma confinement is needed to achieve thermonu-
clear conditions and plasma ignition. The global [energy confinement time|is defined as
the ratio of the thermal stored energy of the plasma Wy, and the net input power P,
i.e. the injected heating power P,; minus the temporal derivative of the thermally stored
plasma energy 0 Wy, /0t:

Win

oW
P ot

TR —

3
Wi = / Snminav, (3.38)

where V' is the plasma volume. The confinement of the plasma is limited by radial trans-
port, radiation losses, thermal conduction and convection processes [44]. In section
it was shown that the experimentally measured transport is significantly larger than
predicted from theory. In order to address the physics defining it was
explored empirically using scaling laws. Unfortunately, there is not a single scaling law
that can describe the confinement time adequately for all experiments. Instead, different
confinement regimes have been found. The two most known ones are the low and the
high confinement mode (L- and H-mode). In the following, the L-mode will be split into
plasmas with and without auxiliary heating.

3.5.1 Ohmically heated L-mode plasmas

In the early 1970 at the operated in Moscow, it was found that |rg| increases
linearly with [ng and plasma current I at low plasma densities: 75 ~ (ne)"” a I [106].
In later scalings, the current dependency vanished due to its strong correlation with
the plasma density [107, [108]. Combining experimental data from various tokamaks a
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Figure 3.9: Energy confinement time (a) and electron thermal diffusivity y. (b) as a
function of line-averaged electron density for ohmically heated discharges in ASDEX.
The circles and triangles correspond to plasma currents of 380 and 320 kA, respectively.
At the LOC-SOC transtion, y. becomes independent of n.. This figure is adapted from
[105].

scaling for the so-called [linear Ohmic confinement| regime was derived |109]:

T ~ 009 q098 RL63 70.23 (3.39)
where a is the minor, R the major radius of the plasma and Z.g the effective ion charge.
Assuming low radiation losses and discharges with a small impurity content, the following
scaling was derived: g[s] = 0.07 (n/10%°) a R?¢ [110]. The linear increase of [rg] with
lead to optimistic concepts for future fusion reactors which were designed at a rather
moderate sizes |111].

In 1979 it was, however, found at the [SX-A]tokamak that [rg|saturates above a critical
(see figure ?7a and figure [3.10k) [112]. In the subsequent years, this behavior was
confirmed in a large number of tokamaks [105, 113} |114] and a scaling for the saturation
density was derived [44]:

Negat = 0.6- 10" T R Ak~ a™>? (3.40)

where k = b/a is the elongation of the plasma with a and b being the half axes of an elipse.
An example of the transition from the linear to the [saturated Ohmic confinement|can be
seen in the figures and for an [ASDEX] and an [AUG] discharge, respectively.
One hypothesis that has been considered for a long time is that the transition from
the [LOC| to the [SOC] regime is due to a change in the dominant turbulence regime from
ferapped electron mode in [LOC]| to fion temperature gradient] in [SOC] [91], 112} [114}116].
The increase in [rg] in [LOC] is attributed to two super imposed mechanisms: first, the
electron thermal diffusivity (see figure ) decreases with increasing ne| and, second,
an increase in [no improves the coupling of the electrons to the ions, which confine the
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Figure 3.10: (a): Comparison of the experimentally measured 7 (black circles) to two
different scalings: the neo-Alcator scaling (purple squares) |[110] for the regime and
the ITER89-P L-mode scaling [122] (blue diamonds). (b): || as a function of time for
a discharge with a transition from L- to H-mode. At 2.5s, the amount of neutral beam
heating is increased leading to a sudden increase of [rg| by a factor of 2.

energy better due to their lower temperature gradient. In the [SOC| regime, the thermal
diffusivity of electrons and ions become independent of (see figure ) such that an
increase in [ng does not affect anymore and the energy transport is covered by the
ions. The physics pictures of the [LOCHSO(] transition emerged through experiments at

various machines: [105], [FT] [117], [118] and [119).

Recent gyrokinetic simulations done at AUG [120] suggest, however, that the LOC-
SOC transition is not determined by a change from [TEM] to [TG| driven turbulence. It
is rather the ion energy transport that gets stronger at higher densities. The [TEM] to
transition is, however, necessary to explain the observation of the electron density
peaking seen in the parameter regime of the SOC| transition |121].

To date, experimental observations have not been able to either confirm or refute
the underlying physics of this picture and the [LOCHSOC] transition requires further
assessment. In chapter [7| the discussed technique will be applied to measure the radial
electric field and, therby, to extract the turbulent phase velocity, which is indicative for
the turbulence regime.

3.5.2 L-mode plasmas with additional auxiliary heating

In order to increase the energy content of the plasma, additional heating was applied
using neutral particle injection or electromagnetic waves (see section . The results in
the beginning were, however, quite disappointing since it was found that the confinement
degrades with increasing heating power [110]:

I'[MA] RY™ [m] £%°
P05 [MW] a5 [1m]

TE,Goldston [3] = 0.037 - (3.41)
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Figure 3.11: Electron pressure profiles p, (a) and gradients d p./dr (b) in L- (red) and
H-mode (blue). The increase of the pressure results from the steepening of the gradient
in a small region close to the separatrix (edge transport barrier, ETB). This figure has
been adapted from [124].

This scaling was derived before large tokamaks, like [JET], went into operation. The
power degradation (75 oc P~%%) remained with the revisited 'TTER89-P’ L-mode scaling
[122).

In 1982, it was found at [ASDEX] that, under certain plasma conditions, an abrupt
transition to higher confinement is possible. An example for this behavior can be
seen in figure for a discharge of [AUG] In the beginning, the plasma is in L-mode
and the usage of additional auxiliary heating (red dashed line) leads to an increase in
by a factor of roughly 2. This discovered high confinement mode (H-mode) is a promising
operation scenario for future fusion devices.

3.5.3 High confinement mode (H-mode)

It can be seen easily from equation that an increase in the electron and ion pressure
at constant volume and heating power will lead to an improvement in [rg] This is exactly
what happens in the high confinement mode. The electron and ion pressure increase
when the applied heating power is above a certain auxiliary power threshold , .
From figure |3.11] it can be seen that the increase results mostly from larger gradients in
the plasma edge where a pedestal is formed. This region is known as the edge transport
barrier (ETB). In the plasma core, it has been observed that the profiles are rather stiff,
i.e. there are only small changes observed in the normalized temperature and density
gradient lengths (Ly and L,) even over large parameter variations , . This
behavior is thought to be a result of a threshold in the turbulent transport instabilities
on the gradients such that above a certain gradient the transport is largely increased
and changes in the applied heating power will only have a small effect on the plasma
profiles. In the edge, however, the turbulence is believed to be largely suppressed in the
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H-mode due to the strong radial electric field and the associated E x B shear flow, which
is thought to stabilize turbulence. Therefore, a strong increase of the plasma pressure
can be maintained in that region. Due to the core profile stiffness, the increase gained
in the plasma edge leads to an overall increase in the plasma pressure and, thus, in
confinement.



Chapter 4

Charge Exchange Recombination
Spectroscopy at AUG

4.1 Measurement principle

|Charge exchange recombination spectroscopy| (CXRS|) [129, |130] is the most common

plasma diagnostic to measure [T}, [tipol, and in present day tokamaks. This
technique exploits the line radiation emitted during the charge exchange process between

neutral atoms, typically [D] or [H] and impurity ions (A) with charge Z:

AT D0 = AU 1)+ DY = AYDR (1) + by + DT (4.1)

Here, n is the principle and [ the orbital quantum number. The recombination process
(first arrow) leaves the impurity ion in an excited state A ~1+*, This state has a certain
lifetime, after which it decays and emits a photon hv with an energy corresponding to a
characteristic wavelength A (second arrow). The |charge exchange (CX)|reaction tends to
populate high energy and angular momentum levels with a maximum in the distribution
at around n ~ Z%™ [129]. The spectroscopic observation of the emitted photons with
dedicated systems is known as [CXRS| Emissions from [CX] reactions cover the X-ray,
ultra violet, and visible spectral regions. however, is typically focused on the
visible spectral lines for which high resolution spectrometers, lens fiber optics, and high
quantum efficiency detectors are readily available.

Figure shows an example spectrum and illustrates the measurement principle
further: the spectrum consists of two contributions. The active component results from
processes between high energy deuterium neutrals injected with the sources at
and fully stripped impurity ions inside the plasma (p < 1). The passive component
originates from processes with thermal deuterium located at the plasma edge (p >
1) and electron or ion impact excitation of hydrogen like impurity ions. The
measurement gives, in principle, line-integrated results and collects the radiation from
both, the active and the passive components. Due to the different temperatures and
rotations in the different regions of the plasma, these two components are separated in
wavelength and line broadening and can be distinguished as is shown in figure [4.1p.

41
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Figure 4.1: (a): Fractional abundance for the H-like (dashed line) and fully ionized (solid
line) charge states of [boron (B)} [carbon (C)| nitrogen (N)| [neon (Ne)| fargon (Ar), and
in an plasma. The charge state distribution is normalized to the
maximum density occurring for the hydrogen-like of fully ionized ion. These calculations
have been performed using the impurity transport code STRAHL [131}[132]. (b) Example
for a typical boron CX spectrum measured in the plasma core. The total spectrum
consists of three spectral lines (BII, BV 7-6, and BV 11-8) with contributions from two
different regions in the plasma: The active components (red) come from the intersection
volume between the and the source. The passive components (blue) originate
from a volume close to the separatrix where the impurity ion is not fully stripped. The
[CXRS| quantities of temperature, rotation, and density are evaluated from the Doppler
broadening o, the Doppler shift A\, and the integrated intensity I, respectively.

There are two [NBI| operation scenarios regularly used for the [CXRS| at [AUG In
the first scenario, the source is operated with a constant power (see for example
figure ) and a fit with a Gaussian has to be used for each active and passive com-
ponent to the deduce the quantities (see figure ) In the second scenario, the
source is switched on and off with a certain duty cycle blips, see for example
figure [7.2b). Here, the frames before and after the beam blip can be used to determine
the passive spectrum (blue components in figure ) and, therefore, the active signal
(red components in figure ) can be isolated by subtracting off the passive signal.
The latter method enables, in general, to fit the spectra with a higher accuracy since the
passive and active contributions do not have to be separated with the fit.

[CXRS| focuses typically on low-Z impurities such as [B] [C and [N] rather than high-
Z elements and main ions. This is partially due to the fact that high-Z elements are
usually not fully-stripped inside the plasma (see figure ) From this figure it can be
seen that the typically observed impurity ions , , and are fully stripped at the
pedestal top, i.e. at a normalized radius of 0.9 < p,q < 0.95, and there is only a small
fraction of hydrogen-like impurity ions inside the plasma leading to an additional [CXRS]
contribution in between the active and passive parts in figure [4.Th. Impurity ions with
higher charge numbers, such as (Z = 10), (Z = 18), and (Z = 36) tend to
have a significant fraction of hydrogen-like impurity ions inside the plasma such that a




4.1. Measurement principle 43

clear distinction between active and passive signals is more complicated and needs Abel
inversion techniques to reconstruct profiles of the [CXRS| quantities. Additionally, the
atomic data for non hydrogen-like atoms and high-Z elements is not that reliable and
harder to compute such that the measurement is then mostly restricted to partial profiles
(i.e. for example densities of certain charge states in the plasma instead of the impurity
density).

The line radiance observed along a of a CXRS diagnostic is given by [129]:

Lex(N) = > / (00 V) ot Mz NN g dl, (4.2)

where n, 7 is the density of the impurity ion a with charge Z, ny, is the neutral
density with j corresponding to the summation over M neutral components and n being
the main quantum number, and [ the coordinate along the [LOS] There are typically 3
energy components for hydrogen beams and a cloud of neutral atoms around the [NB]|
source in the plasma volume to be considered (such that M = 4). In general, it is
sufficient to consider only the atomic states n = 1,2, since the population density of
higher states is very low. (o4 v); ¢ is the effective rate coefficient, where () denotes the
Maxwellian average over the cross-section o, and the relative velocity v between the
neutral atom and the impurity ion, i.e. v = |vn,, — Uaz|- Assuming a constant impurity
density throughout the observation volume, equation can be used to calculate the
impurity density in the plasma:

47 ch()\)
Naz = 7
hv 32220 (00 0); o Juos i dl

(4.3)

The energy distribution of the impurity ions is given by a Maxwellian distribution
such that the measured spectra obtained from [CXRS| have a Gaussian line shape [81]:

T (O = Mo — AN myc?
]CX(/\) = ]0 eXp <_§ ( (;\2 ) T ) ) (44)
0 a

where )\g is the rest-wavelength of the transition, A\ the associated Doppler shift due
to a finite rotation of the species, m, the mass and T, the temperature of the impurity
species. The observed temperature is, therefore, given by the Doppler broadening:

me

T, = o,
A5

(4.5)

where o is the standard deviation. In this work, it is assumed that the impurity tem-
perature is equal to the main ion temperature. The thermal equilibration time between
impurities and main ions [133] is on the order of us and, therefore, short compared to
local transport time scales (ms). Thus, the temperature of all ions will be denoted as
and no distinction between different species will be made throughout this thesis.
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Figure 4.2: Overview of the of the main toroidal CXRS systems at |[AUGE (a) top-
down view (b) poloidal view. The main core diagnostics relevant for this thesis
are COR (blue), CUR (cyan), and CER (black) which are aligned along the sources
3 and 8. Additionally, the edge toroidal [CXRS] system, CMR, is shown in green. The
dotted lines represent the magnetic flux surfaces.

The Doppler shift of the emitted line (AX) is directly connected to the rotation
velocity of the observed species (ot,0):

AN l_l:rot a gLOS

where c is the speed of light and €},0g the unit vector along the [LOS

4.2 Toroidal CXRS systems at AUG

The [ASDEX] Upgrade] tokamak is equipped with several [CXRS] systems covering the
plasma from the pedestal top on the to the [scrape-off-layer (SOL)| on the [LFS|
at the mid-plane. An overview of some of the available [CXRS| diagnostics is given in
figure

Three new toroidal optical heads, OH1, OH2, and OH3, were installed along the [NBI]
source 8 for this thesis giving in total 70 covering the full minor radius (i.e. from
the pedestal top on the to the pedestal top on the [42]. OH1 is equipped
with 20 imaging the [LFS| of the plasma from a major radius of 1.89 to 2.13m.
OH 2 covers a major radius from 1.57 to 1.86m and has in total 23 Lastly, OH 3
is equipped with 27 and covers the [HFS] of the plasma from a major radius of 1.2
to 1.54m. Compared to the other two optical heads, OH2 is shifted slightly downwards
in z enabling measurements close to the magnetic axis (see figure )
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Figure 4.3: (a): CAD drawing of the optical head illustrating the position of the array
of fibers, the lens and the magnetic shutter; (b): Comparison of the resulting spot-sizes
using a spherical (f/# = 1.8, blue) and an aspherical lens (f/# = 1.6, red); image of
spot-sizes for spherical (c¢) and aspherical (d) lenses; (e): Intensity distribution of light
around center.

The optical heads (see figure [4.3h) have a fairly simple design: 400 pm (f/# = 2.2)
silica fibers are placed behind an aspherical lens where the distance matches the focal
length of the lens (50 mm diameter, 80 mm focal length, and f/# = 1.6). Previously,
standard spherical lenses were used with f/# = 1.8. However, these lenses collected
light from a large area (halo) around the focused light-spot (see figure [4.3k) compared to
the aspherical lenses (see figure [£.3{1). Through measurements of the light distribution
with a diode (the light intensity is then proportional to the current of the diode, see
figure ), it is possible to determine the 1/e width (wy/) and 1/e* width (we2) of
the image from both lenses, i.e. the diameter of the spot-size including 63 and 86 % of
the light. Using the aspherical lens, the w /. width was reduced from 2.0 to 1.4cm (by
30%) and the w2 width from 21 to 2cm (by 90%) (see figure |4.3g). The lenses of
the optical heads are protected from possible dirt and coatings occurring during glow
discharges and boronizations by a magnetic shutter that is only open when the toroidal
magnetic field is switched on (see figure [1.3p).

The collected light is transmitted by glass fibers with a diameter of 400 pm to a high
through-put (f/# = 2.8) Czerny-Turner like spectrometer (see figure ) The fiber
bundle is collimated with a variable entrance slit that is typically set to 100 pm for stan-
dard operation. This setting was found to be optimal for the simultaneous measurement
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Figure 4.4: Schematic drawing (a) and image (b) of the high through-put f/# = 2.8
spectrometer measuring the [CXRS| spectra on the [LFS and [HFS] The fibers are bundled
in front of the variable entrance slit. The light from the fibers is collimated by an
objective lens (entrance lens) with a focal length of f; = 280 mm onto a grating with
2400 grooves/mm controlled by a sine drive and is focused onto a high quantum efficiency
CCD camera by an objective lens (exit lens) with fo = 180mm. The opening angle
between entrance and exit lens is § = 30°.

of the [LFS and [HFS with one spectrometer] This results, however, in a non-Gaussian
instrument function which is approximated with 5 Gaussians (see section in order
to be able to use the standard fitting tool CXSFIT [134], which can only treat Gaus-
sian instrument functions. The spectrometer consists of two objective lenses with focal
lengths of 280 mm (f/# = 2.8, entrance lens) and 180 mm (f/# = 2, focusing lens) and
a grating with 2400 grooves/mm put onto a sine drive. The opening angle 6 between the
two objective lenses is 30°. The light from 25 vertically aligned fibers (see figure )
is focused onto a high efficiency ProEM camera from Princeton Instruments [135].
The [CCD)] chip has an active area of 512 x 512 pixels and a readout area of 528 x 512
pixels. The maximal time resolution of the spectrometer is set by the readout frequency
(fro = 10 x 10° pixels/s), the shifting-time of pixels from the active to the readout area
(vs = 0.6 us/row), and an offset required to clean the serial register of the camera and
to apply the pixel bias correction. By vertically binning the rows of the [CCD| to one
channel, the number of rows on the camera that are readout are reduced (from 512 to
25) and, hence, the time resolution of the system is increased. The area onto which
one fiber is images on the camera is thereby called [region of interest (ROI)l The
maximum repetition rate for the spectrometer is At = 2.41ms for 25 [ROIk.

The camera is typically operated in the continuous frame transfer mode, i.e. the[CCD|
chip is simultaneously exposed and readout. Charges that are transferred to the storage
area, therefore, cross areas of the chip that are illuminated during the next exposure.
This creates a smearing of the transfered exposure. To measure the smear, there is one

'Due to the beam attenuation, the signal level is significantly lower on the (see figure )
compared to the [LFS| The rather large slit width was chosen to gather as much signal as possible at a
reasonable exposure time of the camera.
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channel of the spectrometer not connected to the optical heads. With the measured
smear from this channel, the smear from the other channels can be corrected as well.

The total shift time of the chip is 0.31ms (512 x v5) such that the smear is a
% = 12% effect at the maximum time resolution and a 3% effect at the stan-
dard time resolution of 10 ms. Theoretical calculations of the smear can reproduce the
measured smear within 10 % such that the uncertainty from the smear is on the order of
1% for the maximal integration times [42]. The frame transfer mode offers, therefore, a
good opportunity to measure the with no lag time in between exposures.

Using the sine drive of the spectrometer the tilt of the grating can be changed (i.e. the
angles #; and 6, of figure ) and, thus, different wavelength regions imaged onto the
camera. This enables the investigation of different impurity species. The [CXRS| system
typically observes the BV (n = 7 — 6) emission line at 494.467 nm or the [N| VII (n =
9 — 8) emission at 566.937 nm. The central wavelength of the camera is calibrated after
each plasma discharge with a[Ne|pen-ray lamp that emits[Ne]lines at specific wavelengths.
This lamp is connected to the same channel used for the measurement of the smear effect
and is switched on 15s after the plasma discharge (see the following section).

4.3 Characterization and calibration of CXRS diag-
nostics

In order to interpret the [CXRS| measurements, a precise calibration of the whole system
is necessary. The different steps and techniques used for the calibration of the different
parts of the [CXRS| system are outlined in the following.

Spatial alignment

The determination of the 3-D [LOS| geometry defined by the alignment of the optical
heads is performed by connecting a lamp emitting a broadband spectrum (white light)
to the [LOS| from the laboratory. Thereby, the trajectories are illuminated in
the plasma vessel. The optical head positions are aligned such that the
are focused onto the center of the source in order to get the maximum [CXRS]|
signal. The trajectory of each [LOS|is determined by measuring the lens position of the
optical head and several points along the [LOS| using a 3-D robotic arm placed inside the
vacuum vessel. Knowing the mounting point of the robotic arm and the positions of the
different robot joints, the absolute position of the [LOS|can be determined in the machine
coordinate system with an accuracy of about 1 mm [136]. By fitting the measured points,
the [LOS] trajectory can be determined with an error smaller than 1 mm.

The point along the [LOS| closest to the center of the [NBI| source corresponds not
necessarily to the effective measurement position of the signal. According to
equation , the line radiance of the is proportional to the neutral distribution
of the beam ng and the impurity density] where is assumed to be constant along
the [LOS| It is, therefore, the center-of-mass of the neutral distribution determining the
effective measurement position of the [LOS] Figures[4.5p-¢ shows the neutral distribution
for three different [LOS| with respect to R and z, where ng has been calculated with the
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Figure 4.5: The spatial resolution of the 70 of the COR head can be obtained
by calculating the neutral density distribution along the (a)-(c) shows the
neutral distribution along the for three different fibers (‘COR-10’, COR-31’, and
"COR-55) with respect to R (green) and z (maroon). The 1/e—width of this distribution
gives the spatial resolution of the m (d).

neutral particle transport code FIDASIM [137]. The spatial resolution of the is
given by the 1/e— width of ng, which is 2.3 to 19mm in R and 15 to 26 mm in z for all

70 [LOSE (see figure [A.5).

Intensity calibration

The intensity calibrations of the diagnostics are necessary to measure the impurity con-
tent of the plasma. In practice, the measured counts at the camera have to be converted
to photons and, therefore, the sensitivity of the system has to be measured. The sen-
sitivity, i.e. the efficiency of the system to measure counts for incoming photons (as a
function of wavelength), is measured by using a standard integrating sphere (Labsphere,
Model Unisource 1200) with a known spectral radiance (see figure [£.6p). In order to
characterize the optical system two different sensitivities are necessaryﬂ: the optical
head sensitivity and the spectrometer sensitivity. The latter sensitivity can be obtained
by connecting the fibers from the entrance slit of the spectrometer to the integrating
sphere (see figure ) and in order to measure the optical head sensitivity, the integrat-

2In principle, it is sufficient to characterize the transmission of the system with one measurement. In
order to enable fiber and camera switching between different[CXRS|diagnostics at[AUG]two transmission
curves are measured.
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Figure 4.6: Intensity calibration for one of the COR head: A light source with a
known emission (a) is used for the calibration of the optical head (b) and the spectrometer
(c). The resulting sensitivity for the is shown in (d).

ing sphere is placed in front of the optical head inside the vessel (see figure ) The
sensitivity is recorded in the wavelength region between 450 to 650 nm, which covers all
of the [CXRS| spectral lines used during operation.

The sensitivity curve for the optical head (see figure 4.6p) shows a dip at roughly
600 nm resulting from the glass fiber absorption. This feature should in principle be
visible in the sensitivity curve of the spectrometer as well (see figure ). Due to the
fact that the glass fiber length between the spectrometer and the calibration sphere is far
shorter (1 m) compared to the fibers guiding the light from the torus to the spectrometer
laboratory (60m), this feature is not visible in figure [£.6c. Through the comparison of
the measured counts with the emitted photons from the light source, the sensitivity of the
system can be calculated as a function of the wavelength (see figure ) The typical
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Figure 4.7: (a): The instrument function of channel 12 of the COR spectrometer can
be described by the convolution of a box function and a Gaussian. A relative deviation
between the fit (red line) and the experimental data (black crosses) is shown in the
bottom row. (b): Measured photon noise as a function of measured counts. The data
agrees with a conversion factor from counts to photons of 3.42 (represented by the pink
line) for a controller gain of 3.

uncertainty in the intensity calibration is on the order of 10-15%, which is included in

the calculation of .

Instrument function

The plasma temperature is given by the Doppler broadening of the spectral line, i.e.
the width of the measured line. The measured spectral line shape, however, is the
convolution of the Doppler broadening and the instrument function of the spectrometer.
The instrument function can be measured in the laboratory using a low temperature
calibration lamp (Ne and Hg lamps). At low temperatures, the line shape is determined
by the instrument function of the spectrometer such that the measured line shape is to
a good approximation the instrument function.

Figure shows the measured instrument function for one channel of the COR
spectrometer. In order to have as much signal as possible on the [HFS] a rather large slit
width of 100 pm has been chosen. The resulting instrument function is then given by
the convolution of the box shaped slit and a Gaussian function.

Photon noise

The variation in the counts of the[CCD]camera while observing a temporally and spatially
constant light source has two contributions: the photon noise and a noise introduced by
the [analog-to-digital conversion (ADC)|of the incoming photons to a digital count signal.
The photon noise can be described by a Poisson distribution oy, = VTiph = V/ feonv Meounts»
where Neounts 18 the number of detected counts and f.,,, the conversion factor from the
detected photons to counts. This leads to the total count noise of [13§]:
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0 = \/O-;iDC + fconv Ncounts- (47)

The conversion factor can be determined by measuring the standard deviation of
the measured counts (photon noise), while gradually increasing the strength of the light
source as shown in figure [L.7b. The increased light strength leads to an increase in the
count rate, which is associated with an increased photon noise. This behavior can be
described with a square root function.

Wavelength calibration

For an accurate measurement of the plasma rotation, a precise wavelength calibration
is needed. During plasma discharges, there is, however, only one channel of the spec-
trometer not connected to the in-vessel optical heads that can be used to determine
the wavelengths of the different pixels on the [CCD] chip. This section will derive an
equation to connect the wavelength axis of this one channel to the other channels of the
spectrometer.

The wavelength axis of the spectrometer is determined by the grating equation for a
Czerny-Turner spectrometer:

ngA = cosy (sin(0h + ér) +sin(fs + ¢)) (4.8)

where n is the diffraction order, g is the number of grooves/mm of the grating, A is the
wavelength, v is the vertical angle of an off-axis ray, #; and 0y are the incident and the
diffraction angles, and ¢; and ¢y are the horizontal angle of the entrance slit and of the
image plane, respectively (see figure . The horizontal distances z; and z5 from the
optical axis on the slit plane and the image plane can be defined as tan ¢, = z1/f; and
tan ¢gg = o/ fo, respectively. On the optical axis (v = 0, ¢; = 0, ¢ = 0), the central
wavelength A\ is given by the grating and observation geometry:

sin 64 + sin 6,
ng ’

The dispersion of the image plane for a fixed central wavelength can be calculated by
differentiating equation (4.8) with respect to xo ([139], appendix |A):

ON (Ao cosy cos(fa + ¢o) cos? ¢y
0rs  \ fo sin #; + sin 0y )

Figure shows the dependence of the same wavelength on the distance from the
axis. The parabolic shape is related to the dependence of A on v and can be deduced
from equation by a Taylor expansion up to second order assuming small angles, i.e.
7 < 1 and 73 < f; (see appendix [A)):

(4.10)

sin¢h 4 sinfy ,

(4.11)
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Figure 4.8: (a): Measured central wavelength of the different channels (black crosses) on
the CCD as a function of the vertical position on the chip. A parabolic fit to the data
is shown in red. The parabola fits within deviations of less than 1pm. (b): Measured
spectrum in the calibration channel after the plasma discharge. By knowing the
central wavelength of one channel, the other channels can be calculated by knowing the
calibration parabola (see figure on the left side).

This equation shows that the different channels of the spectrometer are connected
to each other through the wavelength parabola of the spectrometer. Knowing the wave-
length axis of one channel, those for the other channels can be calculated according to
the measured parabola. The wavelength calibration after the plasma discharge is done
with a narrow-band light source (e.g. a pen-ray lamp) for one channel after each
plasma discharge (see figure [1.8p).

The indirect measurement of the poloidal rotation relies on an accurate measurement
of the toroidal rotation and, hence, a very precise knowledge of the wavelength calibration
is necessary. An error estimate of the wavelength calibration is given by fitting the
whole spectrum at once and comparing this to the positions of the single [N¢ lines.
This comparison reveals an error in the fitting of 1pm, i.e. an error in the wavelength
calibration of roughly of 1km/s.

4.4 Corrections to CXRS measurements

Effects due to atomic physics may affect the measured spectra and can introduce errors in
the temperature and rotation measurements if they are not properly taken into account.
This section will discuss briefly the energy dependence of the CX cross-sections as well as
the Zeeman and Stark effects and how important they are for the CXRS measurements.

4.4.1 Energy dependence of CX cross-sections

Figure [1.9 shows the effective rate coefficient for the most relevant low-Z impurities for
the [CX] reaction from the ground state (n = 1) and the first excited state (n = 2) of the
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Figure 4.9: Effective rate coefficients as a function of beam energy for the impurities
B, [C] and [N] Besides the contribution from the n = 1 state, the rate coefficients for the
excited neutrals (n = 2) are shown as well with dashed lines.

beam neutral. The rate coefficient for the n = 2 reaction is divided by 100 in order
to show it on the same scale as the n = 1 contribution. Due to the small population of
the n = 2 state, the contribution to the total emission from this population tends to be
small despite the size of the rate. From the figure, one can see that the [CX|cross-sections
are dependent on the beam energy and that larger beam energies lead to an increased
signal (up to the maximum of 50keV/amu). The beam boxes at have the same
input power but a different injection energy. The beam box 1 injects the neutrals with
60 keV and box 2 with 93keV. The increase in signal (due to the higher injection energy)
is, therefore, compensated by the injection of less particles from box 2. These two effects
balance each other out such that the [CXRS| systems from box 1 and box 2 see similar
radiances ([42] and figure [{.12k). The benefit of using sources from box 2 for
is the deeper penetration of the beam neutrals so that it is possible to have [CXRS
measurements on the as well.

The main atomic physics effects resulting from the energy dependence of the CX cross-
sections are an apparent wavelength shift (apparent velocity) and a reduction in the line
width (apparent temperature) [140]. This results from the fact that the injected
neutrals collide with the ions gyrating around magnetic field lines. The ions are moving
towards/away from the neutral particles at different points in their orbits and have,
therefore, a slightly higher /lower collision velocity resulting in a higher/lower probability
to undergo a CX reaction (see figure . This can distort the measured spectra by
increasing /decreasing the observed line intensity on one side of the spectrum. Thus, the
change in the line width and the line shift are not representative of the true temperature
and rotation.

The corrections to the rotation measurements are dependent on the beam velocity,
the viewing geometry of the and on the bulk plasma rotation [140]. For the
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Figure 4.10: Temperature (a) and toroidal rotation (b) corrections to the mea-
surements associated with the energy dependence of the cross-sections and the viewing
geometry as a function of the true plasma temperature. The color coding shows the [LOS]
of the COR head from "COR-01 in blue to "COR-70 in red . The analytical
expressions given in have been used to calculate the corrections and g, = 100 km /s
has been assumed.

viewing geometry of the COR [LOS]| the corrections to are on the order of roughly
1-5% (see figure [.10b) and could, therefore, affect the indirect reconstruction of
(see section . While the effects of the viewing geometry cancel out for a toroidal
system, a net effect will remain for a poloidal [CXRS| due to the gyro-motion of the
particles. This will be discussed in the next section.

Figure shows the temperature corrections for the [LOS|of the COR optical head.
It can be seen that the temperatures on the [HFS are in general larger than on the [LFS]
creating an asymmetry in the observed temperatures (but not the true ones!). This effect
is, however, in general smaller than 2% (for typical temperatures of I} < 5keV)
and is as well routinely corrected through the usage of look up tables.

4.4.2 Gyro-motion effect

For core poloidal rotation measurements the energy dependency of the [CX]cross-sections
has a significant impact and can actually exceed the true values in the plasma core
by one order of magnitude [141]. The so-called gyro-motion effect (see figure )
results from the fact that ions gyrating towards the source have a larger probability
for the reaction than those gyrating away from it (similarly to the previous section).
This fact is illustrated by the different sizes of the arrows in figure [{.1Th. After a
certain lifetime 7 of the excited state, during which the ion precesses along its gyro-orbit
by the distance w 7, a photon is released with the associated Doppler shifted frequency
concomitant with the de-excitation. The asymmetry in the CX probability creates, then,
a line shift depending on the lifetime of the excited state [2§].

In figure [£.11p, the gyro-motion is calculated for typical plasma core and edge pa-
rameters. A poloidal [LOS| that is viewing in the z direction has been assumed for these
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Figure 4.11: (a): Hlustration of gyro-motion effect: The ions gyrating towards the neutral
particle have a higher probability for a CX reaction than those gyrating away (indicated
by arrow sizes). The precession of the ion along its gyro-orbit, during the lifetime 7 of
the excited state, leads to a net (apparent) rotation velocity pointing in the poloidal
direction (downwards). (b): Comparison of the relative gyro-motion effect for typical
plasma core (red squares) and edge parameters (blue diamonds). The effect for the
plasma edge is multiplied by a factor of 100. The gyro-motion effect can be neglected
for the plasma edge (< 0.5 %), while the maximal deviation for the plasma core is larger
than the true value by a factor of 2.

calculations. It can be seen that the relative gyro-motion effect, i.e. the apparent shift
related to the true is dependent on wr: it is zero for wr = k-7, k € N and
maximal for wT = (k4 0.5) - 7. The physics behind this dependency is rather intuitive:
The gyro-orbit plane can be divided horizontally and ions that are in the upper part
have a higher probability for a CX reaction than those in the lower part (up-down asym-
metry). There is, however, no asymmetry in the z direction (measurement direction)
for wr = m, 2w, 3m,... . This can be seen by dividing the gyro-orbit plane vertically.
There are always two velocity vectors with the same collision velocity (located at the
same z position on the left and right side of the gyro-orbit plane) whose projection into
the z direction have the same value but different directions, i.e. there is no asymmetry
between left and right. The asymmetry between left and right side of the gyro-orbit
plane generates, however, the apparent rotation. The up-down asymmetry is fully trans-
formed into a left-right asymmetry for the case that wr = 7/2, 37 /2, 57 /2,... giving
the maximal effect of the gyro-motion on the measurement.

It can be seen additionally from figure that the relative gyro-motion effect is
rather small for the plasma edge (< 0.5%). For the plasma core, however, the maximal
effect is more than twice as large as the true rotation. The fact that the lifetime of
the excited state is not known perfectly creates a rather large uncertainty on the true
value of the poloidal rotation. This effect is, therefore, limiting the accuracy of direct
measurements of the poloidal rotation in the plasma core.
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4.4.3 Corrections due to Zeeman splitting and fine structure

In the presence of a magnetic field, spectral lines are split into several components
which are energy shifted around the rest wavelength (Zeeman effect [142, [143]). Each of
these lines has a Gaussian distribution with a Doppler width representing the true ion
temperature. All of these components result in a total line shape that is Gaussian as
well but with a wider line shape then given by the true ion temperature. The Zeeman
effect leads, if not properly taken into account, to an overestimation of [Tjf [129] [144]. An
estimate for the symmetrical wavelength displacement is given by [145]:

A Ageeman = 4.7 x 1072 X2 B [T] (4.12)

where A A\zeeman and Ay are expressed in A. For standard [AUG parameters, i.e. Bygps =
3.5T and Brrps = 2T, and for B V (n = 7 — 6) one obtains a splitting from the Zeeman
effect of A Azeeman, urs = 0.46 A and A AZeeman, LFs = 0.26 A. At m, the Zeeman effect
is corrected automatically by calculating the local magnetic field and the angle between
the m and B.

Similarly to the Zeeman effect in a magnetic field, the Stark effect leads to a splitting
of the spectral lines in an electric field and, hence, to a wider line shape. The electric
field is present due to the motion of the ion in the magnetic field. In its rest-frame it
experiences the electric field E = @ x B and, therefore, the spectral line shape is broader.
The splitting of the spectral line due to the motion in a magnetic field is also known
as motional Stark effectl An analytical expression to evaluate the related splitting of
the spectral line is given in [129]. For relevant plasma conditions in the core of
(in a magnetic field of 2.6 T and ion temperatures of 5keV), the maximal broadening of
the BV (n = 7 — 6) line is lower than 0.12A. For comparison, the thermal Doppler
broadening for = 100eV is given by Alpgppler = 1.4 A. The cumulative effect of
thermal Doppler, Zeeman and Stark broadening can be approximated as:

AN = \/A)‘2Doppler + A/\%eemam + A/\%tark' (413)
For the pedestal top at the [LFS| the cumulative effect is 5% and for the 10 %.
Especially, the Zeeman effect at the pedestal top on the (with magnetic fields of
3.5T) can have a significant impact.

4.5 Validation of CXRS measurements

The measurements of different [CXRS| diagnostics can be combined giving full radial
profiles, i.e. from the separatrix on the to the separatrix on the[HFS] A comparison
between all[CXRS| measurements provides a consistency check of the different diagnostics.
Figure shows a comparison of the quantities @, and for the
different diagnostics presented in section [£.2] In this discharge, all[CXRS| systems were
measuring the B>* spectral line. Figures , ¢, and e show that the profiles of the
different diagnostics align very well when plotted against the major radius.
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Figure 4.12: Comparison of radial profiles (as a function of R and pp) for: (a) & (b) ion
temperature, (c) toroidal rotation velocity, (d) toroidal rotation frequency wio, = Utor/ R,
(e) intensity of the active BV (7 — 6) CX line and (f) corresponding impurity density
profile. The color coding in the plots (a), (c), and (e) shows the measurements of
different spectrometers (CER: green, COR: blue, CUR: red, CMR: yellow) and
the the plots (b), (d), and (f) a separation between LFS (red squares) and HFS (blue
diamonds).

Figures , d, and f show the comparison between the profiles on the m (red
squares) and (blue diamonds) as a function of the normalized toroidal flux coordi-
nate pyr. The ion temperatures align very well between [LFS| and [HFS| showing that the
ion temperature is a flux surface constant. Figure 4.12d shows the toroidal rotation fre-
qUeNcy Wi, = Ugor/ R as a function of the normalized toroidal flux coordinate. In general,
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wior does not have to be a flux function, since this implies that there is no poloidal flow

(see section . For the data presented here, there is a small deviation between m
and giving a poloidal flow (see following section and figure . Figure shows
that the reconstructed impurity density profile for B> agrees within the uncertainties
between the different diagnostics inside of pio, = 0.8. The asymmetry between [LFS| and
HES starting at pior = 0.8 is discussed in chapter [6]

4.6 Measurement of the core poloidal rotation

For the plasma edge, the direct measurement of [u,,| with [CXRS|is a standard technique.
In the plasma core, however, the direct measurement is associated with large corrections
that can easily exceed the true poloidal rotation. This section will give a short overview
of the difficulties associated with the direct measurement of in the plasma core and,
subsequently, introduce the indirect technique enabling measurements of with an
accuracy of 1km/s or better.

4.6.1 Challenges associated with the direct measurement of v,

There are two main effects complicating the direct measurement of the poloidal rotation
in the plasma core:

1. The apparent velocity introduced by the gyro-motion effect can exceed the true
[poloidal rotation| velocity up to one order of magnitude (see section |4.4.2)) such that
corrections larger than the actual value are necessary. Additionally, the lifetime of
the excited state is only known to a certain accuracy creating uncertainties on the
correction factor that are at least on the order of the measured value.

2. For the plasma core, theory predicts small poloidal rotations (1 to
2kms™!) (see section [3.4). These values are in the same range as typical uncer-
tainties created by the calibration of the [CXRS| systems (see section .

Therefore, a more accurate method is needed with error bars smaller than the ex-
pected velocities in order to address the question of the nature of the [poloidal rotation|
A promising technique to deduce the core [poloidal rotation| with a high accuracy is the
indirect measurement technique introduced next.

4.6.2 Indirect measurement of u,,

The indirect measurement technique was established first at the[PDX]tokamak in 1982 (3]
and was established recently at [39] and [40], as well. The basic principle
for this technique, which is the equation of the general plasma flow, has been introduced
in section . Equation states that any plasma flow can be expressed as the sum
of a rigid body rotation and a component parallel to the magnetic field: @ = @ €, + 1 B.
Measuring [uyo,] at two distinet points on the same flux surface enables the reconstruction
of the two flux functions @ and @ and, therefore, the indirect measurement of wup,. In
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the following first results of the reconstruction for the case without impurity density
asymmetries will be shown.

Without impurity density asymmetries

In order to relate the locally measured values to the flux functions and finally to
it is important to have the correct signs and to take the magnetic field structure
and local coordinate system into account. Therefore, the tokamak coordinate convention
scheme (COCOS) proposed in [146] will be used for the sign conventions. Within this
scheme, the magnetic field is defined as in equation ; implying for the standard
parameter the following: s, = —1 and s; = —1 (COCOS index 3).

Explicit equations for the flux functions @ and @ can be derived by evaluating equa-
tion (3.30) at the [HF'S| and |[LF'S| mid-plane:

Q1) = sy Pt (e s oy Murs ) (4.14)
@(?ﬂ) _ Utor, HFS RHFS —Utor,LFS RLFS _ (4' 15)

2 2
RHFS _RLFS

Putting equation (3.30) into the radial force balance introduced in equation (3.6))
shows that the radial electric field and, hence, i3, 5 of the plasma can be measured with

toroidal onlyf’t

Vpa " Vpa
€Ly Ny, e, Ny

+ Sj (;}(’17/}) RBpol (416)

Compared to the direct measurement the indirect measurement of u,, has a number
of advantages. The largest advantage is that it is not sensitive to the gyro-motion effect
introduced in section because the [LOS| are rather parallel to the magnetic field
and see only little perpendicular motion of the particles. Furthermore, the asymmetry
between [LFS| and [IFS| toroidal rotation frequency is amplified with the safety factor:
Awior = 4 qupo/ Ry (see appendix [B) which enables an accurate measurement of wy,, for
plasma discharges with large g values, i.e. with small plasma current. Lastly, systematic
errors are reduced by comparing on the [HFS| and the [LFS| measured on a single

spectrometer.

Figure shows the indirect measurement of for the discharge #32866 at
4.045s. The light crosses in figure shows the data used for the Monte Carlo
error calculation (see below) and the solid lines are the best fits to the experimental
data. A small asymmetry on the order of 2 to 4krad/s is visible in the data (see
figure ) leading to a non-zero & component (see figure ) and, thus, a poloidal
flow is reconstructed (see figure [4.13().

3Here the following expression of the perpendicular velocity has been used: u; = @R%
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Figure 4.13: Indirect measurement of upo. (a) shows the measured wy,, and its corre-
sponding uncertainties on [LES and [HFS] The small crosses indicate the data used for the
Monte Carlo error estimation. (b) illustrates that there is an asymmetry in wy,, leading
to a poloidal rotation in the ion diamagnetic direction for peo, < 0.6 (d). (c) shows the
flux functions @ and 4 with corresponding uncertainties.

Error calculation

Error propagation is in general very complex for derived quantities even though all
experimental uncertainties are, in principle, known. Especially for the case that the
derived quantity is dependent on the gradients resulting from fitting procedures or when
the quantity is the result of a complex numerical computation, the error propagation
is very tough to implement (if possible). For the indirect measurement of one
challenging part is, for example, the mapping from the major radius to the normalized
flux coordinate. This step is essential to deduce asymmetries in wi,,. The errors on
the flux surface positions can only be calculated with additional computational effort.
Another example is that the neoclassical calculation of depends on the gradients of
the input profiles. An error propagation would only be feasible by adding a corresponding
error treatment to the neoclassical codes. In such cases, a more practical solution is a
Monte Carlo approach.
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In general, the error calculation from a Monte Carlo code is based on the calculation
of the mean value and the standard deviation of the quantity of interest. The indirect
measurement, however, yields in principle only one measurement. Therefore, a set of
virtual measurements is created randomly by varying the measured data with a normal
distribution within their uncertainties. For a toroidal rotation measurement this means,
for example, that the set of virtual measurements is created by using the uncertainties
of the measurement position (in 7 and z), the spot-size, and the error on the velocity
itself. The results are shown by the light crosses in figure [4.13h. Subsequently, the flux
functions and the corresponding value is calculated for each virtual measurement
giving as well an estimate for the error of (see error bands in figure .






Chapter 5

Validation of the indirect
measurement technique

The previous chapter showed that the indirect measurement technique of the
in the plasma core is less prone to systematic errors compared to the direct
measurement and enables thus the determination of the direction of the poloidal flow.
This chapter aims at validating the measurement technique, outlining possible limita-
tions, and estimating the effects of uncertainties in the magnetic equilibrium on the
reconstruction.

5.1 Artificial data

In order to test the accuracy of the @ reconstruction, artificial datasets using realistic
profiles for 4 and @ from equation @ and were used to test the quality of
the reconstruction. Together with the magnetic field which is taken from the discharge
# 30722 at 1.9s, the [toroidal rotation| values for the different channels of the COR
optical head can be calculated, which are subsequently used as input profiles for the
reconstruction. The profiles of the flux functions @ and @ are calculated by fitting
a spline function through a number of radially distributed points (see black dots in
figure and d). The thereby created profiles for the flux functions @ and @ are shown
with solid black lines in the figures and d. The previous chapter demonstrated that
the poloidal rotation is given by [B,.]| times @, so that the profile in panel (b) is
calculated from the [poloidal magnetic field| profile shown in figure and @. In order
to reconstruct the artificial toroidal rotation] values are required for the 70 of
the COR optical head. With the knowledge of the magnetic field and the geometry of
the [LOS|in the torus, these values can be calculated by projecting the total plasma flow
given by @ and @ into the direction. The quantities for the 70 are shown in
panel e for the [HES| channels in blue and the [LFS| channels in red. The solid green lines
in panels b, ¢, and d illustrate the reconstructed profiles for i, and w. It can be
seen that the implemented reconstruction algorithm reproduces the profiles very well.
In order to add error bars to the reconstructed values, the typical error bars of the [uyy]
measurement are added to the values in figure[5.1]as noise and the radial resolution of the

63



64

5 Validation of the indirect measurement technique

#30722 1.90s

0.30 3 T T T T
- artificial
0.25 - reconstructed
020 @ 2T
= S
= 015 =,
g ~ 1L §
@ 010 £
0.05 0F
O_OO 1 1 1 1
0.0 0.0 0.2 0.4 0.6 0.8 1.0
ppol
20 100 T T T T
o 9] _
~ 10F {1 &
> S 60} i
- ©
g ’K\ = .l .
<3 0 B <3
20 -
—_ 10 1 1 1 1 0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Prol Prpol
1 1 1 1-5 T T 1 1
LFS
) S @
A < 05} -
o S
® 15
£ S oof -
5 i
S 20 - -05F -
]
ol . 20 e
1 1 1 1 1 —_ 1.5 1 1 1 1
00 02 04 06 08 10 1.2 0.0 0.2 0.4 0.6 0.8 1.0
Prol Ppol
Figure 5.1: Reconstruction of the [poloidal rotation| profile with artificial data. (b) an
artificial [up,| profile (black line) has been generated using (a) the standard profile
from [EQH|and a (c) @ profile constructed with a spline (black line) through a number of
points (black dots). Together with a w profile (d), the full plasma flow is given and the

measured quantities for the 70 can be calculated via the projection into the [LOS|
(e, the [LFS points are shown in red dots and the in blue diamonds). From these

artificial

measurements, the poloidal rotation (b) as well as the @ (¢) and @ (d) profiles

can be reconstructed (green line with error bands). Figure (f) shows the residual of the
reconstruction.
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Figure 5.2: Effects of systematic errors on the reconstruction. Different systematic
errors (0 to 10km/s) are added to the artificially generated quantities from figure [5.1k.
Figure (a) shows the resulting profiles for the different systematic errors and (b) the
corresponding residual of the reconstruction.

different (shown in figure is as well taken into account for the error estimation.
The calculation of the error on the profiles is the same as outlined in section [4.6.2] i.e.
a set of generic profiles is generated by varying the toroidal rotation value and the
radial resolution of each channel within their uncertainties. For each of these generic
profiles, the poloidal rotation is reconstructed such that the error on the profiles is given
by the standard deviation of the profiles from the mean value. Due to the radial
coverage of the 70 , there is a small jump in z between the optical heads OH1/OH2
and OH2/OH3, respectively. This jump gets important for the reconstruction when
the profiles are fitted as a function of the minor radius r. The fitted profiles feature
unphysical jumps / spin-ups at around mid-radius. Mapping the kinetic profiles to the
magnetic equilibrium first, the jump in z has only a small to little effect on the
reconstruction as it is shown by the smaller values of in figure at roughly
= 0.5. The other parts of the profiles, i.e. < 0.4 and > 0.6 , are well
reproduced with the artificial data, i.e. the residual of the reconstruction (see figure 5.1f)
is smaller than 0.5 for the typical measurement uncertainties of the diagnostic.

The reconstruction with artificial data enables as well to test effects of systematic
errors (e.g. errors in the absolute wavelength calibration, figure . Different values
of systematic errors in a range from 0 to 10km/s are added to the artificial quantities
(figure ) From figure it can be seen that there are two regions with different
effects of systematic errors on the reconstruction. An increase in the systematic
error leads to only small deviations between the true and reconstructed profiles for
< 0.4. For > (0.4, however, an increase in the systematic error has a larger impact
and leads to a stronger reduction of the inferred poloidal rotation. This results from the
measurement principle: is proportional to the difference in the rotation frequency
on [LFS| and [HFS] Additional systematic errors affect all channels simultaneously and
lead to an offset when the measured quantities are divided by major radius R of the
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measurement location:

* * _ utor,HFS+uSyS _ utor,LFS"’“sys
Upy) X Awpy, = Rrs o (5.1)
_ 11
=A Wior + Usys (RHFS RLFS> (52)

This offset depends on the distance between the [HFS| and [LFS| measurement positions
and is, therefore, smallest in the plasma center and largest at the pedestal top. The main
systematic error source in the system is the wavelength calibration. With the usage of
the calibration lamp after each shot, the uncertainties were measured to be less than
2km/s leading to a maximal systematic error of the reconstruction of 100m/s for
the profiles shown here.

5.2 Effects of uncertainties in the magnetic equilib-
rium

The indirect measurement technique is based on the evaluation of the toroidal flow at
two distinct point on the same flux surface, i.e. at the same normalized flux coordinate
, on the and the . measures, however, in real space coordi-
nates (R, z, ¢) so that a mapping to the magnetic equilibrium during the reconstruction
process is necessary.

The standard magnetic equilibria (EQI and [EQH]) at [AUG]are calculated using solely
the measurements of the different magnetic pickup coils. Additionally, advanced mag-
netic equilibrium reconstructions can be performed that take additional information such
as the fast ion pressure, thermal pressure, isotherm constraints, and g¢-profile measure-
ments into account (see section . These equilibria are not routinely available and
were not calculated for the bulk of the plasma discharges utilized in this thesis.

As will be shown in this section, the standard magnetic equilibrium is not sufficiently
accurate for some plasma discharges, leading to non-physically large [poloidal rotation|
values and, therefore, an alternative method is needed to detect possible inconsistencies
of the magnetic equilibrium and correct the input profiles for the reconstruction
properly. Fortunately, this can be done to high accuracy by assuming that [/{]is constant
on flux surfaces. Due to efficient parallel transport along magnetic field lines, it is
expected that in addition to the plasma pressure, the temperature of a given species is
also constant on flux surfaces. If the [LFS| and the [HFS| profiles do not overlay this can
then be interpreted as an error in the magnetic equilibrium and in this case, a shift is
applied to the [HFS| points to bring them into agreement with the [LFS|fion temperature]
profiles.

The procedure of the magnetic equilibrium corrections is similar to what was done
in [147] and is illustrated in figure for the discharge # 32866 at 7.5s. By taking a
close look at the [ion temperature] profiles shown in figure one can see that there is
a slight asymmetry between the [T]] profiles on the [LFS| and the [HFS]in the plasma core
(ptor < 0.3) which could be related to not accurate reconstructions of the magnetic axis.
In order to correct this misalignment, the m profiles (black squares) have been shifted
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Figure 5.3: Ilustration of uncertainties in the magnetic equilibrium on : (a)
temperature ({7;])| profiles on (red) and and the corresponding (b) wye, profile as
a function of py;. The observed asymmetry in [[] has been corrected by shifts of the [HFS]
profiles by roughly (c) 0.02 ~ 1 cm and the corresponding profiles are shown in (a) and
(b) with black squares. The resulting profiles are shown in (d) for the uncorrected
equilibrium in green and with the shifted profiles in black. Additionally, the profile
calculated with an advanced magnetic equilibrium (IDE) is shown in maroon.

by roughly A po, = 0.02 or Ar = 1 cm (see figure[5.3f), which is within the uncertainties
of the magnetic pickup coils. With the un-shifted profiles, values of up to 7km/s
are reconstructed inside pyo; < 0.3 (see green profile in ﬁgur%i). Taking the shifted
profiles, the maximum poloidal rotation is reduced to roughly 3km/s, which is then in
agreement with the reconstruction done with the advanced equilibrium code @
In this advanced equilibrium, the fast ion and thermal pressure profiles are included
and the [[j| profile is found to be symmetric such that no additional shifts are needed.
Even though there are similar shifts necessary for py,, > 0.3, all reconstruction methods
show very similar values in this region. This results from the fact that the
rotation frequency (wio))| profile is significantly flatter there than inside p, = 0.3 and
the applied shifts have, therefore, only a minor influence on the reconstructed
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profile. This example illustrates that the outlined procedure of shifting the [HFS]
profiles is a good approach to take care of inconsistencies in the magnetic equilibrium.

In order to validate this approach further and estimate the uncertainties introduced
by the shifting of the [HFS|[T]] and profiles, this approach is compared to various
equilibrium reconstructions for a larger number of profiles. For this, radial plots of the
measured profiles are not particularly useful. Instead, time windows are selected over
which the plasma is stable and the measured profiles are averaged over this time window.
The averaged radial profile is then evenly divided into 10 py, bins and the averaged
value is calculated per bin. Figure [5.4] illustrates this procedure. Panel a shows the
experimental (red) and neoclassical (black) [poloidal rotation| profiles with corresponding
error bars as well as the 10 radial bins. Panel b displays the averaged profiles from
each radial bin in a chart where the z-axis corresponds to the experimentally measured
values and the y-axis to the [NC| profiles from [NEOART] Additionally, the 1-1 line
(black line) is shown with a band of £1km/s. In the case that the experimental values
and the neoclassical predictions agree, they would lie on top of the 1-1 line. By using
this format a large number of plasma discharges can be compared and it will become
the standard diagram to compare the profiles from theory and the indirect
measurement, throughout this thesis. From figure and b it can be seen that the
poloidal rotation in the plasma core for this discharge is non-neoclassical. It points
in the ion diamagnetic direction whereas the neoclassical prediction is in the electron
diamagnetic direction. In the outer half of the plasma and towards the plasma edge
(ptor > 0.6) the experimental measurement direction switches to the electron diamagnetic
direction and agrees with the predictions to within +1km/s. This observation explains
the fact that three data points lie in the sketched error band and the others outside
of it (see figure [5.4b). The comparison shown here between experiment and theory is
typical for the behavior observed in L- and H-mode discharges. Further information on
this topic will be given in chapter [6] where the assembled poloidal rotation database is
presented.

Using this method, the measured [poloidal rotation| profiles, taken from multiple time
windows in the plasma discharge #32866, are compared in figure [5.5] Each panel cor-
responds to a different equilibrium used for the evaluation of the ‘measured’ data. In
total, four different equilibria are compared: the standard EQH equilibrium, the EQH
equilibrium with shifts according to the procedure outlined above, the IDE equilibrium
and the EQI equilibrium taking pressure constraints into account. The averaged and
binned values are displayed with black circles. The highlighted blue data points

are due to inconsistencies in the magnetic equilibrium, which is very pronounced in the

’ Method ‘ apol,exp. [km/s] ‘ ﬂpol,NC [km/s] ‘
EQH (0.15£0.7) | (—0.7£02)
EQH + shifts (017 £0.5) | (=0.7£0.2)
IDE (0.04£04) | (=0.7£0.2)
EQI + press. constr. | (=0.03+£0.6) | (—0.7+0.2)

Table 5.1: Comparison of the weighted values for the different equilibria / methods.
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Figure 5.4: Introduction of the standard figure to compare the measured values
to theory: (a) shows the profiles from the indirect measurement (red) and the
corresponding profiles from NEOART (black) for the time interval 3.14s to 3.2s of the
discharge #32866 and the 10 radial bins. (b) displays the corresponding plot of the
experimentally measured poloidal rotations (z-axis) versus the neoclassical predicted
poloidal rotation (y-axis) for the different intervals shown in (a).

standard EQH equilibrium and still visible in the EQI equilibrium with additional ther-
mal pressure constraints. The bulk of the experimental points (black filled circles) is,
however, very similar between all different equilibria. There is a significant shift of the
experimental data from the 1-1 line in the ion diamagnetic direction. In order to com-
pare the different [poloidal rotation| reconstructions, a weighted value is calculated
for each equilibrium taking the error bars of the individual points into account. From
table it can be seen that all four cases have slightly different weighted poloidal rota-
tions (—0.03to + 0.17 km/s). Comparing the diagrams in panels b and c, it can be seen
that the differences in the values are small and that the shifting of the [T]] profiles enables
us to get rid of inconsistencies in the magnetic equilibrium making this approach viable
for reconstructing for a large set of profiles. The difference between the largest and
smallest value of table [5.1] can be taken as a first estimate of the error introduced from
the magnetic equilibrium, i.e. £0.1km/s.

5.3 Uncertainties in the g-profile

At [AUG] the plasma current profile is reconstructed based on data from the magnetic
pick up coils (see section for the standard magnetic equilibria. The poloidal mag-
netic field is then given by the integral of the plasma current from the plasma core to
the measurement position. The total plasma current is known very well. The exact
distribution, however, is not well known and, therefore, the local in the plasma core
is rather uncertain. Local measurements of the plasma current from the or
diagnostic provide additional information on the distribution of the plasma
current (see section [2.4.2) and, hence, reduce the uncertainties in [Byol It was shown in
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Figure 5.5: Comparison of the experimental values to neoclassical predictions cal-
culated with NEOART for the discharge #32866 for four different magnetic equilibria:
(a) standard EQH equilibrium, (b) EQH equilibrium with [Tj| corrections, (c¢) IDE equi-
librium, and (d) EQI equilibrium with pressure constraints. The averaged and binned
ploidal rotation values are shown in black circles with statistical error bars and mea-
surement uncertainties for the experiment and NEOART. Data points that are linked
to uncertainties in the magnetic equilibrium are highlighted in blue. Additionally, the
weighted poloidal rotation is shown in red.

section and in equation that the poloidal rotation is given by the projection
of the parallel plasma flow in the poloidal direction, i.e. as the product of the poloidal
magnetic field with the flux function 4. Uncertainties in the magnetic equilibrium and
in especially will, therefore, directly affect the reconstruction.

The g-profild] (blue) from the code is shown in figure [.6h. This code takes
additional information into account from the [MSE] and [POL] diagnostics for the recon-
struction of the plasma current. Additionally, the confidence band of the reconstruction

In a circular approximation, the local relation between [toroidal magnetic field (Byo,))| and [Bpo gives

the g-profile: ¢ =
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Figure 5.6: The code provides (a) a confidence band on the g-profile (blue line:
measurement, red: upper boundary; green: lower boundary). Taking the exact geometry
of the flux functions into account, it is possible to calculate as well upper and lower values
for (b) Byl which gives an error estimation for the magnetic equilibrium.

is shown (upper boundary in red and lower boundary in green). One can see that the
g-profile is known rather well for > 0.3 but the confidence band further inside is quite
large. With these boundaries and by taking the exact geometry of the flux functions
into account, one can calculate as well the upper and lower values for as shown
in figure [5.6b. The relative uncertainty in in the plasma core is on the order of
100 % and gets smaller when going to larger radial values. Radial locations smaller than
= 0.2 are of little interest since this region is dominated by [MHD] instabilities.

5.4 Phenomenology on impurity density asymme-
tries

AHFS|LFSimpurity density asymmetry can have an impact on the indirect measurment
of the poloidal rotation since, in this case, additional terms have to be added to the
reconstruction algorithm (see section . It has been observed previously at
[148] and [Alcator C-Mod| [149] that there is an asymmetry in the impurity density
profile located at the edge of the plasma. Up to now, however, it is unclear how far this
asymmetry extends inwards. The new spectrometer (see section [4.3)) offers the
opportunity to have a precise measurement of the profile across the entire plasma,
so that the asymmetry itself as well as the starting point of the asymmetry can be
determined. Before discussing the observations of asymmetries, the procedure for
calculating the fmpurity density] profiles from the measured intensities is outlined
briefly.

The measured intensity from an active [CXRS| emission line can be directly linked to
the impurity density] as shown in equation (4.2)). The assumption is made that is
constant along a [LOS|such that it can be put infront of the integral. The evaluation of
the Ny, profile is done with the charge impurity concentration analysis (CHICA) [150]
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code. CHICA provides four different methods to calculate, respectively measure the
line integrals of the neutrals along the diagnostic [LOS] Two out of these four methods,
namely the fast analysis and the collisional radiative model, are similar and will be
treated as one reconstruction method in the following.

e Fast ion D, simulation (FIDASIM) code: This code performs a Monte-Carlo sim-
ulation of the D, spectrum. It includes a comprehensive physics model and allows
for spreading of the beam and halo particles via collisions. This method is rather
time consuming since the evaluation of one time point lasts roughly 0.5 to 5 min.

e Collisional radiative model and fast code: This method is based on a pencil code
for the beam attenuation in the plasma and has also a halo model incorporated.
The model assumes a steady state and takes a fixed geometry for the reconstruction
such that a fast calculation of niy, is possible (1 to 2s per time point).

e Direct measurement with [beam emission spectroscopy (BES); This technique uses
the measurement of the n = 3 to n = 2 Balmer alpha line (D,) of all energy
components of the neutral beams. Using the same collisional radiative model as
the above two methods, the populations of n = 1 and n = 2 atomic states can be
reconstructed and the profile evaluated.

A detailed comparison between all reconstruction methods was performed for the
plasma discharge # 32866 from 3.1 to 3.5s. Figure compares the resulting
profiles for the different reconstruction methods. It has to be denoted that while the
profile shape is the same for all methods (see figure ) a correction factor for the
absolute magnitude of the [impurity density| profile had to be introduced in order to
account for the different amplitudes of the profiles. The difference comes from
the fact that FIDASIM and [BES| are predicting fewer neutrals than calculated with the
fast/collisional radiative model. A reduced number of neutrals leads to higher | values
for the same measured intensity according to equation . Comparing the n = 1 and
n = 2 states of the deuterium neutrals for the [LFS| (see figures and d), one can
see that the shape of the full energy component and halo predictions agree very well
for the fast, collisional radiative model, and FIDASIM. The BES] diagnostic, however,
measures higher neutral densities for the halo (see figure[5.7() and a smaller contribution
for the full energy component (see figure ) for ppor > 0.6. This could be related to
the fact that the angle between the [LOS|and the beam injection direction is near 90° for
the [LFS making it harder to distinguish the different contributions from the passive D,
background. The associated Doppler shift is small and the different contributions are
not well separated.

Figure[5.7b shows the comparison of the [nimp| profiles on [LES|and [HES] All considered
reconstruction methods show that the profile is roughly four times higher on the
[HFS| pedestal top than on the [LES] The onset of the asymmetry varies slightly
between the different reconstruction methods. The [BES| diagnostic measures a faster
attenuation of the full energy component and, therefore, an earlier starting point of the
impurity density asymmetry
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Figure 5.7: Comparison of the reconstructed profiles on (a) the and (b) the
using different reconstruction methods (fast, collisional radiative model, FIDASIM
and [BES|). Additionally, (c)-(f) the n = 1 (filled symbols) and n = 2 (empty symbols)

are shown for the most important contributions, i.e.

the full energy component of the

beam (E1) and the beam halo. The densities (a) and (b) and the neutral contributions
(c)-(f) are multiplied with a normalization factor (fast code: 1.07, FIDASIM: 1.43, and
bes: 1.71) so that the integrated profile match to the calculation done with

the collisional radiative model.
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Figure 5.8: Comparison of the profile between [LFS| and [HFS| and in two distinct
plasma regimes: L-mode (a) and H-mode (b). The impurity densities are normalized in
the region between 0 < 0.3 such that asymmetries between [LFS| and [HFS| can be
compared for different time points and plasma densities.

For this thesis, the new [HFSILFS| spectrometer was operated for two complete cam-
paigns with roughly 3500 shots. The observation of an asymmetry in the
profiles was a standard investigation and can be best described by the following
for L-mode and H-mode plasmas (see as well figure :

1. In L-mode plasmas, there is in general no impurity density asymmetry observed and
the profiles match very well between the and the (see figure )
The usage of auxiliary power in these plasmas, however, is mostly restricted to
blips or to operation with reduced voltage. With the latter option, the signal on
the drops significantly (due to the stronger attenuation of the neutral beam
at lower injection voltage) such that the observations are restricted to L-mode
plasmas with [NB]| blips. In these cases, the impurity density reconstruction relies
on the [BES| diagnostic.

2. In H-mode plasmas, asymmetries are regularly observed near the pedestal
region with the pedestal being a factor of 4 higher than the [LFS| (see

figure [5.8b). The starting point of the asymmetry and relative amplitude
between |LF'S|and [HF'S| varies with the applied heating power (see see figure )

This dependency, however, was not investigated further in the framework of this
thesis.

In figure 5.9} the reconstruction is compared taking the asymmetry into
account (blue) and without the asymmetry (red). The reconstruction is done for the

time point with the largest asymmetry in figure It can be seen that it affects
the reconstruction mostly at the plasma edge (ppo1 > 0.9), where it brings the measured
values to typical values of observed in the edge transport barrier. Further inside, i.e.
Ppol < 0.9, the profile is unaffected. Since this thesis treats the core poloidal flow,
the asymmetry in the profile can, in general, be ignored.
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Figure 5.9: Comparison of the standard reconstruction (red) with a reconstruction
taking the asymmetry into account (blue).

5.5 Changing the drift directions

The coordinate system of the indirect measurement technique is independent of the con-
figuration of plasma current and toroidal magnetic field direction and gives an absolute
direction of the poloidal rotation in terms of the poloidal angle 6. The [poloidal rotation|
is the projection of the plasma flow into the machine coordinate system and the plasma
flow is dominated by turbulence and drifts related to the magnetic field topology. The
physics coordinates to describe the direction of are, therefore, the ion and electron
diamagnetic drift directions, i.e. in which direction (upwards/downwards) propagates
the ion or electron fluid due to the diamagnetic drift (see section . By changing
the direction of the toroidal magnetic field, the electron and ion diamagnetic directions
change sign relative to # and the reconstructed changes sign accordingly. A very
simple test of the reconstruction algorithm is, therefore, to change the drift directions by
changing the direction of the toroidal magnetic and to compare the resulting profiles
in time windows with similar plasma conditions.

The reversal of [Bio| cannot be done in the lower single null (LSN)] configuration since
the divertor tiles of the lower divertor are optimized for operation with a
in the counter-clockwise direction which will be called negative direction in
the following. Therefore, the jupper single null (USN)| configuration was taken (see fig-
ure ) for this test of the reconstruction method. This configuration is characterized
by the fact that the magnetic field lines of the separatrix (red/black line) end in the
upper divertor instead of the lower divertor. Figure shows that the time trace of
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Figure 5.10: Timetrace of (a) the plasma current (black circles), toroidal magnetic field
(green diamonds), and the neutral beam power from source 8 (red line) and (b) of the line-
integrated density from H-1 (red diamonds) and H-5 (blue squares) for a plasma discharge
with standard @ direction (#33578, negative , filled symbols) and reversed
(#33579, positive [Bioh open symbols). (c¢) The plasma shape, i.e. the positions of the
different flux functions, is very well reproduced between the discharges.

the plasma current (600 MA) and the neutral beam power from source 8 (red line) agree
very well between the discharges. An absolute value of = 2.5 T was taken which was
negative in discharge #33578, i.e. counter-clockwise in the top-down view on [AUG], and
positive in discharge #33579 (compare open and filled green diamonds in figure )
Figure [5.10pb shows that the electron densities in these plasmas were very similar.

Figure [5.1Th-c show that the ion temperature, toroidal rotation frequency, and the
w profiles are the same comparing the two discharges. The flux function « is, however,
in opposite directions for the discharges with positive (green) and negative (brown)
Dol Therefore, the profiles point as well into different directions in the machine
coordinate system (see panel e) which is in both cases the ion diamagnetic direction
(see figure [5.11f). The different sizes of the error bars result from different signal
levels between the two discharges, i.e. the impurity content in the discharge #33579
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Figure 5.11: Profile of (a) the ion temperature and (b) the toroidal rotation frequency of
the plasma discharge with negative[Bi,| (filled symbols) and positive By (open symbols).
The profiles (blue) are plotted with a negative magnetic flux coordinate in order
to distinguish them better from the (red) profiles. Figures (c) and (d) show the
flux functions @ and @ for #33578 in green and #33579 in brown. The poloidal rotation
profile is shown in the machine coordinates in (e) and relative to the electron and ion
diamagnetic drift direction in (f).
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was smaller compared to #33578. This set of discharges is a nice illustration of the
measurement principle and shows that the drift directions are properly reconstructed.



Chapter 6

Characterisation of the core poloidal
flow structure at ASDEX Upgrade

In previous studies, direct measurements showed that the|poloidal rotation|isneoclassical|
in the edge region of [AUG]| 151} [152] and [Alcator C-Mod| [153| [154]. In the plasma core,
however, a wide variety of results has been obtained. While there are measurements
with large discrepancies with the predictions 3335, [155], other studies show agreement
within the uncertainties of the measurements [29-32]. This is, in part, due to lower
overall rotation values that are comparable to the corrections related to atomic physics
effects [28],141], as discussed in section . In addition, the signal to noise ratio decreases
towards the plasma core leading to larger error bars of the [CXRS| measurements.

The upgrade of the core[CXRS|diagnostics at (chapter{d{and [41], 42]) enables an
indirect measurement of the core [poloidal rotation|through the evaluation of the inboard-
outboard asymmetry of the toroidal rotation [38-40] with an accuracy better than 1 km/s
[41]. Recent studies using this technique from show a very good agreement with the
predictions at high collisionalities [40]. Calculating the differential rotation
between impurity and main ion toroidal rotation, the main ion [uye] was derived at [DITT-DJ
to be significantly more in the ion diamagnetic direction as predicted from [neoclassical
theory at low collisionalities [37]. This behavior could be important for the confinement
of future fusion devices like [TER] which will be operated at even lower collisionalities. In
order to address the question of the nature of in the core of @ plasmas, a database
of experimentally measured impurity poloidal rotation velocities under different plasma
scenarios has been built up and will be presented in this chapter.

6.1 Flow predictions from neoclassical theory

In the theory, the impurity [poloidal rotation| can be understood as friction
between the impurity and main ion such that it is additionally dependent on the main
ion and impurity ion densities. Since the energy and momentum collision times are on
the order of a few us (see section [4.1] [133]), the main and impurity ion temperatures
are expected to be equal and, therefore, the following equation for the impurity

I 79 |




|80 6 Characterisation of the core poloidal flow structure at ASDEX Upgrade|

Ki +15K,

05 1—(K1+15K2)—02

2.5 =

2.0 0‘0 _\
1.5
—0.5 F
1.0
—1.0 F -

0.5

107310721071 10° 10! 10% 10% 10* 10° 1073107210-'10° 10 10% 103 10* 10°

Vi Vi

Figure 6.1: Dependence of the viscosity coefficients defined in [100] on the main ion
collisionality and the impurity strength parameter a = nz Z2/n; Z?. (a) shows the sum
of K; and K, as they occur in the equations for and (b) illustrates the factor C*
from equation for [B| as trace impurity.

can be derived :

Hpol,Z = Zie (B?) Znimp or n; Or T, Or

Btor ,Tl Zi 1 15) Nimp 10 ni 10 Tll ( (

The impurity [poloidal rotation|is expected to depend mostly on the normalized gradients
(L, = —%%) of the impurity density, the |main ion density| and the main ion temperature
with an additional ion temperature|dependence through the factor in front of the bracket.
There is an additional dependence on the collisionality via the viscosity coefficients K;
and K as introduced in section 3.4} Figure shows the dependence of the sum K; +
1.5K, for different impurity concentrations on the main ion collisionality defined as the
ratio of the ion-ion collision frequency v; to the bounce frequency: v,; = v Rqge 1° Vgh i-
In terms of concentrations, the cases shown correspond to a pure deuterium plasma
(o = 0), and boron concentrations of 4% (o = 1) and 16% (o = 4). The boron
concentrations in are typically around 1 to 2% directly after boronizations and
about 0.5 % in the subsequent weeks after the boronization making the blue and black
cases of interest for this work. This collisionality dependence leads to the fact that the
contributions to the poloidal rotation from the [main ion density (ni)| and [1}| terms point
into different directions: at low v,;, i. e. for v,; <1-10 (depending on «), C* is positive
and the contributions from the gradients in |n; and [/i| add up. At higher collisionalities,
the contributions point into opposite directions and partially cancel out.

In order to estimate the expected [poloidal rotation| values from [NC| theory for [AUG]
different [upo profiles are calculated for a set of artificial kinetic input profiles with the
code NEOART] In this study, the profiles of [nd and [nimp| were varied. The reason
that the variation of n; was substituted by a variation in [n.| is based on the setup of
the code. The implementation at [AUG]is designed to calculate the quantities from
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Figure 6.2: Calculation of the poloidal rotation (b, d, and f) for a set of artificial
input profiles (a, ¢, and e). This figure shows a single parameter variation of the kinetic
profiles, i.e. the shown poloidal rotation velocities in the column on the right hand side
reflect only changes in or impl The gradients in the other profiles are set to zero
(black profiles).
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Figure 6.3: Combined variation of the normalized electron density and ion temperature

gradient at different radial locations: (a) = 0.2, (b) =04, (c) = 0.6, and
(d) = 0.8 (same dataset as shown in figure .

experimental measurements. Since there are no direct measurements of the
[density] the code calculates [ny from the [electron density] profile and the fmpurity density]
profiles, making use of the quasi-neutrality condition n, =Y Z;n;.

Figure [6.2) shows the input profiles in the left column and the resulting profiles
in the panels on the right hand side in the same color coding. The variations shown
here correspond to a single parameter variation, i.e. while the gradients in one quantity
are varied, the other gradients are kept to zero (black profiles). It can be seen that the
variation in [T} and [nJ have the largest impact on the profile. The contributions
point in different directions. The variations also affect A peaked profile
leads to a hollow [n{] profile if a flat [ng] profile is taken. The actual effect of a pure
variation, i.e. of a variation where |n; is kept the same, is expected to be even less than
the variation shown, since the contributions from equation for and | have
different signs and the contributions from the hollow and peaked profile, therefore, add
up.

This effect can also directly be seen directly from equation . The ranges of the
experimentally measured normalized gradient lengths of and [n;| are very similar and
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thus the factors in front of the gradients matter. The contribution from the impurity
density gradient is multiplied by Z;/Zz, i.e. by the charge ratio between the main and
impurity ion, which is 0.2 for the example shown here. This simple estimation is in-line
with the calculations shown in figure [6.2]

The profiles in figure [6.2] are useful to get a first idea of the expected values
but do not reflect the experimental conditions. Figure [6.3[ shows, therefore, the simulta-
neous variation of the electron density and ion temperature gradient at different radial

positions for the case of a flat impurity density profile: (a) = 0.2, (b) = 0.4,

(c) = 0.6, and (d) = 0.8. The predicted values are shown as a contour
plot where blue colors correspond to negative rotation velocities, i.e. in the electron

diamagnetic direction, and colors in the red spectrum to positive rotation, i.e. in the
ion diamagnetic direction. For the extreme cases, i.e. small gradients in nJ and large
gradients in [I3| (or vice versa), the same trends as in the previous figure are reproduced.
With simultaneous gradients in and the picture is a little bit different. Large
gradients in [n.| and [Tj| lead in panel (a), i.e. close to the magnetic axis of the plasma,
to strong poloidal rotation velocities in the electron diamagnetic direction. Considering
the other panels, however, the contributions from [n.| and [/j| are balanced out and rota-
tion velocities at around zero are expected for these regions and parameters, since the
contributions from the gradients in [/i| and [n cancel each other.

6.2 Comparison to different neoclassical codes

Chapter [4] showed that the [foroidal rotation frequency] is typically smaller on the [HFS]
than on the [LFS| implying a poloidal flow in the ion diamagnetic direction for standard
[AUC] geometry. The previous section illustrated that the prediction of im-
purity depends on the gradients in [nj, [T}, and on the ion collisionality. Therefore,
the experimentally measured kinetic profiles were taken to calculate the
predictions of

Figure shows the comparison of the experimentally measured impurity (black
line) to predictions from the codes NEOART (red triangles), NEO (blue di-
amonds) and NCLASS (green squares) for one time point of an L-mode discharge (see
figure ) and one time point of an H-mode discharge (see figure ) There are no
error bars on the profiles from [NEO| and [NCLASS| For a stand alone
version was used and the kinetic input profiles were varied according to the uncertain-
ties of their measurements (a similar procedure to the calculation of the error in the
experimentally measured values). By calculating the mean and standard deviation
of the poloidal rotation resulting from this variation, it was possible to provide realistic
uncertainties on from theory, which are on the order of 1km/s, i.e. roughly the
same resolution as obtained with the indirect measurement technique. The errors on
the profiles are assumed to be good estimates for the errors on the
profiles from NEO and NCLASS. Therefore, it can be seen from figure [6.4] that
there is very good agreement between the different codes giving a poloidal rotation
in the electron diamagnetic direction all across the plasma.
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Figure 6.4: Comparison of experimentally measured poloidal rotation velocities with
the indirect measurement technique (black) to predictions from the codes
NEOART (red), NEO (blue) and NCLASS (green) for one plasma discharge in (a) L-
mode and one in (b) H-mode.

The experimentally measured poloidal rotation shown in figure [6.4is, however, in the
ion diamagnetic direction in the plasma core and switches sign to the electron diamag-
netic direction towards the plasma edge. This means that the experimentally measured
[poloidal rotation| is non at mid-radius and in the core of H-mode plasmas.
In order to study this observation in a more systematic way, a poloidal rotation database
has been built up which will be presented in the following section. In addition, the L—
mode portion of the database will be further discussed in chapter [7] when the poloidal
rotation in Ohmically heated L-mode plasmas is discussed in greater depth.

6.3 Poloidal rotation database

This section is dedicated to the main physics goal of this work, i.e. the characterization
of the core poloidal flow at [AUG] It has been shown in previous sections that the flow
in the core of [AUG] is consistently in the ion diamagnetic direction for both L-mode
and H-mode plasmas. These profiles came, however, from individual time points of
individual discharges and may not be representative of the full range of [AUG] discharges.
Therefore, a database has been assembled that spans the available [AUG] parameter
range. The individual entries of the database are gathered by averaging over stable time
intervals of a plasma discharge and a radial binning into 10 equally spaced py, intervals
(see as well section and figure [5.4)).

The [poloidal rotation| database was made with data from the 2015 campaign of [AUG|
This campaign had in total 1948 plasma discharges from # 31777 to # 33724 and inter-
esting plasma discharges were selected, in a first step, according to the following criteria:

e The flat top of the plasma discharge is at least 2s and the main ion species is
deuterium.



6.3. Poloidal rotation database 85

e The injected power of source 8 has to be larger than 1.8 MW. For powers
below this, the [HES| [CXRS signal is too low leading to large errors of the

reconstruction.

e Additionally, it is required that information about certain quantities was written
to shotfiles:

— The raw data of the [CXRS] diagnostic with a corresponding [Ne] spectrum for
the wavelength calibration.

— Information on the magnetic equilibrium and the magnetic axis provided with
the standard CLISTE evaluation

— The standard diagnostics for the measurement of jne| and [Z¢] as well as for the
radiated power in the plasma.

These criteria lead to a reduction of the number of interesting discharges from 1948 to
616. In a second step, the discharges were checked further:

e Equilibrium: A stable plasma shape is required in order to minimize mapping
effects from the real space coordinates to the magnetic flux functions. Therefore,
it is for example required that there are stable phases in the discharge where the
magnetic axis as well as the inner and outer radii of the plasma are not moving
significantly.

e Phases of discharges were excluded where the external magnetic perturbation coils
are used.

e The total heating power of box II is limited to 5MW. In order to avoid
inferring [CXRS] signals from the sources 5 and 7, phases of plasma discharges with
additional heating from the sources 5 and 7 were excluded. Additionally, time
intervals immediately before and after changes in auxiliary heating power from

INBI|, [ECRH]|, and TCRH]| are excluded from the database.

With these additional constraints, the total number of usable shots is reduced to 198.
In these discharges, time intervals were identified that are stable in terms of density,
temperature, plasma radiation and heating power for at least 200 ms. This condition is,
however, not applicable for L-mode discharges since these use[NBI| blips for measurement
purposes.

It is relatively time consuming to calculate the [NC|] and experimental profiles,
meaning that it was not possible to add all of the mentioned discharges to the database.
Instead, a subset of plasma discharges was identified that contains the largest possible
scans in heating power, plasma current, normalized electron density gradient, normalized
ion temperature gradient, and safety factor ¢ and the database was built from these
discharges. In total 70 time intervals from 19 discharges (4 L-mode and 15 H-mode
discharges) were included into the database.

Figure[6.5shows an overview of the assembled database. From panel (a) it can be seen
that R/L,, is varied between 0 and 5 and R/Ly; between 0 and 12. There is a number of
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Figure 6.5: Overview of the assembled database showing (a) the variations in R/Ln,
and R/T;, (b) the auxiliary heating of the plasma for NBI| [ECRH| and [[CRH] (c) total
number of time points in L-mode and H-mode discharges, and the variations of the edge
safety factor and plasma current.

discharges which feature simultaneously large R/L,_ and R/Ly. gradients and another
set of discharges with small gradients in the [electron density| and large gradients in the
fion temperaturel Panel (b) shows the variation in the database in terms of auxiliary
heating power from ranging from 2.5 to 12.5MW as well as the scan in [ECRH]
and [[CRH] Figure illustrates that the current database consists of 42 time points
from L-mode discharges and 28 points from H-mode discharges and panel (d) shows the
variation in the edge safety factor qg5 from 4.0 to 12.0 and of the plasma current from
0.4 to 1.1. These parameter variations cover the operational space of [ASDEX| Upgrade|

Figure shows an overview over the complete database distinguishing between L-
mode and H-mode data. Comparing the absolute variations in the theoretical predictions,
it can be seen that the covered range of the profiles in H-mode (—1.2 to 0.0km/s)
is slightly larger than for L-mode (—1.0 to 0.0km/s). This results from the different
correlation between ion temperature gradient and electron density gradient and will
be covered in the next section. Furthermore, the variation in the experimental data
from L-mode is significantly more than from H-mode. This results from the different
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Figure 6.6: Overview over the assembled database with H-mode (blue) and L-mode
(green) discharges. The estimation of the neoclassical [poloidal rotation|is done with the
code NEOART.

measurements techniques in the two plasma scenarios. In H-mode, intervals where the
plasma is stable are averaged leading to a reduction of the variation in the profiles.

It can be seen from figure that for both plasma scenarios, the weighted mean
of the data points is on the right hand side of the 1-1 line implying that the measured
values are more in the ion diamagnetic direction than predicted from neoclassical
theory. Additionally, there is a substantial number of points that have the opposite
drift direction than predicted from theory. This shift is outside of the error
bars of the profiles and shows that there is a non neoclassical [poloidal rotation| for some

regimes and/or certain radial regions at

In figure the code is used for the evaluation of the neoclassical predic-
tion for . For a subset of 6 discharges (4 L-mode and 2 H-mode discharges), there

are as well predictions from the neoclassical codes [NCLASS| and [NEO] A comparison
between the profiles from the different codes can be found in figure[6.7] It can be
seen that the profiles from the different codes agree in general well. Additionally, there

are is a region for [NC| predictions from [NCLASS|and [NEO| where predicts
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Figure 6.7: Comparison of the neoclassical predictions from NEOART (y-axis) to the
neoclassical codes (a) NCLASS and (b) NEO.

values that are more in the electron diamagnetic direction than from the other codes,
i.e. the cloud of the points is located below the 1-1 line.

In order to characterize the dependencies of the database further, it is separated
according to radial regions in the plasma. The motivation for this results from figure 6.4
where it is shown that the[upol| profiles agree within the uncertainties with the neoclassical
predictions towards the plasma edge and that the poloidal flow direction changes in the
core from the electron diamagnetic direction to the ion diamagnetic direction. Figure
compares the profiles in the plasma core (left hand side) to the profiles outside of =
0.6 (right hand side). Additionally, the profiles are separated between H-mode (blue,
top) and L-mode (mode, bottom). By comparing panel a and b one can see that this
change in direction is present in the H-mode discharges: Most of the points from panel
b align within their uncertainty with theory showing a similar trend as predicted from
neoclassical theory. From panel a it can be seen that not all of the gathered data shows
a different drift direction than predicted from neoclassical theory. This could point
towards the fact that there are different dependencies present in this dataset which
will be examined in the following. For the L-mode data, no clear trend is visible. The
experimental data has large variations in both regions, the core and outside of = 0.6.
This picture gets clearer when a change in the confinement regime is taken into account,
which will be discussed further in the next chapter.

6.4 Parameter dependencies

The neoclassical prediction of depends on the collisionality and the gradients in the
ion temperature and density profiles (see sections and . In order to characterize
the nature of the core poloidal flow at ASDEX Upgrade, these dependencies are tested
with the database build up for this thesis.

Figure examines the parameter dependencies on the L-mode dataset. Panels a, b,
and ¢ show the experimentally measured profiles in red and the theoretical predictions
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Figure 6.8: Comparison of the experimentally measured profiles with the neoclassical
predictions in the plasma core (a, ¢) and outside of = 0.6 (b ,d) for different plasma
scenarios (H-mode: blue, L-mode: green).

in black as a function of R/L,, (a), R/Lt, (b), and the main ion collisionality (c).
Similarly to the overview plot of the database (figure no clear trends are visible. The
experimental velocities are consistently more in the ion diamagnetic direction for larger
R/Ly, and R/L,, values, but in general no clear correlation between the experimentally
measured values with one of the parameters predicted from neoclassical theory is found.
For the L-mode data, there is a clear correlation between the gradients in R/L, and
R/L,, (see panel d) meaning that the largest gradients of density are present at the same
time as the largest gradients in temperature.

The same parameter dependencies as for the L-mode are shown in figure for
the H-mode. The dependencies obtained with R/Ly, and R/L,, are slightly ambigu-
ous. There are two branches for R/L,, where the first one shows the opposite trend as
predicted from theory, i.e. the measured values are more in the ion diamagnetic
direction and the theoretical value goes slightly more in the electron diamagnetic direc-
tion. The other branch agrees within the uncertainties with the neoclassical predictions.
These two branches relate to the different areas in the plasma, i.e. in the plasma core and
outside of [pgo}=0.6. A similar behavior is found when investigating the dependencies on
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Figure 6.9: L-mode parameter dependencies of the experimentally measured profile
(red) and the theoretical predictions (black) on (a) R/Ly,, (b) R/Lt,, and (c) the ion
collisionality. Additionally, the correlation between R/L,, and R/Lr, is shown in panel
(d). Both, core (filled symbols) and edge (open symbols) data are shown.

the ion temperature gradient (panel b). There is one branch agreeing with the neoclas-
sical predictions and the other one is shifted roughly by 1km/s in the ion diamagnetic
direction. From panel c, it can be seen that there is a clear trend with the collisionality:
there is an increasing difference between the experimentally measured poloidal rotation
velocities and the theoretically predicted ones for smaller collisionalities. This behavior
is further illustrated in figure where the trends of the experimental and theoretical
values are shown. It can be seen that the difference between the measured impu-
rity poloidal rotation and the predicted one from becomes larger for smaller
collisionalities.

One explanation for the observation of non neoclassical poloidal rotation could be the
effect of turbulence on the plasma flow. The turbulent drive is expected to grow with the
square of the normalized Larmor radius (p*) and in the H-mode dataset of the poloidal
database a clear dependency on p* is observed (see figure ), i.e. the difference
between the experimentally measured and theoretically predicted impurity flows become
larger with increasing p*.
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Figure 6.10: H-mode dependencies of the experimentally measured profile (red) and
the theoretical predictions (black) on (a) R/L,., (b) R/Lt,, and (c) the ion collisionality.
Additionally, the correlation between R/L,, and R/Lr, is shown in panel (d). The data
is shown in the same color coding as in figure [6.8} data points from the edge are shown
with open symbols and those from the core with filled symbols.

It is important to note here that the neoclassical damping increases with collision-
ality. Therefore, a possible explanation of the observed dependencies is that there is a
balance between neoclassical damping and turbulent drive of At low collisionalities,
i.e. when the neoclassical damping is the weakest and the turbulent drive the strongest,
the experimental values show a clear non neoclassical poloidal rotation. With increasing
collisionality, the turbulent drive decreases and the neoclassical damping increases such
that the experimental values are neoclassical. In order to test this hypothesis an estima-
tion of the Reynolds stress in the H-mode discharges is necessary, as for example done
in [27, 34]. This investigation will be the topic of future experiments and publications
since a precise measurement of the level of density fluctuations is necessary.
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Figure 6.11: (a) Averaged poloidal rotation as a function of the main ion collisionality
and (b) dependency of the poloidal rotation on the normalized Larmor radius.

6.5 Implications for the main ion poloidal rotation

The experimental data presented so far corresponds to [CXRS| measurements done on
showing that the impurity poloidal flow in the core of [AUG] is non-neoclassical
for a wide range of plasma parameters. Unfortunately, there is no diagnostic capable of
measuring the main ion poloidal flow at [AUG] From theory it is, however,
known that the impurity poloidal flow is caused due to friction with the main ions such
that implications for the main ions can be gained knowing the impurity

Figure shows the theoretical poloidal rotation profiles of the plasma discharge
# 32866 at 1.5s for the main ion species deuterium and the impurity ion boron. It can
be seen that the main ion poloidal rotation is in the ion diamagnetic direction in the
plasma core until = 0.7 and in the electron diamagnetic direction at larger radii.
Assuming that the drive of the impurity poloidal rotation is friction with the main ions,
then the measured non-neoclassical impurity [poloidal rotation| indicate that the main
ion poloidal rotation must be even further in the ion diamagnetic direction.

In 2013, measurements of the main ion poloidal rotation were obtained at [DITI-D| by
measuring the complete plasma flow of impurity ions and calculating the radial electric
field from the force balance equation. Together with measurements of the main ion
toroidal rotation, an evaluation of the main ion poloidal rotation was possible. In a
series of experiments using [ECRH] heating and low torque input, the authors came
to the conclusion that the deuterium poloidal flow exceeds the neoclassical predictions
for main ion collisionalities smaller than 0.1 (see figure [6.12p)[40].

This observation is in-line with the arguments presented above. The measured non-
neoclassical main ion poloidal rotation drags the impurity ion poloidal rotation as well
further in the ion diamagnetic direction than predicted from theory. Since
the effect is caused from friction, the resulting difference between the measured and
predicted impurity poloidal rotation is smaller than observed with measurements on the
main ion species. In order to test this interpretation further, it would be necessary to

experimentally measure the main ion at [AUC]
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Figure 6.12: (a): Neoclassical calculation of the main and impurity ion poloidal rotation
performed with NEOART] (b): Measured main ion poloidal flow at [DIII-D]| (taken from
[37)).

6.6 Conclusions

The neoclassical impurity depends on the gradients of [n] and [nimp| and has
an additional dependency on the plasma collisionality through the neoclassical viscosity
coefficients. By using typical plasma parameters of[AUG] it was shown that the expected
values are a few km/s.

In order to characterize the nature of the core poloidal rotation at [AUG] a poloidal
rotation database was built up for this Ph.D. thesis covering a wide range of the [AUG|
parameter space. The core impurity poloidal rotation, i.e. for < 0.6, is found to
be in the ion diamagnetic direction for both L-mode and H-mode discharges. Neoclas-
sical theory predicts values in the electron diamagnetic direction and, therefore, non-
neoclassical impurity poloidal rotation velocities are generally observed at [AUG] These
results are consistent with main ion poloidal rotation measurements from [DIII-D| The
H-mode dataset shows an increasing difference between measured and predicted
profiles which could be linked to a combined effect of lower neoclassical damping of the
poloidal rotation and a larger turbulent drive at the low collisionalities.







Chapter 7

Measurement of the ExB velocity
across the LOC-SOC transition

(Parts of this chapter are published in: A. Lebschy et al. NF 58 (2018) 026013 [69))

It was introduced in section that L-mode tokamak plasmas with only Ohmic
heating feature two main plasma regimes in terms of the energy confinement time:
scales linearly with up to a certain density after which it saturates. The regimes
above and below the critical density are known as the [linear Ohmic confinement| (LOC)
and jsaturated Ohmic confinement| (SOC) regimes. The commonly accepted theory for
the transition from [LOC] to [SOC| was a change in the dominant loss mechanism from
electron- to ion-dominated transport implying a transition from [TEM]to [TG]turbulence
[112] [114] [116] 121} [156]. Recent modeling work from [AUG]| suggests, however, that the
saturation of |rg| is not due to a change in the dominant turbulence regime. It is rather
the ion energy loss that gets stronger at higher densities due to the reduced dilution of
the plasma and the stiff ion temperature profile that leads to a saturation of g [120].

The indirect measurement of the [poloidal rotation| in the plasma core at ([41]
and chapter {4)) is the missing ingredient to gain information on the dominant type of
turbulence through the comparison of the [z, 5 from [CXRS| measurements and the
perpendicular velocity of density fluctuations (u # Ug, g+ vpn) from turbulence propa-
gation measurements (see section[2.3.6)). The difference between the two quantities is the
phase velocity of the dominant turbulence. is directed in the electron diamagnetic
direction for turbulence and in the ion diamagnetic direction for [TG| turbulence.

This chapter starts with a general overview of [LOCHSOC] experiments performed at
different devices and presents subsequently measurements of [uyo, [sor] and [tz 5| across
the [LOCHSO(] transition and comparisons to predictions from neoclassical theory, ex-
tending previous work performed at [157]. Additionally, measurements of are
shown for a subset of the presented discharges

7.1 Overview of performed LOC-SOC experiments

Ever since the discovery of the LOC-SOC transition, an extensive study of these plasmas
has been performed in order to get information on the physics and the turbulence present

95
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in these discharges. In the following, a short overview of different experiments will be
given organized as follows: experiments with indications for [TEM]| in [LOC], indications
for in [SOC] and indications for a change from to are presented. A clear
separation into the three categories is, however, not always possible for the mentioned
experiments. Due to the large number of experiments performed during the last decades,
only a small selection of experiments can be presented. It is recommended to check the
references of the listed publications for further information.

Measurements of [TEM] in [LOC

e In the early 1990’s, measurements of the turbulence using coherent CO, laser scat-
tering in showed that the level of density fluctuations in the electron
diamagnetic direction followed the electron heat diffusivity, i.e. they decreased
and saturated at the [LOCHSOC] transition. The saturation of the energy con-
finement time was, therefore, explained by a saturation in the electron channel.
These measurements showed, additionally, that fluctuations propagated in the ion
diamagnetic direction at velocities which exceed neoclassical predictions and that
there is no sudden increase at the transition from LOC to SOC [119].

e The injection of modulated ECRH into a plasma allowed to get information on the
transport in plasma discharges [158]. Using this technique, it was shown at
[AUQ] that the propagation velocity of these heat pulses decreased strongly with
increasing collisionality implying a stabilization of the [TEM] modes. Gyrokinetic
calculations performed for these discharges suggested that the stabilization went
in hand with a transition to dominated transport [159].

e By cross correlating the signals of two electron cyclotron emission channels, which
are separated in terms of frequency, the local electron temperature fluctuations
were studied in [LOC| and [SOC| discharges at [Alcator C-Mod| These measurements
showed a robust reduction of the relative fluctuation level in the [SOC| regime
compared to the [LOC]| regime for low frequency fluctuations. Linear stability cal-
culations for the long wavelength turbulence showed that the [LOC| discharges are

dominated and the discharges dominated [160].

Measurements of [TG| in [SOC]

e Using the technique of coherent far-infrared Thomson scattering to characterize
density fluctuation spectra at two discrete wavenumbers, a low frequency turbu-
lence feature was observed at [DITI-D] This feature was present in [SOC] but not in
the regime and the onset of the fluctuations coincided with the saturation of
the energy confinement time [156].

e With a far-infrared laser scattering system, the presence of density fluctuations
propagating in the ion diamagnetic direction was observed at the [TEXT] tokamak.
The onset of this feature occurs at electron densities where a clear saturation of
was measured. In addition to the measurements of the fluctuations in the ion
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diamagnetic direction, indications for turbulence propagating in the electron dia-
magnetic direction were measured in [LOC| and in [SOC| The relative amplitude be-
tween the measured electron and ion turbulence decreased with increasing electron
densities suggesting that the ion turbulence becomes eventually more important in

the regime [161].

Measurements of a transition from [TEM] to TTGI

e The study of low frequency density fluctuations with a CO, laser scattering system
and correlation techniques in the|[Alcator C-Mod|tokamak showed that the poloidal
group propagation velocity of the fluctuations is measured to be in the electron
diamagnetic direction for typical densities of the LOC regime. At higher densities,
the velocity is found to be in the ion diamagnetic direction [162].

e Quasi-coherent (QC) structures were measured in fluctuation spectra at
and [TEXTOR] The name origins from the characteristics that the width of the
mode spectra is of the order of the dominant frequency. They appear typically at a
frequency between 30 and 120 kHz. The onset of QC structures has been found dur-
ing [ECRH| where turbulence is suspected to be driven by electron modes. Together
with instability calculations, a correlation between the onsets of QC modes and
was found [163]. In later experiments, QC modes were found to disappear
in the SOC regime [164].

e Ohmic L-mode discharges have an interesting behavior regarding the peaking of
the electron density. In the beginning, an increase in the collisionality leads to a
stronger peaking and later on to a decrease in the peaking. This phenomenon is
related to the dominant transport mechanism. For low collisionalities, typically in
the LOC regime, the transport is dominated by and at higher densities, i.e.
in the SOC regime, the transport is dominated by [121].

e Studies of the perpendicular velocity with Doppler reflectometry at [AUG]showed a
transition from the ion diamagnetic direction to the electron diamagnetic direction
at the [LOCHSOC transition. This phenomena was related to the change of the
turbulent phase velocity from electron to ion diamagnetic direction prediction by
linear gyrokinetic calculations [165, [166]. Measurements of the intrinsic rotation
with [CXRS| at [TCV] showed later on, that the toroidal rotation switches sign from
the co- to the counter-current direction [167] in these plasmas such that a possible

change of has to be disentangled from the changing (see section .

This short overview shows that a significant amount of work has been done in order
to to characterize the dominant turbulence present in these plasmas. Most of the ex-
periments support the commonly accepted theory that the regime is and the
[SOC] regime is [TG] dominated. However, in most of the cases, only plasmas deep in the
LOC and deep in the SOC regime were considered and the point of the change of the
dominant turbulence regime stayed unclear. Additionally, almost all experiments uti-
lized indirect measurements of the dominant turbulence and direct evidence of a change
of the dominant phase velocity is still missing.
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Figure 7.1: (a) Comparison of the E x B velocity determined with the radial force balance
equation (lines) and the perpendicular rotation measured by the Doppler reflectometry
(symbols). (b) Calculations of the turbulent phase velocity with linear gyrokinetic cal-
culations at k, p; = 1.59, which corresponds to the turbulence size-scales measured by
the Doppler reflectometry. This figure is taken from ||

7.2 Discharge design and measurement technique

One way to gain additional information on the type of turbulence present in tokamak
plasmas is to measure the turbulent phase velocity. At[AUG] there are various reflectom-
etry systems measuring the perpendicular propagation velocity of density fluctuations,
which is the sum of and [z, 5 (see equation ([2.8)) and section [2.3.6 “ Figure |7.1]
shows a recent comparison of symbols) and 5| (lines) with respect to dlfferent
time intervals across the transition [157]. The second time interval (blue) cor-
responds to a measurement at the transition from [LOC]| to [SOC], while the black profile
corresponds to the previous measurement interval in[LOC]and the red to the subsequent
one mM Here, the ExB velocity is calculated with the radial force balance equation
based on [CXRS| measurements of [uio] and peoclassical] prediction of [upel Qualitatively,
all profiles show similar behavior, i.e. the rotation outside = 0.7 stays unchanged
and the rotation further inside switches sign from the ion diamagnetic direction to the
electron diamagnetic direction. At first glance, this could be interpreted with a turbu-
lent phase velocity of 2km/s in the ion diamagnetic direction. Gyrokinetic simulations
(see figure ) show, however, that is expected to be smaller than 0.6km/s and
in the electron diamagnetic direction. With the new system installed along [NBI
source 8 it is now possible to measure the [poloidal rotation|in these plasmas with high
accuracy and, therefore, to confirm if there is a non{neoclassicall poloidal rotation or a
turbulent phase velocity exceeding the gyrokinetic predictions.

Figure[7.2]shows the typical discharge design for the measurement of the core plasma
flow across the LOC-SOC transition. The data shown here comes from the [AUG] dis-
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Figure 7.2: From top to bottom and left to right: time evolution of (a) the electron
density for one core (blue, H — 1) and edge (magneta, H — 5) channel of the laser
interferometry diagnostic as well as 7., /7T; (dashed red line), (b) the plasma stored energy
(Wumnp) in black, the physics NBI blips in red and one of the conditioning blip occurring
after each physics blip in blue, (¢) contour plot of the ion temperature and (d) the
toroidal rotation for a low density L-mode plasma with a density ramp. The point of

the LOC-SOC transition is marked with a dashed black line.

charge # 32841. The [LOC| and [SOC| regimes are divided by a critical density, such that
an intentional increase of the plasma density (see panel a) with a feedback gas puffing
algorithm leads to the [LOCHSOC] transition. Thereby, the coupling between electrons
and ions is increased leading to a decrease of at higher (see red dashed line
in panel a). The LOC-SOC transition for the discharge shown in figure occurs at a
density of 1.6 .10 m™3 at 2.5 (see as well figure ) This time point is marked with
a vertical dashed black line in all four panels.

In order to obtain [CXRS| measurements in these Ohmic L-mode plasmas, a combina-
tion of fast [CXRS| measurements, i.e. the exposure time of the diagnostics is set to 4 ms,
and the usage of blips with a duration of 12-16ms are applied [169]. It was found
that the source 8 does not always deliver a constant injected power across a given
blip as well as from one blip to another. If the capacitors of the [NBI| sources are not
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Figure 7.3: Evolution of the time delay between two antennas of the diagnostic at
two different radial positions (taken from [168§]).

fully discharged during the blip, the next blip cannot provide a steady power. Therefore,
the injection pattern of the beam blips was designed such that there is a small condi-
tioning blip with a duration of 5ms, which is the minimum length possible for the
sources, in between two physic’s blips with durations of 12-16 ms. Figure shows the
injection pattern of the beam blips with the physic’s blips in red and an example for one
conditioning blip in blue. From panel ¢ it can be seen that, while the conditioning blips
have a very small effect on the [plasma stored energy (Wymp ) the physic’s blips lead to
a strong increase of [Wypnpl Therefore, the physic’s blips are set 240 ms apart, which is
roughly two energy confinement times. Since the momentum and energy confinement
times are expected to be similar, the momentum impact from the [NBIinjection vanishes
before the next physic’s blip and the phases before the physic’s blips can be compared
for a dedicated analysis of the momentum changes in these Ohmic L-mode discharges.
One way to track the momentum evolution in the plasma from beam blip to beam
blip is the time delay measurement of the [poloidal correlation reflectometry| diagnostic
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Figure 7.4: (a) Subsequent measurement frames in one beam blip (15 to 4" frame) show-
ing the evolution of (b) resulting profiles for different backwards extrapolation
methods, (c) reconstructed profiles taking the average profile across the beam
blip (green), and the two backwards extrapolation methods (profile fit: maroon; channel

fit: magenta), (d) the resulting profiles.

which is related to the perpendicular velocity of the density fluctuation inside the plasma.
Figure shows the blips and the time delay of the reflected microwave between
two different receiving antennas (B and E) at two different radial locations =0.8
and 0.98). It can be seen that the perpendicular velocity, which is inversely proportional
to the time delay, is not affected by the blips at = 0.98. Deeper inside the plasma,
at = (0.8, the beam blip leads to a reduction of the absolute value of the time delay
and, thus, to an increase in the perpendicular velocity. Before the next beam blip, the
perpendicular velocity relaxes back to roughly the same values as from the blip before.
Assuming that the NBI] blip has mostly an impact on [u,), figure[7.3] provides information
on the evolution of in between beam blips.

As explained in the chapter [ the usage of blips enables a fairly simple deter-
mination of the active [CXRS| signal by subtracting off the passive signal measured in
the adjacent frames to the beam blip (see section . The length of the physic’s blip
is typically set to 3 or 4 times the exposure time of the diagnostic. Taking into account
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that it takes typically 2ms to switch the source on and off, the actual ‘on-time’ of
a blip with a length of 16 ms is 12ms [157]. Special care is taken in the timing of
the blips that the point at which it is switched on correlates with the beginning of a new
frame of the [CXRS| spectrometer. Hence, only half of the first frame has active signal
and the impact of the beam on the kinetic profiles is the smallest. Figure [7.4h shows the
evolution of the [toroidal rotation|during one beam blip (1% to 4™ frame). It can be seen
that the changes in [us,| are on the order of 0 to 10km/s. On the the blip tends
to decelerate the plasma and on the an increase of the [toroidal rotation|is found.
Panel b shows the comparison of two backward extrapolation methods to the average
of across the blip. The first method (‘channel fit") takes the evolution in each
[CXRS] channel into account and linearly extrapolates the measurement backwards
before the beam blip. The other technique (‘profile fit’) fits each frame with a spline
function and extrapolates then the profile backwards before the beam blip. It can be
seen from panel b that the backwards extrapolation techniques show qualitatively and
quantitatively very similar profiles, although the channel fit is a little bit more scat-
tered. The average profile gives smaller values for for R > 2.0m and larger values
at smaller radii. Comparing the profiles in figure [7.4f, it can be seen that the
backwards extrapolation methods give a flow in the ion diamagnetic direction at mid-
radius and a flow in the electron diamagnetic direction towards the plasma edge. The
poloidal rotation| derived from the averaged toroidal rotation profiles gives small values
in the electron diamagnetic direction. The same trend can be seen as well for the
velocity ({5, g} For the reconstructions shown in the following, the profile backwards
extrapolation method is used always since it is more stable in the reconstruction than
the channel fit and gives similar profiles as this routine. Additionally, the backwards
extrapolation method is believed to reproduce the kinetic profiles before the beam blip
better than the average profile.

7.3 Measurement of the poloidal rotation across the
LOC-SOC transition

With the indirect measurement technique presented in section , can be measured
across the [LOCHSOC] transition. Figures and b show, respectively, the measured
wior profiles and the reconstructed [poloidal rotation| during the [LOC| (black) and the
SOC]| (red) phases of discharge # 32841. Even though the toroidal rotation changes
significantly, i.e. in the core it goes from the co- to the counter-current direction, the
differences in the rotation frequency between [LFS| and [HHFS| are very similar and the
[poloidal rotation] profiles is, therefore, almost the same in [LOC| and [SOC] In addition,
the predictions of fuyq from NEOART]| are shown in figure with dashed

lines and the same color coding. It can be seen that both the experimental (solid lines)
and (dashed lines) [poloidal rotation|is unchanged across the transition from
[LOC] to [SOC| The [NC] prediction is always in the electron diamagnetic direction and
drops from nearly 1km/s at the plasma edge to 0.5km/s in the plasma core. Note that
‘edge’ here refers to the outermost measurement positions of the core CXRS system, but
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Figure 7.5: (a) Measured LFS (filled circles) and HFS (open diamonds) profiles and
(b) comparison of the measured profile (solid lines) with the neoclassical predictions

(dashed lines) from NEOART] for a time point in the m (black) and the m (red).

does not include the edge pedestal region. The experimental poloidal rotation, on the
other hand, is in the electron diamagnetic direction only for > 0.7 and <0.3. In
this region, the agreement with [NEOART]is good. In between, however, is directed
in the ion-diamagnetic direction and, therefore, non neoclassicall This measurement is
in-line with previous observations presented in figure (7.1l where a discrepancy between the
[CXRS|and [Doppler reflectometry] measurement at mid-radius has been found. Due to the
lack of the measurement of in [157], the authors where not able to make a conclusion
if there is a large phase velocity or poloidal flow in the ion diamagnetic direction. This
measurements shows that it is a non neoclassicallfu,,)| causing that difference.

In order to study the general behavior of the evolution of across the [LOCHSOC]
transition, a database of Ohmic L-mode plasma discharges was build up (similar to
the database presented in the previous chapter). The [energy confinement time| for the
database is calculated from the thermal energies of ions and electrons and is fitted as a
function of density with a two-line function, where the crossing point of the two lines
is designated as the [LOCHSOC] transition. Figure shows the neoclassical as a
function of the experimental one for four different time intervals with respect to the
LOC-SOC transition: ¢t —trg € [—1s,—0.5s], [-0.5s,08], [0s,0.5s] and [0.5s, 1s]. This
figure includes data from the four discharges presented previously, comprising a scan of
the plasma current from 0.6 to 1.0 MA.

The error bars shown include the statistical error from the averaging over a certain
plasma region, errors in the magnetic equilibrium and the calculated measurement errors.
With this method the measured data can be clustered and compared for a large quantity
of shots. The radial base for the profiles in figure [7.6] is constrained to 0.3 < 0.8,
since the error bars on the plasma current and, therefore, on the poloidal magnetic field
get quite large for positions closer to the magnetic axis. The outer boundary is given
by the [CXRS|[LOS| and their alignment with respect to the magnetic equilibrium. A
positive sign, corresponds to a drift in the ion diamagnetic direction and a negative one
to the electron diamagnetic direction.
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Figure 7.6: Comparison of the experimentally measured poloidal rotation to the neo-
classical prediction from NEOART for different time intervals relative to the LOC-SOC
transition. The solid line corresponds to the 1-1 line, i.e. a perfect agreement between
measurement and theory. Additionally, a £1km/s deviation from theory is shown with
a dashed line.

It can be seen that the [neoclassicall [uye| profiles are in the range from —1.0 to
—0.5km/s. They are always directed in the electron diamagnetic direction and the
profiles shown in figure are a good representation of the general behavior of the
predictions. The reconstructed values from NEOART have been compared
as well to reconstructions from NCLASS [103] and NEO [102] which give the same pro-
files for the NC poloidal rotation. For the experimental reconstructions, the range is
broader (from slightly negative values to +1.5km/s). For the plasma discharges at 0.8
and 1.0 MA, there seems to be a small increase of the poloidal rotation when going from
LOC to SOC. This increase is, however, not outside of the error bars of the measurement
such that no clear statement can be made. For all discharges and all time points a clear
shift of the experimentally measured poloidal rotation in the ion diamagnetic direction
is observed, i.e. the data points are shifted to the right from the 1-1 line (black line)
which would correspond to a perfect agreement of measurement and prediction.
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Figure 7.7: Comparison of the ugyg measurement from CXRS to (solid line) to reflec-
tometry data of u; (dots) for both confinement regimes, the LOC (black) and SOC
(red).

The increasing uncertainties of the experimental values with time relative to the
LOC-SOC transition results from the increasing error bars of the HFS CXRS profiles
at higher densities (see figure ) leading to stronger attenuation of the neutral beam
and, thus, fewer beam neutrals on the HFS. The CXRS signal is directly proportional to
f Nimp N0,i Al along the observation direction, where ng; is the neutral density of different
beam components. A reduced number of neutrals on the HF'S leads to a reduced signal-
to-noise ratio of the CXRS signal and larger error bars on the kinetic profiles. The
increased error bars for discharges at higher plasma currents results from two facts.
Firstly, the LOC-SOC transition happens at higher electron densities and, thus, the
error bars on the uy,, profiles are larger due to the stronger beam attenuation. Secondly,
the difference in wy, between LFS and HFS depends on the ¢ value. For the same w0
value the difference between LFS and HF'S wy, is larger for higher ¢ and thus for smaller
plasma currents (|40] and section . Therefore, the error bars are typically smaller
for plasma discharges with lower plasma current.

7.4 Measurement of the phase velocity across the
LOC-SOC transition

The knowledge of the impurity poloidal rotation rotation enables the experimental eval-
uation of the radial electric field according to the radial force balance equation intro-
duced in equation and, therefore, the experimental measurement of u g, 5. For this
evaluation, the impurity density| has to be calculated as well in order to evaluate the
diamagnetic term. This is done with the measured line radiance of the [CXRS| process
and the injected neutrals from the neutral beam sources measured by beam emission

spectroscopy. Figure shows a comparison of the experimentally determined
(solid line) to the prediction from NEOART] in panel a and to the from the
[poloidal correlation reflectometry] diagnostic in panel b. The comparison to
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Figure 7.8: Comparison of (a) the experimentally measured turbulent phase velocity
obtained by the subtraction of the perpendicular velocity and the ExB velocity in LOC
(black) and SOC (red) to (b) gyrokinetic simulations of v, for two different impurity
content levels.

gives the expected behavior. The [poloidal rotation| is more in the ion diamagnetic
direction and the measured is, therefore, as well more in the ion diamagnetic di-
rection. This comes from the fact that the measured temperature, density, and toroidal
rotation profiles are taken as inputs for NEOART] such that the only difference is the
Upol contribution. Figure @b shows the measurements from the PCR diagnostic of the
perpendicular velocity (filled circles). The difference between the two diagnostics should
give the turbulent phase velocity according to equation : if u; from is larger
or smaller than '@, Upn points in the ion or electron diamagnetic direction. The com-
parison shows that the measured values of from CXRS and u,; from PCR are in
good agreement in LOC and in SOC. Thus, vy, is small and the observed changes in the
phase velocity are smaller than 0.5km/s during the transition from LOC to SOC.

Since the observed changes in vy, are close to the resolution boundary of both di-
agnostics, systematic changes during the LOC-SOC transition are only observable by
investigating a larger number of discharges. Figure shows the vy, evaluation for in
total 4 time points resulting from two different LOC-SOC transitions performed with a
similar discharge design as shown in figure [7.2] At the plasma edge (0.7 < ppo < 0.9)
there is a systematic increase of vy, i.e. a shift towards the ion diamagnetic direction
from to in the order of 0.5km/s supporting the story of a change in the
dominant turbulence regime across the LOC-SOC transition. The absolute values of
the phase velocities in LOC and SOC are dependent on the kind of back extrapolation
method used in order to extract before the beam blip. The difference between the
different methods is on the order of 2km/s for [ui,,} i.e. it will create variations in
of 0.4km/s. The trend that vy, increases from [LOC]| to [SOC] stays, however, for all
reconstruction methods.
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Figure shows gyrokinetic predictions of vy, from the gyrokinetic turbulence
simulation code GKW [170]. The phase velocities are calculated for the most unstable
mode for the same wavenumber as the PCR diagnostic is measuring. In order to test
the stability of the turbulent modes, the GKW simulations have been performed for
different Z.g = > n; Z2/n. values. Zez = 1 corresponds to a pure deuterium plasma
and Z.g = 2 to a boron concentration of 5%. Due to the increasing density, when going
from LOC to SOC, the impurity content decreases such that the best guesses for the
experimental phase velocities are the predictions for Z.g = 2 in LOC and somewhere
in between Z.g = 1 and 2 for SOC. The absolute change in vy, is roughly a factor of 2
higher in the experiment compared to the simulations. From figure [7.8b it can be seen
that the direction of the phase velocity (that is the dominant mode) is sensitive to the
impurity content of the plasma. The main effect of an increased impurity content is the
dilution of the main ions leading to a reduction of the ITG growth rate and a broadening
of the domain of dominant TEM instabilities.

7.5 Reversal of the core toroidal rotation

Ohmic L-mode discharges feature another interesting phenomenon: the intrinsic core
toroidal is observed to spontaneously reverse from the co- to the counter-current direction
when the electron density is increased. In this work, intrinsic rotation refers to the
toroidal rotation of the plasma established in the absence of externally applied torque.
The rotation reversal was observed first at TCV [167] and since then also at Alcator
C-Mod [171], AUG [157, 172], KSTAR [173], and MAST[174] and is in-line with AUG
Doppler reflectometry measurements across the LOC-SOC transition [165].

In [157, |172] the behavior of the intrinsic rotation was observed in AUG for a large
number of Ohmic L-mode plasmas. The rotation measurements in this database, how-
ever, were made with CXRS diagnostics with lower light throughput and lower radial
resolution than the diagnostics presented in chapter dl As a result, the uncertainties on
the measured profiles were often several km /s, which is 2 to 3 times larger than what is
achievable with the newly installed CXRS diagnostics. Moreover, the previous analysis
relied heavily on electron density profiles measurements, which have been significantly
improved. These facts motivated a revisit of the intrinsic rotation in Ohmic L-mode
discharges and a comparison to the previous analysis and results.

Figure shows the evolution of the rotation gradient v’ = —(R?/vy,;;) dw/dr at
a radial position of pi,, = 0.65. Here, vy, is the main ion thermal velocity vi; =
/2 T;/m;. Additionally, the Mach number M and the normalized logarithmic electron
density gradient length R/L,,, = R (V,n.)/ne are shown in panels b and c. All quantities
are shown as a function of the effective collisionality v.g which is given by:

Vet = 0.00279 - (15.94 — 0.5 log %) : % R/ma Zest, (7.1)

where the electron density is given in 101 m=3, T, in keV, R in m, and the mass of the
main ion species my in amu, i.e. my = 2. The beginning of the discharges which feature
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counter-current directed toroidal rotation are intentionally omitted in this figure. This
phase is transient and cannot be maintained by holding all controlled plasma variables
constant. However, it is worth noting that these data points also show the same dominant
parameter trends as observed in the plasma flat top under steady conditions, namely
R/L,, and veg. The dependency on R/Ly, and R/Ly, is observed to be weaker than
previously observed [175].

Similar to previous work, the effective collisionality is a good variable to describe the
data. In this parametrization, the different densities of the LOC-SOC transition and the
rotation reversal collapse to one. In contrast to the previous work, however, there is a
clear time delay between the reversal of the core toroidal rotation and the LOC-SOC
transition (see figure ) The electron density peaking in figure is as well less
pronounced compared to previous work. However, a strong correlation between these
parameters is still observed consistent with previous results.

To illustrate the sequence of events observed in these plasmas the collisionalities at
which phase velocities in the ion diamagnetic direction are measured are additionally
shown in figure 7.9 with vertically dashed lines. Here one can see that as the collision-
ality is increased first a LOC-SOC transition is observed (gray area), which is a global
phenomenon in the energy confinement time. Subsequently, the core toroidal rotation
reverses from the co- to the counter-current direction concomitant with an increase in
R/L,.. Finally, phase velocities in the ion diamagnetic direction are measured in the
edge region of the plasma. The peaking of the electron density profile at mid-radius is
expected to happen while the dominant turbulence mode at this location is still TEM,
but near the TEM-ITG transition |[176]. The edge measurements at this time point
indicate that there is already an ion-directed turbulence propagation, which supports
previous indications that the transition occurs first at the plasma edge and then propa-
gates inwards |159].
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7.6 Summary

Measurements in Ohmic L-mode discharges show that the impurity poloidal rotation is
directed in the ion diamagnetic direction at mid-radius, which is in the opposite direction
as predicted from neoclassical theory. This quantity is the missing ingredient to evaluate
the core E x B velocity. A comparison with the perpendicular flow velocity enables an
evaluation of the turbulent phase velocity at different points in the LOC-SOC evolution.
An increase in the ion diamagnetic direction is observed at the plasma edge (ppo > 0.8)
consistent with a change in the plasma turbulence towards a more dominated regime
in this region. The gathered data suggests that the change in v,y is not connected to
the transition, but occurs in the [SOC| regime.

The upgrade of the core CXRS systems provided, additionally, a significant reduction
of the error bars for the intrinsic rotation measurement and lead to new insights compared
to previous observations. With the availability of v, measurements in theses discharge
it was possible to experimentally measure the sequence of events in these Ohmic L-mode
discharges. The gathered data suggests that there first the LOC-SOC transition, which
is followed by a change in the direction of the core intrinsic toroidal rotation from co- to
counter-current direction. The core rotation change is accompanied by a peaking of the
core electron density and lastly the edge phase velocity changes sign.
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Figure 7.9: Evolution of the rotation gradient (a), Mach number (b), and normalized
gradient length of the electron density (c) as a function of effective collisionality for
four different plasma discharges at different plasma currents (0.6 MA: 32841 with black
squares; 0.8 MA: 32842 with green diamonds, 32843 with red stars; and 1.0 MA: 32844
with blue triangles) at the radial position pio, = 0.65. The LOC-SOC transitions for the
different discharges are marked with a gray area. The vertical dashed lines correspond

to the collisionalities at which phase velocities in the ion diamagnetic direction were
measured.



Chapter 8

Summary and outlook

The [radial electric field| is an important parameter in fusion plasmas due to its strong
impact on turbulence and turbulent transport. It can be determined experimentally
from the radial force balance equation where all plasma quantities, i.e. the diamagnetic
term and the flow of the particles, can be measured with [charge exchange recombination|
The [toroidal rotation] in tokamaks is a free parameter that is usually
dominated by external momentum input from the [NBI|sources. The [poloidal rotation] on
the other hand, is strongly damped due to the magnetic pumping effect and
theory predicts values in the range of 0.5 to 2.0 km/s in the electron diamagnetic direction
for low-Z impurities.

CXRS exploits the line radiation from [charge exchange| processes between fully stripp-
ed impurity ions inside the plasma and neutrals injected from the sources and is
a common technique to measure the plasma flow in tokamaks. At the values predicted
from theory, the Doppler shift due to the poloidal rotation of the line radiation is only a
fraction of the thermal line broadening. Additionally, corrections that are at least of the
same order as the measured values are necessary such that the direct observation
is challenging. An accurate measurement of is, however, necessary to test the basic
understanding of the flow generation in tokamaks.

Under the assumption that the plasma flow is divergence free, any plasma flow can
be expressed by a component parallel to the magnetic field and a rigid body rotation
in the toroidal direction. By measuring on the [LFS| and [AFS| of the plasma, the
components of the general plasma flow can be evaluated giving an indirect measurement
of the [poloidal rotation] The knowledge of both the fui,] and [uyq| velocities and the
impurity denstcy profiles allows the calculation the [radial electric fieldl From this, the
local E x B drift can be determined from [CXRS| measurements.

For this Ph.D. thesis, a new core [CXRS| system was installed at [AUG| providing

[CXRS measurements with 70 from the [LFS| pedestal top to the [HFS| pedestal top
and, thus, enabling the measurement of the complete flow in the plasma core. In the

following, the most important results from this thesis are summarized.

Previous direct measurements of the core [poloidal rotation| resulted in values with
errors larger than the predicted values from theory and often it was even impossible
to unambiguously deduce the direction of the poloidal rotation. Chapter [5| showed that
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the indirect measurement technique provides the core [u,,| with uncertainties in the range
of 0.5 to 1km/s such that the direction of the |poloidal rotation|can be reconstructed un-
ambiguously. A careful analysis of systematic errors from the magnetic equilibrium, the
calibration of the [CXRS|systems, and from the reconstruction technique was performed
and the resulting errors were found to be smaller than 300 m/s, which is significantly
improved compared to previous direct measurements.

An impurity density] asymmetry was reported in the edge region between [HES| and
[LES at the [AUG| and [Alcator C-Mod| tokamaks. With the new core [CXRS system a
precise measurement of the inside the plasma is possible. It was measured in L-
mode discharges that there is in general no [impurity density| asymmetry. Due to the
measurements technique, the statement relates to L-mode discharges with [NBI| blips at
full power. In H-mode discharges, however, theasymmetry is a common observation.
The onset of the asymmetry seems to vary with the applied heating power such that an
increase in the [NBI heating leads to a movement of the onset to smaller radii. The onset
was never observed at radii smaller than p,, = 0.6.

The meoclassicall [poloidal rotation| values for impurities depends on the gradients in
[nd [T}, and and has an additional dependency on the plasma collisionality through
the viscosity coefficients. A parameter study with a set of input profiles for [ni], [T} and
covering the experimental space of[AUG]shows that the poloidal rotation is expected
to be a few km/s at [AUG

In order to characterize the nature of at @, a database was built up covering

a wide range of the [AUG]| operating space. This database includes as well
predictions from different codes, namely NEO, NCLASS and NEOART. A comparison

between the predictions of these codes shows a good agreement. In the database the

predictions for are between 0 and 1.5km/s in the electron diamagnetic

direction.

At [AUG] the [poloidal rotation] velocities at mid-radius are found to be more ion
diamagnetic directed than the prediction in both L-mode and H-mode dis-
charges. At the plasma edge, is found to be electron diamagnetic directed and in
good agreement with [NC|codes which is consistent with previous investigations at [AUG]
In order to characterize the core further at @ different parameter dependencies
were investigated in the framework of the database. No clear correlation with the nor-
malized electron density gradient length and the normalized ion temperature gradient
length was found. In the H-mode data there is an increase in the difference between
experimentally measured and theoretically predicted values for smaller collisionali-
ties concomitant with larger normalized Larmor radius values. A possible explanation
for this result is a balance between the damping and the turbulent drive of
Within this paradigm, the dominant driving mechanism for is, therefore, the
turbulence for the smallest collisionalites, which feature the largest normalized Larmor
radii of the database. For higher collisionalities, the turbulent drive is reduced and the
experimental profiles agree with the predictions within their uncertainty.

Similar to the H-mode case in Ohmically heated L-mode plasmas the core is
observed to be in the ion diamagnetic direction at mid-radius and nonneoclassicall These
non neoclassical rotations help to explain previous comparisons of CXRS and Doppler
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reflectometry data at AUG [157]. The poloidal rotation switches direction outside of
pror > 0.7 and reaches similar values as predicted from NC theory.

These plasma discharges feature a large variety of interesting observations, for ex-
ample the saturation of the energy confinment time. At low electron densisites [rg|is ob-
served to increase linearly with [n.| defining the [linear Ohmic confinement| regime. Above
a certain critical density, saturates giving the [saturated Ohmic confinement| regime.
Additionally, the core toroidal rotation reverses from the co- to the counter-current di-
rection, which will is known as ‘rotation reversal’. Due to the indirect measurement of
the core it is possible to evaluate the core Ex B velocity and get more insights on
the turbulent phase velocity through comparisons with turbulence propagation measure-
ments at different points in the LOC-SOC evolution. An increase in the ion diamagnetic
direction is observed at the plasma edge (ppor > 0.8) consistent with a change in the
plasma turbulence towards a more I'TG dominated regime in this region. The measure-
ments suggest that the change in vy is not connected to the LOC-SOC transition, but
occurs at some point in the SOC regime.

Additionally, the new core [CXRS| systems provides a significant reduction of the
error bars for the intrinsic rotation measurement and lead to new insights compared to
previous observations. Similar dominant parameters for the rotation reversal were found
as in previous work, i.e. R/L, and ves. With the availability of vy, measurements in
theses discharge it was possible to experimentally measure the sequence of events in these
Ohmic L-mode discharges. The gathered data suggests that there first the LOC-SOC
transition, which is followed by a change in the direction of the core intrinsic toroidal
rotation from co- to counter-current direction. The core rotation change is accompanied
by a peaking of the core electron density and lastly the edge phase velocity changes sign.

Outlook

In this Ph.D. thesis, the most important result is the non neoclassical poloidal rotation
in the plasma core. There is further analysis necessary to derive driving mechanisms
of this non-neoclassical poloidal rotation. A very interesting candidate is a turbulence
drive of In order to test this hypothesis further experiments with dedicated density
fluctuation measurements are necessary in order to check if the Reynolds stress of the
turbulence is a possible explanation to explain the non neoclassical poloidal rotations.

Furthermore, the indirect measurement technique provides a very accurate and reli-
able measurement of the complete core plasma flow and offers the possibility to evaluate
the experimental core on a regular basis, which is a crucial parameter for further
investigations of the core transport. With this technique, further phenomena like trans-
port changes during sawteeth and the formation of an internal transport barriers can be
investigated.
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Ar
AUG

B

BES
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Btor

C
CCD
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AE/A
ECE
ECRH
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HF'S

ICRH
IDA

IDE

atomic mass number.
analog-to-digital conversion.
argon.

Upgrade.
boron.

beam emission spectroscopy.

poloidal magnetic field. |9
toroidal magnetic field. (9]

carbon.
charge coupled device.

charge exchange.
charge exchange recombination spectroscopy.

ol

deuterium.
deuterium cyanide laser.
Doppler reflectometry.

binding energy per nucleon.

electron cyclotron emission.

electron cycloctron resonance heating.
radial electric field.

electron temperature gradient.

toroidal rotation frequency.

hydrogen.
helium.

high-field side. fii, [f

plasma current.

ion cycloctron resonance heating.
integrated data analysis.

integrated data analysis equilibrium.
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Acronyms

iMSE
ITB
ITG

Kr

LFS
Li
LIB
LOC
LOS
LSN

MHD
MSE

Tlimp
NBI
NC

PCR
Wanp

POL
ROI

SOC
SOL

T

TEM
TF
TS

USN

internal transport barrier.

8
ion temperature gradient. ,
krypton.
low-field side. |§|

lithium.

Li-beam.

linear Ohmic confinement. ,
line-of-sight. , @

lower single null.

imaging motional Stark effect.
9

magneto-hydrodynamics.
motional Stark effect.

nitrogen. @

neutron.

electron density.
plasma density.
main ion density. |80
impurity density.
neutral beam injection.

neoclassical. ,

neon.

proton.
poloidal correlation reflectometry.
plasma stored energy. (100

polarimetry.

region of interest.

saturated Ohmic confinement.
scrape-off-layer.

tritium.

electron temperature.
plasma temperature.

ion temperature.

energy confinement time.
trapped electron mode.
toroidal field.

Thomson scattering.

upper single null.
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Uph
Upol

Utor

E x B velocity. [101} [106
perpendicular plasma flow veloc1ty l, . .
turbulent phase velomty iii

poloidal rotation.
toroidal rotation.
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Sign

Description

Ne
Nimp
n4

plasma current

plasma density
electron density
impurity density
ion density

radial electric field

poloidal  magnetic field
(also denoted as By)
toroidal magnetic field (also
denoted as By)

toroidal rotation frequency

major radius

normalized poloidal flux co-
ordinate

normalized toroidal flux co-
ordinate

electron temperature
ion temperature

plasma temperature
energy confinement time

Uz, 5 velocity
perpendicular velocity
Upol Velocity

Ugor Velocity
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Glossary

Alcator C-Mod It is the third of the Alcator (Alto Campo

ASDEX

DIII-D

EQH

EQI

FT
FTU

ISX-A
ITER

JET

NCLASS

Toro, High Field Torus) series located at the
Massachusetts Institute of Technology. fii]
Axially Symmetric Divertor Experiment. This
tokamak is the predecessor of ASDEX Up-
grade and was located in Garching b.

Miinchen. i

The Doublet III-D tokamak is located in San
Diego, California, USA. ,

This equilibrium reconstruction done with
CLISTE provides a high temporal resolution
of 1ms.

This equilibrium reconstruction is based on
the measurements from magnetic pickup coils
at ASDEX Upgrade and provides magnetic
equilibria with a temporal resolution of

100 ms. @

The Frascati Tokamak is located in Italy..
The abbreviation is short for Frascati Toka-
mak Upgrade. It is the successor of the FT

tokamak.

Impurity Study Experiment.

The International Thermonuclear Experimen-
tal Reactor (ITER) is an international fu-
sion experiment that is currently built in

Cadarache, France.
Joint European Torus.

The reference [103] gives a brief overview of
the principles of this neoclassical code.
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Glossary

NEO

NEOART

PDX

TCV

TEXT

TEXTOR

tokamak

Tokamak-3
Tore Supra

Details to this neoclassical code can be found
in [102].

A neoclassical code to estimate the predictions
for the poloidal rotation. Details can be found

in [101].

The Poloidal Divertor Experiment was located
at the Princeton Plasma Physics Laboratory,

USA. [

The Tokamak a Configuracion Variable is lo-
cated in Lausanne, Switzerland. 3]

The Texas Experimental Tokamak provided
plasmas with a 1 m major radius.

The Tokamak Experiment for Technology
Oriented Research was operated at the
Forschungszentrum Jiilich from 1963 to 2013.

The name is a transliteration of the Russian
word tokamak (toroidal’'naya kamera s mag-
nitnymi katushkami) — toroidal chamber with
magnetic coils.

Tokamak in Russia.

A tokamak located in France.
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Appendix A

Taylor expansion of grating
equation

The aim of this part is to derive the parabolic dependence of the central wavelength
of the spectrometer channels as a function of the distance from the axis introduced
in section [4.3] Starting point is, hence, the grating equation for a Czerny-Turner
spectrometer as shown in figure [4.4}

0S 7y

A= Cng (sin(6’1 + ¢1) + sin(é’g + qbg)) (Al)

In order to retrieve the parabolic dependence, the grating equation is approxi-
mated by a Taylor expansion for the two variables (v, z5) around A = (y = 0,25 =
0,41 = 0) up to second order. Small angels are assumed such that v < 1 and
Ty K fo.

I A A2 02N a2
N = )\ A v 92\ 2 A2
0+37A7+8m2Ax2+872A2+37812A7x2+6x§A2 (A4.2)
=0 =0

with the single contributions:
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XXIV A Taylor expansion of grating equation
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Putting everything together, equation ((A.2]) reveals as:

2
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We are interested in the location of the same wavelength across all channels.
Therefore, A\ is set to zero and due to the small angle approximation one can
approximate tan-y & v = ys/ fo. This gives the following parabolic behavior:
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Appendix B

Derivations of q-dependence of
indirect u,, measurement

In order to derive the q-dependence of the indirect measurment of u,qfor a circular
plasma, the following equations are necessary:

or = W(Y)R + sptt() F (1) /R (B.1)
Upol = $71(1)) Bpol (B.2)
Ry = RLF§‘|2'RHF§ La = RLFngHFs (Bg)
Btor 0 Ry
0 Ry B.4
Btor,l Fo ( )

In the following s;, and s; are set to 1 and the difference between LF'S and HFS
toroidal rotation frequency can be written as:

Utor, HFS . Utor, LFS

A Wtor =Wtor,HFS — Wtor,LFS —

Rurs Rirs
B.5)
. B or B or (
(B.1) @(xp)( tor, HFS Dt ,LFS)
Rurs Rirs

The second part of the product can be approximated further:

Btor,HFS Btor,LFS 1 1
- - Btor,O RO B - T2
Rurs Ryrs Rips  Rips
(Rrrs + Rurs)(Rirs — Rurs)
Ripg Rips
Btor,O RO 4da RO (%) da Btor,()

= Btor,O RO (B6)

2 2 2
Rijps Rips Rj
. . . 1 1 1
*) using the approximation: = ~ = for Ry > a.
() using the app s s~ ()~ 3 107 Flo
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Putting everything together, A w;,, can be expressed as:

. B or B or ~ 4 B or
(B Pagw) (Bontrs  Buntrs') @3 gy 10 Bone
Rurs Ryps R2

Upol da Btor,O . i a Btor,O _ T4q (B7)
- Bpol R% - RO RO Bpol up‘)l o M
——

=q




	Abstract
	Zusammenfassung
	Introduction
	Thermonuclear Fusion
	Magnetic confinement: the tokamak concept
	Scope of this thesis

	The ASDEX Upgrade tokamak
	Overview of ASDEX Upgrade
	Heating sources
	Neutral beam injection heating
	Electron and ion cyclotron resonance heating

	Plasma diagnostics at AUG
	Electron cyclotron emission
	Lithium beam emission spectroscopy
	Laser interferometry
	Thomson scattering
	Integrated data analysis of ne and temperature profiles
	Reflectometry

	Deducing the magnetic equilibrium
	Grad-Shafranov equation
	Additional constraints on the plasma current profile


	Theoretical background on the plasma flow
	Fluid motion
	Boltzmann equation
	Force balance equation
	Drifts perpendicular to the magnetic field

	Radial plasma transport
	Classical transport by collisions
	Neoclassical transport
	Turbulent transport

	Plasma rotation in toroidal geometry
	Without impurity density asymmetries
	With impurity density asymmetries
	At high Mach numbers

	Neoclassical poloidal rotation
	Deriving the poloidal rotation for the plasma
	Poloidal flow damping

	Plasma confinement
	Ohmically heated L-mode plasmas
	L-mode plasmas with additional auxiliary heating
	High confinement mode (H-mode)


	Charge Exchange Recombination Spectroscopy at AUG
	Measurement principle
	Toroidal CXRS systems at AUG
	Characterization and calibration of CXRS diagnostics
	Corrections to CXRS measurements
	Energy dependence of CX cross-sections
	Gyro-motion effect
	Corrections due to Zeeman splitting and fine structure

	Validation of CXRS measurements
	Measurement of the core poloidal rotation
	Challenges associated with the direct measurement of upol
	Indirect measurement of upol


	Validation of the indirect measurement technique
	Artificial data
	Effects of uncertainties in the magnetic equilibrium
	Uncertainties in the q-profile
	Phenomenology on impurity density asymmetries
	Changing the drift directions

	Characterisation of the core poloidal flow structure at ASDEX Upgrade
	Flow predictions from neoclassical theory
	Comparison to different neoclassical codes
	Poloidal rotation database
	Parameter dependencies
	Implications for the main ion poloidal rotation
	Conclusions

	Measurement of the EB velocity across the LOC-SOC transition
	Overview of performed LOC-SOC experiments
	Discharge design and measurement technique
	Measurement of the poloidal rotation across the LOC-SOC transition
	Measurement of the phase velocity across the LOC-SOC transition
	Reversal of the core toroidal rotation
	Summary

	Summary and outlook
	Acknowledgements
	Acknowledgments
	Acronyms
	Symbolslist
	Glossary
	Bibliography
	Taylor expansion of grating equation
	Derivations of q-dependence of indirect upol measurement

