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Abstract

This work implemented a methodology that can determine the contribution of diffusion,
convection, and residual stress to momentum transport within the core of a tokamak plas-
ma. The analysis is based on experiments with neutral beam modulation in the fusion
experiment ASDEX Upgrade. The resulting perturbation of the plasma rotation is used to
calculate Fourier profiles, which are utilized to deduce the transport coefficients. It is cruci-
al to scale the momentum transport coefficients with the experimental ion heat diffusivity
to compensate for the modulated turbulence amplitude due to the heating perturbation.
The analysis is based on the TRANSP and NUBEAM codes to assess the torque from the
neutral beams and the heat flux onto the ions. The momentum transport model is im-
plemented in the ASTRA code. ASTRA solves the momentum transport equation based
on an experimental boundary condition and a prescribed set of transport coefficients and
predicts a consistent rotation profile. A statistical minimization algorithm iterates on the
transport coefficients to fit the predicted rotation to the experimentally measured one. A
statistical error analysis provides uncertainties for the fitting results. Furthermore, it shows
that the obtained solution represents a global and unique minimum.

The modeling reproduces the experimental data with high accuracy. The determined
values for the normalized diffusivity (Prandtl number) and convective velocity (pinch
number) agree quantitatively with gyrokinetic prediction by the GKW code, resolving a
long-standing mismatch between theory and measurement for this transport channel. It is
shown that this mismatch was caused in previous works by neglecting the residual stress
and the time dependence on the transport coefficients. The methodology is used to study
the isotope dependence of the momentum transport coefficients. Agreeing with predicti-
ons, no significant isotope effect is found. An extensive database of gyrokinetic calculations
was constructed to compare the predicted and measured parametric dependences of the
transport coefficients. This database consists of data points corresponding to experimen-
tal data as well as isolated parameter scans, which avoid the cross-correlations of input
parameters existing in experimental data. The Prandtl number is found in the gyrokinetic
calculations and in the experiment to scale most clearly with the magnetically trapped
particle fraction. The pinch number depends most strongly on the logarithmic density gra-
dient and the magnetic shear, in agreement with the predictions from the Coriolis pinch.
The residual stress produces an intrinsic torque that scales in the inner core with the lo-
garithmic density gradient and in the outer core with the pressure gradient. This agrees
with earlier experimental results and global, non-linear gyrokinetic predictions and sug-
gests that different mechanisms are responsible for the production of residual stress in the
inner and outer core. For the inner core, it is supposed that effects from profile shearing
and turbulence intensity gradients are dominant, which can result in the observed sign
reversal of the intrinsic torque. Towards the edge, the dependence on the E x B shea-
ring is likely more important. While many of these results agree with earlier works, this
is the first time such a coherent picture of this transport channel is presented for the core
plasma. The assessed scaling laws are used to propose a reduced momentum transport
model, which is validated on an additional data set. The successful reproduction of these
experimental data shows that the reduced model catches the most important contributi-
ons to momentum transport in the core plasma. This allows for further applications, such
as integrated modeling approaches or real-time control.

Overall, the theory validation and the assessed scaling laws open the door to first,
physics-based predictions of the rotation profiles of future reactors. The next steps are
to study the parametric dependence of the residual stress on the normalized gyro-radius,
to extend this study to plasma conditions with more substantial electron heating, and to
obtain a more complete understanding of the boundary conditions of the rotation in the
plasma edge.



Zusammenfassung

In dieser Arbeit ist eine Methode entwickelt worden, um den Beitrag von Diffusion, Kon-
vektion und Residual Stress zum Impulstransport im Zentrum eines Tokamak-Plasmas zu
bestimmen. Die Analyse basiert auf der Auswertung von Experimenten mit Modulation der
Neutralteilchenheizung am Fusionsexperiment ASDEX Upgrade. Die resultierende Modu-
lation der Plasmarotation wird zur Berechnung von Fourier-Profilen verwendet, die dazu
dienen, die Transportkoeffizienten zu bestimmen. Es stellt sich heraus, dass es entschei-
dend ist, die Impulstransportkoeffizienten mit der gemessenen Ionenwarmediffusivitat zu
skalieren, um die Modulation der Turbulenz zu kompensieren, die aus der Modulation
der Heizung folgt. Die numerische Analyse basiert auf den Rechencodes TRANSP und
NUBEAM, um das durch die Neutralteilchenheizung ausgeiibte Drehmoment und den
Wiérmefluss der Ionen zu berechnen. Im Transportcode ASTRA wird die Impulstransport-
gleichung mithilfe experimenteller Randbedingungen und mit vorgegebenen Transportko-
effizienten gelost. Ergebnis ist ein konsistentes Rotationsprofil. Ein statistischer Minimie-
rungsalgorithmus iteriert {iber die Transportkoeffizienten, um die vorhergesagte Rotation
an die experimentell gemessene anzupassen. Eine statistische Fehleranalyse liefert Unsi-
cherheiten der Modellierung.

Die Modellierung reproduziert die experimentellen Daten mit hoher Genauigkeit. Die
ermittelten Werte fiir die normalisierte Diffusivitit (Prandtl-Zahl) und die Konvektions-
geschwindigkeit (Pinch-Zahl) stimmen quantitativ mit Vorhersagen des gyrokinetischen
GKW-Codes {iberein, wodurch eine seit langem bestehende Diskrepanz zwischen Theo-
rie und Experiment fiir diesen Transportkanal aufgelost wird. Es wird gezeigt, dass die
Diskrepanz in fritheren Arbeiten durch die Vernachlassigung des Residual Stress und der
Zeitabhangigkeit der Transportkoeffizienten verursacht worden ist. Bei der Untersuchung
der Isotopenabhingigkeit der Impulstransportkoeffizienten wird, in Ubereinstimmung mit
theoretischen Vorhersagen, kein signifikanter Effekt festgestellt. Es ist eine umfangreiche
Datenbank aus gyrokinetischen Berechnungen erstellt worden, um die vorhergesagten und
gemessenen parametrischen Abhédngigkeiten der Transportkoeffizienten zu untersuchen.
Diese Datenbank besteht aus Werten, die einerseits auf experimentellen Daten basieren,
sowie aus dedizierten Parameterscans, um eine Korrelation unter den Eingabeparametern
zu vermeiden. Es ist festgestellt worden, dass die Prandtl-Zahl in den Vorhersagen und
im Experiment am deutlichsten mit dem Anteil der magnetisch gefangenen Elektronen
skaliert. Die Pinch-Zahl hdngt am starksten vom Dichtegradienten und der magnetischen
Verscherung ab, in Ubereinstimmung mit den Vorhersagen des Coriolis-Pinch. Der Residu-
al Stress skaliert im inneren Plasmazentrum mit dem Dichtegradienten und im dufReren
Plasmazentrum mit dem Druckgradienten. Dies stimmt mit fritheren Ergebnissen und Vor-
hersagen iiberein und deutet darauf hin, dass unterschiedliche Mechanismen fiir die Er-
zeugung des Residual Stress verantwortlich sind. Damit wird erstmals ein schliissiges Bild
dieses Transportkanals fiir das Plasmazentrum prasentiert. Die ermittelten Skalierungsge-
setze werden verwendet, um ein reduziertes Impulstransportmodell vorzuschlagen, das
anhand eines zusétzlichen Datensatzes validiert wird. Die erfolgreiche Reproduktion die-
ser Experimentdaten zeigt, dass das reduzierte Modell die wichtigsten Beitrdge zum Im-
pulstransport im Plasmazentrum erfasst. Dies ermoglicht in Zukunft weitere Anwendun-
gen fiir integrierte Modellierungsansatze oder Echtzeitkontrolle des Plasmas.

Insgesamt sind die erfolgreiche Validierung der Theorie und die gefundenen Skalie-
rungsgesetze erste Schritte fiir Vorhersagen der Rotationsprofile in zukiinftigen Fusions-
reaktoren. Weitere offene Fragen betreffen die parametrische Abhéangigkeit des Residual
Stress vom normalisierten Gyroradius, die Ausweitung dieser Studie auf Plasmen mit stér-
kerer Elektronenheizung und ein tieferes Verstindnis der Randbedingungen der Rotation
am Plasmarand.






,Wir sollten lernen, dass auch die grossten technischen Leistungen, die grosste so
genannte Tiichtigkeit, der Glaube, dass man alles tun kann, wenn es nur Erfolg
verspricht, dass dies nicht die richtige Weltanschauung sein kann.

Wir miissen wieder Ehrfurcht vor dem Menschenleben haben.“

— Otto Hahn

In Gedenken an die Helden und Opfer von Tschernobyl
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Chapter 1

Introduction

“To boldly go where no man has gone before!”
— James Tiberius Kirk, Star Trek

As the world’s population and living standard are constantly increasing, the de-
mand for energy rises as well [1]. Moreover, the need to decarbonize the (pri-
mary) energy production to meet the challenge of climate change is one of the
critical challenges of our generation [2]. Nuclear fusion is a promising way to pro-
vide baseload electrical power without the emissions of CO, (as with fossil fuels)
and the risk of nuclear disaster or the problem of long-lived, dangerous, radioac-
tive waste (as with nuclear fission). The proposed concept to exploit fusion opens
the perspective for energy production for many thousands of years [3].

Nuclear fusion is the main energy source of the solar system, as the sun is burning
600 million tons of hydrogen to 596 million tons of helium every second. The
mass deficit in these reactions converts into an immense energy of [4, p. 6]

E =mc® =3.6 x 10%3].

The proton-proton and CNO reactions in stars, however, are processes with low
cross sections, which, on the one hand, ensures a long lifetime of our star, but, on
the other hand, makes this reaction unsuitable for economical use on Earth.

Therefore, other fusion reactions need to be considered for a future fusion power
plant. The reaction rates of the following proposed reactions [6]

D+2D — *He (0.82MeV) + n( 2.45MeV) [50%)]
D+2D — 3T (1.01MeV) + p( 3.05MeV) [50%]
’D + *He — *He (3.71 MeV) + p(14.64 MeV)
D +T — *He(3.52MeV) + n(14.06 MeV)

are compared in Fig. 1.1. The D-T fusion process has the highest reaction rates
below a fuel temperature of 1000 keV and high energy output. For such high
temperatures, the fuel is in the plasma state, i.e., the gas is fully ionized, meaning
the electrons are no longer bound to the atomic nuclei. The immense temperatures
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Figure 1.1: Reaction rates for multiple fusion reactions, calculated from cross-sections averaged
over their velocity distribution. Figure adapted from [5].

at the peak of the reaction rates result from competing effects of the Coulomb
repulsion between the ions and quantum tunneling. The basic principle of the
relevant forces and a sketch of the connected potential energy as a function of
distance between the particles is shown in Fig. 1.2.

In 1952, the Soviet physicists Tamm and Sakharov proposed and conducted ex-
periments to confine such a hot plasma within a magnetic field. This concept is
known as a tokamak, which is an acronym for “toroidal chamber with magnetic
coils” (TOpounanbaas KAmepa ¢ MArautabivu Karymkamu) [7-9]. Essentially,
the tokamak concept involves a toroidal chamber that contains the plasma. The
toroidal magnetic field required for confinement is generated by circular magnets
arranged in a toroidal configuration, and the plasma itself carries a current that
contributes to the overall magnetic field with a poloidal component. An induction
process drives the current, utilizing a solenoid coil located at the center, where the
plasma serves as the secondary winding of a transformer. The concept and basic
geometry of the coil setup of a tokamak are shown in Fig. 1.3.

Due to the Lorentz force, charged plasma particles gyrate around the magnetic
field lines and are, thus, confined by the magnetic field. A gradient in the thermal
pressure of the hot plasma is sustained by the current and field in an equilibrium.
This can be expressed as

Vp=jxB, (1.1)

with the current density j and magnetic field (flux density) B. From this equation,
it is understood that, in equilibrium, there cannot exist a pressure gradient along
the magnetic field lines, resulting in nested magnetic flux surfaces on which the
magnetic flux and the pressure are constant. The equation above can be applied to
the tokamak geometry. This results in the famous Grad-Shafranov equation [10,
11]. Solving these equations, the equilibrium reconstruction, is a highly non-trivial
but necessary part of understanding the magnetic configuration of a fusion device.

Present-day fusion experiments do not reach ignition, which means that the en-
ergy used for the auxiliary heating of the plasma is larger than the fusion power
produced by the reactions.

10
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Figure 1.2: Sketch of the potential between the D (one blue neutron, one red proton) and the
T core (two blue neutrons, one red proton). For large distances between the cores, the Coulomb
repulsion dominates. The barrier can only be overcome with very large relative energies. Tunneling
plays a crucial role by allowing the ions to get close, enabling the strong force to bring the D and
T ions within the potential well, ultimately enabling fusion to occur. Figure adapted from [6].
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Figure 1.3: Basic coil concept of a tokamak. The magnetic field has a toroidal (B,) and a poloidal
(Bp) component, resulting from a toroidally induced plasma current I,,. Figure adapted from [6].
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To ignite a burning plasma, the Lawson criterion has to be met, which gives a
lower boundary for the so-called triple product

ne Ty 7 >3 X 102! m™3keVs

with n, the electron density of the plasma, 7; the ion temperature, and 75 ~ W/ P
the energy confinement time, with the plasma stored energy W and the power loss
Poss [12, 13].

The main loss of energy and degradation of confinement is caused by turbulence in
the plasma, which leads to the transport of particles, heat, and momentum from
the core to the edge of the plasma. This is illustrated in Fig. 1.4 together with
the used coordinate system. This Figure shows the nested surfaces of constant
magnetic flux and plasma pressure and the magnetic axis in the center at a minor
radius » = 0. From the Grad-Shafranov equation, it is possible to derive in this
geometry the effect of the Shafranov shift, which denotes the outwards displace-
ment of the magnetic axis from its geometric center due to the pressure within the
plasma.

In such a geometry, a normalized toroidal flux coordinate p,, can be introduced,
which is equal to O in the plasma center and 1 at the separatrix. The defini-
tion is given by p, = \/ (®g — @)/(Py — Dsep), Where dy is the toroidal flux at the
magnetic axis (r = 0) and ®,,, at the separatrix (definition of p,, is similar with
poloidal fluxes V). The separatrix is the boundary between field lines closing on
themselves after a given number of toroidal turns and open field lines that termi-
nate on walls or other vessel components. Radial outward transport refers to a
transport perpendicular to the flux surfaces from the core toward the edge of the
plasma.

The radial transport of heat and plasma particles is well understood in the plasma
core, i.e., its influence on confinement and plasma performance can be predicted
to a good degree. Turbulent heat transport can be described as a diffusive process
[17-22] and particle transport by a combination of diffusion and convection [23-
25].

The transport of momentum in a plasma is more complicated and less understood.
Present-day tokamak plasmas, in the presence of neutral beam heating, tend to ex-
hibit a strong toroidal rotation and correspondingly large toroidal plasma momen-
tum. The plasma rotation is an important quantity to describe the state of fusion
plasma, as it influences the transport of plasma impurities [26-30], can stabilize
turbulence and improve confinement [31-36]. Moreover, rotation can contribute
to the mitigation and avoidance of harmful magnetohydrodynamic (MHD) events
[37-42], which can severely damage fusion devices.

Because of its importance, considerable resources have been dedicated to advanc-
ing the theory of momentum transport [17, 43-49]. The experimental validation
of these predictions, however, is still limited due to the complexity of the mo-
mentum transport: in addition to diffusive and convective mechanisms, it has a
component not proportional to the rotation velocity (as a convection) or its gra-
dient (as a diffusion). This phenomenon is usually referred to as residual stress
flux [47, 49-51], which can result in an intrinsic torque. This torque can signif-
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Figure 1.4: Cross section of a tokamak plasma. The basic coordinate system consists of ¢ the
toroidal angle, # the poloidal angle, z the vertical height, R the major radius from the center of the
torus, and r the minor radius from the magnetic axis of the plasma to a given radial position in the
plasma. Overplotted a sketch with the equilibrium reconstruction of the nested flux surfaces. In
the background, a turbulence simulation from the GENE code is shown [14]. Figure adapted from
[15, 16] for the ASDEX Upgrade tokamak.

icantly influence the plasma rotation and remains the largest uncertainty for the
prediction of the toroidal rotation profiles in future devices.

A reliable prediction of the rotation profile requires a detailed understanding of
momentum sinks, sources, and transport. In present-day devices, neutral beam
injection (NBI) heating transfers not only heat to the plasma, but also a significant
torque. In future tokamaks like ITER [52], given the larger size and inertia of the
plasma, the direct torque from the beams may be insufficient to drive a strong
toroidal rotation. Alternative mechanisms are needed to provide the desired level
of rotation, such as inward convection of momentum or an intrinsic torque. A
validated momentum transport theory is crucial not only for assessing rotation
dynamics in present plasmas, but also for gaining insight into how rotation pro-
files can be optimized. Therefore, this knowledge is essential for achieving more
favorable operational conditions in future devices.

In this doctoral thesis, a new analysis methodology is presented that is capable of
uniquely, separately, and concomitantly determining the contributions of diffusion,
convection, and residual stress to momentum transport within the core of the
fusion plasma. It relies on NBI torque modulation experiments performed at the
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Axial Symmetric Divertor Experiment (ASDEX) Upgrade tokamak. The aim is to
understand the main parameter dependences of momentum transport and validate
theory models with experimental data. This sets the basis for coherent, physics-
based, and validated predictions of momentum transport for a prospective reactor
scenario.

The work is organized as follows: In the second Chapter, the theory background
of momentum transport is discussed, and the numerical basics and codes for the
analysis are presented. Then, in Chapter 3, the ASDEX Upgrade experiment with
its main diagnostic systems is introduced. In Chapter 4, the experimental scenario
and its challenges are discussed in the context of the analysis of the reference
plasma experiment. In Chapter 5, momentum transport is compared for different
plasma isotopes. Detailed results of theory predictions on momentum transport
are presented in Chapter 6. Experimental results on the parameter dependences
of the transport mechanisms and a comparison of these results to theory are given
in Chapter 7. The thesis concludes with a summary and an outlook.
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Chapter 2

Theoretical Background

“When I meet God, I am going to ask him two
questions: Why relativity? And why turbulence? I
really believe he will have an answer for the first.”

— Werner Heisenberg

In this Chapter, the basic theory of momentum transport is reviewed. First, the
momentum transport equation is derived, and then the transport mechanisms will
be discussed. Finally, the numerical codes used in this work are introduced.

2.1 Momentum Transport Equation

Toroidal angular canonical momentum is conserved for each plasma species [53,
54]. Assuming quasi-neutrality and summing over all species yields that the total
angular momentum is a conserved quantity. Toroidal momentum can be trans-
ported radially, it can be driven externally, and be dissipated by neutral friction at
the plasma edge and the scrape-off layer.

In a tokamak, the toroidal component of the angular velocity, 2, is constant on
flux surfaces for sufficiently small poloidal velocity, which is a basic assumption in
this work. In fact, the asymmetry in §2 on a flux surface can be used to calculate
the poloidal rotation. It is found to be small in the plasma core [55]. The toroidal
angular momentum density can be written as

L = mnR*Q,, 2.1

with m the mass of the particles and n the particle density, which is in good ap-
proximation constant on flux surfaces. Due to their higher mass compared to
electrons, the plasma main ions carry most of the momentum in the absence of a
high impurity fraction, as is the case in this work. Since the angular momentum is
a conserved quantity, a general continuity equation can be written as

%/Ldvz—]{r-dSJr/de, (2.2)

15



with I’ the momentum flux, S the momentum sinks and sources. Using § I' - dS =
J V-T'dV on Eq. 2.2, one obtains an equation for the torque density:

0

amn(Rv@ =—(V-T)+(95). (2.3)
The toroidal plasma velocity is v, = (RS),) with (-) denoting the flux surface
average. For the divergence of the flux, it is possible to write [56]

1 0
(V-T) = V—V’]V pl*Ty, 2.9
if the flux is in the radial direction. Here, V' is the flux surface area, p the radius
in meters, and I',, the radial momentum flux. Then, the equation can be written

as:
10
mamva) V_V/ V2T, + (S). (2.5)
The source is due to the torque from the neutral beam injection. The radial flux of
toroidal momentum can be split up into three components to describe the physical

phenomena of diffusion, convection, and residual stress, written as

v
©
r, = —mnR()@, B Vere ) + g (2.6)
—— —— ~—~
Diffusion Convection Residual stress

with x,, the momentum diffusivity, V, the convective velocity, and Ilgs the residual
stress flux. In this picture, contributions related to particle fluxes are summed in
the convective term of Eq. 2.6.

Finally, the momentum transport equation can be written as

0 190_, 0
manﬂ%v@) = W_V Vpl|? (mnR (Xsa 8% VC%) — HRS> + (Snpr).  (2.7)

The total torque from NBI is given by the volume integral of the torque density:

TNBI = /SNBI dv. (2.8)

The effective intrinsic torque can be calculated by multiplying the residual stress
flux with the flux surface area through which it is flowing:

Tine = — V" |V p|? lgs. (2.9)

In the following, the basic physical mechanisms and the various microscopic ef-
fects leading to transport will be discussed.

2.2 C(lassical and Neoclassical Transport

To derive classical and neoclassical transport mechanisms, the description herein
mainly follows [5, 6]. Classical transport describes the effects of diffusion due to

16



thermal collisions of the plasma particles. According to Fick’s law, the particle flux
is given by
['=—-DVn.

For the diffusivity D, from a random walk ansatz with Az the typical step size and
At the typical time step, it is written:

B Ax?
AL

To describe radial transport, a suitable Az perpendicular to the flux surfaces has
to be found. Due to the presence of a strong magnetic field B, charged particles in
a tokamak are influenced by the Lorentz force. Together with the centrifugal force,
this leads to a gyromotion of the particle perpendicular to the field line with the

Larmor radius:
muv

~ allBI

For classical transport, the Larmor radius is used as the typical step size. More-
over, a collision frequency v = 1/At needs to be defined, with At the time until
a particle has undergone many small angle collisions equivalent to a 90° scat-
tering. Classical transport predictions, however, underpredict the experimentally
measured values for all transport channels.

PL

For neoclassical transport, the effects of the magnetic field geometry are consid-
ered. For a particle confined in a magnet device, the magnetic moment y ~ W, /B
and the energy W = W, + W) are conserved. If a particle moves in a region
of a higher field, the parallel velocity decreases, and the perpendicular velocity
increases until the point where the parallel motion is stopped and the particle is
reflected. In a tokamak, due to the special magnetic field topology, the trapped
particles move on so-called banana orbits. The banana width is the radial distance
between the orbit in the toroidal direction and the orbit in the counter-toroidal
direction. The banana width is mainly larger than the gyroradius. Assuming a
Maxwellian velocity distribution of the particles, the fraction of trapped particles
is given by
o\ 1/2
fre & (_) ~ V2, (2.10)
Ry

with the inverse aspect ratio ¢ = r/R,, therefore, the trapped particle fraction
in a tokamak increases with the minor radius. The larger radial excursion of the
banana orbits, compared to the gyroradius, leads to larger neoclassical transport
coefficients for the trapped particles, as Az for the calculation of the diffusion
coefficient is set to the value of the banana width. The contribution of neoclassi-
cal effects to particle transport, however, is small, although it may have a minor
impact on heat and impurity transport.

For toroidal momentum transport, neoclassical effects are found to be negligible.
Due to the toroidal symmetry of the tokamak, the magnetic field is constant in the
toroidal direction. This implies that the effects of particle trapping do not constrain
the toroidal flow of the ions, but result in friction and damping of the poloidal flow.
This does not hold for the toroidal rotation in non-axisymmetric geometry, such as
a stellarator, or in the presence of 3D perturbations of the magnetic equilibrium
(such as a magnetic ripple at the edge), where also in the toroidal direction the
field varies. Such effects are discusses in more detail in [57, pp. 249] or [53, pp.
289].
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In the experiment, however, a beam-heated plasma does not accelerate to arbitrar-
ily high values, indicating that a non-zero radial momentum transport is present.
Non-collisional contributions to the transport are referred to as turbulent trans-
port.

2.3 Turbulent Transport

Transport of momentum in the tokamak core is dominated by turbulence. There-
fore, in this work, the experimental measurements are compared to predictions
from gyrokinetic turbulence codes, which are discussed in the next Section. A
large number of different turbulent instabilities exist [6, pp. 455]. In the plasma
regimes studied herein, micro-instabilities leading to turbulent eddies mainly emerge
where gradients in the ion and electron temperature and density profiles exceed
certain critical values [58]. The most dominant instabilities are the Ion Tempera-
ture Gradient (ITG) mode and the Trapped Electron Mode (TEM). An instability
can also develop due to strong radial gradients of the parallel velocity above a
certain threshold [59], which is not exceeded in the discharges considered in this
work.

If only the fastest-growing instability (mode) is tracked and the interaction of
different modes is neglected, the diffusion coefficients can be estimated as
Az? vy

Dy ~ — ~ —, 2.11
turb At k’i ( )
with ~ the growth rate of the instability, and the wavenumbers &, = 27/ repre-

senting the perpendicular extent of the instability.

The ITG mode is found to have strong effects on momentum transport in the
plasma core [59]. It also drives significant ion heat transport. The typical length
scale is of the order of the ion Larmor radius p; such that k&, p; ~ 0.1 — 1. The
following simplified picture can be made of the origin of this instability, and a
more detailed explanation is given in [58, 60].

The effects of the Lorentz force on charged particles in a magnetic field have al-
ready been described. Additional forces can lead to drifts. Most important for this
work is the E x B-drift. The electric fields present in a tokamak can have various
origins. A special role has the radial electric field F,. For a stationary plasma,
in the absence of external forces, Reynolds stress, and off-diagonal terms of the

pressure tensor, it is possible to write [53]
Vp
E, = Zon vg By, + v,By (2.12)

where the first term is the diamagnetic contribution with the radial pressure gradi-
ent Vp, and the second and third are the cross product of the poloidal and toroidal
flow with the orthogonal magnetic field components.

The so-called V B-drift results from the inhomogeneous magnetic field in a toka-
mak device. Closely connected is the curvature-drift. Here, due to the toroidal
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Figure 2.1: Growth mechanism of the ITG instability. Figure from [63].

geometry, a parallel velocity along the field lines is connected with a centrifugal
force on the particles.

The ITG instability is related to both the curvature- and VB-drift, as well as the
E x B-drift. In the unfavorable curvature region on the low field side (for major
radii R larger than the magnetic axis, see Fig. 1.4) is VT, || VB. It is assumed
that T; is constant on a flux surface until a perturbation occurs. Due to curvature-
and V B-drift, this leads to a perturbation of the ion drift in the poloidal direction,
resulting in a compression of the ions. The associated perturbed electric field
leads, via the E x B-drift, to a perturbed drift vz in the radial direction. On the
low field side, the colder volume of the fluctuation is transported to the region of
lower temperature, i.e., radially outwards. This amplifies the perturbation, and
the instability grows. The process is shown in Fig. 2.1. From simplified models, as
well as from much more sophisticated full gyrokinetic models, a critical gradient
R/Ly, = —RVT;/T, is observed, which must be exceeded for an instability to grow.
This is a very general feature of this kind of turbulence.

A different mechanism exists for electrons, leading to TEM turbulence and associ-
ated heat and particle transport. It results from trapped electron precession. This
is discussed in more detail in [61, 62]. In reality, ITG and TEM co-exist, while in
the linear calculations performed in this work, only the fastest-growing instability
is tracked, and interactions are neglected.
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2.4 Momentum Transport in the Gyrokinetic Formalism

The gyrokinetic formalism allows the computation of turbulence-induced fluctu-
ations and transport on a microscopic scale. In statistical physics, the particle
distribution function f = f(r, v, ¢) defines the probability to find a particle at time
t at location r with velocity v [6, pp. 219]. The 6-dimensional vector defines the
position in the phase space.

To describe the interaction of many particles, an ensemble (e.g., N ~ 10%*) has
to be implemented. If particles are not created or lost, the particle density is
conserved in phase space, i.e., df /dt = 0. This time derivative has to be taken
along the trajectory in phase space, this results in the kinetic equation:

d ; 0 . " R
Ef(r,v) = af(r,v) +x-Vf(r,v)+v-V,f(r,v) =0. (2.13)
With an electromagnetic forces F' = ¢(E+v x B), v = F/m and x = v, it becomes

the Vlasov equation:

~

o . .

S )+ v Vi) + %(E +vxB)-V,f(r,v)=0. (2.14)
To solve the resulting system, the macroscopic fields and the microscopic interac-
tions of the particles are separated. The microscopic interactions are summed in a
collisional term added to the Vlasov equation:

%f(r,v)—i—v-Vf(r,v)—l—%(E—i—v><B)~va(r,v):(W) . (2.15)
coll

The Lh.s. of this equation only contains averaged mean-field quantities. The r.h.s.
includes all microscopic, two-particle interactions. From here, the so-called fluid
picture can be derived. This is done by taking moments of the kinetic equation and
results in, among other things, the radial force balance Eq. 2.12. More details can
be found in [6, pp. 235].

Herein, the gyrokinetic formalism is discussed that applies to magnetized plas-
mas. For sufficiently large magnetic fields, the gyromotion is much faster than the
motion of the guiding center, so it is possible to average over the gyromotion to
reduce the degrees of freedom of the problem. Therefore, the idea behind gyroki-
netics [64—67] is to describe the evolution of the distribution function f of the
gyro-centers in a 5-dimensional phase space.

The distribution function f = f + F can be split into a perturbed distribution
f that is much smaller than the unperturbed background distribution F. This
approximation is not applied in all gyrokinetic codes, but is very practical to reduce
computational costs.

Then, for a local gyrokinetic equation, higher order terms in the expansion of
the normalized gyroradius p. = m;vy, /L eB, are neglected, with vy, = /27/m
the thermal velocity, and L, the characteristic perpendicular length scale, e.g.
the minor radius a [68]. The resulting gyrokinetic equation is used to solve the
corresponding distribution function f.
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To understand momentum transport, the symmetry properties of the gyrokinetic
equation are investigated with respect to v and s, with v the parallel velocity, and
s the coordinate along the field lines. This is done in Section 2.6 in more detail
for the momentum convection. For now, an overview of the symmetry properties
is given.

If the gyrokinetic equation is symmetric under the change of sign of v or s, the
perturbed distribution function f is symmetric, f(vy,s) = f(—v),—s). In such a
situation, solutions of the distribution function f(v, s) and f(—v, —s) can grow
with the same growth rates and cancel each other. On the contrary, an asymmetry
in the gyrokinetic equation leads to an asymmetry of the perturbed distribution
function f (v, s) # f(—v, —s). Such an asymmetry can be interpreted as meaning
that solutions (instabilities) of the distribution function f(v,s) and f(—v, —s)
can grow with different growth rates and do not cancel each other. This results in
transport.

With the distribution function, the equation for the radial flux of parallel momen-
tum produced by the fluctuating E x B-drift oz can be written as [69]

1= (m;2nBog - Vr / vy f dvy dp), (2.16)

where (-) denotes the flux surface average and ; = mwv, /(2B) the perpendicular
velocity component. The integral, which runs over the velocity space, is the par-
allel velocity moment. Without symmetry breakings, the flux Eq. 2.16 contains
the product of a symmetric (even) function along the field lines (the perturbed
E x B-drift velocity v) and an antisymmetric (odd) function along the field lines
(the parallel velocity moment [ v f). Flux surface averaging yields a momentum
flux of zero.

If symmetry breakings occur, the parallel velocity moment becomes asymmetric,
the flux averaging results in non-zero values, and transport is caused. More de-
tailed investigations yield five relevant sources of such symmetry-breaking mech-
anisms in the gyrokinetic equation [59]:

* A finite background velocity gradient of the plasma, V(2 # 0,
* a finite background velocity of the plasma, 2 # 0,

* a radial variation of the radial electric field, resulting in E x B-shearing
TE 7é 07

* up-down asymmetries of the magnetic equilibrium, resulting in variation of
the curvature- and V B-drift, and

* higher order terms in p,, resulting in non-linearities in v; and including ef-
fects of radial variation of profiles and turbulence intensity.

Perturbation theory is applied, and an expression for Eq. 2.16 is found which
is linear in the terms of symmetry-breaking and clearly expresses the different
transport mechanisms.
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It is given, for simplicity, in a normalized form [48]:
Ly = + X7 + (VE + ) u+t Gy + Crs + p.CLY (2.17)

Vv Vv
Diffusion Convection Residual stress

Here, it is possible to identify the three momentum mechanisms already discussed
for Eq. 2.6:

* The first term results from the symmetry breaking via V(2 # 0 and denotes
the diffusion. It scales with the diffusivity Xﬁu and v = —R*VQ/uvy, the
normalized rotation gradient. The second term adds a diffusive component
due to the E x B-shearing.

* The third term results from the symmetry breaking via 2 # 0 and denotes
the convection. In the brackets, aside from the convective velocity V., there
is an additional term 'Y from the particle flux. The convection scales with
the normalized rotation u = R Q/vy,.

* The three terms on the right contribute to the residual stress, with C) con-
tributions from the E x B-shearing (first order in p,), with C{{ the flux due
to up-down equilibrium asymmetries (lowest order in p,), and p.CY due to
effects of higher order in p,.

Details of the three mechanisms and their modeling will be discussed in the fol-
lowing Sections. Please note that, due to By < B,, the approximation v, ~ v
is justified. This connects the theoretically discussed parallel angular momentum
with the physically conserved toroidal angular momentum.

2.5 Momentum Diffusion

Momentum diffusivity can be likened to the viscosity of fluids. It was predicted in
early theoretical works to be close to the ion heat diffusivity [70]. The similarity
results from the fact that the related fluxes are first and second-order moments
of the perturbed velocity distribution function, see, for example, the first-order
moment in the integral in Eq. 2.16. The ratio of the diffusivities defines the
Prandtl number [45]:

pr=2e, (2.18)

Xi

In a number of theoretical works, this quantity was found to be of order unity [59,
71-75] and be weakly dependent on plasma parameters [45, 48]. The momentum
diffusivity x,, consists of two contributions, one accounting for effects reflected in
diagonal elements of the transport matrix (x,,), and one connected to the dynam-
ics of the E x B-shearing (x,.), see Eq. 2.17. The second contribution, however,
scales with By/B,, and is, in the core, mostly negligible, such that x, ~ x,. It is
neglected in linear gyrokinetic calculations, as performed in this work.

The concept of the Prandtl number can be used in the modeling of experiments,
allowing the experimental ion heat diffusivity to constrain the momentum diffu-
sivity. The ion heat diffusivity can be calculated via the power balance

Qi

T (2.19)

Xi = —
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with @); the heat flux onto the ions. This equation, together with

Xo = Pr(p,) Xi (2.20)

is part of the modeling in this work, where the Prandtl number is assumed to be a
function of the normalized flux coordinate p,. From linear gyrokinetic theory, the
Prandtl number is one of the most robust predictions and is relatively independent
of the turbulent fluctuation level [76].

2.6 Momentum Convection

For the convection, as an example, it is shown how the previously mentioned
symmetry breakings manifest in the gyrokinetic equation. The symmetry breaking
associated with momentum convection is connected to the Coriolis drift.

For the description of the Coriolis pinch, the co-moving system is used, in which
the toroidal rotation is zero. The rotation, therefore, only enters the system
through the Coriolis and centrifugal forces, where the latter is neglected in the
following derivation. The Coriolis force

FC = 2mv|| x (221)

leads to a Coriolis drift velocity of

_ 2my
" ZeB

A qualitative description of the Coriolis pinch can be made in a fluid picture [43].
The Coriolis drift velocity scales with v. At the low-field-side midplane, this drift
points in the vertical direction. Therefore, it increases or reduces the curvature-
and V B-drift. If one imagines a finite density perturbation taking place (with
some part of the plasma flowing parallel to the field, some part of the plasma
flowing anti-parallel to the field), then the flow parallel to the field will drift faster
in the vertical direction than the anti-parallel part. Together with the fluctuating
E x B-convection, this leads to a different radial transport for the two volume
elements. This transport acts as a convection of momentum (as the drift scales
with the parallel velocity) and inherently depends on the density gradient (as it is
connected to the density perturbation).

(2.22)

Vde

The Coriolis pinch can also be derived in a gyrokinetic picture as shown in more
detail in [43, 48, 68]. The starting point is a very simplified gyrokinetic equation
[43]

0 ZeF

a—{%—(vd—l—vdc)-Vf: —vg-VEFy — TM
with v, the curvature- and V B-drift, F,; the unperturbed Maxwell distribution, vz
the E x B-velocity, and (¢) the perturbed, gyro-averaged potential. The Coriolis
pinch enters on both sides as the other drifts. The corresponding terms can be
written with the Coriolis drift velocity as

a_f 2mv||
ot ZeB

(Va + Vae) - V{(¢), (2.23)

2mu) Ze

2o V(0) TPy, (2.24)

QL Vit o=
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Calculating the first moment of this equation with respect to the parallel velocity
yields [48]

ow 2le

"ot T ZeB

with w the perturbed velocity and p the perturbed parallel pressure. The second

term on the Lh.s. is connected to the Coriolis force due to the perturbed diamag-

netic velocity. The term on the r.h.s. results from the Coriolis force connected to
the perturbed E x B-velocity.

“Vp+...=...=2nm8Q, - V(¢)/B, (2.25)

The perturbed pressure can be replaced by a sum of perturbed density and per-
turbed temperature, and a set of coupled equations for the density, temperature,
and parallel velocity can be derived, as shown in more detail in [77, 78]. These
equations show that the Coriolis drift couples even moments of the perturbed
distribution (as density and temperature) and velocity perturbations. This is the
reason why parallel velocity fluctuations can be driven by density and temperature
perturbations. The fluctuating E x B-velocity leads then to a finite flux of toroidal
momentum.

So far, the contributions from a finite parallel wavenumber have been neglected.
It was shown previously [77], that a symmetry-breaking/deformation of complex
electrostatic potential along the field line can result in a finite parallel wavenum-
ber, which can affect the calculated Coriolis pinch. The same work demonstrated
that only gyrokinetic calculations with kinetic electrons can produce a finite Cori-
olis pinch, while in an adiabatic description, without trapped particles, parallel
wave vectors occur that balance the equilibrium flow and cancel the Coriolis pinch
effect. Therefore, even with kinetic electrons, the Coriolis pinch scales with the
trapped electron fraction. In this context, this is known as a compensational effect
of the passing particles.

The parameter dependences of the momentum pinch were studied via linear gy-
rokinetic calculations in [48, 79], where the strongest scalings were found with
the density gradient and the magnetic shear s = r/qdq/dr. Here, ¢ = r/R B,/ By is
the safety factor, which can also be interpreted as the ratio of numbers of poloidal
to toroidal turns of the field lines before they close.

The pinch number —RV./x, is one of the main results for momentum transport
from the gyrokinetic calculation, as the ratio of fluxes allows, at least partly, can-
celing the potential fluctuations of the turbulence simulation. For the modeling of
momentum transport, the convective velocity is defined via the pinch number as

Vo= —32h(p,), (2.26)
where h(p,,) is a dimensionless function describing the radial variation of the pinch
number. It could contain, e.g., dependences on gradients or other plasma param-
eters. Including a scaling with the experimental y; via x.,, (compared Eq. 2.19 and
2.20) serves as a crucial proxy for an experimental, time-varying correlation with
the intensity of turbulence [80, 81]. This will be discussed later, together with the
experimental scenario in Section 4.1.

The particle flux, which can lead to additional convective momentum flux, is pre-
dicted to be small compared to the Coriolis pinch [48] because the particle source
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in the core is small in the analyzed AUG scenario [82]. In this work, it will not
be separated explicitly. Both the predictions of gyrokinetic theory and the experi-
mental results contain the particle flux, allowing for a direct comparison between
them.

2.7 Residual Stress and Intrinsic Torque

There is a variety of symmetry-breaking mechanisms that neither scale with the
rotation nor its gradient. Usually, their sum is referred to as residual stress flux.
The residual stress can also be considered as an intrinsic torque, which can spin
up the plasma from rest and results in an intrinsic rotation. In the following, a
number of residual stress generating mechanisms is discussed.

In general, the effects can be separated by their order in p,. First, there are effects
of the up-down asymmetry of the equilibrium, which are of the lowest order in
p. and are kept in a linear gyrokinetic picture. Second, the first-order contribu-
tions in p, with non-linear effects break the symmetry by a finite average radial
wavenumber. Third, effects of higher order in p,, which have to be considered in
a global, non-linear gyrokinetic picture.

First, asymmetries in the equilibrium break the symmetry along the field lines,
resulting in a flux of toroidal momentum [50, 83] and a correlation of the gen-
erated intrinsic rotation with the degree of up-down asymmetry. Physically, the
generation mainly results from asymmetries in the curvature- and V B-drifts and
their interaction with the perpendicular turbulent wave vector structure along the
field lines. Only modes that are largely extended along the field lines can cover re-
gions with different asymmetry, therefore, mainly modes with small £, p ~ 0.1 are
affected. The flux shows weak dependences on the temperature and density gra-
dients, but drops for the transition from ITG to TEM, being a factor of 4 smaller
in TEM [50]. Again, a strong dependence on trapped particles is seen: kinetic
electrons lower the flux. The sign of this flux (inward or outward, co-current or
counter-current) depends on the direction of the magnetic field and plasma cur-
rent. Overall, these asymmetries mainly exist towards the plasma edge, see the
shape of the flux surfaces in Fig. 1.4, so this effect is small in the plasma core [48,
83] and much smaller than the following contributions.

Second, an important, non-linear effect is the shearing of the E x B-drift veloc-
ity, the so-called E x B-shearing. This shearing produces a finite perpendicular
wavenumber k|, which damps the turbulence and stabilizes the modes [84]. Fur-
thermore, the sheared velocity front rotates the eddy structure of the turbulent
modes away from the outboard midplane, breaking the symmetry » — —r around
the midplane, and the fluxes do not compensate anymore for s and —s. The tilt-
ing is shown in Fig. 2.2. While the toroidal flow part of the radial electric force
balance gives an apparent diffusive component via E,, see Section 2.5, the dia-
magnetic and poloidal terms result in a residual stress. From theory, it is not
expected that the corresponding fluxes change sign with the transition from ITG
to TEM, because the E x B-shearing rate does not change its sign [85]. This kind
of non-linear gyrokinetic effects were studied in [76, 86-88].
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Figure 2.2: L.h.s.: tilting of eddy structure due to the E x B velocity shear or profiles shearing.
Figure adapted from [89]. R.h.s.: electrostatic potential fluctuations obtained from global gyroki-
netic calculations for TEM and ITG instabilities. The sign change of the tilt angles leading to a sign
change of the induced radial flux is observed. Figure adapted from [51].

If a non-linear gyrokinetic picture with terms of higher order in p, is considered,
there are no symmetries left and a zoo of different effects arise as investigated,
for example, in [47, 51, 85, 90-94]. As a detailed review of all these works is
beyond the scope of this thesis, the brief discussion herein focuses on the effects
of profile shearing [51, 85] and the radial variation of turbulence intensity. Com-
parably to the tilting eddy effect described before for the E x B-shearing, here, the
radial variation of the profiles leads to finite radial wave vectors and can tilt the
eddies. These radial wave vectors then couple with the curvature- and V B-drifts
and induce a flux. Studying the influence of the first-order derivatives of the pro-
files, it is seen that the tilts of the eddies and the connected flux are oriented in
different directions for ITG (co-current, inward) and TEM (counter-current, out-
ward), suggesting a sign reversal of the connected residual stress [51]. Including
also the second order derivatives, e.g., for density and temperature profiles, this
sign change cannot anymore be clearly attributed to the change of the turbulence
regime [85]. The inclusion of such higher-order derivatives makes an experimen-
tal validation of such scalings very challenging. Altogether, the magnitude of the
fluxes is found to be on the order of the diffusive flux [85].

Besides the residual stress mechanisms already discussed, there are a number of
other effects, which can modify the toroidal rotation and could appear as an intrin-
sic torque in an experimental analysis. They are not directly related to gyrokinetic
calculations for the confined plasma with an unperturbed magnetic equilibrium.

Prominent examples are MHD effects such as sawteeth that redistribute particles
and their momentum [6, pp. 401], ion orbit losses [95], magnetic ripple [96, 971,
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Figure 2.3: Trajectory (orbits) of counter- (red) and co-current (blue) passing ions. Panel (a)
shows an equilibrium with an X-point radially aligned with the magnetic axis. In Panel (b), an
equilibrium with an X-point shifted to the high-field side is shown. The darker the color, the higher
the local diffusion. Figure reproduced from [49].

neutral drag [98, 99], neoclassical toroidal viscosity [100, 101], and the various
effects of momentum loss to the wall of the machine.

Another model that has undergone experimental validation is the analytical, theory-
based Stoltzfus-Dueck model, which predicts the pedestal top intrinsic torque
based on ion orbit losses, scrape-off layer flows, and turbulence intensity gradi-
ents [49, 102-104]. It assumes a purely diffusive turbulent transport, which acts
spatially inhomogeneously. Furthermore, parallel acceleration is neglected, and
the excursion of the drift orbits of passing ions in the edge and SOL is maintained.
Following the analytical derivation, it is found that the drift orbits of co-current
moving ions are displaced outwards along the major radius. Vice versa, counter-
current ions are displaced inwards along the major radius. If a turbulent diffusion
with a typical gradient length is assumed, then, together with the tilt of X-point,
see Fig. 2.3, this leads to a larger diffusion of counter-current than co-current
particles. This results in an apparent co-current residual stress.

The net torque of these effects is given as a boundary condition at the edge of the
plasma core, approximately at the pedestal top, but the model cannot predict the
precise location. The intrinsic torque at the pedestal top by the Stoltzfus-Dueck
model is given via

(Ai/Q) qR
ZiB,Lyg

with fr, the trapped particle fraction, ); the heat flux in MW, and L, the decay
length of the potential fluctuations in the pedestal, which can be approximated
by Lr.. In this formula, ¢ is used for the ratio of the thermal passing-ion drift-
orbit width to the ion gyroradius and can be approximated as ¢ = [By,(Rou —
Rin)]/(2ByR). d. is an in-out-transport asymmetry factor ranging from +2 (all
transport occuring at the low-field-side midplane) to —2 (all transport occuring at
the high-field-side midplane). Estimates, relying on outboard ballooning modes,
give values around d, ~ 1. Ry = [2Rx — (Rout+ Rin)]/(Rou — Rin) is the normalized
major radius of the X-point, with R;, and R, the inner- and outer-most major
radii of the last closed flux surface (LCFS), and Ry the major radius of the X-

Tingsp & 1.38 (1 — fre) (Rx — dc/2) Q; [Nm], (2.27)
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point. R, then ranges from —1 (X-point at the high-field-side edge of the LCFS,
as shown in Fig. 2.3b) to +1 (X-point at the low-field-side edge of the LCFS). The
model is used in the integrated modeling approach by Luda et al. [105-107]. The
implementation in this work is comparable to the one in that work, but the precise
calculation of the gradient length, the passing particle fraction, and the heat flux
differs.

A very flexible approach to model the residual stress from all these effects is to add
an additional flux in the momentum transport equation, which is ITgs in Eq. 2.7
and 2.9:

HRS = M;N; Xy Cs g(pgo)a (228)

with ¢, the sound speed, m; the main ion mass, n; the main ion density, and
g(p,) is a dimensionless function describing the radial shape of the residual stress.
Again, the scaling with the diffusivity is used to include a possible time-dependent
turbulence intensity via y;, as already done for the momentum convection.

2.8 Momentum Sources via Neutral Beam Injection

The dominant source term in the momentum transport equation is the torque
applied to the plasma via NBI. This heating technique relies on the acceleration of
ions to high energies of up to tens of keV, their neutralization, and injection into
the plasma. There, they are ionized by collisions and confined by the magnetic
field. Via Coulomb collisions, they transfer their energy to the plasma bulk [5, pp.
540]. This is not only connected with a rise of ion and electron temperature, but
can drive a plasma current and induce a strong torque [108].

There is a nearly instantaneous transfer of momentum from particles that are in-
jected into regions of the plasma where they are ionized and, together with their
radial movement, lead to a j x B-force that acts on the background plasma as a
torque. This happens on time scales of the order 10~° s. These effects can be calcu-
lated analytically [109]. Furthermore, the fast particles transfer their momentum
via collisions with bulk ions and electrons, acting as a torque onto the bulk plasma.
This takes place on collisional time scales of hundreds of ms. The contribution of
the collisions can be calculated by solving a Fokker-Planck equation [110].

Utilizing Monte Carlo models to calculate these contributions was proposed, for
example, in [111, 112]. In such simulations, test particles are injected and tracked
as they interact, while the torque is derived from momentum conservation. These
models are the method of choice in this work, as explained in the next Section
when describing the NUBEAM code. The torque from the NBI is included in the
momentum transport modeling as the source term Syg; in Eq. 2.7.

2.9 Applied Transport Codes and Models

The heat fluxes and torque in the plasmas analyzed in this work were calculated
with the TRANSP code, which is developed and hosted at Princeton Plasma Physics
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Laboratory (PPPL) [113-115]. TRANSP is generally employed for calculating parti-
cle and energy transport in tokamaks by analyzing conservation equations. It of-
fers access to local quantities that may not be directly measurable in experiments,
such as fluxes, based on realistic plasma input data, the plasma geometry, infor-
mation about the auxiliary heating, et cetera. The input to TRANSP is documented
in Appendix A.1.

TRANSP is a full transport code, however, for this work, only the modules for the
calculation of heat fluxes and torque were employed. For the electron cyclotron
resonance heating, the TORBEAM code [116] is used. As mentioned in the previous
Section, Monte Carlo codes are the method of choice to calculate the effect of
NBI. To this end, the NUBEAM code is utilized [117]. It is capable of simulating
the power deposition, current drive, fueling, and torque fluxes in a tokamak due
to NBI. NUBEAM includes effects of collisions, ion-neutral interaction (ionization,
charge exchange, excitation), diffusion of fast ions, magnetic ripple, effects of
the equilibrium (fast ion banana orbits), and finite Larmor radius effects (fast ion
guiding center drifts). As Monte Carlo models are based on a statistical approach,
significant parallel computing power is required. In the calculations performed
herein, particle numbers between 50,000 and 200,000 are used to reduce the
statistical noise.

The results from TRANSP, specifically the perpendicular and parallel fast ion pres-
sures, the power to the ions (P;) and electrons (F.), the torque density from the
NBI (Sygr) and the radiated power (FPraq) are then transferred to the ASTRA code,
which is the second transport code applied in this work in an interpretative ap-
proach [118, 119]. Documentation of the input to ASTRA is given in Appendix A.2.
ASTRA solves the transport equations for a tokamak plasma, in particular, the ion
heat power balance and the momentum transport equation.

ASTRA is denoted as a 1.5-dimensional transport code. The “1.5 dimensions” are
related to the fact that it is assumed that the main plasma quantities are constant
on a flux surface such that the transport equations can be solved on the basis of
the normalized toroidal flux coordinate p,, while the equilibrium reconstruction
[120] is solved in 2 dimensions in the poloidal plane, assuming the axial symmetry
of the tokamak.

In contrast to the TRANSP code, ASTRA is an interactive platform for tokamak trans-
port modeling and allows the simulation of a plasma almost in real-time. It can
be flexibly run with analytical expressions for the transport coefficients, which can
be easily input by the user. Therefore, ASTRA can be efficiently used in an iterative
approach to optimize transport coefficients and model experimental data.

Within ASTRA, the momentum transport equation was implemented by Fable [80].
It allows the specification of the following momentum transport coefficients:

» Radial diffusivity of parallel momentum
XUPAR = x| = Pr(p,) Xi (2.29)
1

in m? s, with a radially dependent Prandtl number, see Section 2.5.
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* Convective velocity of parallel momentum transport

vy

vy
CNPAR = V) = Vo — x) =5 = =X/ Rh(py) = X
6

Iy

(2.30)

in ms~!. Here, V, is the convective velocity, see Eq. 2.26, which is modified
by a correction term depending on the normalized poloidal current I}’ to
account for the difference between toroidal and parallel field intensity. The
radially dependent pinch number, here h(p,), can be used to modify the
radial shape of the pinch. In this work, a cubic polynomial is used. Thereby,
the constant term is neglected to enforce continuity at p, = 0.

¢ Residual stress flux

Igs mgny,
RUPFR — — . 2.31
1019 mp 1019 mp X‘PC g(pﬁo) ( )

in s~2, with Ilg, as defined in the momentum transport Eq. 2.7. The residual

stress flux proposed in Eq. 2.28 can be used. The dimensionless, radially
dependent function g(p,) allows the modification of the radial shape. In this
work, a cubic polynomial is used. Again, the constant term is neglected to
enforce continuity at p,, = 0.

* Torque density from NBI
SNBI

TTRQ =
! 1019m,,

(2.32)

in m~!s~2, with the torque density Syg; from TRANSP in Nmm™3.

In ASTRA, the momentum fluxes are normalized by a factor m,, x 10 with m,, the
proton mass in kg. This results in the normalization of the residual stress flux and
torque density. The ion heat diffusivity y; is calculated via a power balance, see
Eq. 2.19. Based on these momentum transport equations and a boundary con-
dition given by the experimental toroidal rotation at the edge of the calculation
domain, ASTRA solves the time-dependent toroidal rotation consistent with the mo-
mentum transport coefficients given via Pr(p,), h(p,), and g(p,). By comparing
the modeled toroidal rotation profile to the experimentally measured, the quality
of the used momentum transport coefficients can be assessed.

In ASTRA, the radial transport of parallel momentum transport is calculated. The
parallel velocity is approximated by the toroidal velocity. Due to By < B,, this
approximation is justified.

2.10 Applied Gyrokinetic Code

The gyrokinetic code GKW [68] was used to simulate turbulent transport. This
results in predictions for the Prandtl and the pinch number, which can then be
compared with experimentally assessed transport coefficients. The code solves the
gyrokinetic equations, see Section 2.4, and includes kinetic electrons, electromag-
netic effects, collisions, and a realistic reconstruction of the plasma equilibrium.
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Quantity GKW parameter Comment
kypi kthrho = ... poloidal wave vector
€ eps = ... inverse aspect ratio
geom_type= ’chease’ | use an experimental Hamada equilibrium
eqfile= ’...° specify the path of the Hamada input file
Bref beta_ref = ... 2p1onT/ B2, for normalization
for the first SPECIES, ions
R/Lr, rlt = ... ion temp. gradient
R/Ly, rln = ... ion density, approx. with R/L,,
for the second SPECIES, electrons
me/my mass = ... mass ratio between electrons and ions
T./T; temp = ... temperature ratio
R/Lr, rlt = ... electron temp. gradient
R/L,, rln = ... electron density
u’ uprim = ... rotation gradient
U vecor = ... rotation
for the COLLISIONS
R rref = major radius
T; tref = ion temp. for normalization
Ne nref = electron density for normalization
Zoff zeff = effective charge of the plasma

Table 2.1: Most relevant input parameters to GKW.

Furthermore, it includes the effects of the plasma rotation, which makes it suitable
to study the Coriolis momentum pinch [68].

Global, non-linear calculations are computationally expensive and inappropriate
for the analysis of large databases, as done in this work. Therefore, only resid-
ual stress fluxes can be assessed that result from the up-down-asymmetry of the
equilibrium. These are, by far, not the dominant contributions, compared, for ex-
ample, with the finite p, or profile shearing effects. Examples of global non-linear
calculations are shown in [121-124].

For this work, local, linear calculations were performed. Experimental inputs and
the most import settings in GKW are shown in Tab. 2.1. It is necessary to select
which flux surface to consider (via € and R), to give the corresponding experi-
mental quantities, and to set a normalized binormal wavenumber/poloidal wave
vector k,p; to be studied.

The code is used with the time integration scheme for the identification of the
micro-instability with the highest growth rate only. The convergence of the growth
rate 7 and real frequency w, of the fastest-growing mode as a function of the
computed time is presented in Fig. 2.4(a). The sign convention for w, yields a
positive sign for mode propagation in the ion diamagnetic direction (e.g., ITG)
and a negative sign for a mode in the electron diamagnetic direction (e.g., TEM).
In Panel (b), the resulting momentum flux is shown. The asymmetries of the
potential and velocity distributions are shown in Panels (c¢) and (d). As already
explained in Section 2.4, a symmetry breaking in the eigenfunctions leads to a
non-zero momentum flux.
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Figure 2.4: Typical output of a GKW calculation. Panel (a) shows the growth rate and the frequency
of the fastest-growing instability converging over the computational time. Panel (b) shows the
momentum flux, which also converges over the computational time. Panel (c) shows the potential
fluctuation, with the real part as a solid line, and the imaginary part as a dotted line. Panel (d)
shows the perturbed velocity distribution of the ions, uj = [ v fd®v/n;, with the real part as solid
line, and the imaginary part as dotted. Clearly visible are the asymmetries for s — —s.

For the prediction of the Prandtl and pinch numbers, in general, three gyrokinetic
simulations need to be performed for each wavenumber £, p;:

1. with v/ =
Eq. 2.17,

u = 0, this results in the residual fluxes (three last terms) of

2. with ' = 0, u = 0.15, this results in the convective flux I',, y, third term of
Eq. 2.17, and the residual fluxes, and

3. with v/ = 0.5, u = 0, this results in the diffusive fluxes I',, p, first and second
term of Eq. 2.17, and the residual fluxes.

The values © = 0.15 and «’ = 0.5 can, in principle, be replaced by any small, finite
number as they do not affect the turbulence calculation [76]. All three calculations
give the ion heat flux );. The residual fluxes (obtained in the first calculation) can
be extracted from the second and third calculation to isolate the fluxes due to dif-
fusion and convection only. The fluxes are weight-averaged over a spectrum of five
binormal wavenumbers between 0.2 < k,p; < 0.9 to include the contributions of
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modes at different wavelengths in the spectrum, the index & denotes the different
k,p; used. As different tested wavenumbers grow with different growth rates -y,
they are further weighted by a spectral amplitude that depends on the ratio of the
growth rates to the perpendicular wavenumber squared.

First, the diffusivities and the convective velocity are calculated from the fluxes.

Xik/R=—Qir/VT;
Xei/R=—Typi/t
Vc,k = FLp,V,k:/u

Then, the binormal wavenumbers
V2 kyp; = 0.21,0.31,0.44, 0.64, 0.92]
together with some practical knowledge weighting w;, give k, :
ki = kywy.
The potential fluctuation can be assumed as
| = /K.
Then, it is possible to average via

R
/R = [ Xk o,

Ve= /Vc,k |®|dk

Xi/R = |k,

and to calculate the Prandtl and pinch numbers:

Xe R

Pr =22

g R x;

Ve
—RVe/xe = — :
/‘P ch/R

It is important to mention that the fluxes in a linear calculation increase during
the calculation with the growing potential fluctuation |®|?. Therefore, only ratios
of fluxes, e.g., x;/x, and —RV,/x,, can be compared to the experimental results
presented later in this work.
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Chapter 3

Experimental Background

‘A scientist in his laboratory is also a child
confronting natural phenomena that impress him
as though they were fairy tales.”

— Marie Curie

In this Chapter, the experimental setup, the most relevant measurement diagnos-
tics, and analysis techniques are presented that enable the modeling of momentum
transport in the ASDEX Upgrade tokamak.

3.1 The ASDEX Upgrade Tokamak

The Axial Symmetric Divertor Experiment (ASDEX) Upgrade is a tokamak fusion
experiment located at the Max Planck Institute for Plasma Physics in Garching,
close to Munich. First experiments were performed in March 1991 [125].

The machine parameters are listed in Tab 3.1. Figure 3.1 shows a sketch of the
machine. In the center, there is the transformer coil, which is capable of driving
currents of up to 1.6 MA in the plasma. The plasma is produced in the vacuum
vessel. Most of the plasma-facing components (PFC) are tungsten coated or are
made of solid tungsten. During a so-called boronization, glow discharges with
a mixture of He and B,Dg¢ are performed to cover the PFCs with a thin layer of

Typical discharge length 10s
Major radius R=1.65m
Minor radius r=0.5m
Plasma current I, =0.3-14MA
Toroidal magnetic field B,=1-35T
Plasma volume up to 14 m3
Total available heating power up to 30 MW
Plasma fuel H, D, He

Table 3.1: Main machine parameters of the ASDEX Upgrade tokamak [125].
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Figure 3.1: Sketch of the ASDEX Upgrade tokamak. Figure adapted from [126].

boron [127]. This reduces the tungsten influx, enabling low-density operation.
This makes boron and helium the main impurities in the absence of additional
impurity gas puffing.

The vessel is composed of 16 sectors. This can be seen in the schematic top-down
view of the machine, given in Fig. 3.4. The vacuum vessel has several heating,
pumping, and diagnostic ports. Around the vessel, shown in orange in Fig. 3.1,
there are 16 D-shaped toroidal field coils. They can produce a toroidal magnetic
field up to 3.5 T. The poloidal field and shaping coils are shown in magenta, and
in red, the steel support structure is shown. As the toroidal field coils are made
from copper, the joule heat limits the discharge length to approximately 10 s.

The fueling of the plasma takes place from various valves within the vacuum ves-
sel. AUG can be operated with H, D, and He as main ions. The divertor systems,
placed at the top and the bottom inside the plasma vessel, allow control of the
exhaust of particles and power from the main plasma. The lower divertor, which
was used for the experiments in this work, can be pumped via a cryopump.

The plasma heating can be composed of ohmic heating through the current drive,
neutral beam injection heating (20 MW), ion cyclotron resonance heating (6 MW),
and electron cyclotron resonance heating, short ECRH (6.4 MW).

The NBI has two injection boxes, one in sector 15 and another one in sector 7,
as shown in Fig. 3.4, on opposite sides of the torus. Both boxes have four beam
sources. NBI box 2 features higher extraction voltages of up to 90 keV, while
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box 1 is operated with 60 keV. The standard operation for the beams is with D
ions. They are produced by an arc source (box 1) and via a radio-frequency-driven
plasma source (box 2). These ions are accelerated and neutralized to be able to
enter the strong magnetic fields.

From the radio frequency heating systems, in the experiments presented in this
work, only the ECRH was used. The basic principle of this heating technique is
to launch microwave beams of the same or a multiple frequency as the electrons’
gyration frequency. As the gyration frequency depends on the local magnetic field,
a very localized heat deposition is feasible. The standard frequency is 140 GHz,
which allows for central heating of the plasma at a magnetic field of 2.5 T on the
magnetic axis. This corresponds to the second harmonic of the Larmor frequency
in the so-called X-mode (inciting electric field vector E | B) heating scheme.

3.2 Main Diagnostic Techniques

The ASDEX Upgrade experiment provides a large number of measurement systems
to diagnose various plasma parameters. This Section focuses on electron density
and temperature measurements, as well as equilibrium reconstruction. Figure
3.2(a) shows a picture of a poloidal cut of the torus with the measurement posi-
tions of the most important diagnostics plotted over an equilibrium reconstruction.

Thomson Scattering

Thomson scattering (TS) is the well-known effect of scattering of induced elec-
tromagnetic waves on charged particles, which then act as dipoles and oscillate
[128, 129]. In a plasma, due to the lighter mass, mainly electrons are involved,
while ions are weakly affected by the induced electric fields. The scattered light is
Doppler-shifted due to the movement of the electrons with respect to the incoming
wave and the lines of sight.

In the application as a plasma diagnostic, a strong, pulsed laser is used to in-
troduce the electromagnetic wave. As the overall scattered emission is very low,
highly sensitive polychromators are used to measure the scattered light. If the
Debye length, which is the distance up to which the plasma can screen induced
electric fields with its free charges, is much larger than the wavelength of the inci-
dent electromagnetic wave, the scattering is called incoherent. Then, the Doppler
shift correlates directly with the velocity distribution of the plasma electrons. The
resulting spectrum is Gaussian with a half-width of 1/7,. With an absolute calibra-
tion, the electron density can be measured via the intensity of the scattered light
[130]. The advantage of the TS is to measure electron temperature and density
simultaneously in the same plasma volume.

At ASDEX Upgrade, Thomson scattering systems routinely diagnose the plasma
core and edge using Nd-YAG lasers. The exact localization of the measurement
is shown as red squares in Fig. 3.2(a). The pulses are short, around 10 ns, the
repetition rate is 20 Hz. The radial resolution is around 25 mm for the core TS and
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3 mm for the edge measurements. Calibration is performed via Raman scattering
in nitrogen [131, 132].

Electron Cyclotron Emission

Another approach to measuring the temperature profiles of the electrons is the
electron cyclotron emission (ECE) [13, pp. 518]. In a magnetic field, which
mainly has a toroidal component, the local magnetic field can be approximated
via B, = ByRy/R. Charged particles emit cyclotron radiation with a frequency
corresponding to multiples N of their Larmor frequency

GB()RO

=N .
wN meR

For small V waves, the plasma is optically thick, and the intensity can be approxi-
mated as black body radiation. The Rayleigh-Jeans law can be applied:

WQI-CB
8 3 2

IN(w)

From this formula, the electron temperature can be derived directly from the
intensity of the cyclotron emission. The frequency of the emission depends on
the local magnetic field, and this feature is used to radially localize the measure-
ments. Due to cutoffs, the strongest intensity outside of the plasma is measured for
the second harmonic in X-mode (E | B) and fundamental frequency in O-mode
(E || B).

At ASDEX Upgrade, the second harmonic of the X-mode is measured via a 60-
channel heterodyne radiometer [133]. It is sensitive to radio emission between
85 — 185 GHz, which corresponds to magnetic fields from 1.6 to 3.4 T. It has a
radial resolution of about 5 mm, and a time resolution below a us. The mea-
surement antenna is placed slightly above the midplane and diagnoses the plasma
from the low-field side. The measurement localization is shown in green symbols
in Fig. 3.2(a). The system is calibrated by means of black-body radiation measure-
ments [134, 135].

Lithium Beam

Lithium-beam spectroscopy (LIB) can be used to diagnose the plasma edge and
derive density profiles. The use of an active beam allows the localization of the
measurement in the edge region, which features very steep gradients.

The injected lithium atoms are accelerated to high kinetic energies. As these atoms
penetrate the plasma edge, they undergo various collisional processes resulting in
emission, which allows the detection of the Li I spectral line along the path of the
beam. The most relevant process is the excitation of the lithium atoms by electron
impact [136, 137]. The balance equation of impact excitation and spontaneous
emission is solved in forward modeling to reconstruct the electron density profiles
[138].
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At ASDEX Upgrade, the lithium ions are extracted from a beta-eucryptite emitter
and are accelerated to energies of up to 60 keV. The neutralization is done by
means of a sodium neutralizer cell, and the beam is injected from the low-field
side, shown in magenta circles in Fig. 3.2(a). Two optical heads are used to
observe the emission. The data acquisition system is based on interference filters
and photomultiplier tubes and has a high time resolution of 50 us [139]. As
discussed in [140], probabilistic data analysis can be used to assess density profiles
from the Li I emission profile with a high spatial and temporal resolution of 5 mm
and 50 us.

Laser Interferometry

In a plasma, when an electromagnetic wave passes through, it undergoes not only
scattering, but also experiences refraction and reflection. For the case of a colli-
sionless plasma, in which the electric wave vector is parallel to the magnetic field,
the refraction index for a wave traveling in a plasma is [13, pp. 506]

2
w,
pe
H = 1- 2
Wo
with the plasma frequency
Nee>
Wpe = .
Pe €0Me
For wy >> wy, it is possible to write
2 2
w. e
prl-=1-—sn,.
2wj 2€pmewp

This connects the refraction index with the electron density. The refraction results

in a phase shift of
2
Ap~— / nedl,
2c€0meWwo

with w, the original frequency of the electromagnetic wave.

As a diagnostic technique, a laser traveling through the plasma can be compared
with a second wave from the same source traveling outside the plasma. The
interference of both waves is then used to measure the phase shift. This mea-
surement principle is called interferometry, and it provides measurements of the
line-integrated electron density along the line of sight of the laser [141].

At ASDEX Upgrade, a deuterium cyanide laser (DCN) with a wavelength of 195 um
is used. This laser is split up into 6 paths. 5 of them have distinct and well-
characterized LOS through the plasma, shown in cyan in Fig. 3.2(a). One is used
as a reference. A phase-modulated Mach-Zehnder interferometer measures the
phase shift.

A phase shift of 27 corresponds here to a density of 5.72 x 10'® electrons/m?.
Dividing the result by the length of the line of sight through the plasma gives a
line-averaged density in m~3. The time resolution of these measurements is about
300 us [141].
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Integrated Data Analysis

These four diagnostic systems estimate the electron temperature and density in
various regions of the plasma with differing time bases. The measurements are
combined to obtain a coherent and reliable picture of the electron density and
temperature at high spatial and temporal resolution.

At ASDEX Upgrade, this is done by means of the Integrated Data Analysis (IDA),
which relies on Bayesian inference [143]. The idea behind Bayesian inference is to
use forward models for each included diagnostic to set up likelihood distributions
based on the uncertainties of the diagnostic measurements. With d the measured
data, the likelihood distribution function p(d|T., n.) can be calculated. This func-
tion can be imagined as a weighting factor discretizing how much to believe the
specific measurement 7, and n. from a certain diagnostic. Additionally, a prior
p(T.,n.) with additional knowledge and boundaries on the behavior of the physi-
cal quantities is set up. This ensures the physical validity of the results. In Bayes’
theorem, the posterior probability density function is

o yld) = pdlz, y)p(z,y)

p(d)

The additional normalization can be neglected as it is not relevant to the parame-
ter estimation in this application.

Ne [m™3]

0.0 0.2 0.4 0.6 0.8 1.0
Ppol

Figure 3.2: (a) Poloidal cut through AUG showing the measurement localizations of Thomson
scattering (TS, red squares) in the edge and the core, the lithium beam (LIB, magenta circles),
the electron cyclotron emission (ECE, green diamonds) and the lines of sight of the interferometry
(DCN, cyan). The dotted points show the equilibrium reconstruction based on the poloidal field
coils (dark blue). The solid black line is the last closed flux surface. In Panels (b) and (c), the
resulting IDA modeling is shown in blue, compared to the raw data. Figure reproduced from [142]
for a generic AUG H-mode discharge.
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The posterior probability density function is then

p(”m Te|dLIB7 dpen, dice, de) OCP(dLIB|ne, Te)
X p(dpen|ne)
x p(decg|ne, T.)
x p(drs|ne, Tt)
X p(ne, Tb),

and combines all probability distributions for the two quantities from all used diag-
nostics. With optimization routines, this function is maximized, and the combined
electron temperature and density profiles can be extracted.

The uncertainty of these combined quantities is calculated by means of the -
binning method [140]. For this, small subsets of the forward modeled data X,
for given (n., T.) profiles are increased or decreased until the y? cost function for
a certain time point ¢ and radial channel r,

r,dia _Xr2
() = 37 Wtden = Xor)

2
Ut,r,diag

diag

is estimated to vary by more than 1. Here, z;, 44y is the real measurement value
from the diagnostic with its absolute uncertainty oy, 4iqy- This, however, math-
ematically strictly speaking, does not result in a Gaussian distributed error. In
Fig. 3.2(a), the measurement positions of the TS, the LIB, the DCN, and the ECE
are shown. In Panel (b), the resulting IDA reconstruction is shown next to the
measurement points.

Equilibrium Reconstruction

The correct reconstruction of the plasma equilibrium (see Fig. 3.2(a), dotted lines)
is important for coherent modeling of the plasma. At ASDEX Upgrade, there are
different levels of sophistication in the assessment of the plasma equilibrium. All
of them are based on solving the Grad-Shafranov equation [10, 11], which can be
derived from Eq. 1.1.

An important experimental input for the equilibrium reconstruction comes from
the magnetic pick-up coils. They are used to locally measure the magnetic field at
various positions around the plasma. Physically, the measurement principle relies
on the Maxwell-Faraday equation. The induced voltage in a pick-up coil with N
windings and area A is given by
0B

U=-NA 5
From this, the local magnetic field perpendicular to the plane of the coils is cal-
culated. For the equilibrium reconstruction, there exist poloidal coil arrays, see
the dark blue symbols in Fig. 3.2(a). Furthermore, the poloidal coils can be used
to assess the plasma current via Ampere’s law or to measure the voltage of the
transformer onto the plasma.

Based on this information, the CLISTE code is used (CompLete Interpretive Suite
for Tokamak Equilibria) to reconstruct the equilibrium [144, 145]. Routinely, this
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reconstruction does not include the effects of fast ions on the pressure and current
drive [146] and is not constrained by the measured thermal pressure. CLISTE
could, in principle, include such effects. The calculated equilibrium is stored in
the EQH shotfile with a time resolution of 1 ms to provide fast, reasonably accurate,
high-time resolution reconstruction. Reconstructed scalar quantities like the loop
voltage wujo0p OF the plasma current /, are stored in the FPC and FPG shotfiles.

More sophisticated effects are routinely included in the Integrated Data analysis
Equilibrium (IDE) [147]. IDE constraints the Vp term in the Grad-Shafranov equa-
tion by pressure profiles consisting of the sum of thermal electron and ion pressure
(via IDA) and fast-ion pressure calculated (via TRANSP or RABBIT [148]). In addi-
tion to the pressure constraint, it is coupled with the neo-classical current diffusion
equation. Practical differences of the EQH and IDE equilibrium reconstruction with
respect to the methodology and discharges presented in this work are discussed in
Section 4.1.

3.3 Charge Exchange Recombination Spectroscopy

Charge Exchange Recombination Spectroscopy (CXRS) is the most important di-
agnostic to measure the impurity temperature and rotation in this work. These
quantities are assessed via the analysis of the Doppler broadening and shift of
spectral lines emitted from the plasma impurity ions.

Charge Exchange Reactions

The measured spectral lines are emitted by ions (A%") that capture an electron into
an excited state, which de-excites subsequently[149, 150]. The electron comes
from a fast neutral beam atom (D°):

AZ++D0—> A(Z—l)+*+D+ N A(Z_l)++hl/+D+.

The charge exchange reaction leaves the ion in an excited state (denoted by a star),
which decays through photon emission (hr). The emission energy of the photon is
discrete and corresponds to a specific wavelength \. In this work, charge exchange
with fully stripped impurities in the plasma is considered.

Measurement Principles

The impurities analyzed in this work are boron and nitrogen, which have distinct
spectral lines in the visible range that are suitable for spectroscopy with present
spectrometers, optical lenses, and fibers. Furthermore, due to their low Z, they
are fully ionized across the full plasma minor radius on the low-field side (LFS).
This allows the utilization of a single spectral line over the entire measurement
domain. In this work, the NBI, see Section 3.1, provides a source of neutrals.

In the analysis of charge exchange spectra, it is distinguished between active and
passive lines. Active lines result from charge exchange reactions with the injected
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Figure 3.3: Basic composition of the boron charge exchange spectrum for a typical AUG discharge.
Passive lines are shown in blue, emerging from the edge of the plasma. Active lines are shown
in red, resulting from the charge exchange reaction with the neutral beams. In black, the total
measured signal is shown. Figure adapted from [142, p. 42].

neutrals. They are well localized as they originate at the intersection between the
collimated diagnostic lines of sight (LOS) and the collimated neutral beam path.
Passive lines are produced by electron or ion impact excitation of the A%D* or
charge exchange with the thermal neutrals generated in the edge of the plasma.

The resulting measured spectrum is shown in Fig. 3.3. On the Lh.s., a typi-
cal boron spectrum is shown consisting of the B**, B>" (n = 7 — 6), and B>*
(n = 11 — 8) lines. The actual measurement is the black envelope curve. It con-
sists of passive (blue, from the edge of the plasma) and active contributions (red,
due to the neutral beam). Focusing on the B>* (n = 7 — 6) line in the mid-
dle, it is shown, in green, the shift of the central line A\ due to the Doppler
shift, the standard deviation o of the Gaussian due to the Doppler broadening,
and the maximum intensity /,. To distinguish between the active and passive con-
tributions, either a modulation of the neutral beams is necessary to subtract the
passive contribution, or all contributions need to be fit simultaneously in the data
analysis.

By describing the Doppler broadening with a Gaussian line shape, the implicit
assumption of a Maxwellian velocity distribution is made. Under these conditions,
the intensity can be described as [142, p. 43]

3.1)

27, A2

20\ _ \. 2
Iex () :]0.exp{—mac (A= — AN }

Here, m,, is the mass of the ion, T, its temperature, c the speed of light, and )\, the
expected central wavelength in rest, which can be obtained from databases such
as the Atomic Data and Analysis Structure (ADAS) [151] or calculated from the
energy differences of the quantum shells. From the measured standard deviation
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of this Gaussian, the ion temperature can be easily calculated via

2
7, = 52 (3.2)
Ao
This work assumes that the impurity temperature is representative of the main ion
temperature, 7; = T,. This approximation is justified due to very short thermal
equilibration times between these species, which are on the order of us [152],
and, thus, much shorter than the transport time scales.

The Doppler shift of the active line, A\, results from the flow velocity of the ion
species v,. With ujpg, the unit vector along the LOS, it is possible to derive [153,
p- 35]:

AV

Ao
As already discussed in Section 2.1, the poloidal flows are neglected in this work.
Therefore, the flow velocity is assumed to be in the toroidal direction. Further-
more, the LOS have only a very small vertical component and, therefore, are not
sensitive to poloidal velocity contribution. Herein, the impurity rotation is as-
sumed to be equal to the main ion rotation, i.e., neoclassical corrections are not
applied. In principle, the neoclassical flows [154] can be calculated, for example,
by the NEOART code [155, 156]. Calculations for a typical discharge have shown
corrections of the order of a few km/s and that this results mainly in an offset of
the rotation profiles [157].

C = V4 * U108- (33)

The assessment of absolute impurity densities is not the focus of this work. The
impurity density can be calculated from the measured intensities, together with
knowledge about the charge exchange cross-sections and the absolute neutral
density, which can be obtained from beam attenuation codes. For more details
on these measurements, see, for example, [158].

The CXRS Suite at ASDEX Upgrade

The CXRS diagnostics at AUG are comprised of several different optical heads that
focus on specific spacial domains of the plasma [159, 160]. Figure 3.4 shows a
top-down view of AUG. This work uses the NBI sources from box 1 (sector 15) for
heating and diagnostic purposes. The beam paths are shown in red and magenta.
The used CXRS systems are the CMR for edge measurements (sector 16) and the
CER for core measurements (sector 13). The diagnostic LOS are shown in black.
The systems related to NBI box 2 are not used in this work.

The CMR features optical heads in the plasma vessel, which consist of aspherical,
plano-convex lenses to focus the LOS. Shutters protect these lenses during glow
discharges or boronizations. The optics of the CER are placed outside the plasma
vessel and view the plasma via a mirror and a window that can be protected by
a shutter. In the optical heads, multiple fibers are connected to the spectrome-
ters outside of the experimental hall. Multiple fibers are used for simultaneous
measurement of different LOS and, thus, at different radial locations.

The precise 3-dimensional geometry of the LOS is determined by backlighting the
fibers and measuring the light cone at multiple positions in the vessel via a robotic
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Figure 3.4: Geometry of the CXRS systems and the NBI at ASDEX Upgrade. Figure reproduced
from [159].

arm. Depending on the diagnostic, the finite spot size of the light cone and the re-
lated uncertainty of the localization of the measurement canbeupto~ +1 -2 cm
for the core CER and ~ +2 — 3 mm for the edge CMR diagnostics. The beam sources
have different injection axes, which are consistently taken into account in the anal-
ysis. The uncertainties of the measurement positions are consistently included in
the CXRS shotfiles and the analysis. While the measured data is mapped in the
analysis onto the normalized toroidal flux coordinate corresponding to the loca-
tion of the measurement, the measured values are not necessarily flux surface
averaged values.

The spectrometers are placed outside the experimental hall. The basic setup of the
used Czerny-Turner-like spectrometers is shown in Fig. 3.5 and described in more
detail in [159, 160]. The light enters the spectrometer via the fiber bundle, and
the variable entrance slit can be used to balance the intensity and the size of the
natural line width. The imaging behavior of the slit is called instrument function.
To parallelize the light onto the grating, an entrance lens is used. The sine drive of
the grating is used to select the desired wavelength range. The diffracted light is
refocused with the exit lens on the charged coupled device (CCD) camera. The 2-
dimensional CCD sensor allows fitting light from multiple vertically stacked fibers
to be imaged separately. The spectra (wavelength) are resolved horizontally (x-
axis) on the sensor, while the LOS (channels) are resolved vertically (y-axis). The
sensor has 512 x 512 16 um pixels and is split vertically into 25 regions of interest,
defined to correspond to the 25 fibers. While the CER is usually operated with
10 ms time resolution, the CMR is used with 2.5 ms time resolution. The readout
rates of the sensors and cameras set a lower limit on the feasible integration time.
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Figure 3.5: Typical spectrometer setup used at AUG, here shown for the COR system. Figure repro-
duced from [159].

Calibration

The calibration of the measurement system is required for the correct interpreta-
tion of the experimental data. The characterization of the measurement localiza-
tion and its uncertainty has already been discussed. The following discussion of
the calibration workflow is given in more detail in [159, 161].

When entering the spectrometer, the light passes a slit, usually set to 50 — 100 um
width. This results in a convolution of the entering Gaussian spectrum with the
instrument function. This is shown in Fig. 3.6 for a low-temperature Ne pen lamp,
which has a very thin Gaussian line shape. To ensure a precise interpretation of
the velocity measurements, the total broadening effects connected to the measure-
ment setup are defined in the instrument function for each channel explicitly as
a wavelength-dependent function, determined using spectral lines from Ne pen
lamps. However, the thermal Doppler broadening is much larger than the instru-
ment function in the discharges analyzed in this work. Therefore, the Doppler
broadening determines the measured width of spectral lines. In the CXRS analysis
at AUG, a full deconvolution of the measured line shapes with the measured in-
strument functions is always performed. This procedure is essential for obtaining
accurate rotation measurements, even though it is often unimportant for temper-
ature measurements.

As the fibers at the spectrometer entrance are stacked vertically, they are vertically
displaced from the optical axis of the system. This results in a parabolic distri-
bution of the central wavelength, as shown in Fig. 3.7. This parabola function
can be measured using well-defined spectral lines from a low-temperature Ne pen
lamp. Furthermore, the dispersion relation, i.e., which A\ corresponds to how
many pixels on the CCD chip, can be determined from such Ne spectra.

To compensate for small variations of the central wavelength and the wavelength
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Figure 3.6: Typical instrument function, shown for the COR spectrometer at AUG. The Gaussian Ne
line is convoluted with the instrument function. Figure adapted from [159].
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Figure 3.7: Typical parabola function, showing the deviation of the central wavelength (x-axis) for
the vertical position on the CCD sensor (y-axis). Figure reproduced from [159].
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range due to the sine drive of the grating, after every plasma discharge, a Ne pen
lamp is recorded for one channel on the chip to determine the central wavelength
for this specific channel. Based on the measured parabola function, the central
wavelength can then be determined for all regions of interest [161].

As the knowledge of absolute intensities is unimportant to this work, the intensity
calibration and the specifications of the sensor readout are not addressed here.
For example, they are discussed for CXRS systems at AUG in [159].

Analysis and Corrections

At AUG, the CXSFIT tool is routinely used to analyze the CXRS spectra [162].
To fit a boron spectra, as shown in Fig. 3.3, 5 Gaussians are used, one for the
passive B**, two for the active and passive of each of the B°>* (n = 7 — 6),
and B>" (n = 11 — 8) lines. The temperatures and rotation from the latter
two lines come from the same ions and must be the same. This reduces the free
parameters of the fitting problem. Furthermore, assumptions are made about the
passive contributions, for example, limits on their temperatures, to separate them
effectively from the active ones.
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Depending on the studied experimental scenario, several corrections are applied
in addition to the calibrations mentioned before. The most relevant ones are to
correct for the Zeeman effect, which denotes the splitting of spectral lines into
multiple components in the presence of a magnetic field [163, 164]. Furthermore,
there is the fine structure splitting due to relativistic electron spin coupling. Each
of these single lines is Doppler-broadened due to the ion temperature. However,
the sum of these lines has an apparent broadening, which is larger than that of its
single components. This leads, if not corrected, to an overestimation of the tem-
perature (Zeeman effect) and misinterpretation of the rotation (fine structure).
The Zeeman effect and the fine structure are routinely corrected via a database of
corrections curves.

The analysis routine takes the characterization, calibration, and corrections into
account and derives temporally resolved radial profiles of the impurity tempera-
ture and rotation.
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Chapter 4

Developed Methodology

“Kinder, schafft Neues!”
— Richard Wagner

This Chapter delves into the details of the experimental scenario. The modeling
technique is outlined, followed by a detailed discussion on the analysis of the
reference discharge. Parts of this Chapter have already been published [165, 166].

4.1 Neutral Beam Injection Modulation Experiments

The discharges studied in this work were performed in standard conditions. They
are type-I ELMy H-mode plasmas, with a toroidal field of B, = —2.5 T, and in
a lower single null, favorable drift configuration. The deuterium reference dis-
charge, #40076, has a plasma current of /, = 0.8 MA and a line-averaged core
density of 6.4 x 10'° m™>. The plasma was heated using 0.6 MW of ECRH and
4.8 MW of steady, on-axis NBI heating with an extraction voltage of U, = 53 kV.
Additionally, a torque perturbation was induced by injecting a neutral beam with
a reduced power of 0.7 MW (U = 50 kV) at a modulation frequency of 5 Hz. For
the torque perturbation, in the first phase (2.0 — 4.2 s), off-axis beam modulation
is used, and in the second phase (4.2 — 6.4 s), on-axis beam modulation.

Modulating particle or heat sources is a common technique to investigate particle
or heat transport in a tokamak [167, 168]. The problem of solving the transport
equation is then transformed into a time-dependent one, and transport processes
can be separated by their temporal dependences.

For the study of momentum transport, torque modulation experiments can be used
to modulate the toroidal rotation and, thus, the momentum of the bulk plasma.
Figure 4.1(a) shows the modulation of a reduced power neutral beam and the
resulting modulation of the toroidal rotation. Panel (b) indicates that also the
temperatures are modulated, while Panel (c) shows that the core density and the
plasma stored energy are comparably stable. Aside from the modulation, the time
traces are stable, which allows time-averaging them to obtain a steady-state pro-
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Figure 4.1: Plasma parameter time traces of the reference discharge #40076 (2.0 — 4.2 s). Toroidal
velocity, temperatures, and density values are shown at p, = 0.5.

file, as shown in the left-hand column of Fig. 4.2. Calculating the Fourier ampli-
tude and phase from the time traces of each radial position yields the amplitude
and phase profiles as shown in the central and right-hand columns, respectively.
In this work, the phases are shifted by their value at the boundary p, = 0.8 to al-
low for an easier comparison of the effective phase shifts. A negative phase value
corresponds to a delay of the perturbation with respect to the boundary.

As already stated, the modulation is required to separate the three momentum
transport processes: diffusion, convection, and residual stress. In a purely steady-
state scenario, the time derivative on the l.h.s. of the momentum transport Eq. 2.7
vanishes (0/0tn(Rv,) — 0). The externally applied torque (Syg) is balanced
by the three transport mechanisms, and their respective contributions cannot be
identified uniquely.

By utilizing modulation and a time-dependent analysis, the rotation amplitude and
phase profiles can be analyzed, effectively constraining the problem. The choice
of the modulation frequency is crucial for a successful analysis. If the frequency is
too high, the fast particle slowing-down time becomes larger than the modulation
period. Consequently, the modulation amplitude cannot be clearly distinguished
from noise and experimental uncertainties. Conversely, if the frequency is too low,
the phase difference between the inner and outer core becomes too small to be
detected beyond the noise and experimental uncertainties. The best frequency to
use cannot be exactly predetermined without assumptions on the present transport
and precise knowledge about the CXRS diagnostics and measurement characteris-
tics.

For reduced voltage beams from beam box 2 of AUG, symmetric duty cycles with
3 and 5 Hz are found to provide the best modulation data. With 2 Hz modulation,
the phase profiles are often too flat. With 7 and 10 Hz, the amplitude profiles are
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Figure 4.2: Steady-state (left column), amplitude (middle), and phase (right) profiles of the kinetic
quantities of the reference discharge #40076 (off-axis modulation 2.0 — 4.2 s, on-axis modulation
4.2 — 6.4 s with fp,0q = 5 Hz).
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Figure 4.3: Steady-state (left column), amplitude (middle), and phase (right) profiles of the ion
heating power (d-f) and torque (j-1) from TRANSP. From those, together with the temperature gra-
dient (a-c), the power balance x; (g-i) can be calculated. The data is from the reference discharge
#40076 (off-axis modulation 2.0 — 4.2 s, on-axis modulation 4.2 — 6.4 s with f;,,q = 5 Hz). Phase
profiles are shown for completeness despite the numerical artifacts (jumps) introduced in the post-
processing Fourier analysis due to points of no modulation (nearly zero amplitude), in particular
in Panel (f) and (i).
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too low. The exact voltage of the modulation beam can be optimized to slightly in-
crease the modulation amplitude, but this brings the risk of a too large, undesired
temperature perturbation, as the neutral beam injection not only applies torque
to the plasma, but also transfers substantial heat. With the beam modulation, the
heat flux to the ions and electrons is modulated, and the ion heat diffusivity, y;, is
also observed to be perturbed.

For a better understanding of the radial distribution of the modulation, the time-
averaged steady-state and the Fourier amplitude and phase profiles of n., Q;, 7.,
T;, VT;, and y; are shown in Figs. 4.2 and 4.3. The error bars on the Fourier
profiles in this work are calculated via Regression of Gaussian Processes. While
the experimental uncertainties on the IDA data represent a statistical uncertainty
of the Bayesian inference and are used to approximate a Gaussian error, the un-
certainty from the fitting of the CXRS data is, in fact, a Gaussian distributed error.

In these figures, values are shown for on- and off-axis modulation. This means that
the modulation was either performed with sources 5/8 (on-axis) or source 6 (off-
axis), see Fig. 3.4. As shown in the left-hand column of Fig. 4.2, Panels (d) and
(g), the steady-state profiles are identical for both modulation sources. As visible
in the middle column, the amplitude profiles of the modulation differ. The modu-
lation of the temperatures, see Figs. 4.2(e) and 4.2(h), are higher for the on-axis
modulation. While it is still within error bars for the modulation of T, it is signif-
icantly higher for 7;. Strong temperature modulation is not desired, as it brings
the risk of modulating the background turbulence driving the transport. This sug-
gests that off-axis modulation is the favorable scenario for analyzing momentum
transport. Moreover, the modulation amplitude of the rotation, see Fig. 4.2(k) is
higher for the off-axis modulation, which increases the signal-to-noise ratio, and
the phase profile is slightly steeper, which is also advantageous.

These observations can be understood in terms of the heat and torque deposition
profiles. Figures 4.3(d) and (j) show that the time-averaged ion heat flux @); and
the torque from the NBI 7yg; are nearly identical between the on- and off-axis mod-
ulation cases. The modulation of these quantities, see Panel (e) and (k), indicates
that the modulation of the ion heat flux is larger for the on-axis modulation, and
the peak of the torque profiles is located radially further outside for the off-axis
modulation. The absolute values and the modulation of the ion temperature gra-
dient and the ion heat diffusivity are very similar in both cases, see Panels (b) and
(h), while the phase profiles are quite different, see Panels (c) and (i), consistent
with the phase profiles of the ion heat diffusivity and the temperature gradient.

To gauge the relative effect of the modulation, the ratios of the amplitudes to
their steady-state values are shown in Fig. 4.4 for the off-axis case. In Panel (a),
where values for the kinetic profiles are shown, the modulation of the density
is shown to be negligible. Consequently, the resulting modulated fueling effect
appears to be small, and it is not expected to significantly alter the steady-state
particle transport dynamics. This agrees with more detailed studies that quanti-
fied the effect of particle fueling from the beams at AUG [169] . Since the density
remains constant during the modulation, changes in the plasma’s angular mo-
mentum L, = m;n,;Rv, are dominated by changes in the rotation velocity. This
justifies modeling the toroidal rotation in the momentum transport analysis later
on instead of the angular momentum, which is actually the physically conserved
quantity.
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Figure 4.4: Relative modulation amplitudes for (a) kinetic profiles and (b) power balance quanti-
ties and NBI torque for #40076 (2.0 — 4.2 s, off-axis modulation).

The perturbation of the temperature is similar for electrons and ions. The mod-
ulation of the rotation is much stronger, up to 10 %. Panel (b) shows a strong
modulation of the NBI torque. The modulation of the quantities involved in the
calculation of the power balance is non-negligible and is on the order of a few
percent. This makes it necessary to model the heat transport channel retaining its
time dependence when calculating y;. This time dependence propagates into the
momentum transport coefficients via Pr, mainly causing the temporal variation
of x,, Ve, and Ilg,. These scalings are necessary to compensate for the changing
turbulence intensity [80, 81]. In Section 4.3, the effects of neglecting the time
dependences of the different terms in the momentum transport equation will be
discussed. Possible higher harmonic Fourier component profiles are not relevant
for this kind of analysis, as, with a symmetric duty cycle, the corresponding am-
plitude profiles are too low to be exploited.

Another possible pitfall of this kind of experiments could be the modulation of
the equilibrium caused by the change in plasma pressure due to the modulation
of the heating. To compensate for changes in the equilibrium, it is necessary to
map all data from real space to flux-surface space. The equilibrium has further
importance as it is a necessary ingredient for calculating flux surface averaged
derivatives. In doing so, it is necessary to use a time-dependent equilibrium and
to stay as consistent as possible in the use of the equilibrium in further analysis to
avoid mismatches in the assumed underlying geometry.

As already introduced in Section 3.1, there are different levels of sophistication in
the equilibrium reconstruction at AUG, in particular, the IDE and EQH equilibria.
The effect of the modulation on the equilibria for the on- and the off-axis modu-
lation is shown in Fig. 4.5. It is found that the modulation of the plasma volume,
Panel (b), and the flux surface positions, Panel (f), is very weak, as expected from
the comparably small modulation of the stored energy shown in Fig. 4.1(c). This
justifies using a constant equilibrium in the ASTRA simulations, which significantly
improves performance. Furthermore, a systematic deviation of the position of the
magnetic axis is found for IDE and EQH, see Panel (c). This is expected, as IDE
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Figure 4.5: Comparison the the IDE and EQH equilibrium reconstruction for the reference discharge
#40076 (off-axis modulation phase 2.0 — 4.2 s, on-axis modulation phase 4.2 — 6.4 s). Panel (a)
shows the plasma volume, Panel (c) the center of each flux surface, and Panel (e) the radius of
the corresponding flux surface on the low-field-side midplane. In the second column, the absolute
modulation is shown. It is not possible to show relative values due to the volume approaching
zero in the core. It is evident that there is minimal modulation in the volume. The position of the
magnetic axis and the flux surface low-field-side radius is only barely modulated. A deviation of
the geometric center of the flux surface between IDE and EQH in Panel (c) of up to 1 cm near the
axis is observed.
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shape and enclosed area are very similar and agree within reconstruction uncertainties.
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Figure 4.7: Comparison of the equilibrium reconstruction for the reference discharge #40076 (off-
axis modulation phase 2.0 — 4.2 s). Shown is IDE, EQH, the equilibrium reconstructed by TRANSP
and from the SPIDER code within ASTRA. On the horizontal axis, the averaged minor radius in the
midplane is used.

includes effects of fast ions, is pressure-constrained, and solves the current diffu-
sion law, which is not the case for the EQH equilibrium. Overall, these deviations in
the innermost core could lead to differences in mapping the experimental kinetic
profiles and calculating the derivatives.

The ASTRA equilibrium is calculated by the SPIDER code, which is unable to incor-
porate all of the advantageous effects of the IDE equilibrium [170]. It is, therefore,
expected to be more similar to EQH. The equilibrium within TRANSP is calculated
via the TEQ code, which is used as an inverse solver for a fixed boundary solution
using the pressure and ¢ profiles at an initial time point as input. It is pressure-
constrained, includes the effects of fast ions onto the pressure, solves the current
diffusion, and, therefore, is expected to be more similar to IDE.

As shown in Fig. 4.6, all codes reproduce the shape of the flux surfaces within
reconstruction uncertainties. As shown in Fig. 4.7(a), the four codes calculate
the same plasma volume, but differ slightly in the exact position of the center of
the flux surfaces, see Panel (b) of the same figure. This agrees with the previous
comparison of IDE and EQH. Overall, the deviations are considered to be within the
reconstruction uncertainties [171, 172].

Although the differences among the reconstructions are minor in this scenario,
deviations are expected to be more prominent in scenarios with a significant im-
pact of the pressure constraint, e.g., with strong, localized ECRH. Within the used
methodology, this would cause an inconsistency between the TRANSP equilibrium,
which is the basis for the calculation of heat and torque fluxes, and the ASTRA equi-
librium, which is used for solving the power balance and the momentum transport
equation.

To not provoke a systematic mismatch between the mapping of the experimental
data and the ASTRA modeling, in this work, it was decided to rely on the EQH equi-
librium as input for all analysis steps and reconstruction codes. This makes the
TRANSP equilibrium the only inconsistency. The ability to use an IDE-like equilib-
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rium in ASTRA would be an essential improvement and would solve this inconsis-
tency. However, it requires dedicated code development that could not be done in
the framework of this thesis.

From these observations, without having performed any transport analysis, multi-
ple conclusions can be drawn about how to set up an experimental scenario and
an analysis methodology to provide beneficial conditions to extract momentum
transport coefficients from NBI modulation experiments:

The optimal modulation frequency needs to be low enough for the modu-
lation amplitude to clearly emerge from the noise yet high enough for the
phase profile to exhibit a noticeable phase shift over the analysis region out-
side of error bars. fy0,q = 5 Hz is the best compromise for AUG for the levels
of diffusion studied in this work.

The voltage of the modulation beams needs to be set to values that induce
a modulation of the rotation of the order of 10 % of the steady-state value.
The uncertainties on the amplitude profile should not be larger than 20 % of
the absolute value. Uex &~ 50 kV (resulting in Py,0q =~ 0.7 MW) is found to be
suitable.

Rotation phase profiles with off-axis NBI modulation are steeper, and the am-
plitude profiles are higher, as desired. Furthermore, the temperature pertur-
bation is larger with on-axis modulation. Perturbations of the heat transport
channel are not desired and should be minimized, as they risk altering the
background turbulence. To optimize the rotation modulation and to mini-
mize the perturbation of the heat transport channel, off-axis modulation is
preferred over on-axis modulation.

The beam modulation affects both the heat and the momentum transport
channel. Even when attempting to minimize the temperature perturbation
and modulation of the turbulence amplitude, it cannot be avoided. This
makes it necessary to model the transport channels with time-dependent
transport coefficients.

The mapping on the equilibrium has to be as consistent as possible for all
involved quantities and steps in the analysis. Mapping from real space into
flux surface space has to be performed based on a time-dependent equilib-
rium to compensate for possible changes or drifts. As ASTRA’s equilibrium
code SPIDER is not able to include pressure constraints, the entire analysis is
performed based on the EQH equilibrium.

4.2 Momentum Transport Analysis Framework

The modeling of momentum transport involves multiple codes and analysis steps.
In this Section, the flow of data and coupling of the codes is documented and
discussed.

The first step, after the experimental data and equilibria are written, is to prepare
the data for the TRANSP calculations to obtain heat and torque fluxes. This is done
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by means of using the trview code [173]. The so-called name list sets the most
important simulation properties and contains information about the configuration
of heating sources and vessel geometry. Furthermore, information on the plasma
profiles, the equilibrium, and the applied heating is provided with 10 ms time
resolution as listed in Appendix A.1. The TRANSP run is started 300 — 500 ms
before the time range of interest to give the calculation time to equilibrate. The
entire calculation takes several hours. The TRANSP results were found to be very
stable to variations in the input profiles, making the assessed fluxes rather robust
quantities with respect to their use in the momentum transport analysis.

From the TRANSP calculation, several quantities are passed to ASTRA as input, see
Appendix A.2. The most important inputs are the power densities onto the elec-
trons and ions, the torque density from the beams, and the energy density of the
fast ions. ASTRA is furthermore provided with the same kinetic profiles and equi-
librium as TRANSP via the trview code. Finally, the toroidal rotation is provided
to ASTRA directly from the shotfile database without any smoothing to preserve
all possible time dependences. The measurement positions of the CXRS LOS are
stored in real-space coordinates. As the plasma equilibrium can have slight varia-
tion during the considered time range, the mapping onto p,, of the CXRS data can
slightly vary. It was found to be necessary to interpolate the charge exchange 7;
and v, onto a uniform and constant p,, grid with the help of the equilibrium for
every time frame of the CXRS data.

In addition to the experimental input, ASTRA requires an equation file, and it is
necessary to prescribe the set of momentum transport coefficients. The equations
are given in Sections 2.1 and 2.9. Within the simulation, which is performed
on a 5 ms time base and takes several seconds, ASTRA initially reconstructs the
equilibrium, solves the ion power balance to obtain the ion heat diffusivity, and
then models the toroidal rotation based on the prescribed momentum transport
coefficients and an experimental boundary condition of the rotation at p, = 0.8.
The resulting modeled rotation is used to calculate the steady-state profile, as well
as the amplitude and phase profile for the modulation frequency. These are then
compared, in the given radial analysis range, with the experimental data by means
of a x2,, error-weighted cost function:

1 (0, — C; .)2
2 — 2,J ] . 1
Xred n—m zﬁ: zj: 02 (4 )

i?j

Here, n is the number of observation data points (around 180), m the fitted pa-
rameters (8), ¢ stands for the iteration over the steady-state, amplitude, and phase
profiles of the toroidal rotation, O, ; are the experimentally measured values, C; ;
the predicted values, and o, ; are the absolute uncertainties on the experimental
data. The weighting via the uncertainties balances the variation of absolute values
from the experimental input profiles. No further weighting is applied. An impor-
tant detail is that the experimental error bars undergo a validity check before they
are utilized. In practice, an automated function examines the otherwise radially
smooth steady-state, amplitude, and phase profiles for outliers. If such an outlier
is identified, its corresponding error bar is artificially expanded such that a smooth
fit of the profile would lie inside the error bars.

The radial analysis range is usually set to p, = 0.2 — 0.8 to avoid sawteeth insta-
bilities in the core and effects of edge localized modes (ELM). Further boundary
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conditions are to demand the Prandtl number and the pinch number be positive,
as a negative diffusion is unphysical, and an outward pinch would contradict all
established theory predictions for ITG and TEM dominated conditions [43, 48,
174]. The validity of the assumption on the pinch is discussed in the next Section.

It is crucial for successful modeling that the radial gradients of the steady-state,
amplitude, and phase profiles at the boundary are smooth. Otherwise, ASTRA
cannot properly adapt its boundary condition. This condition practically means
that the boundary condition cannot be placed close to a transport barrier or the
region strongly affected by ELM crashes, as no ELM-synchronization is applied in
this work.

Different sets of momentum transport coefficients can be probed, and it is observed
how they perform in reproducing the experimental data. The better the match, the
smaller the x2, value. With a suitable code framework, it is possible to iterate to
find the set of transport coefficients that models the experimental data best.

Such an iteration is performed based on the differential evolution algorithm [175],
included in the scipy Python package. This algorithm is capable of scanning a
large parameter space to find global solutions. Finding the best solution for a
standard NBI modulation experiment takes around 100,000 ASTRA runs and takes
several days with suitable parallelization on a cluster. The final results are values
for the 8 scalars, which are used to model the Prandtl number (2 scalars), the
convective velocity (3 scalars), and the residual stress (3 scalars). Then, the ion
heat diffusivity yx;, the momentum diffusivity x,, the Prandtl number, the pinch
number, the effective intrinsic torque, and the modeled steady-state, amplitude,
and phase profiles of the toroidal rotation can be extracted.

A modified version of this algorithm, written by the author, tracks, for all itera-
tions, the probed sets of coefficients and the resulting x2, values. After the best
solution is found, this allows mapping out and plotting the scanned parameter
space. By doing so, it is understood how the parameter space is shaped, i.e., if
there are multiple minima, and how the transport coefficients can trade-off. Error
bars on the assessed momentum transport coefficients can be reconstructed.

The reconstruction of error bars relies on the assumption that a variation of a
factor 1.5 from the yZ2., cost function corresponds to a variation of one standard
deviation around the best solution. This can be motivated by considering the x?_,
cost function for one parameter x in one dimension. Taylor expansion gives

X?ed ~ 1+ azx? 4.2)

around a symmetric optimum. The prefactor a corresponds to a Hess matrix value
of 2a. Based on this Hessian, the resulting absolute error one standard deviation
away from the optimum is 1/v/2a. Using this value in Eq. 4.2 gives x%, ~ 1.5
for the 10 environment around the optimum. For the problem studied herein, the
calculation of the Hess matrix is computationally too expensive. Therefore, this
x2.4-variation approach is the method of choice for the error analysis in this work.
An important sanity check is to ensure that the error bars on the modeled rotation
profiles roughly agree in size with the experimental uncertainties. Overall, this
approach to calculate the error bars is comparable to the error estimate of the
Bayesian Inference of the Integrated Data Analysis, where a deviation of 1 from
the initial x2 is used.

60



In addition to the experimental momentum transport analysis, the GKW code is
used to give a theoretical prediction for the Prandtl and pinch numbers. These
calculations are performed as discussed in Section 2.10. The experimental input
is taken directly from the shotfile database to maintain full control over input
quantities. Consistency with the input to TRANSP and ASTRA is manually verified.

The results from TRANSP, GKW, and the ASTRA modeling are stored in a NBI modu-
lation database from where they can be accessed with a NBI modulation browser.
This browser allows plotting of the modeling results and testing of possible param-
eter scalings. A flow chart of all involved codes and Python routines is presented
in Fig. A.1 in Appendix A.3, together with a description of the involved Python
functions.

Despite the fact that this rather detailed documentation of the methodology is
given in the context of the AUG infrastructure by its coupling to the shotfile
database, the methodology is capable of relying on only a TRANSP run. All data,
which in this version is taken from the shotfile database, is then replaced by the
TRANSP output. With small changes to the ASTRA input files, the codes developed
here can be utilized to analyze NBI modulation experiments from other tokamaks.

4.3 Analysis of the Reference Discharge

In this Section, the momentum transport analysis framework is applied to the
reference discharge #40076 (2.0 — 4.2 s, off-axis modulation), introduced in
Section 4.1. The workflow is performed as documented in the previous Section,
and the results are discussed in detail.

Experimental Momentum Transport Modeling

The results of the ASTRA modeling are shown in Fig. 4.8. There, the experimental
data is shown in brown solid lines and the modeling in green dashed lines. The
experimental data is matched to high accuracy by the modeling. The apparent
“noise” on the time trace in Panel (d) stems from the lack of temporal smooth-
ing applied to the boundary condition of the rotation and the experimental ion
temperature and density profiles in the simulation. Despite these fluctuations, the
modulation of rotation can be clearly observed.

The associated transport coefficients are shown in Fig. 4.9. The Prandtl number
is of order unity, see Panel (a). This agrees with theory predictions and earlier
results [45, 70, 176-179]. Furthermore, the Prandtl number increases clearly over
the radius. In Panel (b), the resulting momentum diffusion coefficient is shown,
which also monotonically increases over the radius.

The assessed pinch number, see Panel (c), is rather low in the core and increases
towards the edge. It is important to mention that the convective term also includes
possible contributions from particle convection. This, however, is not critical, as
the gyrokinetic predictions, which are later compared to the experimental results,

61



a) Steady-state b) Amplitude
o 50 A —
<L <
E 40- s
= 30- <
20 T T
0.2 0.4 0.6 0.8
Po
n
01 I
S
S
o ®
—20 A L
< —— Exp. data <
[ ~+~ Modeling —E
—40 . . =
0.2 0.4 0.6 0.8
Py t [s]

Figure 4.8: Experimental data and modeling of the reference discharge #40076 (2.0 — 4.2 s, off-
axis modulation).
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Figure 4.9: Transport coefficient assessed for the reference discharge #40076 (2.0 — 4.2 s).
Panel (d) shows the intrinsic torque (green) in comparison to the torque from the NBI (black,
dotted). The black symbols with small “error bars” show the GKW prediction. The “error bars” show
the variation of the prediction over the analyzed time window due to the NBI modulation, which

is small.
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also include the particle flux contributions. Furthermore, the core particle flux is
expected to be small in these scenarios [169].

The evaluated intrinsic torque is shown in Panel (d) in green, revealing a near-zero
value in the core and a strong, edge-localized, co-current-directed intrinsic torque
that is crucial for accurately reproducing the experimental data. The shape and
size agree well with previous observations from balanced beam experiments in the
DIII-D tokamak [180, 181]. Notably, unlike those studies, this approach obtains
the intrinsic torque while accounting for its interplay with diffusion and convec-
tion. Furthermore, this analysis reveals that an intrinsic torque in the outer core,
together with inward convection and diffusion, induces an effective co-current
intrinsic rotation in the inner core despite the negligible or even counter-current-
directed intrinsic torque found at that location. This emphasizes the important
role of the interaction of the transport coefficients in setting the rotation profile
shapes.

The reference discharge presented here is a repetition of the discharge #34027,
1.8 — 3.8 s, analyzed in a previous publication by the author [157], albeit with the
modification of using off-axis beam modulation at a frequency of 5 Hz (instead of
3 Hz on-axis modulation). Interestingly, the evaluated transport coefficients show
good agreement with those determined in the prior publication. This observation
highlights the robustness of the applied methodology, which now has more flexi-
bility compared to the previous study, in which the Prandtl number was fixed to
gyrokinetic predictions, the pinch was prescribed to scale with the density gra-
dient and the shear, and the residual stress was not included consistently in the
modeling.

Comparison of the Individual Flux Components

Figure 4.10(a) shows the resultant momentum fluxes for the reference discharge
to gauge their relative strength. The diffusive flux is mainly balanced by the NBI
torque and intrinsic momentum flux. The sum of the fluxes, represented by the
black symbols, is zero for the entire radius, leading to stable profiles over time. In
other words, the initial values of each sinusoidal modulation remain unchanged,
and no underlying drifts are observed within the modeling time span. This balance
highlights the consistency of the modeling results, which is noteworthy because,
at each modeling time step, the sum of fluxes can potentially be non-zero. Impor-
tantly, this balance is not artificially imposed or enforced, but naturally emerges
as a result of model optimization. In Panel (b), the modulation amplitudes of
the corresponding fluxes are depicted. The effect of the perturbation is most pro-
nounced towards the outer core, yet it remains noticeable within the plasma core,
especially for the diffusion. The NBI torque flux exhibits the most substantial mod-
ulation relative to its time-averaged values.

In Fig. 4.10(c), the phase shifts of the fluxes are plotted shifted to zero at p,, = 0.8.
The diffusive flux has a much stronger phase shift over the fitting domain com-
pared, for example, with the convective flux. This is caused by the scaling of
the diffusive flux with the rotation gradient. The rotation gradient is observed to
have a larger phase shift than the rotation itself (which multiplies the convective
flux). This likely arises from the differing time scales of the involved mechanisms.
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Figure 4.10: In Panel (a), a comparison of the calculated contributions to the total momentum
flux originating from different transport mechanisms and sources is presented for the reference
discharge #40076 (2.0 — 4.2 s). A negative value marks an inward-directed flux, resulting in
co-current rotation. The symbols represent the sum of all four components. In Panel (b), the
modulation amplitude of the fluxes is shown. The phase profiles are shown in Panel (c).

When switching on the modulating beam, an instantaneous j x B-torque acts on
the plasma, elevating the overall rotation profiles and the connected convective
momentum flux. Subsequently, the collisional torque, together with transport, ini-
tiates a peaking of the rotation profiles on a delayed time scale. The different
behavior of collisional and j x B-torque is shown in Fig. 4.11. In the left col-
umn, the time-averaged torque density profiles are shown for both mechanisms.
As seen in Panel (c), the j x B-torque per volume is much more broadly deposited
than the collisional torque, see Panel (a). From the phase profiles in the right
column, the significantly higher phase shift that the collisional torque undergoes
between the core and the edge (Panel b), compared to the instantaneous effect of
the j x B-torque (small phase shift, see Panel d), is seen.

Examining Fig. 4.10(c) further, it is found that the convective flux and the torque
flux from the beams are mainly in phase. The time dependence of the convective
flux is caused by the scaling of the convective velocity V. with x, and with the
rotation. The intrinsic flux has multiple time dependences: it scales with y,, and
the sound speed c,. The ion sound speed scales with /7. + 37;, and both tem-
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Figure 4.11: Results from the TRANSP calculation for #40076 (2.0 — 4.2 s). In Panel (a), the time-
averaged profile of the collisional torque density is shown. In Panel (c), the corresponding profile
for the j x B-torque is shown. In Panel (b) and (d), the phase profiles are shown. The collisional
torque peaks near the plasma center, and the j x B-torque acts much faster in the core compared
to the collisional torque.

peratures are slightly modulated. These different contributions result in a rather
complex modulation that is not straightforward to disentangle. Overall, since dif-
fusion represents the most influential individual momentum flux and exhibits a
significant phase delay, it has a substantial influence on the modeling of rotation
phase profiles.

Examination of the Parameter Space

The global error analysis is an important feature of this methodology. It not only
results in the error bars shown on the modeling and the assessed transport coeffi-
cients, but also provides insights into the shape of the parameter space encompass-
ing the interactions among the three transport mechanisms. In Figure 4.12, the
logarithm of the cost function, log(xfed), around mid-radius (p, = 0.6) is depicted
as a function of two of the three transport coefficients, while the third remains
fixed at the optimal solution. The Figures in the second row are zoom-in versions
of those in the first one.

The plots in the left column show a blue, valley-like structure of acceptable solu-
tions and, here, a range of Prandtl and pinch number values that adequately repli-
cate the experimental data, resulting in the modeling uncertainties, are shown.
Most likely, there exist trade-off effects between the outward diffusion and the in-
ward convection. If the fitting assumption of positive pinch number were invalid,
the scan of the parameter space would exhibit a solution tied to the boundary. As
seen, this is not the case.
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In the middle column, a similar valley structure is seen. Here, the variation of the
cost function depending on the pinch number and the residual stress number is
shown. Both are normalized with x,, and, therefore, not fully orthogonal. This
results in trade-off effects and a corresponding uncertainty. This uncertainty is fur-
ther amplified by the potential balance between inward convection and co-current
intrinsic torque for larger radii. As a result, the error bars shown on the modeling
and transport coefficients are composed of the uncertainties from the experimental
rotation data as well as methodological uncertainties. A similar picture is shown
for the residual stress number and the Prandtl number in the right column.

Remarkably, the contour plots reveal a single, well-defined best solution marked
with a cross. There are no indications of multiple global minima. This underscores
the robustness of the methodology and gives confidence in the obtained results.

Temporal Stability of the Transport Coefficients

The experimentally assessed transport coefficients are compared to gyrokinetic
predictions, as introduced in Section 2.10. For the reference case, these calcula-
tions were performed for 10 randomly selected time points in the analyzed time
span, covering the full variation of input profiles in the modulation cycle. This
includes time points when the modulating beam was both activated and deacti-
vated. The obtained averages are depicted in Fig. 4.9 as marked by crosses and
are within the error bars of the experimental results. The error bars associated
with these black data points represent the standard deviation among the gyroki-
netic calculation from the randomly sampled time points. Additionally, a separate
calculation employing time-averaged profiles yielded consistent outcomes, under-
scoring the stability of these results. These calculations show the Prandtl number
and pinch number are not expected to change due to the modulation. Similar
calculations for on-axis modulation agree.

The question of whether the Prandtl and pinch numbers remain constant is crucial
for the successful modeling of the modulation experiment. If the modulation were
to perturb the background turbulence to such an extent that it could not be com-
pensated for using the observed variation of the ion heat diffusivity, stable values
for the Prandtl and pinch numbers could not be derived, leaving the fitting prob-
lem underconstrained. As demonstrated, for these discharges, the modulations
of temperatures and the rotation were small, and, consequently, it is possible to
compensate for the perturbation of turbulence amplitude by including ;.

For the perturbation of the rotation, there is no reason to expect that the Prandtl or
pinch numbers depend strongly upon the measured modulation of the rotation nor
its gradients, as their effect on turbulence is weak compared with that from gra-
dients in density and temperature. This has been demonstrated, for example, by
Casson [182] for the Prandtl number. In that work, Fig. 5.5 shows the dependence
of the Prandtl number on the normalized rotation gradient «’. In the experimen-
tal data studied in this work, u’ varies between 0.2 — 1.5 depending on discharge
and radial position. The effect of the modulation is only between 10 — 15 % of
the absolute value of «’ for all cases and radial positions. When comparing these
numbers to the figure in Casson’s work, the changes during the modulation are
too small to affect the transport coefficients significantly. A similar plot is shown
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in [76], see purple curve in Fig. 14. The author assumes that this also applies to
the ratio of the convective velocity to the momentum diffusivity (pinch number)
and the intrinsic torque. This assumption is supported by the significant difference
in magnitude between the gyrokinetically calculated growth rates and the E x B-
shearing rates in the cases under investigation. Hence, a modulation of 10 — 15 %
in the absolute value of «/, directly affecting the shearing rate, is considered to
have minimal to no influence on the turbulence state.

In order to validate the prediction of constant transport coefficients, the experi-
mental rotation data was modeled using a time-dependent Prandtl number. How-
ever, this attempt did not lead to satisfying modeling results, as the problem
was evidently underconstrained as the model had too many degrees of freedom.
The approach of disentangling the modulation effects on the heat and momen-
tum transport channels also contradicts the fundamental concept of the Prandtl
number, which relies on the assumption of the similarity between ion heat and
momentum diffusivities.

Benchmark of Simplified Transport Models

Given that this work is the first to include a time-dependent intrinsic torque in
the modeling process, it becomes valuable to explore the impact of excluding the
intrinsic torque or its time dependence. Such an investigation is important as the
majority of prior momentum transport studies used one or both of these simplifi-
cations. To address this, three distinct numerical experiments are conducted using
the same experimental data set of the reference discharge.

First, only constant diffusion and convection are used in the modeling, and the
intrinsic torque is omitted. This results in very flat phase profiles and very high
amplitude profiles (not shown in Fig. 4.13 to enhance clarity). Overall, the re-
gressed fit leads to a strong reduction in the Prandtl number and diffusivity. Con-
sequently, the pinch is significantly reduced to balance, reaching extremely low,
unrealistic values and even nearing zero across large parts of the radius. The cor-
responding increase in cost-function value and decrease in modeling accuracy is
evident. Together with prior theoretical arguments [80, 81, 183], this emphasizes
the necessity to use time-dependent transport coefficients.

Second, time-dependent diffusion and convection are included in the modeling
while still disregarding the intrinsic torque. This analysis is depicted by the dot-
ted orange lines in Figure 4.13(a-c). The solution with time-dependent intrinsic
torque, demonstrated earlier to closely match the experimental values, is indicated
by the solid green lines. Modeling without intrinsic torque leads to an underesti-
mation of the steady-state rotation profile up to p, = 0.4. This shows the absence
of co-current intrinsic rotation needed to model the data correctly. In reality, based
on fit-quality criteria, this would not have been accepted as a modeling solution,
as x%,, ~ 5. The Prandtl and pinch numbers are illustrated in Panels (d) and (e)
by the dotted dark-purple lines. Neglecting the intrinsic torque causes the Prandtl
number profile to flatten and decrease while the pinch number is slightly reduced.
However, neglecting the co-current intrinsic rotation cannot be fully replicated
by convection alone, as this would increase the modeled amplitude profile even
further. To balance this, diffusion decreases to restore the steady-state rotation.
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Figure 4.13: Various modeling approaches are explored for the reference discharge #40076
(2.0 -4.25). The modeling with time-dependent intrinsic torque agrees well with the experi-
mental data, as shown in Fig. 4.8. Therefore, in this plot, the experimental data is omitted for the
sake of clarity.
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Third, a radially varying intrinsic torque, remaining constant over time, is used in
the model. The outcome of the regression is presented using dashed brown lines.
While superior to the modeling without any intrinsic torque, this model still ex-
hibits differences in both amplitude and phase profiles, with the latter exceeding
experimental uncertainties. The corresponding cost-function value is more than
twice that with time-dependent intrinsic torque (x4 ~ 2.1), resulting in modeled
profiles outside of experimental uncertainties. The Prandtl number is significantly
changed. Modeling with a constant intrinsic torque yields similar profiles for the
pinch number and intrinsic torque, albeit slightly higher. These discrepancies are
primarily pronounced towards the outer plasma core, where the impact of tem-
poral dependences, particularly for a more edge-localized intrinsic torque, is most
prominent, see Figure 4.10(b). The overestimation of Prandtl and pinch numbers
likely stems from the absence of temporal dependence in the co-current intrin-
sic torque. By neglecting its time dependence, the amplitude profile is lowered.
Consequently, the convection, compensating for this effect, becomes larger, gen-
erating overly steep phase profiles. This forces the Prandtl number to increase,
flattening the phase profile once again, in line with the observation. Ultimately,
the constant intrinsic torque must grow larger to counteract the increased diffu-
sion, as illustrated in Panel (f). Although employing a constant intrinsic torque
yields improvements over scenarios without any intrinsic torque, it remains infe-
rior to modeling encompassing all temporal dependences. Also, from a theoretical
standpoint, there are strong arguments to include time dependences in the resid-
ual stress to compensate for the modulating turbulence amplitude [51, 80, 81].

Motivated by previous studies, such as by Tala et al. [178], it is plausible that
neglecting the intrinsic torque or its time dependence contributed to a systematic
distortion of the assessed transport coefficients and to their mismatch with gy-
rokinetic predictions. These numerical experiments with simplified models were
conducted for several other AUG discharges with NBI modulation (#29216 2.0 —
4.5 s, #34042 6.1 — 7.4 s, #39015 7.0 - 9.3 s, #41551 6.4 — 7.6 s) covering a
range of plasma parameters (as discussed in Chapter 7).

These numerical experiments underscore that modeling retaining time depen-
dences in all transport coefficients provides the most accurate reproduction of the
experimental data and, consequently, is the preferred approach in this study.

Edge Localized Nature of the Intrinsic Torque

The modeling carried out for the reference discharge clearly indicates that the best
match with the experimental rotation modulation data is achieved with an intrin-
sic torque profile that peaks towards the outer edge of the fitting domain. It is
speculated that this intrinsic torque is mainly edge localized and results from ef-
fects in the pedestal penetrating into the core. However, it is important to note that
in this work, routinely, the simulation boundary is defined at p, = 0.8, which cor-
responds to p, ~ 0.88. Consequently, it is not possible to draw conclusions about
the plasma pedestal region from these results. In order to investigate whether an
edge-localized intrinsic torque is sufficient to explain the results, a further numer-
ical experiment is conducted.
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Figure 4.14: Numerical experiments to explore the edge localized nature of the evaluated intrinsic
torque. In contrast to the original fitting where the boundary is around p,, ~ 0.88, this modified
simulation set the boundary at p,, ~ 0.97, as indicated by vertical lines (full line for the cubic,
dotted for the Gaussian model). A peak of the intrinsic torque emerges around p,, ~ 0.93.

A simulation is performed with the modeling boundary extended to p, = 0.97.
The residual stress in the model (before the cubic polynomial g(p,) in Eq. 2.28) is
replaced with a single Gaussian-shaped profile. The parameters of this Gaussian
profile, including its position, width, and amplitude, are kept free. The diffusion
and convection are extrapolated from the initial solution and held constant to
isolate the effect of the modeled residual stress. The edge values of the Prandtl
number, diffusion, and pinch number resulting from this model are depicted in
Fig. 4.14(a)-(c). The corresponding intrinsic torque, displayed in Panel (d) as a
green dotted line, shows a peak near the top of the pedestal at p,, ~ 0.93. For com-
parison, the extrapolated values from the cubic residual stress model are also pro-
vided. The core steady-state rotation, phase, and amplitude profiles (not shown)
are well reproduced by using this alternative residual stress model.

This proves the validity of a Gaussian residual stress profile as an alternative so-
lution. It further shows that momentum transport in the core is likely influenced
by physics effects emerging from the plasma edge. However, it also reveals that
the presented methodology cannot uniquely determine the radial distribution of
this torque in the plasma edge. Notably, the required integrated values are quite
similar, indicating that the technique has provided valuable insights into the mag-
nitude of such a torque. It is important to mention that the plotted intrinsic torque
does not appear as a symmetrical Gaussian, as the scaling with y,, in Eq. 2.28 is
applied. Performing this exercise for other discharges is not always feasible, as
the phase profiles at the edge are usually not smooth enough due to the ELM dy-
namics, which prevents the radial boundary of the analysis from being set that far
outside.
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4.4 Summary

This work is based on NBI modulation experiments. Through modulation of the
beam torque, the toroidal rotation is modulated, and Fourier analysis is employed
to distinguish the three contributions to the transport equation based on their
temporal characteristics. However, this modulation introduces the potential risk of
undesired temperature perturbations, resulting in a modulation of the turbulence
intensity. To account for this perturbation, it is crucial to retain time dependences
in all transport channels. Nevertheless, the temperature perturbation must be
minimized to avoid altering the background turbulence above a level that can be
compensated by including the scaling of the momentum transport coefficients with

Xi-

Several essential conditions for the successful setup and analysis of NBI modula-
tion experiments are deduced. For ASDEX Upgrade, it is determined that off-axis
modulation experiments using a lower-power beam (Ppoq = 0.7 MW) at a mod-
ulation frequency of 5 Hz offer the most favorable conditions for the analysis.
Throughout the analysis, it is crucial to ensure a coherent equilibrium reconstruc-
tion in all relevant steps to not cause inconsistencies in the mapping of experimen-
tal data and in calculating gradients. The equilibrium, however, is found not to
change significantly during the modulation.

The momentum transport analysis relies on TRANSP runs, which provide the heat
and torque fluxes from the heating sources. ASTRA is employed to solve the heat
and momentum transport equation and to model the toroidal rotation. This is
done based on an experimental boundary condition at the edge and a set of pre-
scribed transport coefficients. A global minimization routine was implemented to
iterate over a range of transport parameters, seeking the best fit of the modeled
rotation to the experimental data. The global error analysis derives error bars on
the modeling results. All outcomes are stored in a database.

The analysis of the reference discharge shows that the experimental rotation data
can be modeled with high accuracy. The Prandtl number is determined to be
of order unity, and it increases across the radial profile. Both the Prandtl and
pinch numbers agree within error bars with the gyrokinetic predictions. The in-
trinsic torque is observed to increase towards the plasma edge and acts in the
co-current direction. Numerical experiments demonstrate that it is likely to peak
in the plasma edge and that this edge-localized torque is able to penetrate into
the core. The error analysis shows that the obtained solution indeed represents a
global minimum.

Both theoretical predictions and experimental data lead to the conclusion that the
pinch and the Prandtl numbers likely remain constant during the modulation, in-
dicating that the scaling of the diffusivity and convective velocity with y; was able
to compensate for the induced cross-channel perturbation. However, the diffusiv-
ity, convective velocity, and intrinsic torque themselves are subjected to modula-
tion. By conducting numerical experiments that exclude time dependences in the
various transport mechanisms, it becomes evident that this omission leads to dis-
crepancies with gyrokinetic predictions and overall worse modeling results. This
underscores the need to retain time dependences to accurately extract momentum
transport coefficients from NBI modulation experiments.
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Chapter 5

Isotope Comparison

“Same, same, but different!?”
— Meritj

This work aims to validate the theory for a reliable application of models to future
fusion devices. While present-day fusion research devices usually operate in H
or D, future reactor operation is foreseen to operate with D and T fuelling mix-
tures. For a non-nuclear phase of ITER, He was also discussed to avoid neutron
production. Some investigations of the mass and isotope effects on momentum
confinement have been carried out [184, 185], but all publications on the lo-
cal effects of momentum transport investigated D plasmas [177-181, 186-197].
However, the understanding of the mass and isotope dependence of momentum
transport mechanisms is important for application of models to future devices. To
this end, a pair of an H and D discharges was created and compared to investigate
possible isotope effects. A key condition of such a comparison is a match of the
dimensionless parameters governing the transport coefficients. In particular, the
heat transport needs to be matched, as this can significantly impact the momen-
tum transport analysis via the Prandtl number. Parts of this Chapter are the subject
of publication [165].

5.1 Experimental Scenario

To isolate the possible effects of an isotope dependence between an H and D dis-
charge, a special scenario has to be created in which all parameters that are ex-
pected to scale or interact with momentum transport are similar. The D reference
discharge #40076 from 2.0 — 4.2 s, introduced in Chapter 4, was chosen as a
starting point for the scenario development of the H discharge.

Comparable heating power was applied, PY, = 5.2 MW and PL, = 6.6 MW, re-
sulting in plasma stored energies of WiI, , =0.30 MJ and W}, = 0.36 MJ.
While the fraction of the main isotope was ~ 95 % in H, it was ~ 100 % in
D. To improve the quality of the CXRS measurements in H, N was puffed with
'V ~ 0.35 x 10*! atoms/s, yielding Z/L ~ 1.38. This was not necessary in the D
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Figure 5.1: Core kinetic profiles of the compared H (#41550) and D (#40076) discharges. The
error bars show the statistical uncertainty of the data reconstruction, and the band structures
reflect the standard deviation over the analyzed time windows for each radial point, showing the
stability of the corresponding quantity.

discharge, where the intrinsic B was sufficient for the CXRS measurements. In D,
ZB ~ 1.2 with the main gas flux set to a value of I'” ~ 1 x 10%* atoms/s. To
match the pedestal top density of the D discharge in H, the H gas puff was set
to ' =~ 2 x 10?2 atoms/s, as previous experiments have shown that, in general,
a significantly higher gas flux is required in H due to increased particle transport
in the pedestal [198, 199]. The pedestal and core densities were matched within
uncertainties, see Fig. 5.1(a).

As explained in Section 4.1, NBI modulation is used to assess the momentum
transport coefficients. In these discharges, modulation of a single off-axis oriented
source with reduced power (PZ , ~ 1.1 MW and PP , ~ 0.7 MW) was a good
compromise to provide a clear rotation modulation, while keeping the induced
perturbations small. Indeed, the modulations of the kinetic profiles were mea-
sured to be relatively small, e.g. the electron density ~ 0.5 % at mid-radius in
both cases, the T, (7};) at mid-radius ~ 2(3) % and ~ 4(4) % for D and H, respec-
tively, while the stored energy, W,y p, varied by ~ 5 % (D) and ~ 7 % (H). The
modulation of the toroidal velocity v, was ~ 8.5 % (D) and ~ 10 % (H). There
are no drifts of these modulating quantities. Therefore, it is feasible to calculate
and compare time-averaged, steady-state kinetic profiles (Fig. 5.1), torques, and
heat fluxes (Fig. 5.2).

To avoid impurity accumulation, ~ 0.6 MW on-axis ECRH was applied in both
discharges [200, 201]. For D, 4.8 MW of steady NBI background heating was used
with an extraction voltage of U2 = 53 keV. In order to match the applied torque
and the heat fluxes, the TRANSP code was used to determine the precise NBI set-
tings for the H discharge. This was motivated by the different beam species used
and by previous works on the isotope dependence of heat transport [184, 185,
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Figure 5.2: (a) Ion heat diffusivity from ASTRA calculations, (b) the total ion heat flux, (c) the
electron-to-ion equipartition flux, and (d) the total applied torque from TRANSP calculations. The
band structures show the standard deviation caused by the modulation on top of the averaged
profile of the H (#41550) and D (#40076) discharge.

202-205]. There, stronger ion heat fluxes were observed in H than in D when the
same total heating power is applied, resulting from the strong mass dependence
of the equipartition term [206-208]. Also, for the discharges studied herein, the
heating of the ions via collisions with the electrons was found to be a significant
part of the ion heating in H in contrast to the D discharge, see Fig. 5.2(c). As a con-
sequence, the higher total ion heating in H compared to D for matched NBI power
results in a larger apparent ion heat diffusivity y; if the gradients are matched.
Interestingly, when @); is matched instead of the NBI power, the overall transport
behavior becomes similar between the two species. Based on the scenario devel-
opment with TRANSP, 3.4 MW of NBI were used in the H discharge with two full
voltage beams from NBI box 1 (Uj;1 = 53 keV) with H as the beam species. A
reduced voltage beam from box 2 (U2 o = 63 keV) was used for the modulation.

EX

The scenario development was successful, and comparable surface integrated ion
heat fluxes were achieved, see Fig. 5.2(b). As similar temperature gradients were
measured, see Fig. 5.3(b), and comparable densities were reached, see Fig. 5.1(a),
similar ion heat diffusivities in the core of the plasma are obtained, see Fig. 5.2(b),
in both discharges. This is consistent with earlier works [206-208] and was the
aim of the scenario development to clearly distinguish the isotope effects of the dif-
ferent transport channels in this comparison. The electron heat transport channel
has no influence on the analysis and was, therefore, not prioritized in the scenario
optimization, but was matched within ~ 20 % at mid-radius. The torque applied
on the plasma was successfully matched, see Fig. 5.2(d).

The torques were applied to plasmas with comparable density, see Fig. 5.1(a),
but the time-averaged, steady-state toroidal velocity is slightly higher for H, see
Fig. 5.1(b). For the same external torque, a two times higher velocity for H would
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be expected due to the mass difference. This is not observed, partly as the torque
in H is slightly smaller, see Fig. 5.2(d), and the density is slightly higher inside
py, < 0.4, see Fig. 5.1(a). Both result in a reduced rotation. As discussed later,
the remaining difference is caused by small variations in the momentum transport
coefficients.

Temperatures are slightly lower in the H discharge, see Figs. 5.1(c) and 5.1(d).
This is partly caused by the pedestal confinement degradation in H due to the
increased inter ELM transport with lower mass [208] despite comparable heat
fluxes. This causes lower pedestal ion temperatures in the H discharge, this is
shown in Figs. 5.4(b) and 5.4(c). In Fig. 5.4, the T; data of the edge CXRS was
shifted 15 mm radially inwards for the H discharge to match the region of steep-
est gradients with respect to the 7, data from the Thomson scattering diagnostics.
In the used coordinate, p,, this corresponds to a value of 0.02. This adjustment
is necessary due to minor inaccuracies in the equilibrium reconstruction process,
which impact the relative positioning of diagnostic measurements taken at differ-
ent toroidal and poloidal locations [209]. Likewise, in the case of the D discharge,
a 10 mm radial inward shift of the 7; data was applied, equivalent to a shift of
0.015 in p,. Given the shallow gradients in these discharges, there remains some
level of uncertainty associated with the relative alignment. Despite reaching sim-
ilar pedestal top densities, see Fig. 5.1(a), the shapes of the density pedestal
profiles are different, see Fig. 5.4(a). The ion pressure profiles in the pedestal
are higher for D and have steeper gradients, see Figs. 5.4(d) and 5.4(h). The er-
ror bars presented on gradients are assessed through Gaussian process regression,
employing the statistical uncertainties of the experimental profiles in Panels (a-d)
to approximate Gaussian errors. For the error bars of the pressure, see Fig. 5.4(d),
analytical error propagation is employed. In the kinetic profiles, the band struc-
tures represent the standard deviation over time at each radial position. Notably,
given that the standard deviation is comparable with, or even smaller than, the
uncertainties linked to the kinetic profiles, the propagation of uncertainties also
functions as an indicator of the stability of the provided profiles.

In the discussed discharges, measurements of the radial electric field E, were not
available, but the F,-well in the pedestal can be inferred via the diamagnetic term
in the force balance, see [210, 211]. The shown pressure gradient profiles suggest,
therefore, a deeper E,-well for the D case, with stronger F, gradients generating
higher E x B-velocity shear. This, likely, enhances edge turbulence suppression
[31] and, possibly, the E x B-driven intrinsic torque [76].

To isolate a possible isotope dependence of the momentum transport coefficients,
dimensionless parameters need to match [212]. Therefore, as a next step, the
most relevant dimensionless parameters are compared, see Fig. 5.3. Similar to
Fig. 5.4, the error bars depicted on gradients in this figure are obtained through
the regression of Gaussian processes, with the Gaussian errors approximated us-
ing the statistical uncertainties of the input profiles. For the remaining dimension-
less parameters, the error bars arise from analytical uncertainty propagation. In
Panel (a), the logarithmic density gradients are shown. They are within uncertain-
ties due to the large uncertainties on the density profiles, see Fig. 5.1(a). However,
the peaking in the inner core is slightly stronger for H. The effect of this difference
on the momentum transport will be discussed later, together with the gyrokinetic
results. The ion temperature gradient plays a key role in the calculation of the
power balance ion heat diffusivity. It is reasonably well matched at most radii,
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in the plasma core.
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78



see Fig. 5.3(b), some difference exists towards the outer core. The collisionality
v, ~ n./T? is similar inside of p, < 0.6, see Fig. 5.3(c). The differences for larger
radii emerge from lower 7 in the H discharge.

The normalized gyroradius, see Fig. 5.3(d), is defined as p. = p;/a = vVm;T;/eBa
with a the minor radius, p; the ion Larmor radius, and the electron charge e. As
expected, due to the smaller ion mass m,; and lower T;, p, is found to be lower
for H. For a matched p,, the magnetic field and the plasma current would have
been modified to not significantly change the ¢ profile. This would have made a
match of the density even more complex. Therefore, it was decided to accept a
difference in p* to achieve comparable densities and ¢ profiles, as no dependence
of momentum diffusion or convection upon the normalized gyroradius is expected.
The intrinsic torque, however, is predicted to depend weakly on p* [50, 51].

The electron temperature gradients, see Fig. 5.3(e), are matched within uncer-
tainties inside between 0.3 < p,, < 0.6, whereas, outside this region, a slight dif-
ference is found. The normalized plasma pressure 3. ~ n.T,/B? is well matched,
see Fig. 5.3(f), and the magnetic safety factor ¢ is very similar due to the identical
equilibrium, see Fig. 5.3(h). The temperature ratio 7,/7;, which influences the
turbulence regime, agrees well, see Fig. 5.3(g), and has rather large uncertainties
around mid-radius from the electron temperature profiles.

The developed H scenario, together with the D reference discharge, offers an in-
teresting data set: most of the relevant parameters governing transport and turbu-
lence agree in the plasma core within experimental uncertainties. The experiment
was designed in a way that the ion heat transport, which influences the analysis via
the Prandtl number, is nearly identical. Applying the momentum transport analy-
sis framework to this data should make it feasible to isolate a mass dependence, if
present.

5.2 Experimental Results

For both discharges, the modeling reproduced the experimental steady-state, am-
plitude, and phase profiles. This is shown in Fig. 4.8 for the D reference discharge
and in Fig. 5.5 for the H discharge. In both figures, the experimental data is shown
by brown solid lines, and the modeling is shown by green dashed lines.

The assessed transport coefficients are compared in Fig. 5.6. The profiles of the
Prandtl number are found to be nearly identical, see Fig. 5.6(a). As the ion heat
diffusivities were matched, see Fig. 5.2(a), the momentum diffusivities of both
discharges are very similar, see Fig. 5.6(b). The profiles of the assessed pinch num-
bers are shown in Fig. 5.6(c). They mostly match within uncertainties. Slightly
higher values in the inner core are observed for the H discharge. These values may
be connected with differences in density and temperature gradients, as shown in
Figs. 5.3(a), (b), and (e). This would agree with previous predictions from theory,
e.g., the scaling of the pinch number with density and temperature gradients [48].
For these specific discharges, the parameter dependences will be discussed further
in Section 5.3 together with a comparison to gyrokinetic calculations.
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The intrinsic torque profiles match within uncertainties, see Fig. 5.6(d). In the
inner plasma core, a very small counter-current intrinsic torque is found. Towards
the outer core, a strong, co-current intrinsic torque is needed to model the exper-
imental data correctly. The shape and magnitude of the intrinsic torque values
towards the edge are consistent with results from the DIII-D tokamak [181]. The
slightly stronger intrinsic torque towards the plasma edge in the D discharge corre-
lates with the pedestal pressure gradient, see Fig. 5.4(h). The theory background
of this effect was introduced already in Chapter 2.7 and a possible scaling will be
discussed further in Chapter 7.3. These two cases are insufficient to draw firm
conclusions, as other parameters such as p, and v,, see Figs. 5.3(c) and (d), also
differ in this radial region.

These results clarify further why the H discharge does not exhibit a rotation twice
as high as the D discharge, as expected due to the lower ion mass. As already
mentioned, torques, see Fig. 5.2(d), and density, see Fig. 5.1(d), play a role, but
also the assessed slightly lower intrinsic torque and pinch and the slightly higher
diffusion in the outer core in H contribute to why the H rotation is only ~ 20 %
higher than in the D case. This highlights the sensitivity of the rotation profiles
to edge transport phenomena, such as the inward convection of an edge-localized
intrinsic torque that enhances the overall rotation profiles. It serves as a good
demonstration of the crucial role played by edge intrinsic torque in predicting the
rotation profiles of future machines.

Altogether, this analysis inferred similar core momentum transport coefficients
for the matched discharges. This suggests that there is no fundamental isotope
dependence present in the inner plasma core.

5.3 Comparison to Theory

The experimental results are compared to gyrokinetic predictions, which were
performed, as explained in Section 2.10, with input profiles averaged over the
analyzed time window. All calculations converged to unstable modes. The fastest-
growing instabilities were found to be ion temperature gradient (ITG) for most of
the radial points. An exception was the innermost radial point for H that was found
to exhibit a negative mode frequency in the electron drift direction, indicating the
presence of trapped electron modes (TEM).

For both isotopes, the gyrokinetic predictions agree with the experimental analy-
sis mostly within uncertainties, which reflect one standard deviation around the
best experimental solution. For the Prandtl numbers, see Figs. 5.7(a) and 5.8(a),
the experimentally assessed values are slightly higher compared to the theory pre-
diction. The asymmetric shape of the experimental error bars results from the
constraints of a positive Prandtl and pinch number even for smaller radii outside
the fitting domain, as mentioned in Section 4.2. For the Prandtl number, in par-
ticular, lower solutions would have been accepted in the radial range considered.
This is not reflected in the shown error bars, but could be modified in future works.

For the pinch numbers, see Figs. 5.7(b) and 5.8(b), it is possible to theoretically
reproduce the differences found experimentally in the inner core, where the pinch
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number was measured to be higher in H compared with D, see Fig. 5.6(c). The
agreement of this detail between theory and experiment is encouraging. The gy-
rokinetic prediction for the innermost radial position (p, = 0.3) of the D discharge
is —RV,/x, ~ 1. For the H case, this position is found to be TEM dominated with
—RV./x, ~ 3. To understand these differences, first, the input parameters for
the gyrokinetic calculations are compared. They show small differences in the
temperature and density gradients for the innermost radial point. While for D,
R/Ly, =10 and R/Ly, = 6.0, for H R/Ly, = 8.5 and R/Ly, = 4.15. This is also
shown in Figs. 5.3(b) and 5.3(e). Furthermore, for D R/L, = 2.4, while for H
R/L,, = 3.2, see Fig. 5.3(a).

To separate the effect of the input parameters on the gyrokinetic calculations, three
numerical experiments were performed. The gyrokinetic calculations for the in-
nermost radial point of the H discharge were repeated, replacing the temperature
gradients, the density gradients, and finally both, with the respective values used
in the calculation of the D discharge. The first numerical experiment shows that
the TEM found in the H case is temperature gradient driven, as after replacing
the temperature gradients, the results indicate an ITG mode. This significantly
impacts the predicted pinch number: —RV,/x, ~ 1.1, moving it very close to the
D result. The second experiment, where only the density gradient was replaced,
still predicted a weak TEM with a pinch number of —RV./x, ~ 1.9. Lastly, in the
third experiment, replacing all three gradients, the pinch number was predicted
as —RV,/x, ~ 0.93, close to the value from the D case. This demonstrates that
the differences between the H and the D discharge observed and predicted result
from gradients and are not emerging from isotope effects. A further observation
is the stability of the Prandtl number in these numerical experiments, suggesting
that the Prandtl number does not strongly depend on the gradients. This will be
discussed further in the following Chapters.

An absence of a strong isotope effect can also be motivated: Starting from a simple
gyrokinetic picture, collisions are neglected, and the electrons have no mass and
instantaneously follow the ions. The adiabatic electrons can react immediately to
fluctuations in the parallel electric pressure. The corresponding gyrokinetic equa-
tions are normalized to the ion mass. From this normalization, it is concluded, for
example, that the diffusivity follows a gyro-Bohm scaling xop ~ /m; [213]. The
mass dependence of the gyro-Bohm scaling is modified when electrons are treated
kinetically, as then the electron-to-ion mass is taken into account. Including colli-
sions further breaks the gyro-Bohm scaling, as the electron-to-ion mass ratio influ-
ences the calculation of the parallel wave function. The gyro-Bohm dependence is
less and less recovered with increased realism of the gyrokinetic formalism.

As collisions and kinetic electrons are included in the calculation of these pre-
dictions, it is expected that differences found in the predictions for both isotopes
mainly result from differences in the input gradients and that mass effects them-
selves are weak. To demonstrate this, another numerical experiment was per-
formed. The D calculation was repeated with the H electron-to-ion mass ratio.
The corresponding Prandtl and pinch numbers are shown in Fig. 5.7 in circles and
tend to be slightly higher than the calculations with the D mass ratio. However,
this effect is significantly smaller than the experimental uncertainties and, there-
fore, would not be resolvable. This effectively demonstrates that no significant
isotope dependence in the momentum diffusion or convection from a theoretical
perspective is expected.
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5.4 Summary

An H discharge, with ion heat fluxes, neutral beam torque, and most dimension-
less parameters comparable to the D reference discharge was created, resulting
in similar heat transport and gradient lengths. In the absence of a strong isotope
effect, the momentum transport coefficients of both discharges are expected to be
similar.

This expectation is confirmed by the experiment as the obtained transport coeffi-
cients are within uncertainties for both isotopes. This, furthermore, agrees with
gyrokinetic predictions, supposing a weak mass dependence, smaller than typical
experimental uncertainties. The remaining differences in the assessed transport
coefficients are understood in terms of variations in the discharge kinetic profiles.

These results provide confidence that the present theoretical models can be used
to provide reliable predictions of the momentum transport in future machines.
The good agreement between experimental results and theory predictions is a
promising starting point for further investigations in this work.
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Chapter 6

Theory Predictions

“Midway upon the journey of this thesis,
I found myself within a forest dark, For the
straightforward pathway had been lost.”

— after Dante Alighieri, Inferno

Local, linear gyrokinetic calculations, as introduced in Section 2.10, are capable
of predicting the Prandtl and pinch numbers. In this Chapter, their theoretical
parameter dependences are investigated. Then, the Stoltzfus-Dueck model is used
to predict the edge intrinsic torque.

6.1 Gyrokinetic Parameter Scans

Theoretical approaches have the advantage that parameter dependences can be
clearly separated, whereas for experiment-based data, often many variables are
cross-correlated. This possibility is now used to investigate the dependences of
the Prandtl and pinch numbers.

Gyrokinetic Waltz Standard Case

First, the so-called GA or Waltz gyrokinetic standard case is studied. This was
the starting point for many previous works in the context of momentum transport
research [45, 48, 77, 214]. The Waltz standard case uses the gyrokinetic input
parameters presented in Tab. 6.1. Further, important assumptions are 7; = T, (if
not varied), R/L,, = R/L,,, and R/Ly, = R/Ls,. The mass ratio of D is used,
me./mp = 0.00027. To neglect electromagnetic effects, it is set S = 0.0003. Fur-
thermore, an analytical s-alpha equilibrium (as this allows ¢, s and ¢ to be changed
independently) is utilized, and collisions are neglected. Moreover, only one mode
with k,p; = 0.3v/2 is studied, which usually represents the fastest-growing mode
of the instabilities in the plasma core (ITG). Additionally, in Tab. 6.1, the input
parameters of an adapted standard case are shown, which is more representative
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Quantity | Waltz std. case | Adapted std. case
R/L, 3 1.2
R/Lp 9 5.7
q 2 2.27
s 1 0.8
€ 0.16 0.16

Table 6.1: Input parameters for the standard cases used for isolated parameter scans via gyrokinetic
calculations.

of the database of experimental data studied in this work. They mainly differ in
the density and temperature gradients.

For the following parameter scans, only a single parameter was varied, and the
others were left constant at the values given in Tab. 6.1. The results are shown
in Figs. 6.1 and 6.2 for the Waltz standard case as blue crosses and the adapted
standard case as orange points. The range of variation was adapted to the values
seen in the experimental data studied in this work to gauge the relative influence
of the different parameters.

First, the growth rate v and the mode frequency w, are addressed in Fig. 6.1. The
growth rate of the instability increases with increasing R/Lr, €, fr, R/L,,, and
T./T;. For the shear in Fig. 6.1(i), a stabilizing effect for larger values is visible.
Furthermore, there is a clear offset of the growth rates between the Waltz and the
adapted standard case due to the differences in R/ L.

The mode frequency clearly increases with increasing R/Lr, see Fig. 6.1(b), be-
cause the ITG mode is driven by the temperature gradient. w, decreases with
increasing density gradient, see Fig. 6.1(f), probably due to an increased role of
TEMs. The density gradient causes the largest variation of the mode frequency
and is responsible for most of the offset in the mode frequency seen between the
Waltz and the adapted standard case in Figs. 6.1(b), 6.1(d), 6.1(h), and 6.1(j). An
exception is Fig. 6.1(f), the mode frequency depending on R/L,,,, where the offset
is caused by the difference in R/Ly. For the scan of € and fr,, Fig. 6.1(d) shows
a non-monotonic behavior for the adapted standard case, the origin of this effect
is not immediately clear. It is speculated that for higher R/L; (as in the Waltz
case), ITG is the dominant turbulent regime, and the increase of the trapped par-
ticle fraction has a weaker effect. This stands in contrast to the situation at lower
R/ Ly values (as the adapted case), where the increased trapped particle fraction
destabilizes TEM, reducing the frequency of the modes. T./7; also shows some
influence, see Fig. 6.1(g), with larger growth rates for larger values of the tem-
perature ratio. This is expected from theory, as the temperature ratio destabilizes
ITG: for the same initial density fluctuation, the feedback loop via the potential
fluctuation is reinforced proportional to 7, /7;. While w, shows no clear trend for
the variation of 7, /T; for the adapted case, it tends to increase for the Waltz case,
see Fig. 6.1(h). This is expected, as ITG is destabilized with increasing tempera-
ture ratio. For the shear scan, a TEM is observed for low values of the Waltz case
and a saturation of w, for larger values, see Fig. 6.1(j).

Now, the dependences of the Prandtl and pinch numbers are studied. For the vari-
ation of R/Ly, the Waltz and the adapted standard case give very similar results
for the Prandtl and pinch numbers. The trend is that the Prandtl number, see

86



Growth rate ~

0.5 1

a) [ 3
0.0 7 X  Waltz
Adapted
_05 T T T
4 6 8
R/Lt
0.6 5 X
X
0419 x X
0.2
0-0 T T
0/0 0.1/0.320.2/0.450.3/0.5
€ /fTr
0.6
e) % X
044y %X %
0.2
0.0 . . .
0 2 4
R/L,
X
g) %
0.50 X
X
0.25 A
X
0.5 1.0 1.5
Te/Ti
i) %
0.5 % X
X
p
0.0
0.0 0.5 1.0 1.5

S

Mode frequency w;

S

0.8 {b)
0.6 %
) ¢
¢
0.4 = T T
4 6 8
R/Lt
d)
0.8 4
X x
g x X
0-6 T T
5 0/0 0.1/0.320.2/0.450.3/0.55
€ /fTr
1.5
f)
X
1.0 %4 %
X
0.5 - X
0.0 T . T
0 2 4
R/L,
h)
0.8 1
¢
0.7 T x x X
06 i T X T T
0.5 1.0 1.5
Te/Ti
1.0 -
i),
X X 3
0.5 ¢
0.0
—0.5 +% ; ;
0.0 0.5 1.0 1.5
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88



Fig. 6.2(a), decreases with increasing gradient, i.e., the ion heat diffusivity scales
more strongly with R/L; than the momentum diffusivity. The pinch number, see
Panel (b), increases with increasing temperature gradient as the gradients increase
the asymmetry of the eigenfunction. The lowest R/ L point tested for the adapted
standard case reveals a rather low pinch number, most likely due to the lower val-
ues of R/L,, in the adapted case compared to the Waltz case. In contrast, the
Waltz case, which has a higher pinch number for this temperature gradient value,
shows a higher pinch number. As the Waltz case has a stronger temperature gra-
dient than the adapted standard case, the Prandtl numbers in the following are
found to be consistently lower, and the pinch numbers are consistently higher for
the Waltz case.

Figure 6.4(c) shows a clear increase of the Prandtl number with ¢, which is a proxy
for the trapped particle fraction fr, ~ v/2¢. The same is seen for the pinch number
in Panel (d). The linear fit suggests that the pinch would vanish for fr, — 0. Please
mind the non-linear x-axis for fr, in the shown plot. This is expected from earlier
works on this topic [77] and can be connected to compensation effects through
a finite k| mentioned earlier when discussing the properties of the Coriolis pinch
(see Section 2.6).

The Prandtl number is only slightly modified by the scan in the density gradient,
as shown in Panel (e). It slightly decreases with increasing gradient. In a linear
gyrokinetic calculation, no statements can be made about the absolute values of
the diffusive fluxes, therefore, the exact origin of this trend cannot be identified.
The corresponding pinch number increases with the density gradient, as expected
from earlier works [43].

The temperature ratio does not strongly modify the Prandtl number. There is a
slight trend of the Prandtl number to decrease with increasing 7, /T;, as shown in
Panel (g). The pinch number, see Panel (h), decreases with increasing temperature
ratio.

Finally, the scaling with the shear is shown. Both the Prandtl, see Panel (i), and
the pinch number, see Panel (j), exhibit a non-monotonic behavior, increasing at
lower shear and then decreasing at higher. There seems to be a stabilizing effect
of the shear on the modes, as seen in Fig. 6.1(i), where the growth rates of the
corresponding calculations are shown. However, there is no universal pattern for
all calculations, how the growth rate and the mode frequency exactly propagate
into the calculation of the Prandtl and pinch number.

To summarize these simplified parameter scans, the Prandtl number is expected
to scale most strongly with R/L, s, and e. The pinch number seems to vanish
for fr ~ v/2¢ — 0 and shows clear dependences on all studied quantities. High
values for s can decrease the Prandtl and the pinch number.

The shown results are in good agreement with earlier work by Peeters et al. [48]
and Strintzi et al. [45] on the parameter dependences of the pinch and Prandtl
numbers, respectively. This is expected, as they were based on the same gyroki-
netic standard case. As an important addition, these scans show that their results
are also valid for the slight variation of the adapted standard case, which is more
representative of the database studied later on in this work.
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More Realistic Gyrokinetic Calculations

An important limitation of these standard cases is the rather large number of ap-
plied simplifications. This concerns, in particular, the analytical equilibrium, ne-
glect of collisions and electromagnetic effects, and the assumptions on equality
of temperatures and their gradients. For isolated parameter scans, the use of an
analytical equilibrium is necessary, as it is not possible to vary s, ¢, and ¢ indepen-
dently in the input parameters with an experimental equilibrium from a numerical
reconstruction. It is, however, feasible to test the influence of the temperature gra-
dient, the density gradient, and the temperature ratio.

This was done, including all of the effects which were neglected in the previous
scans. To increase the degree of realism, experimental profiles were taken as
a basis, namely from the reference discharge #40076, 2.0 — 4.2 s at p, = 0.7.
This position was chosen due to its strong gradients to balance possible stabilizing
effects in the scans. The precise input parameters are shown in Tab. 6.2. A
variety of k,p; were tested, as documented in Section 2.10. For comparability to
the simplified scans, in Figs. 6.3 and 6.4, only the values for the same k,p;, =
0.3v/2 are shown. However, the results of the spectrum-averaged Prandtl and
pinch numbers are found to be very close to these scans, indicating that the chosen
k,p; is a representative test case, and the assessed scalings can be compared later
to spectrum averaged results.

Looking at growth rates and mode frequencies, see Fig. 6.3, it is found, in agree-
ment with the result of the simplified parameter scan, that increasing R/L,,, T./T;,
and R/Ly, increases the growth rate of the instability. In further agreement with
the results of the simplified scan, the mode frequencies decrease with increas-
ing density gradient, see Fig. 6.3b. The increase of w, with 7,/7; is now more
pronounced, see Fig. 6.3(d). Similar results are obtained for the temperature gra-
dient, increasing R/ Ly, yields increasing w,, see Fig. 6.3(f). No separate scan for
the electron temperature gradient was performed, as this study focuses on the ITG
regime. A comparable work was performed for TEM in [174].

The resulting Prandtl and pinch numbers of the more realistic parameter scans
are shown in Fig. 6.4. For the scan of the density gradient, it is concluded that
the density gradient influences the Prandtl number, although the absolute change
is not large, as shown in Panel (a). This is comparable to the simplified scan,
although the scaling was less clear there. In addition, a linear scaling of the pinch
number is seen in Fig. 6.4(b), which is significantly stronger than in the simplified
scan. Both effects could be connected with stronger TEMs with increasing density
gradient. The Prandtl number has a positive correlation with the temperature
ratio, as shown in Panel (c), which is opposite to the trend previously observed for
the simplified scan. The pinch number correlation also differs from the simplified
scan, at least for low 7./T;, as shown in Panel (d). The overall variation of the
pinch number is smaller for the scan of T,/T; compared to the dependence on
the density gradient. The disagreement between the Prandtl and pinch numbers
assessed from the simplified and more realistic scan stands in contrast to similar
trends in growth rates and mode frequencies, as shown in Figs. 6.3(c) and 6.3(d),
compared with Figs. 6.1(g) and (h). In general, as shown later in this Chapter, the
dependence of the transport coefficients on the logarithmic density gradient can
be understood from the fact that momentum transport reflects the deformation of
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Quantity Value

Zott 1.26
Me /My 0.00027

ne [101% m—3] 0.6
R/Lr, 7.42
R/Lt, 6.9
R/L,, 0.19
T.)T; 0.94

€ 0.22

S 1.54

q 3.04

Table 6.2: Experimental input parameters for the gyrokinetic calculation of the reference discharge
#40076,2.0-4.2s at p, = 0.7.
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Figure 6.3: Gyrokinetic parameter scans based on experimental values (see Tab. 6.2) with more
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the perturbed distribution function in the parallel velocity and the eigenfunction
along the field line. As shown in Panel (e), no significant scaling of the Prandtl
number with the ion temperature gradient is found. The pinch number, see Panel
(f), increases slightly, as already seen before in the simplified scans.

In the next Section, a database of gyrokinetic simulations of real experiments will
be compared to the scans presented in this Section. For these comparisons, realis-
tic scans of R/Lr,, R/L,., and T./T; are used, while the simplified ones for ¢, fr,
and s were kept. Together, these parameter scans brought the following insights:

* avanishing pinch number for fr, — O,

* strong scaling of the pinch number with R/L,,_,

weak scaling of the pinch number with R/Ly, and T, /T;,

* strong scaling of the Prandtl number with ¢, fr, and 7, /T,

weak scaling of the Prandtl number with —R/L,,_, and

* a non-monotonic dependence of the Prandtl and pinch numbers on s.
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6.2 Gyrokinetic Database Approach

In this Section, parameter dependences of the gyrokinetically predicted Prandtl
and pinch numbers will be assessed via regression of scaling laws to a database
of gyrokinetic calculations relying on realistic, experimental input data, including
more realistic physics effects like, for example, finite 5 and finite collisionality
which were neglected in the Waltz standard case. A variety of k,p; was tested,
precisely as documented in Sec. 2.10, and spectrum averaged values for Prandtl
and pinch numbers are calculated.

Using a database of experimental data to create the gyrokinetic database has ad-
vantages and disadvantages. On the upside, it is possible to trust the consistency
of the used data to be physical and that the obtained predictions are at a realistic
point in parameter space. On the downside, cross-correlations of the gyrokinetic
input parameters can be very large, up to the point where it is not feasible to
separate the real, physical dependences causing a certain observed effect.

In the following, experimental input from a database of 29 discharges is used for
gyrokinetic calculations. The list of discharges is given in Appendix B.1. For every
discharge, gyrokinetic calculations were performed for p, = 0.3, 0.4, 0.5, 0.6, 0.7,
as described in Section 2.10. Table 6.3 shows the maxima and minima of param-
eter space spanned by these gyrokinetic predictions. The median of this database
corresponds to the values used for the adapted standard case studied in the Sec-
tion before.

The calculation of the Pearson correlation coefficient between these input param-
eters allows the quantification of cross-correlations. The cross-correlation matrix
is shown in Fig. 6.5. A first cluster of correlation exists between s, ¢, ¢, and
fr. The experimental collisionality v, is also correlated with this first cluster to
some degree. Furthermore, a second cluster is found, anti-correlated to the first
one, with R/L,, and [, with strong cross-correlation between themselves. The
normalized gradients R/ Ly, and R/Ly, and the temperature ratio 7. /7; are more
independent, but they also have cross-correlations with other quantities. These
cross-correlations bring the risk of increased uncertainties in the regression of scal-
ing laws due to possible trade-off effects.

Quantity | min max | median
q 1.111 | 4.504 2.289
s 0.080 | 2.461 | 0.902
€ 0.096 | 0.237 | 0.165

T./T; | 0.858 | 2.731 | 1.112
R/Ly, | -0.758 | 12.639 | 8.074
R/Ly, | 1.856 | 8.511 | 5.650
R/L,, |-0.426| 6.546 | 1.244

Bref 0.001 | 0.015 | 0.004

Table 6.3: Parameter space spanned by the database of experimental input data for gyrokinetic
predictions.
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Figure 6.5: Pearson correlation coefficients for the input to the database of gyrokinetic calculations.
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94



Prandtl Number

Referring back to the isolated parameter scans in Sec. 6.1, dependences of Pr in
this database on € (fr.), s, T./T;, and —R/L,, are expected. The cross-correlation
matrix in Fig. 6.5 shows clearly that the strongest correlations of Pr are with s, e,
frr and anti-correlation with R/L,, . Indeed, using all of them in the regression of
a linear scaling law yields good agreement and a root mean square error between
gyrokinetic prediction and regression of RMSE = 17.4 %. The regressed scaling law
reads as

Prreg = 1.265€+0.244 s + 0.0837,/T; — 0.033 R/ L,, + 0.503. (6.1)

The statistical relevance is calculated by multiplying the regression coefficient with
the standard deviation of the scaling parameter. This value can then be divided by
the standard deviation of the regressed quantity to estimate the extent to which
the variation in the scaling parameter contributes to the observed changes in the
regressed quantity [215]. The variation in Eq. 6.1 is caused to 20 % by ¢, to 55 %
by s, and only to a minor degree by 7, /T; and R/L,,,.

In Tab. 6.4, the scaling coefficients (third column, “Db. reg. I”) are compared
to the results obtained from the linear fits to the scans (see Figs. 6.2 and 6.4).
The trends of the isolated parameter scans are qualitatively recovered. Due to the
non-monotonic dependences to the shear, only the linear increase of the Prandtl
number with shear was used for comparison, see Fig. 6.2(i). It is possible to
include, in future work, also a component s? or (7,/T;)?, as done in Strintzi et al.
[45], to compensate for the non-monotonic behavior.

An included uncertainty calculation of the scaling coefficients has also been done.
This relies on mapping out possible solutions up to a variation of 1.5 of the un-
derlying x? cost function, corresponding to one standard deviation for a Gaussian
error distribution. The uncertainties are shown in Tab. 6.4 next to the scaling
values in the third column. They are much larger than the absolute values of the
fitted coefficients due to the strong cross-correlation of the used fitting parame-
ters. Obviously, fewer parameters need to be selected for the regression to lower
the uncertainties.

Therefore, in the following, single order parameters to regress the Prandtl number
are tested. The calculation of correlation coefficients suggests a strong correlation
of the predicted Prandtl numbers with s, ¢, or fr.. In a linear regression with s, the
following scaling law is found:

Pryeg ~ (0.34 4 0.18) s + (0.66 + 0.22). (6.2)

The resulting regression has a root mean squared error of RMSE ~ 17.8 %. This
scaling agrees quantitatively with the increase of Pr with s seen in the isolated pa-
rameter scans, see Fig. 6.2(i). In those scans, however, a decrease of Pr for s > 1
was observed (around p, = 0.5 — 0.6 for most of the studied discharges herein),
which is not observed when looking at the predictions of entire radial profiles in-
cluded in the gyrokinetic database. For these simulations, Pr always increases
monotonically with radius. An example of such a radial Pr profile can be seen in
Fig. 5.7. This makes the exact physics mechanisms behind the scaling with the
shear questionable. The author speculates that the shear, by cross-correlations, is a
surrogate for other quantities in the regression and that the good regression, with
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Quantity | Isolated | Db. reg. I Db. reg. II | Db. reg. III
scan Eq. 6.1 Eq. 6.2 6.4
€ 1.23 1£8 4.8+ 29
s 0.36 0.2+04 | 0.34+0.18
T, /T; 024 | 0.1+04
R/L,, -0.05 | -0.03 £0.1
RMSE 17.7 % 17.8 % 18.8 %

Table 6.4: Comparison of coefficients for a linear scaling law for Pr, assessed from the isolated
parameter scans in Section 6.1 and based on the database regression.
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Figure 6.6: Regressed Prandtl numbers from Eq. 6.4, a scaling with e versus the GKW prediction.
Unity is shown as a black line.

respect to the observations from the isolated parameter scans, does not represent
a real physical relationship.

A much clearer picture is obtained by regressing the Pr with fr, or e. They also
show a correlation with Pr in the database and in the isolated parameter scans.
Most importantly, Pr monotonically increased with them, see Fig. 6.2(c). A scal-
ing law regression yields

Prreg = (34 +2.3) fr, — (0.8 £ 1.2) (6.3)

and
Prieg = (4.8 £2.9) e+ (0.2 £ 0.5) 6.4)

with RMSE ~ 18.8 %. The scaling with ¢ is shown in Fig. 6.6. The first formula
implicates that Pr would become negative for low fr;, which is unphysical and
results from the non-linear relation of f1; to ¢, which is, in fact, the input to GKW. A
linear fit cannot account for this, leading to the negative offset.

Both scaling laws, Eq. 6.3 and 6.4, can be compared to the isolated parameter
scans, see Figs. 6.2(c) and 6.2(i), and in Tab. 6.4 in the fourth and fifth columns
(“Db. reg. II/III”). The slope of the e scaling is much steeper in the database
regression. This observation could serve as an indicator that the scaling laws, in
fact, reflect a combination of multiple effects from cross-correlations.
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It was found that there is no clear dependence of Pr on the dominant mode fre-
quency. The same holds for the growth rates.

In summary, the results of the isolated parameter scans were quantitatively repro-
duced using the database approach. The strongest empirical ordering parameters
for Pr were found to be s, ¢, or fr,. It is shown that ¢ is the most physical and
robust quantity for a scaling of Pr.

These results agree with earlier works, which were, however, performed with sim-
plified gyrokinetic calculations. Peeters et al. [59, Fig. 5] found only very weak
dependences of Pr on R/L,, s, q, and R/L via linear gyrokinetic calculations.
Also Strintzi et al. [45, Fig. 2] found the inverse local aspect ratio € to be the
strongest scaling parameter of the Prandtl number, but there were also depen-
dences on the temperature gradients identified, which are not seen in this work.

Pinch Number

From the isolated scans, a strong scaling of the pinch number with R/L,, and
possible scalings with R/ Lz, s, and T, /T; is expected. The cross-correlation matrix
of the database suggests weaker correlation with 7./7; (p = 0.41) and R/L,,
(p = 0.57) and very weak anti-correlation with R/L, (p = —0.36), see Fig. 6.5.

All these quantities can be used together in a scaling law, but it is noticed that the
influence of the R/Ly, is very small. Likely, cross-correlations render the use of
R/ Ly, unnecessary. This contribution can be neglected without loss of quality:

~RVe/Xgreg = 0.34To/T; + 04 R/ Ly, +0.325 — 0.12. (6.5)

The variation is caused to 65 % by R/L,,, s and T,/T; play a subordinated role.
This suggests that R/L,, is the strongest order parameter. The quality of this
regression is by far worse, compared to those obtained for the Prandtl number, the
RMSE =~ 46.7 %. Again, the uncertainties are rather large, as shown in Tab. 6.5
in the third column (“Db. reg. I”). The large uncertainties also result from the
overall worse quality of the regression, as a variation of 1.5 in the 2 cost function
is mapped out around the best solution to calculate the uncertainties.

In Tab. 6.5, the coefficients are compared to those obtained in the isolated pa-
rameter scans. The scaling coefficients show similar values, but uncertainties are
large. For the fit to the parameter scan of 7. /7; and s, see Figs. 6.4(d) and 6.2(j),
only the linear increase was used, as most of the input data lies in this parameter
range. Of course, for both effects, in future work, a quadratic term can be included
in the scaling to reflect the non-monotonic behavior.

To decrease the uncertainties, components are systematically removed. Doing so
for the shear dependence results in

—RVc/preg =(06+0.5)T./T; + (0.3+0.4) R/L,,, (6.6)

which gives RMSE ~ 49.6 %. The result of the regression agrees with the isolated
parameter scans within uncertainties (see Tab. 6.5, fourth column, “Db. reg. II”).
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Quantity | Isolated | Db. reg. I | Db. reg. II | Db. reg. III | Db. reg. IV
scan Eq. 6.5 Eqg. 6.6 Eq. 6.7 Eq. 6.8
T./T; 0.75 034+1.2| 06 £0.5
R/L,, 0.44 |040+04| 0.3+04 | 0.50+£0.2 | 0.34+0.7
s 0.97 0.32 +£ 0.7 0.44+ 04
RMSE 46.7 % 49.6 % 47.6 % 49.6 %

Table 6.5: Comparison of coefficients for a linear scaling law for the pinch number, assessed from
the isolated parameter scans in Section 6.1 (second column) and based on the database regression.
For the isolated scans, fits to the more realistic calculations were chosen where possible, while for
s, the simplified scan was used. Without significant loss of quality, the scaling can be reduced to
one parameter.
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x %
2R o 2

RMSE =47.6 % RMSE = 49.6 %
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Reg' _RVC/XLP(R/Lney 5) Reg _RVC/Xgo(R/LnE)

Figure 6.7: Regressed pinch numbers versus the GKW prediction. In Panel (a), the regression from
Eq. 6.7 is shown, consisting of a scaling with R/L,_ and s. In Panel (b), from Eq. 6.8, a linear
scaling with R/L,,_. Unity is shown as a black line.

Alternatively, it is possible to use only s and R/L,,:

~RVe/Xgreg = (044 £ 0.4) s + (0.5 £ 0.2) R/ Ly, (6.7)

with a better RMSE ~ 47.6 %. A comparison of the regression with the gyrokinetic
value is shown in Fig. 6.7(a). The variation of the regressed quantity is caused to
a larger degree by R/L,,, consistent with results obtained earlier in this Section.
Again, the influence of the shear is lower in the database regression compared
to the isolated parameter scans, probably due to the non-monotonic dependence
(see Tab. 6.5, fourth column, “Db. reg. III”).

In order to find the best single order parameter, different scalings were tested.
When using only one scaling parameter (together with a constant), clearly, a scal-
ing with R/L,, is the best and results in

—RV./Xpyeg = (034 £0.3) R/ L, + (0.7 £0.6), (6.8)

with an RMSE = 49.6 %, which is not that much worse than the regression with s
before (cp. Eq. 6.7), as now a constant is used. This constant was neglected in
the regression before because it caused large uncertainties. The regression using
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R/L,, shows good agreement, within uncertainties, with the linear fit obtained
from the isolated parameter scan, y = 0.44 = + 1.04, as shown in Fig. 6.4(b). This
agreement is consistent and stable across all regressions conducted. The compari-
son between the regression and gyrokinetic values is illustrated in Fig. 6.7(b).

For the assessed scaling laws, it is feasible to enforce that the pinch vanishes for
frc — 0 via a scaling ansatz

_RVC/preg = frx ()

This gives:
—~RVe/Xpreg = frv - (LE01T,/T; + 0.708 R/ Ly,)

—RVe/Xpreg = frr - (0.8345 +1.302 R/ Ly,)
—RVe/Xpreg = frv - (0.92 R/ Ly, +1.55)

with RMSE values of ~ 50 %. These values are slightly worse than those obtained
without the boundary condition on the pinch to vanish for fr; — 0. The main
effect of this additional scaling is that the other coefficients increase to balance
the fr, < 1. Better agreement with the scalings from the isolated parameter scans
is not observed. From the regression of the database, there is no clear argument
for a fundamental scaling with fr, or it is hidden.

It is found that there is no clear trend in how the pinch number relates to the
frequency of the fastest-growing mode.

These results suggest that the pinch number mainly depends on the density gra-
dient and the shear. The density gradient emerges as the only parameter that
can serve as a robust ordering parameter, with a consistently stable scaling factor
of =~ 0.3 — 0.5 observed across all tested scenarios. Furthermore, the results of
the database regression are in qualitative agreement with the isolated parameter
scans.

In comparison with earlier works, the dominant role of the density gradient is
reproduced. Peeters et al. [43] studied the parameter dependence of the pinch
number via a gyrofluid code and found R/L,, to be the strongest scaling param-
eter. They also identified the non-monotonic influence of s and observed only a
small influence of R/Ly,. In their work with a simple, analytical fluid model, they
derived —RV./x, = 4+ R/L,, for the dependence of the pinch number on the
density gradient. It is much stronger than assessed in this work as their approach
neglects the parallel dynamics. Studies of the gyrokinetic Waltz standard case by
Peeter et al. [48, Fig. 7] later showed that this scaling is reduced in agreement
with the calculations presented here.

In a study conducted by Weisen et al. [197], the dependences of the gyrokineti-
cally assessed pinch number were investigated using an experimental database of
JET data. In that publication, a linear scaling law is regressed to the pinch num-
ber, see Eq. 4 there. Remarkably, the coefficient obtained for the influence of the
density gradient on the pinch number aligns quantitatively with the coefficients
derived from the isolated parameter scans and the database regression performed
in this study. By employing the same combination of parameters (R/L,., frm,
g, R/Lt,, and s) as identified in the JET database, a regression of the current
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database yielded comparable results with an approximate RMSE of 46.8%, similar
to the best results shown in Table 6.5. This indicates that the JET parameters
exhibit consistency with the gyrokinetic database constructed for AUG. Despite
employing many more regression parameters, they do not significantly improve
upon the quality of the regression.

6.3 Interpretation of the Gyrokinetic Results

Discussing the physical mechanisms driving these results entails an examination of
the deformation of the eigenfunction. To illustrate this approach and to interpret
the most important results shown in this Chapter, a comparison of the eigenfunc-
tions of the electric potentials for the scans in R/L,_, ¢ and s is provided in the
following.

The dependence of the pinch on the density gradient arises as a direct consequence
of the coupling of density, temperature, and parallel velocity perturbation, see
Egs. 12, 13, and 14 derived in the fluid picture in [78]. It even manifests when
neglecting any contribution to the flux coming from the development of a finite
parallel wavenumber, as demonstrated with an analytical fluid model in [43]. In
Fig. 6.8, three potential eigenfunctions of the aforementioned isolated parameter
scan are shown. In Panel (b), the deformation of the potential function is shown,
especially for the convective term and in the presence of a strong density gradient
(dash-dotted green line). To quantify the effect of the deformation, it is feasible
to calculate an eigenfunction weighted-averaged value for k. From the general
definition of the parallel wavenumber, an averaged value over the eigenfunction
of the complex electrostatic potential perturbation along the field line is computed
with the following formula:

- 1 —do¢ —
k”—q—RIm[/¢@d0}/[/¢d9}, (6.9)

with ¢ the complex solution of the potential eigenfunction and its complex con-
jugate ¢. For a completely symmetric eigenfunction around # = 0 (low-field-side
midplane), this formula provides a zero averaged parallel wavenumber, as ex-
pected.

The values for this quantity for the scan of the density gradient are shown in
Fig. 6.9(a) (for the calculation of the diffusive term) and Fig. 6.9(b) (for the con-
vective term). The scans for the Waltz standard case (blue crosses), the adapted
standard case (orange circles), and the scans with more realistic gyrokinetic cal-
culations (black triangles) are shown. All three cases agree in their trends: for
the calculation of the diffusive fluxes, see Panel (a), the value of l_fH depends
only weakly on R/L,,, as observed for Pr in the isolated parameter scans, see
Figs. 6.2(e) and 6.4(a).

For the calculation of the convective fluxes, Panel (b), the value of l_c” decreases
with increasing R/L,_ . In [77, 78], the coupled set of equations for the temper-
ature, density, and parallel velocity perturbation is derived in an analytical fluid
model. In these works, the contribution from a finite parallel wavenumber is in-
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Figure 6.8: Deformation of the potential eigenfunction for different density gradients. Solid blue
line for R/L,,, = 1, dashed orange line for R/L,,_ = 3, and dash-dotted green line for R/L,,, = 6.
In Panel (a), the result from the calculation of the diffusive fluxes is shown. In Panel (b), the
corresponding calculation for the convective fluxes is shown. Clearly, a strong effect of a large
density gradient on the eigenfunction is visible for the calculation of the convective term. On the
x-axis, the poloidal angle 6 along the field line is used in multiples of 7.
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Figure 6.9: Averaged k| (see Eq. 6.9) for the gyrokinetic calculations of the diffusive terms (left
column) and convective terms (right column) for the parameter scans of the density gradient,
inverse aspect ratio, and shear. Blue crosses mark the Waltz standard case, orange circles for
the adapted standard case, and the black triangle is from the scan with more realistic gyrokinetic
simulations, as discussed before in Section 6.1.
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cluded. In the coupled equation for the density perturbation,

2A [, 1ZA;: 7. [R oT.
wn+...+ ZAZ |:2u — k?|:| | = |:L—n 2:| T , (610)

the second term on the Lh.s is the Coriolis term with the normalized toroidal
velocity 4, the normalized parallel wave vector kj = kjvgi/wp (with the drift
frequency wp), the normalized, perturbed, parallel velocity 7, the mode frequency
w*, the normalized density 7, and the perturbed vector potential A. The second
term in the brackets on the left-hand side is the additional contribution from the
parallel wave vector, modifying the Coriolis pinch. Excluding the parallel dynamics
and, thus, this additional term leads to an overestimation of the pinch [79]. The
Coriolis pinch is weakened by positive values of k. Such positive values are found
in the gyrokinetic calculations, see, e.g., Fig. 6.9(b). From the same figure, it is
found that the larger the density gradient, the smaller the correction from the
parallel dynamics, as values are decreasing. Together, these observations of the
density gradient scan agree with earlier results [43, 45, 48].

The interpretation of the scans in ¢ for the pinch is more complicated, as the de-
formation of the eigenfunction is introduced entirely via the parallel dynamics.
Again, a look at the left-hand side of Eq. 6.10 gives insights. For a certain de-
formation of the potential eigenfunction, ]%H can take values such that the terms
in the brackets vanish, resulting in zero pinch. This compensation effect from
the large fraction of passing particles in the limit of low trapped particles fraction
(e — 0) near the axis was discussed for the pinch in [77] and was recovered in
gyrokinetic calculations in this work. It is shown in Panel 6.9(d), how l;:”, and
consequently the second term in the bracket on the left-hand side, increases for
smaller ¢ for both the Waltz and the adapted standard case, resulting in the com-
pensation. This behavior was also confirmed in the isolated parameter scans, see
Fig. 6.2(d).

Furthermore, in this work, a strong scaling of the Prandtl number with ¢ was
found, see Fig. 6.2(c) and in the database regression, Fig. 6.6. This can be
explained along similar lines as the compensation effect of the pinch number. As
seen from [78, Eq. 13], the coupled equation for the parallel velocity perturbation

is:
e oo LZA | oT
T+ ... = u—2u+§ 1 /{” Tz (6.11)
Here, it is speculated that the diffusive flux (via «/, the gradient of the normalized
toroidal velocity) could be affected by such a compensation effect for negative val-
ues of IQ:H. However, it will not vanish for the same values as the pinch. Therefore,
an identical behavior for ¢ — 0 is not expected. As seen from Fig. 6.9(c), there is
the tendency of more negative k; for smaller e. The lowest point of the parameter
scan with the adapted standard case, however, is an outlier. Such low values of
e < 0.1, however, are not relevant for this study, which focuses for the gyrokinetic
database on p,, > 0.3, corresponding to e > 0.1. Altogether, it is speculated that an
effect similar to the compensation effect of the pinch due to the passing particles
also affects the Prandtl number via the diffusive momentum flux and influences its
scaling with e. As a caveat, the variation of k| with e is weaker than for the calcu-
lation of the convective fluxes, see Panel (d). This suggests that the compensation
effect on the Prandtl number is weaker than for the pinch.
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It is also possible to interpret the observed scaling of the pinch and Prandtl number
with the shear in this formalism. The changed % enters Eq. 6.10 and 6.11 and
modifies the resulting momentum flux. It is shown in Figs. 6.9(e) and 6.9(f) that
the impact of shear on & is much more pronounced in the calculations for the
convective fluxes than for the diffusive fluxes.

For the calculation of the convective fluxes, see Fig. 6.9(f), it is understood that for
low shear values, the values for l_c” remain constant, for values above s > 0.5, they
grow. This agrees with the trend seen for the parameter scans, Fig. 6.2(j), where
the pinch number was found to decrease for larger shear values. It is observed
that larger k) values yield lower pinch number values. This agrees with the trend
observed for the e scan as discussed above along the lines of Eq. 6.10. For the
diffusive fluxes, a non-monotonic behavior is recovered, as already observed for
the scaling of the Pr with s, see Fig. 6.2(i), but its absolute variation is much
smaller than for the values from the calculation of the diffusive fluxes.

It is concluded from the analysis of the eigenfunction deformation and the result-
ing parallel wavenumbers that the observed scaling of the pinch with the density
gradient and the shear can be interpreted consistently with previous results. Fur-
thermore, it is speculated that the fundamental dependence of Pr on ¢ is explained
by a similar compensation effect as for the pinch.

6.4 Edge Intrinsic Torque Predictions

The theoretical prediction of the residual stress and the resulting intrinsic torque
would require the knowledge of second-order derivatives of the kinetic profiles
and global, non-linear gyrokinetic calculations. The experimental uncertainties on
the second-order derivatives are usually too large to give trustworthy results, and
global gyrokinetic calculations are computationally too expensive for a database
approach.

While these approaches have been applied to model the confined region, the an-
alytical Stoltzfus-Dueck model, as presented in Section 2.7, focuses on the edge
region of the confined plasma out to the scrape-off layer and results in a boundary
condition for the intrinsic torque between the core and the edge. For the dis-
charges studied for the gyrokinetic database, see Appendix B.1, this model was
used to predict the pedestal top intrinsic torque, which will be compared to the
experimental intrinsic torque results in the outer core at p, ~ 0.7 — 0.8 in the
next Chapter. The pedestal top is approximately at p, = 0.88 in these discharges,
and the decay length of the turbulence was calculated via Ly, at p, ~ 0.955. In
Fig. 6.10, the corresponding profiles are shown. The mentioned radial positions
are shown as vertical, dotted lines. The following predictions and scalings were
found to be stable under variation of both positions.
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Figure 6.10: Electron temperature pedestal profiles of the analyzed discharges for the calculation
of the Stoltzfus-Dueck intrinsic torque. The vertical lines show the assumed pedestal top position
(p, =~ 0.88, left line) and the location of steepest gradients (p,, ~ 0.955, right line). This is a good
assumption for most of the cases. Discharges are listed in Appendix B.1.

Quantity min | max
Qi,top [MW] 1.6 5.0
1/L7, pea [1/m] | 28 65

fTr,top 0.64 0.67
Grop 3.2 4.6
Ry -0.70 | -0.62

B, [T] 2.5 | -2.48

Table 6.6: Variation of the input parameters for the calculation of the Stoltzfus-Dueck intrinsic
torque for the discharges listed in Appendix B.1.

Equation 2.27 shows that the intrinsic torque predicted by the Stoltzfus-Dueck
model scales with fr, the trapped particle fraction, Ry, the normalized major
radius of the X-point, ¢, the effective safety factor, B, the toroidal magnetic field,
(i, the pedestal ion heat flux, and L,, the turbulence decay length, which, in the
Stoltzfus-Dueck model, is approximated by L, . Within the database studied, the
variations in fr, ¢, and B, are small, see Tab. 6.6. Therefore, it is expected that
the variation in ); and L, will have the strongest impact on the predicted intrinsic
torque.

The calculated 7, sp varies between 0 and 6 Nm at the pedestal top, which is
quite sizable. In the experiment, this effect should be visible, as it is of the order
of the steady-state value of NBI torque, which was found to vary between 2.2 and
7.9 Nm at the pedestal top within this data set. The results will be discussed in
the next Chapter, together with the experimental results.
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6.5 Summary

In earlier works, isolated parameter scans via gyrokinetic calculations were the
basis of scalings of the Prandtl [45] and pinch numbers [43, 48]. In this Chapter,
it is found that these results, relying on gyrokinetic standard cases, do not always
hold when more realistic gyrokinetic calculations are used in the simulations, e.g.,
with collisions, the use of realistic equilibria, and with fewer assumptions on the
equality of temperatures and their gradients. Scans connected to the kinetic pro-
files are affected by such simplifications and should be performed under more
realistic conditions. These isolated parameter scans indicate that trends in growth
rates and mode frequencies do not directly translate to trends in Prandtl and pinch
numbers, but they suggest a large number of possible parameter dependences.

The assessed dependences are compared with database regressions and correla-
tion matrices. This database consists of gyrokinetic calculations with experimental
inputs. The main parameter dependences are found to be quantitatively consistent
with the isolated scans. The Prandtl number exhibits its most pronounced depen-
dence on dynamics related to trapped particles. The most physical and robust
ordering parameter is identified as the inverse aspect ratio . An examination of
the decrease in diffusive momentum flux with a smaller trapped particle fraction
is carried out by analyzing the deformation of the potential eigenfunction. A com-
pensational effect of the passing particles is observed that balances the parallel
mode structure. This is similar to what was previously found for the pinch.

The best ordering parameter for the pinch number is the logarithmic density gra-
dient R/L,,. A detailed analysis of the deformation of the potential eigenfunction
explains this dependence in line with previous work on the Coriolis pinch together
with the parallel dynamics.

An important limitation of these results is the correlation of the parameters in
the studied database and the limits of the parameter space covered. In general,
care has to be taken when interpreting simple scaling laws regressed to databases,
which are purely empirical correlations. The main results given here, however, are
also consistent with the dedicated parameter scans, which reveal the underlying
physics behavior.

Lastly, a prediction for the pedestal top intrinsic torque via the Stoltzfus-Dueck
model is calculated. Within the studied experimental database, it is expected that
among the various input parameters of that model, most variation results from Q;
at the pedestal top and Lz, in the steepest region of the pedestal. The ordering
character of these quantities can be tested on the experimental results.
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Chapter 7

Experimental Results

“In theory, there is no difference between theory
and practice — in practice there is.”

— Yogi Berra

This Chapter presents the experimental analysis results of a small database of
discharges, and the parameter dependences of the transport coefficients are com-
pared to theoretical predictions. An outlook on a reduced momentum transport
model for the core is given. These results are then discussed in the context of
previous research. Some of the analysis results of this Chapter have already been
published in [166].

7.1 Analyzed Data Set

The database of NBI modulation experiments performed at AUG encompasses
around 80 discharges. Many of them, however, were done in very special con-
ditions, which are challenging for the analysis. Discharges that are part of a p,
study for an inter-machine comparison with JET have, for example, large saw-
teeth inversion radii and suffer from modes. Other discharges meant to extend
the performed isotope comparison to helium have insufficient CXRS signal. Exper-
iments with ECRH and ICRH modulation are challenging due to a large perturba-
tion of the heat transport. Aside from these special discharges, the database has
50 phases from 29 discharges. 18 of these phases were performed with modula-
tion frequencies of 7 and 10 Hz, which is not optimal for the analysis, as explained
in Section 4.1. Furthermore, 9 phases with Prcry > 1 MW were excluded to fo-
cus this study mainly on ITG-dominated discharges. These discharges are left for
future work.

The analysis of discharges with flat rotation phase profiles often results in large
error bars on the modeled transport coefficients. Another effect of such flat phase
profiles is that fitting without an intrinsic torque is already sufficient to model the
data, as the phase profile cannot give a meaningful constraint to the parameters.
In such cases, no unique solution from the analysis can be obtained. This affected
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Quantity min max
Vs 0.1 0.9
q 1.5 4.1
s 0.15 2.4
€ 0.1 0.24
Irr 0.44 | 0.63
T./T; 096 | 1.24
R/Lr, 2.26 | 12.0
R/Lq, 3.71 | 10.04
R/L,, -0.18 | 3.83
Be 0.001 | 0.007
P 0.003 | 0.008
ne [10Y m™3] | 4.03 | 7.29
Q./Q; 0.16 1.1

Table 7.1: Parameter space spanned by the experimental data points

6 phases in the database, which were excluded. From the remaining 17 phases,
the modeling of 9 phases did not reproduce the experimental data properly, po-
tentially indicating that the present model is not flexible enough to sufficiently
represent the transport in these plasmas, making these cases interesting targets
for future study. A possible reason could be MHD effects, steep gradients, or trans-
port barriers.

This leaves this study with only 8 phases to be compared, as listed in Tab. B.2 in
the Appendix, and the strong reduction shows the major challenges this kind of
analysis faces. Such a limited data set does not allow for a detailed assessment
of scaling laws. Rather, main order parameters can be compared to the theoreti-
cal predictions. As diffusive and convective coefficients are local quantities, their
values at multiple radial positions can be sampled, e.g., p, =[0.3,0.4,0.5,0.6,0.7].
This results in 40 data points, which span the parameter space listed in Tab. 7.1.
The variation in parameter space is similar to the one investigated in the previous
Chapter, with the exception that the values for R/L,,, T./T; and (. do not reach
as high values due to the limitation Prcry < 1 MW. Aside from this restriction,
the experimental findings should be comparable to the theoretical predictions and
should agree if there are no fundamental deviations.

7.2 Modeling Results

In Fig. 7.1, the experimental (brown) and modeled (green) steady-state (column a),
amplitude (column b), and phase profiles (column c) of the toroidal rotation are
shown for the 8 plasmas studied in this Chapter. The transport coefficients are
shown in column (d)-(g) with the gyrokinetic predictions as black points.

The first three columns show that the modeling reproduces the experimental data
with high accuracy and within uncertainties. For the steady-state profiles, varia-
tion in the peak values is observed, being the largest for discharges (1), (3), and
(6). As shown in Tab. B.2, for (1), the high rotation can be attributed to the high
NBI power and, consequently, the torque applied. For (3), a relatively low ex-
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perimental diffusivity is observed, contributing to the peaked steady-state profile.
For (6), the NBI power is remarkably low, but the intrinsic torque is positive over
the entire analysis domain, contributing to the peaked profiles. Interestingly, the
steady-state rotation profiles have different curvatures: most are slightly concave.
Slightly convex shapes are observed for discharges (3) and (6), in which no ECRH
power was applied. This indicates a relation between heating mixtures and trans-
port mechanisms. The observation of hollow or even negative rotation profiles
concomitant with strong ECRH is known from earlier works and will be discussed
later.

For the amplitude profiles in column (b), the already discussed behavior of higher
amplitudes for lower modulation frequencies is observed, e.g., for discharge (8)
with fioq = 2 Hz. Together with the low modulation frequencies come flat phase
profiles, see column (c) for discharge (8). Generally, the same behavior holds for
discharge (6) with fn.q = 3 Hz. Although also discharge (7) is performed with
fmoa = 3 Hz, the amplitude stays rather small, and the phase shift between the
inner and outer edge of the fitting domain is of the order of the other discharges
performed with f,,q = 5 Hz. There seems to be different transport present in this
discharge, indicated by the flat experimental Prandtl number profile.

For the Prandtl numbers (column d), it is seen that nearly all of the discharges re-
veal an increasing Prandtl number with increasing radius. Except for 2 discharges,
(3) and (7), the gyrokinetic predictions reproduce the experimental analysis over
the whole measured radius. For those discharges, prediction and measurement
recover a factor of two variation between the inner and outer core. The resulting
diffusion profiles are shown in column (e). All of them monotonically increase
with radius. The lowest values are obtained for (3), which has the lowest overall
heating power of ~ 2.75 MW and, consequently, smallest values for the power
balance y; ~ Q;.

Remarkably, the gyrokinetic predictions follow the assessed pinch numbers (col-
umn f) closely. There are distinctive variations, e.g., for the inner core in discharge
(1) with a peaked profile or discharge (6) with a very flat pinch number.

In column (g), the intrinsic torque profiles are shown. They are flat in the inner
core and steepen towards the outer core, being co-current directed there. While
for some discharges, e.g. (5), the profiles are very peaked towards the outer core,
for other discharges, e.g. (3) and (8), the profiles stay rather flat or even tend
to roll over. However, the error bars are often very large for the outermost radial
position.

It becomes evident that the formation of the rotation profiles is the result of a
highly entangled interaction of the externally applied torque and the transport
mechanisms.
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Figure 7.1: Experimental (brown) and modeled (green) steady-state, amplitude, and phase profiles in the left three columns. In the four columns on the right, the
experimentally assessed transport coefficients (green) are plotted versus the gyrokinetic prediction (black).
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7.3 Parameter Scalings

The following Section discusses the experimental parameter dependences of the
various transport mechanisms and compares them to the theoretical results.

Prandtl Number

Theoretical predictions in the previous Chapter suggested the local inverse as-
pect ratio (as a proxy for the trapped particle fraction) as the Prandtl number’s
strongest ordering parameter. Also, in the experimental analysis, the inverse as-
pect ratio is found to be the best order parameter. Linear fitting leads to

Pryeg = (3.4 +2.9) ¢ + (0.4 £ 0.5) (7.1)

with RMSE = 20 % and x2, =~ 0.85. The uncertainty given on the scaling parame-
ters corresponds to a variation of 1.5 in the use cost function value. No weighting
with the experimental uncertainties was used in this fitting, as the asymmetry of
the error bars could not be reflected properly. In Fig. 7.2, the experimentally as-
sessed Prandtl numbers are plotted over the inverse aspect ratio. The experimental
fit from Eq. 7.1 is shown with a green dashed line. For clarity, uncertainties are
not plotted for all data points. Instead, a representative one corresponding to the
average of the data set is shown. The linear fits are within uncertainties for most
points. Remarkably, the scaling law assessed from the gyrokinetic database (see
Eq. 6.4), which is shown as a solid black line, agrees in its trend and size with
the experimental results. It was impossible to significantly reduce the scatter by
including additional quantities, e.g., ¢, qos, or T./T; in the scaling. The lowest
points mainly result from discharges (3) and (7), with a flat Prandtl number pro-
file measured. As indicated by the shown error bar and the x2,,, including further
regression parameters would, most likely, result in over-fitting.

1.75 A

1.50 A

1.25 A

Pr

1.00 A

0.75 A1

0.50 -

Figure 7.2: Experimentally assessed Prandtl numbers plotted over the inverse aspect ratio. The fit
of the experimental data (see Eq. 7.1) is shown as a dashed green line, the regression obtained
from the gyrokinetic database (see Eq. 6.4) as a black solid line. The error bars shown correspond
to the average error bar of the data set.
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Similar results are obtained using fr, as an order parameter, as ¢ is a proxy for the
trapped particle fraction. In this experimental analysis, R/Lz,, v., and s also order
the data, but with higher RMSE values. From the insights of the previous Chapter, it
is assumed that this ordering is rather caused by experimental cross-correlations,
as these quantities are mostly monotonically increasing over the radius.

Momentum Diffusion

As the momentum diffusion scales with the Prandtl number and the ion heat diffu-
sivity, parameter dependences of both can be recovered for the momentum diffu-
sivity. Strongest correlations exist between the momentum diffusion and radially;,
monotonically increasing quantities such as ¢ or fr,. This is expected due to the
dependence on the Prandtl number. Also, the normalized collisionality v, is highly
correlated with the diffusion coefficient, most likely due to its monotonically in-
creasing shape over radius. It cannot order the results locally. Also, a correlation
with the quantities from the ion power balance is observed, such as Q;, VT;, or
R/Lr,, as expected. The logarithmic density gradient plays a special role, as it is a
key quantity for the growth rates of the ITG modes. No correlation was found on
the heating powers, @)./Q; or the temperature ratio 7./7;, but, especially for the
latter parameter, the variation is small within the data set.

Plotting the assessed diffusion coefficients over the growth rates from the gyroki-
netic calculations is more insightful. As shown in Fig. 7.3, the experimentally
assessed momentum diffusion scales with the growth rate of the fastest-growing
mode and, thus, its instability. These observations align with the basic understand-
ing of turbulent transport, see Eq. 2.11, which connects the growth rate with the
turbulent diffusion coefficient. It is, however, remarkable that a comparison of
the theoretically predicted turbulence properties and the experimentally assessed
diffusion values is that clear. No clear correlation with the mode frequencies is
present.
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Figure 7.3: Experimentally assessed momentum diffusion plotted over the growth rate. Fit to guide
the eye. The error bars shown correspond to the average error bar of the data set.
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Pinch Number

The theoretical predictions in the previous Chapter suggested many possible pa-
rameter dependences of the pinch number. The most prominent were 7./T;,
R/L,., and s. No correlation of the pinch number on 7./7; was found in the
experimental data, possibly due to the limited variation. Rather, the logarithmic
density gradient was observed to be the best single order parameter in agreement
with the theoretical prediction. The largest variation of the density gradient within
the studied data set is found for p, = 0.35. For this radial position, the predicted
and measured pinch numbers are plotted versus R/L,, in Fig. 7.4. It is shown that
the pinch number increases with the density gradient, which, in fact, can order the
pinch number locally. Linear fits are plotted as a dashed line (experimental data)
and a solid line (gyrokinetic prediction) to guide the eye. Both trends agree qual-
itatively. Including further parameters does not significantly reduce the scatter,
i.e., no ordering was observed, e.g., by ¢, qos, s, I,,, or T, /T;. This is also shown in
the figure, in which different symbols were used for [, = 0.6 MA (triangles) and
I, = 0.8 MA (squares), and no grouping is found.

Motivated by this scaling, the available data set was used to regress simple scaling
laws. The best regression of the experimental pinch number with R/L,, is given
by

—RV./Xoreg = (0.6 0.46) R/ Ly, + (0.4 £0.8), (7.2)

with RMSE ~ 69 %. The assessed dependence is stronger in the experiment, com-
pared with the theory, (0.34 + 0.3) R/L,,, + (0.7 &+ 0.6), but the overall trend is
recovered. The regression can be improved when replacing the constant by s,

—RVe/Xpreg = (0.7£0.3) R/ Ly, + (0.44 £ 0.5) s, (7.3)

with RMSE ~ 63 %. This RMSE is worse than the one from ordering the gyrokinet-
ically predicted pinch numbers. As x2, ~ 1.2, the regression is reasonable with
respect to the uncertainties, and including a larger number of regression parame-
ters is not advised to avoid over-fitting.

Figure 7.4: Experimental and theoretical pinch number values plotted versus the logarithmic den-
sity gradient at p, = 0.35. Linear, unweighted fits are included to guide the eye. The upward
triangles depict discharges with I, = 0.6 MA, the squares those with I, = 0.8 MA.
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Figure 7.5: Experimentally assessed Pinch numbers plotted over the regression with R/L,,, and s.
The solid line shows unity. The error bars shown correspond to the average error bar of the data
set.

The variation of the regressed value is caused by 78 % by the variation in the
density gradient. Figure 7.5 shows the experimental values plotted against the
regressed ones from Eq. 7.3. The solid black line shows unity.

The values of this scaling law agree within uncertainties with the theoretical pre-
dictions, (0.5+0.2) R/L,, + (0.44+0.4)s, but the experimental dependence on
the density gradients is slightly stronger. Within the studied data set, no stronger
order parameters were found. The beneficial effect of including the shear does not
contradict the previous observation that the local ordering at p, = 0.35 cannot be
improved with including ¢ or ¢g5, as ¢ and s peak towards the edge and, thus, play
a minor role at smaller radii. Furthermore, at this radial position, there is only a
very small variation among the ¢ and s values within the studied data set.

Core Intrinsic Torque

For the local intrinsic torque in the inner plasma core (p, = 0.3 — 0.6), deriving
parameter dependences is complicated, as the overall variation of the values is
small. The values assessed are between —0.5 to 1.0 Nm at mid-radius and are of
the size of the NBI torque, which is between 1.2 to 1.9 Nm at mid-radius for the
studied discharges.

Due to the simple shape prescribed for the residual stress, its value mainly in-
creases between p, = 0.3 — 0.6 for all analyzed cases. This results in strong cor-
relations, e.g., with s, v,, or p;, which also have a monotonic shape in this radial
region. None of these quantities can clearly order the assessed intrinsic torque
locally, and neither can R/L,,. In contrast, it is interesting that the case with co-
current intrinsic torque in the core, #39015, has the lowest R/L,, values at that
location. In contrast, #41551, which has the steepest core density gradient, re-
veals the strongest counter-current intrinsic torque. This is shown in Fig. 7.6, with
the density gradient in Panel (a) and the intrinsic torque values in Panel (b).
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Figure 7.6: The local core intrinsic torque (Panel b) for two discharges with the most variation in
the logarithmic density gradients (Panel a).

The fastest-growing mode frequency was calculated via GKW, and the frequency of
the mode with the strongest growth rate was sampled. No spectral averaging was
applied. This frequency does not show a monotonic behavior over radius. Fur-
thermore, no strong correlation exists between w, and the previously mentioned
quantities or their gradients. Interestingly, the measured co- and counter-current
acting core intrinsic torque can be well organized as a function of the fastest-
growing mode number. This is shown in Fig. 7.7(a). This is interpreted as two
sign reversals of the local residual stress flux exist, one taking place as the plasma
transitions from TEM to a mixed regime and the other as ITGs become more dom-
inant. Stronger TEM-dominated cases are needed for a more conclusive picture
and were not available for this study. A comparison of Panels (a) and (b) shows
that the co-current intrinsic torque is found for flat density profiles, while peaked
density gradients are found in the transition regime together with counter-current
intrinsic torque. A regression of the core intrinsic torque values with the logarith-
mic density gradient results in x2,; ~ 0.57, which is a good value. Overall, this
connects these observations to the rotation reversals seen in LOC-SOC transitions,
see [195] as discussed later. The relation of the density gradient and the dominant
mode frequency was observed before by Fable et al. [216].
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Figure 7.7: The local core intrinsic torque (Panel a) and the experimental logarithmic density
gradient (Panel b) plotted over the frequency of the fastest-growing mode. Fits to guide the eye.
The error bars shown correspond to the average error bar of the data set.
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Aside from the scaling with R/L,,, the ordering characteristics of several parame-
ters were tested. It became clear that the TEM-dominated data points feature small
R/Ly, and large R/Ly, values. For the ITG-dominated and mixed cases, R/L,
was able to order the core intrinsic torque, but failed to order the TEM-dominated
cases, resulting in y2, ~ 0.76, which is worse than the ordering by the logarithmic
density gradient. Of course, there exists experimental cross-correlation between
R/Ly, and R/L,,. R/L,,, R/Lr,, v, and T./T; were not able to order the core
intrinsic torque or the calculated w,. Corresponding plots are shown in the Ap-
pendix, see Fig. B.1.

The effect of a sign reversal cannot be explained by intrinsic torque generation
from E x B-shearing effects. Furthermore, the up-down asymmetry is negligible.
Therefore, the intrinsic torque is most likely generated by higher-order contribu-
tions in p,, such as profile shearing and turbulence intensity gradients. Due to their
large error bars, it is not possible to reliably test the correlation of second-order
derivatives with the experimental results.

Edge Intrinsic Torque

The intrinsic torque at the edge of the fitting domain (p,, ~ 0.7) cannot be ordered
by w, or R/L,, . Therefore, a large number of possible order parameters were
tested. The discharge #39015 was excluded as it had too large uncertainties at
this radial position to give a meaningful contribution. This results in seven data
points to assess possible orderings, allowing only the test of single parameters.

For an overview of possible scalings, cross-correlation matrices were calculated.
Strong cross-correlation is found between T;, VT;, @Q;, p;, and Vp;, not only at
p, = 0.7, but also with their value in the steepest region of the pedestal around
py, = 0.95. All of these quantities show correlation with the experimentally mea-
sured intrinsic torque at p, = 0.7.

As a first check, the popular Rice scaling [187, 217, 218] was tested, which links
the intrinsic rotation with the plasma stored energy and the current as Av, ~ W, /1,,.
As already discussed, the variation in I, is very small in this data set. 1V, ordered
the assessed intrinsic torque with a RMSE ~ 40 % and x2,; ~ 1.2. VT, was able to
order the intrinsic torque with a RMSE ~ 47 % and x2, ~ 1.4. Of course, this com-
parison is very limited as the Rice scaling concerns an effective intrinsic rotation,
while in this work, the intrinsic torque is extracted.

Further exploration of the experimentally measured values shows that the local ion
pressure gradient —Vp; is the best order parameter. This is shown in Fig. 7.8(a).
The linear fit (dashed line) is within the experimental uncertainties, and the cor-
responding RMSE value is 23 %. The 2, = 0.25, which is a good value for a
single parameter regression. Panel (b) shows that for the experimentally mea-
sured values, the ion pressure gradient in the steepest region is also a sufficient
order parameter. The corresponding linear fit is still within error bars with slightly
worse x24 =~ 0.73 and RMSE = 28 %. It is important to mention that the mo-
mentum diffusion scales the residual stress and does not exhibit a local ordering
with the pressure or its gradient. Hence, the observed trends are not a result
of cross-correlation. It is concluded from these two plots that the experimental
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Figure 7.8: The experimentally measured intrinsic torque and the pedestal top intrinsic torque
prediction by the Stoltzfus-Dueck model plotted versus various quantities. Linear fits are added to
guide the eye. RMSE values for the linear fits are given in the corresponding color. In Panel (a), the
theory prediction was not plotted for clarity as it revealed no insightful ordering.

values can be ordered by the local and steepest ion pressure gradient, which are
cross-correlated within this data set. As the overall variation of the values is not
large compared to the size of the error bars, it is not possible to clearly favor one
of them over the other.

The excellent ordering of the experimental results with the pressure gradient mo-
tivates the interpretation that Vp; is a proxy for the radial electric field F,, in
this respect, a measure for the E x B-shearing. Hence, the good ordering of the
edge intrinsic torque with the pressure gradient is also consistent with the idea
of E x B-driven residual stress [76, 84] as the dominant mechanisms creating
co-current intrinsic torque.

In Panel (b), the prediction of the Stoltzfus-Dueck (SD) model is also plotted.
Here, the comparison of an edge-generated intrinsic torque prediction with the
experimentally assessed values in the outer core is appropriate, as both are lo-
cal quantities, and strong discontinuities in the profile of the intrinsic torque over
small radial regions are not expected in the absence of strong variation of back-
ground gradients. In the plot, the assigned error bars on the SD prediction show
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Figure 7.9: The intrinsic torque at the pedestal top predicted by the Stoltzfus-Dueck model versus
the experimentally measured intrinsic torque at p, = 0.7. Unity is shown as a black line.

the standard deviation over time during the analyzed time frame as a measure of
stability. Plotting this prediction over the pressure gradient in the steepest region
orders the upper five points, while the lower two do not follow this trend. These
two points are H discharges, and as the SD intrinsic torque has a 7y sp ~ Ai/Z;
dependence, they are only half as large. This mass dependence emerges from
the fact that the loss of a heavier counter-current rotating ion makes a larger co-
current torque in the SD model. These points would align with the other points
and the experimental trend if this mass dependence were neglected. A worse or-
dering holds for plotting the SD in Panel (a), which was not done for clarity. This
suggests that the mechanism observed in the experiment could differ from the one
modeled by Stoltzfus-Dueck.

In the previous Chapter, it was discussed that for the studied data set, the main
variation of the Stoltzfus-Dueck prediction is caused by @);/Lz,. This motivates
plotting the experimental results over this quantity, as shown in Panel (c). A fit
through the experimental values also gives a reasonable RMSE = 30 %, which is
not as good as the ordering by the local pressure gradient. However, as shown,
the linear fits agree in magnitude, size, and trend.

Prediction and measurement are directly compared in Fig. 7.9. Concerning the
size of the experimental uncertainties and the modulation of the Stoltzfus-Dueck
prediction, it is impossible to confirm or reject the Stoltzfus-Dueck model. Further-
more, this data set is not ideal for validation purposes due to the limited variation
in the other parameters, such as the X-point position. The H cases are predicted to
be outliers by the SD model, which is not seen in the experiment. It is speculated
that any edge intrinsic torque model scaling with the pressure gradient might have
produced similar results.
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7.4 Perspectives for a Reduced Transport Model

The scaling laws assessed in this work can be utilized to construct a reduced model
for the prediction of rotation in the plasma core. The scalings for the Prandtl
and pinch numbers from the regression of the gyrokinetic database cover a larger
parameter space and were confirmed by the experimental results. Therefore, as a
starting point for a reduced model, these scalings are taken such that

Xy = (4.8€+0.2) x; and (7.4)
V, = —% (0.5R/Ly, +0.443s), (7.5)

see Eq. 6.4 and 6.7 from Chapter 6.2. From the experimental investigations of
the intrinsic torque, it is understood that the intrinsic torque in the core shows a
clear dependence on the logarithmic density gradient, which reveals the strongest
variation in the studied data set at p, ~ 0.35. At p, ~ 0.7, the intrinsic torque
scales most clearly with the local pressure gradient. Within this work, the residual
stress was modeled as

HRS = M;N; Xy Cs g(pw)

and from the experimental data set studied in this Chapter, the values of g(p,,) can
be approximated as a quadratic polynomial without a constant part (for continuity
in zero), such that

9(0.35) = 0.068 - R/L,, — 0.048 (7.6)

and
9(0.7) ~ 0.0057 [m/kPa] - Vp; + 0.024. (7.7)

Equation 7.6 allows, consciously, for a sign change in the intrinsic torque, which
takes place for values lower than R/L, = 0.7. The constant part in the second
equation does not contribute to a sign change, but rather compensates for the ef-
fects not scaling with the pressure gradient at this radial position. From Eq. 7.7, a
sign change would happen at —Vp; < 5 kPam™!, which is much below the experi-
mental values seen at this radial position, so it is assumed that the contribution of
the intrinsic torque at this radial position is always co-current. The values of g(p,,)
are interpolated due to a cubic implementation of this function. As done for the
entire modeling in this work, the torque from the NBI is provided via TRANSP. Fur-
thermore, the experimental boundary condition for the rotation is set at p,, ~ 0.8.
This model is only thought to approximate experimental data at AUG in the stud-
ied parameter space. While the gyrokinetic scaling laws, Eq. 7.4 and 7.5, are
non-AUG specific, a proper normalization of the intrinsic torque scaling is subject
to future work. The necessity of this normalization for the extrapolation of the
intrinsic torque is discussed in the next Section. The exact implementation of the
reduced model in the ASTRA code is documented in Appendix A.2.

As a first validation, the predictions of this reduced model are tested on the refer-
ence discharge #40076, 2.0 — 4.2 s. This gives quite reasonable results as shown
in Fig. 7.10. In Panel (a)-(c), the steady-state, amplitude, and phase profiles are
shown, and the reduced model is close to the error bars of the optimized solution.
The Prandtl number (Panel d) and the intrinsic torque (Panel f) are spot on, while
the pinch number is matched nearly within the error bars. In the following anal-
ysis, however, the focus will be on the reconstruction quality of the steady-state
profiles rather than the transient dynamics.
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Figure 7.10: Comparison of the optimized modeling for the reference discharge (#40076,
2.0 - 4.2 s) compared with the solution based on the reduced model.

As a next step of validation, the reduced model is tested on the gyrokinetic database
studied in Section 6.2, which was the basis for the regression of the Prandtl and
pinch number. This allows, in particular, the simple intrinsic torque model to be
studied, which was not assessed from the gyrokinetic database, but from exper-
imental values. Figure 7.11(a) shows the reduced model solution plotted versus
the measured toroidal rotation. In different colors and symbols, values are shown
for several radial positions. As expected, the reconstruction quality decreases the
further the prediction is made from the boundary (p, ~ 0.8). Several points are
slightly underpredicted. This could have to do with the observed trend of slightly
smaller Prandtl numbers in the experimental regression, see Eq. 7.1, or slightly
higher values for the pinch number in the experimental regression, see Eq. 7.3.
Overall, the RMSE is ~ 7 %, which is a great value for such a simple model. This
suggests that the reduced model is, in fact, capable of reproducing the most im-
portant features of the intrinsic torque.

After this successful validation, the reduced model is now applied to a database
of H-mode discharges, which were not part of the investigations in this work.
This includes experiments in helium, a large number of discharges with 2 and
10 Hz modulation, current and heating scans, and JET identity discharges for a p,
comparison. Discharges with strong mode activities are still rejected. Altogether,
this makes a data set with 85 plasma phases. The parametric variation in this test
data set is much larger than the gyrokinetic data set from which the scalings were
obtained, not only in the engineering parameters, but also in the local quantities,
see Tab. 7.2. Therefore, this data set is an excellent test bed to understand if the
assessed scaling laws catch the most important mechanisms over a wider range of
parameter space.

This is shown in Fig. 7.11(b). Most modeled values group around the unity line in
black. Despite only plotting the steady-state values here, the results were tempo-
rally stable. The RMSE ~ 9.6 % is comparable to that for the gyrokinetic database,
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Figure 7.11: Comparison of the experimentally measured toroidal rotation (x-axis) with the results
from the reduced modeling (y-axis) for multiple radii. In Panel (a), the modeling of the gyrokinetic
database is shown, which was used to assess the scaling laws. Panel (b) shows the results for an
entirely different data set of H-mode discharges with the parametric variation shown in Tab. 7.2.
In both plots, unity is shown as a black dotted line.
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Figure 7.12: (a) Comparison of hollow experimentally measured toroidal rotation (brown) with
reduced modeling (black, dashed) for #29216 (5.5 — 7.0 s, Pgcruy = 3.4 MW). In Panel (b), it is
shown that a large logarithmic density gradient translates into a strong counter-current intrinsic
torque in the inner core (Panel c).
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Figure 7.13: (a) Comparison of a non-hollow experimentally measured toroidal rotation (brown)
with reduced modeling (black, dashed) for #39014 (4.5 — 6.8 s, off-axis Pgcry = 3.8 MW). Values
below p,, < 0.3 are neglected due to mode activity.
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Quantity min max

vy 0.015 | 2.26
q 0.88 | 5.2
T,/T; 0.65 | 2.4
R/Lz, 0.12 | 11.9
R/Lr. 2.4 | 12.89
R/Ln, 03 | 6.27
Be 0.001 | 0.017
Py 0.004 | 0.013

ne [10¥ m=3] | 3.74 | 9.91
Pypr [MW] 2.3 | 11.05

Prcru [MW] 0 5
I, [MA] 04 | 12
B, [T] 1.8 | 27

Table 7.2: Parameter space spanned by the additional 85 data points used as a test bed for the
reduced modeling. The comparison for the modeling of these data points to the experiment is
shown in Fig. 7.11(b). Local quantities were mapped in the plasma core between p, = 0.3 - 0.7.

and points are uniformly distributed around the unity line. It is found that the
deviation between modeled and measured values increases with distance from
the boundary, RMSE ~ 10.5 % for p, = 0.3, RMSE ~ 9.0 % for p, = 0.4, and
RMSE ~ 6.7 % for p, = 0.5. The boundary condition varies in this data set between
15 — 40 km/s, while the modeling reaches values up to 120 km/s. This shows that
the reproduced variation within the data set is not entirely caused by the variation
of the boundary. The simple model is capable of reproducing the most important
transport mechanisms for all three transport channels and can give a meaning-
ful estimate for the steady-state rotation profiles as long as a reliable boundary
condition at the edge of the core is provided.

In the following, the discharge #29216 (5.5 — 7.0 s) is studied, which exhibits
hollow rotation profiles. This case was, so far, difficult to analyze due to the large
uncertainties associated with the experimental data. In this discharge, dominant
ECRH was applied, Prcry ~ 3.4 MW and Pyg; =~ 3.0 MW, to study a possible sign
reversal of the intrinsic torque. The reduced model, which scales the intrinsic
torque with the density gradient in the core and with the pressure gradient at the
edge, can reproduce this sign reversal and the hollow rotation profiles. This is
shown in Fig. 7.12(a), in which the experimental data is shown in brown with
error bars, and the modeling is shown as a black dashed line and is within experi-
mental uncertainties for most radial positions. The experimental density profile in
Panel (b) shows large values in the inner core, and the intrinsic torque, Panel (c),
is modeled via Eq. 7.6 to be strongly counter-current in the inner core. Gyrokinetic
calculations suggest a mixed turbulence regime for the inner core in this discharge
and, therefore, this sign reversal can be attributed to the high density gradient
branch of Fig. 7.7. The reproduction of the hollow profiles was also found for a
similar discharge #29217.

For comparison, another discharge is shown in Fig. 7.13, with comparably high
Pecru = 3.8 MW, but off-axis ECRH deposition. As shown in Panel (b), the log-
arithmic density gradient stays much lower in the inner core, and, therefore, so
does the modeled intrinsic torque. This reproduces the rotation profile, Panel (a),
which is not hollow. The peaking of the density gradient is more towards mid-
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radius due to the off-axis ECRH. There is a corresponding dip in the steady-state
rotation profile, which is, of course, not reproduced by the model, which inter-
polates between the scaling laws at p, = 0.35 and 0.7. Here, it is necessary to
resolve the radial dependence of R/L,,,.

This shows that a simple, reduced model, which features the most important mo-
mentum transport mechanisms, can also contribute to the understanding and in-
terpretation of more complicated experimental scenarios, which are not directly
accessible in the analysis.

As possible next steps to improve the performance of such a reduced model, it
is considered to substitute the time-consuming TRANSP calculations, for instance,
with the RABBIT code [148], which has been successfully integrated into the ASTRA
suite. Additionally, different scaling laws examined in this study could be bench-
marked. Implementing it in the FENIX flight simulator [219, 220] presents a po-
tential application for scenario development and real-time control. Since CXRS
analysis of edge rotation is notably simpler than that of the core, it is, in princi-
ple, possible to provide real-time boundary values for edge rotation to the control
system, while core values can be approximated using a reduced model.

Furthermore, the integration of this model into the integrated modeling suite IMEP
[105-107] is a consequent next step, allowing for validation on other machines
such as AUG, JET, Alcator C-Mod, based on the data set from [107], provided that
a suitable normalization of the intrinsic torque is established. An unresolved as-
pect for modeling without any experimental data remains the boundary condition
for edge rotation. In this context, intrinsic rotation predictions by Stoltzfus-Dueck,
as demonstrated in [104], could be evaluated.

7.5 Discussion

This Section discusses the experimental results in light of previous experimental
and theoretical work.

The Prandtl number is found to be on the order of unity, in agreement with earlier
experimental and theoretical results [45, 96, 174, 178, 197, 221-224]. Its radial
dependence has rarely been resolved in experimental analysis. In experimental
works at JET by Tala et al. [178] and Mantica et al. [179], it was found to increase
over radius, in agreement with this study. However, the experimentally assessed
Prandtl number was often significantly larger than the corresponding gyrokinetic
prediction, most likely due to a missing intrinsic torque in such investigations. The
work from Strintzi et al. predicted that the Prandtl number depends weakly on s
or R/Lr,. Also experimental work at JET by Tala et al. [178] has shown constant
Pr during parameter scans of ¢, R/L,,, and v,. A study at JT-60U [193] came to
similar conclusions, but discovered a dependence of Pr on Sy. An inter-machine
comparison [225] suggested larger Prandtl numbers for larger machines.

Aside from the inherited dependences from the ion heat diffusivity via the Prandtl
number, the momentum diffusion was found to depend most clearly on the strength
of the turbulence. The correlation of the diffusivity with collisionality, as found at
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DIII-D in [180], could not be demonstrated, potentially due to cross-correlations
in the data set.

The ordering of the pinch with the density gradient is in agreement with earlier
experimental results, e.g., by Tala et al., who found the scaling of the pinch number
with the density gradient in experiments at the JET tokamak [178]. This agrees
with inter-machine comparisons by Yoshida et al. [225] and by Tala et al. [221].
In the latter, the assessed pinch numbers, however, were larger than the theory
prediction. Consequently, the linear scaling with the density gradient gave higher
absolute values, disagreeing with the gyrokinetic prediction. These differences are
probably caused by a distortion of the transport coefficients in their analysis due
to the exclusion of the intrinsic torque and its time dependence. The discussed ¢
dependence of the pinch, see [178, 221, 226], was not assessed due to the limited
variation in current within the studied data set, but the scaling with s could be
understood as a proxy for the ¢ dependence. In [178, 227, 228], no or only
marginal dependence of the pinch on the collisionality was found, agreeing with
the results in this work. The scaling of the pinch on R/L,,, and ¢ was also found
in a database study at JET, see [197].

While comparing the experimental steady-state profiles of the toroidal rotation in
this work, it was found that discharges without ECRH show a more convex profile
shape. The case without ECRH was the only studied phase with clearly co-current
intrinsic torque in the inner core. The other discharges, with low ECRH power,
exhibited slightly concave profiles. Similar effects of ECRH on the shape of the
rotation profile were found earlier in experiments at DIII-D [186], JT-60U [193],
and AUG [195, 229]. In this work, the effect seems weak, most likely as Prcry wWas
relatively small in this study. No discharges with a sign reversal of the rotation
were analyzed. The author speculates that such sign reversal happens for scenar-
ios with strong counter-current intrinsic torque in the core, combined with low
external torque, inward momentum pinch, and edge intrinsic torque. However,
more strongly TEM-dominated plasmas with clearly hollow rotation profiles must
be studied to draw firm conclusions.

A theoretical study from AUG [230] suggests a clear dependence of the residual
stress on the density gradient R/L,. . To some degree, this dependence was re-
produced by the two discharges with the lowest/highest density gradients, show-
ing the most co/counter-current core intrinsic torque. The curvature of the den-
sity profiles, found in [121] to have an important role in forming the residual
stress, has large experimental error bars and remains an open point of experi-
mental validation. Furthermore, global, non-linear gyrokinetic calculations from
Grierson et al. investigated the transition from flat to hollow toroidal rotation with
increased ECRH power due to the modified ion temperature gradient [124]. This
dependence, to a certain extent, is recovered by this analysis.

Similar observations of the relationships between the density gradient, the dom-
inant mode frequency, and the effect on the intrinsic rotation were found by
McDermott et al. [195], who studied the intrinsic torque behavior across the LOC-
SOC transition (linear ohmic confinement - saturated ohmic confinement). In that
work, two sign reversals of the intrinsic rotation were found. A first, in TEM or a
mixed regime, from co- to counter-current intrinsic rotation due to changes in the
density gradient. Then, a second reversal back to the co-current intrinsic rotation
in ITG with lowered density gradient profiles. Furthermore, it was concluded that
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the sign reversal of the intrinsic torque does not depend on the LOC-SOC transition
per se but on the simultaneous change of the kinetic profiles. This is analogous to
the results on the core intrinsic torque found in this work.

It was found already in previous works [181] that the intrinsic torque mechanisms
in the inner and outer core can decouple and are, most likely, dominated by dif-
ferent mechanisms. The dependences of the intrinsic torque and residual stress
in the inner plasma core are an open point of discussion in the community. Ad-
vanced studies, e.g., like [181, 227], could not draw a firm conclusion about its
parameter dependences. In agreement with this work, the core intrinsic torque
was very small. Furthermore, it became more strongly counter-current with in-
creased ECRH [181]. As already discussed by McDermott et al. [195], most likely,
this sign reversal is not caused by a change of the turbulence regime itself, but
rather correlated to changes of the profile shearing, as indicated by the analysis
results in this work.

For the edge intrinsic torque, several empirical models and scalings have been ex-
plored in previous works, for example, the famous Rice scaling. In a follow-up
publication [188], Rice et al. found ordering of the intrinsic rotation by the edge
ion temperature gradient. Similar results were obtained on other fusion exper-
iments, for example, NSTX [231], and LHD [232], where strong correlations of
the intrinsic torque with the ion temperature gradient were identified, as well as
at DIII-D, where scaling of the intrinsic rotation with the ion temperature in the
pedestal was observed [95]. Both the Rice scaling and the dependence on the
edge ion temperature gradient were recovered in this work. This is expected due
to the common cross-correlation of the stored energy, the ion temperature gradi-
ent, and the pressure gradients at the edge. Still, they showed inferior ordering
characteristics than the pressure gradient. The caveat here is that those studies of-
ten focused on the net intrinsic rotation, which can include the interacting effects
of all transport mechanisms. In contrast, this work discusses the isolated effects
on the residual stress induced torque.

Experiments in the DIII-D tokamak with balanced beams allow to zero toroidal
rotation. In such a zero rotation scenario, the diffusive and convective compo-
nents of the transport vanish, and the intrinsic torque can be calculated from the
net beam torque [181, 191, 227]. The assessed intrinsic torque profiles agree in
size and shape with the results of this work, with small negative counter-current
intrinsic torque in the inner core and stronger co-current intrinsic torque towards
the plasma edge. Their work showed an ordering of the edge intrinsic torque at
p, = 0.8 with the pedestal pressure gradient in agreement with the results of this
work [181, 227]. The authors draw the same conclusion as in this work, that the
pressure gradient, especially in the absence of the toroidal and poloidal terms of
the E, force balance, as in their experiments, is a proxy for the E x B-shearing,
which produces residual stress. In their work, however, a mismatch between the
experimentally measured Reynolds Stress and the measured intrinsic torque re-
mained. Therefore, the authors concluded that ion orbit losses could be contribut-
ing to the intrinsic torque in this radial region. This would somewhat explain the
correlations seen here with the Stoltzfus-Dueck model. A similar scaling of the
intrinsic toroidal rotation with the pressure gradient was also observed at JT-60U
by Yoshida et al. [233].

In contrast to earlier work, herein, no scaling laws for the intrinsic torque are given
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as they would invite the expectation of universal applicability. Previous scalings
have been done using dimensional parameters. They are not extrapolatable to
other machines or parameter ranges. The proper normalization of the intrinsic
torque for such an extrapolation was discussed in [226, 228, 234], but it has
not been resolved. Another open question that this work has not studied is the p,
dependence of the intrinsic torque, as the variation of p, is relatively limited within
the studied data set. The observed variation is dominated by its dependence on the
ion temperature, p, ~ +/1;. It is, therefore, not straightforward to decouple this
from the previously mentioned scalings with the first and second order derivatives.
In several experimental works, the dependence of the intrinsic rotation/torque
on p, has been discussed [226, 228, 234], but with differing approaches to the
applied normalization of their torques. The disentanglement of such scans from
other parameter dependences remains crucial and unsolved. As the variation of p,
is very limited in a tokamak, inter-machine comparisons are required.

7.6 Summary

The analysis of the experimental data shows a number of practical difficulties, and
the methodology in its current form is susceptible to strong temperature perturba-
tions and modes. It is not applicable in strong TEM-dominated regimes. The top
priority for successful experimental analysis is to avoid overly flat phase profiles.

A detailed comparison of the experimental steady-state, amplitude, and phase
profiles confirms the already discussed effects of the modulation frequencies. Fur-
thermore, it shows the influence of the applied heating mixtures on the formation
of the rotation profiles: More concave steady-state profiles are observed for cases
without ECRH. The gyrokinetic predictions for the Prandtl and pinch numbers fol-
low the experimental results well within uncertainties for most cases. The Prandtl
number increases monotonically over the radius for nearly all discharges. The
intrinsic torque profiles are flat in the inner core and become strong, co-current
towards the edge of the fitting domain.

An investigation of the parametric dependences shows that the local inverse as-
pect ratio is the Prandtl number’s most robust order parameter in the experimental
analysis. A linear fit gives values for Pr(e), similar to those of the theory predic-
tions, validating that result. No second order parameter is found that significantly
reduces the remaining scatter between the fit and the data points.

As expected, parameter dependences from the Prandtl number and the ion heat
diffusivity are recovered for the experimental momentum diffusivity. Furthermore,
a clear correlation between the experimentally assessed momentum diffusion and
the gyrokinetically calculated growth rates is found, consistent with the basic un-
derstanding of turbulent transport.

For the pinch number, the logarithmic density gradient is observed to be the best
order parameter. This result aligns with theory prediction and earlier works. A
regression with the density gradient and the shear yields results similar to those
obtained from regressing the gyrokinetic database. Therefore, for the convective
transport, the theoretical predictions can be validated for these plasmas.
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The intrinsic torque in the inner and outer core is dominated by different mech-
anisms, resulting in a certain decoupling. The results for the inner core suggest
a scaling with the density gradient. Studying the dominant turbulence regimes
reveals two sign reversals, one from dominant TEM with flat density profiles to
a mixed regime with peaked density profiles and another from the mixed regime
to strong ITG modes with flat density profiles. A correlation to the applied ECRH
power is found. This is analogous to earlier works on the LOC-SOC transition, the
influence of the ECRH on the rotation profile, and theoretical works on the effects
of profile shearing. It is concluded that the intrinsic torque in this radial domain
is mainly generated by profile shearing effects of higher order in p,.

At the edge of the fitting domain, the pressure gradient is found to order the as-
sessed intrinsic torque values. They are co-current directed without any indication
of a sign reversal. This suggests that linear effects in p,, connected to the E x B-
shearing, could be responsible, which cannot induce a sign reversal of the intrinsic
torque in this scenario. The analytical Stoltzfus-Dueck model is compared to the
experimental results. While the main parameter dependences from the Stoltzfus-
Dueck model could be used to order the experimental data, a direct comparison
of prediction and measurement does not result in a thorough validation.

A reduced momentum transport model based on gyrokinetic scalings for the Prandtl
and pinch numbers, together with experimental scalings for the intrinsic torque, is
constructed and implemented in ASTRA. It is shown that this simple model not only
reproduces the transport coefficients obtained for the reference plasma, but can
also model the rotation profiles of the discharges from the gyrokinetic database.
This shows that the intrinsic torque scaling assessed from only a few discharges
is relatively robust. As a next step, the reduced model is applied to a data set
with sizeable parametric variation, which was not used so far in this work. Also,
for these independent cases, the rotation profiles are correctly predicted, which is
a clear indication that the model catches the most important transport contribu-
tions. This is, to the author’s knowledge, the first reduced and validated momen-
tum transport model available for the core. Such a model finds future applications
in integrated modeling and for real-time control. The boundary condition remains
an important and critical open question for future work.

While many of these results agree with earlier experimental and theoretical works,
this is the first time such a coherent picture of this transport channel is presented
for the core plasma. While for the Prandtl and the pinch number, the presented
results align with earlier works, for the intrinsic torque, the precise parameter
dependences are still under discussion.
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Chapter 8

Summary and Outlook

“Ask me what I learned from all those years...”
— Taylor Swift, Karma, Midnights

In this work, a methodology was implemented that is capable of unambiguously,
separately, and concomitantly determining the contribution of diffusion, convec-
tion, and residual stress to momentum transport within the plasma core. The
analysis is based on experiments with neutral beam modulation, which results in
heating and torque perturbations. While the torque perturbations are used to infer
the transport coefficients by analyzing the Fourier amplitude and phase profiles,
the temperature perturbation is an undesired side effect. It is found that it is cru-
cial to scale the momentum transport coefficients with the experimental ion heat
diffusivity to compensate for the modulated turbulence amplitude.

The transport analysis is based on the TRANSP and NUBEAM codes to assess the
torque from the neutral beams and the ion heat flux that serves as input to the
ASTRA code. An analytical momentum transport model is implemented in the
ASTRA code, together with an experimental boundary condition at the outer edge
of the fitting domain. ASTRA solves the momentum transport equation and can
predict the toroidal rotation based on a set of prescribed transport coefficients in
the transport model. A statistical minimization algorithm is used to iterate on the
transport coefficients to fit the ASTRA prediction to the experimentally measured
rotation data. Statistical error analysis calculates uncertainties in the modeling
and allows insights into the topology of the spanned parameter range. It is found
that the methodology can assess a global and unique minimum, increasing the
confidence in the fitting results.

Successful analysis requires high-quality experimental data that exhibits sufficiently
steep phase profiles and the absence of strong MHD activity. These requirements
limit the number and the kind of plasmas that were analyzed in this work. How-
ever, the modeled rotation agrees with the experimental data with high accuracy
for the analyzed data set. The determined values for the Prandtl and the pinch
numbers agree within uncertainties with gyrokinetic predictions. This resolves a
long-standing mismatch of theory and experiment for these transport channels,
reported in earlier works. Numerical experiments with simplified transport mod-
els show that such a mismatch can be caused by a distortion of the transport
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coefficients due to neglecting the residual stress and the time dependences in the
modeling. Furthermore, only with time-dependent residual stress is the modeling
of the experimental data possible within the experimental uncertainties.

The first application of this methodology was to analyze the isotope dependence
of the momentum transport channel. To separate the effects of the isotope de-
pendence on the heat and momentum transport channel, a special scenario was
designed in which the heat transport between an H and a D plasma were matched.
Furthermore, most of the dimensionless parameters agree. This should isolate a
possible isotope dependence of the momentum transport channel. Theory calcula-
tions predict a negligible isotope effect, and the experimental analysis reproduces
this. The remaining differences are caused by parametric variations in the kinetic
profiles.

The study of these parameter dependences of the momentum transport coeffi-
cients was first focused on theory predictions by gyrokinetic calculations. Isolated
parameter scans are carried out. In these calculations, different physics effects
are consciously activated and deactivated. It is shown that many previous theo-
retical works used oversimplified models that neglected important effects, such as
collisions. In addition to the isolated parameter scans, a database of gyrokinetic
calculations based on experimental data was constructed. The isolated parameter
scans are used to understand which trends in the database resulted from experi-
mental cross-correlation and which are of a physical nature.

It is possible to show that the Prandtl number depends on the inverse aspect ratio
as a proxy for the dynamics connected with the trapped particles. A compensa-
tional effect of the passing particles is suggested based on the coupled equations
for the perturbed density, parallel velocity, and temperature. For the pinch num-
ber, a strong dependence on the logarithmic density gradient is seen, as expected
from the basic principle of the Coriolis pinch. Also, the magnetic shear contributes
to the pinch. Lastly, the Stoltzfus-Dueck model for the pedestal top intrinsic torque
is implemented to provide a theory comparison for the intrinsic torque.

Then, the experimental results are used to understand the validity of these theory
predictions. For the Prandtl and pinch numbers, the assessed parameter depen-
dences align in trend and size with the theory predictions. Corresponding scaling
laws agree within uncertainties. The intrinsic torque is flat in the inner core, be-
coming increasingly strong and co-current directed towards the plasma edge. Dif-
ferent underlying mechanisms likely drive the torque in the inner and outer core.
The logarithmic density gradient is found to order the experimental results in the
inner core. Strong density gradients occur together with counter-current intrinsic
torque, while co-current-directed intrinsic torque is measured for flat density gra-
dients, consistent with previous observations of intrinsic rotation behavior. These
results can be connected to the effects of profile shearing and turbulence intensity
gradients.

At the outer edge of the fitting domain, the pressure gradient orders the experi-
mental data best. E x B-shearing effects in the pedestal are responsible for this.
The Stoltzfus-Dueck model reproduces the trends seen in the data to a certain
degree, scaling with the gradients in the steepest edge regions. However, the dif-
ferent dependences of the Stoltzfus-Dueck model are not thoroughly investigated,
not allowing for detailed validation. Overall, the assessed trends of the intrin-
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sic torque align with the expectations from previous theoretical work. However,
for real validation, non-linear global gyrokinetic calculations would be required,
which are beyond the scope of this work and cannot be applied in such a database
approach.

A discussion of these results in light of earlier theoretical and experimental work
shows overall agreement for the parameter dependences of the Prandtl and the
pinch number. At the same time, this is the first work to validate the theoretical
predictions quantitatively. The study of the intrinsic torque shows that previously
suggested parameter scalings can be confirmed, but a conclusive picture unifying
the observations from multiple experiments is still missing.

Finally, the validated scaling laws for the Prandtl and the pinch number and the
experimental scalings for the intrinsic torque are used to construct a first vali-
dated and reduced transport model to show the potential for integrated modeling
approaches. It is possible to successfully reproduce experimental rotation data
for many discharges with large parametric variations, which were not part of the
analysis in this work, including discharges with hollow rotation profiles. This is a
great success for such a simple transport model.

The next development steps of the reduced model would be to refine the parame-
ter dependences and implement it in integrated modeling approaches. This could
lead to first, physics-based predictions of the rotation profiles of future machines.
The boundary condition, set in this work at p, = 0.8, needs to be replaced. Here,
major future work on the theoretical and the experimental side remains. A start-
ing point to understand the momentum transport in the outer core could be to use
the presented methodology in small-ELM scenarios or in L-mode, where the exper-
imental boundary condition can be set further outside. Such data already exists
for the KSTAR and JET tokamak and should allow for a better understanding of
the core-edge coupling of this transport channel.

For a future machine, strong rotation profiles are beneficial for plasma stability. In
general, the assessed dependence of the intrinsic torque on the pressure gradient
is favorable, but, of course, this is limited by the peeling-ballooning stability. Fur-
thermore, the p, dependence of the intrinsic torque and its proper normalization
is still unclear. Existing data for an identity discharge in dimensionless parameters
from AUG, JET, and KSTAR could be used in an inter-machine comparison to study
this dependence.

A machine like ITER could obtain elevated rotation profiles through flat density
profiles in the inner core to avoid counter-current intrinsic torque. This is, of
course, not beneficial for the fusion gain. Rather, steep gradients towards the
edge are attractive for giving a substantial inward pinch and an edge-localized,
co-current intrinsic torque. An essential limitation of this work is the restriction to
very moderate levels of ECRH. Indeed, more experiments with mixed or even TEM-
dominated turbulence regimes need to be analyzed. This poses challenges for this
methodology, and improvements in the modeling are likely required to expand
the experimental validation to stronger ECRH-dominated plasmas. The author
proposes decoupling the momentum transport solver from ASTRA or implementing
more efficient optimization algorithms for fast iteration over the transport coeffi-
cients. More detailed models or Bayesian inference can then be used with more
radial spline points, accounting for steep changes in the profiles of the transport
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coefficients likely to happen for the very local deposition of the ECRH. Additional
effort is needed to ensure consistent use of the equilibria throughout the various
analysis steps. It is recommended that a systematic study of potential deviations
in equilibrium reconstructions be conducted, particularly in discharges featuring
strong ECRH. Improving ASTRA’s capability to use the IDE equilibrium would ad-
dress the existing discrepancy. Furthermore, the basic assumption to compensate
for the changed turbulence intensity via the ion heat diffusivity has to be revis-
ited when going to an electron-channel-dominated turbulence regime. For a more
compact, spherical tokamak line, the kinetic ballooning mode turbulence regime
or different mixed turbulence regimes are relevant. Theoretical and experimental
work could focus here on the MAST-U tokamak.

The NBI modulation database constructed at AUG also contains experiments with
ECRH and ICRH modulation that pose challenges in momentum transport analy-
sis. They could be used to further understand the interaction of the heat and the
momentum transport channel. From such results, it could be understood better
how to separate these channels in such an analysis. As a possible extension to the
study of the isotope dependence, helium data exists that matches the discharges
used in the isotope comparison in this work. This is an interesting data set, as the
available data allows for directly measuring the main ion rotation.

As a side effect of this work’s experimental efforts, many failed power scans with
NBI modulation exist in which MHD modes were detected and found to modify
the rotation profiles. These experiments could allow insight into how such a mode
influences and interacts with the momentum transport channel.

To conclude, the author suggests focusing future research on the p, dependence
of the intrinsic torque, investigating more TEM-dominated turbulence regimes,
and implementing and validating corresponding reduced models. Significant and
crucial work remains to assess and validate the momentum transport in the plasma
edge, interacting strongly with the core transport mechanisms. This method can
be a starting point for such investigations, particularly in ELM-free regimes.
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Appendix A

Numerical Inputs

A.1 TRANSP

The following experimental input is given to TRANSP by means of ASCII files with
a time resolution of 10 ms (unless not stated otherwise):

* Effective charge Z., calculated from the bremsstrahlung via the CEZ, could
also be taken from the IDZ shotfile directly

» Toroidal rotation (2, as measured by CEZ and CMZ diagnostic, radially smoothed
* Jon temperature 7}, taken from CEZ and CMZ, radially smoothed

* Electron temperature 7., taken from IDA, radially smoothed

* Electron density n., taken from IDA, radially smoothed

* Fourier moment decomposition of the last closed flux surface to prescribe the
equilibrium, taken from EQH for the initial time point

» Safety factor ¢, calculated from the EQH shotfile, for the equilibrium recon-
struction for the initial time point

 Toroidal magnetic field B, on the magnetic axis, obtained from the FPC shot-
file

* Plasma current /,, from the FPC shotfile

* Loop voltages ujq0p, taken from the TOT shotfile, calculated via the FPG mea-
surements

* ECRH power Pycry for every source, time traces taken from the ECS shotfile

* toroidal and poloidal angle for every ECRH source, time traces taken from
the ECS shotfile

* NBI power Pygi, time traces for every beam from the NIS shotfile
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A.2 ASTRA

The experimental inputs to the ASTRA simulation are linked via the so-called exp-
file, and via the 1og-file, a set of momentum transport coefficients is prescribed. By
starting the ASTRA simulation, the equ-file is parsed. From the TRANSP calculation,
the following outputs are used as input to ASTRA by means of ASCII files:

* Power density onto the ions P, a sum of: total ion heating (IHEAT), electron
to ion heat flux (QIE), ion heating by convection and friction from rotation
(QROT), fast ion thermalization power (PBTH), minus net loss due to charge
exchange (PONET), minus ion gain (GAINI)

* Power density onto the electrons P,, sum of: total electron heating (EHEAT),
minus electron to ion heat flux (QIE), minus neutral ionization work (PION),
minus radiated power (PRAD), minus electron gain (GAINE)

* Torque density (TQIN)
* Fast particle energy density parallel and perpendicular (UFASTPA and UFASTPP)
* Radiated power P,,q (PRAD)

* To enforce consistency of the ASTRA input with the TRANSP input: safety factor
(Q), electron density and temperature (NE and TE), ion temperature (TI),
effective charge (ZEFFI)

* To compare to the power balance calculation from ASTRA, but not necessarily
needed: electron and ion heat diffusivity (CONDE and CONDI)

Additionally, the following data is given from the shotfile database via the trview
code:

* Last closed flux surface boundary in R and z coordinates
* Plasma current /, and toroidal magnetic field B,,

* Main ion charge and mass numbers A; and Z;

The experimental toroidal rotation data v, is taken directly from the shotfile
database and postprocessed manually.

The ASTRA equations for the reduced transport model are given below:

CAR62 = abs(-625*%QITOT/GRAD(TIX)/NI/G11)+0.001; 'chi_i
CAR63 = (4.8*AMETR/RTOR+0.2); !'Prandtl number

XUPAR = CAR63*CAR62; !chi_phi

CNPAR = -XUPAR/RTOR*(0.5%RTOR/LNE+0.44*SHEAR); !V_c

CAR42 = NE4TI*11604.25%1.38x10**(-4); !pi

CAR43 = -GRAD(CAR42); !'-grad(pi) in kPa/m
CAR48 = RTOR/LNE;
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CMHD3 = 0.068*CAR48(AFX(0.35))-0.048; !value of g(rhot=0.35)

CMHD4 = -(0.0057*CAR43(AFX(0.7))+0.024); !value g(rhot=0.7)

CMHD1 = 10/7*(4*CMHD3-CMHD4); !'b for g=ax~2+bx

CMHD2 = -200/49%(2*xCMHD3-CMHD4); !'b for g=ax~2+bx

RUPFR = MRHO*XUPAR*RTOR*CS/ABC* (CMHD1*XRHO+CMHD2*XRHO*XRHO) *G11/VRS;

IRs scaled by g(rhot)

A.3 Workflow

In Fig. A.1, the flow of data is depicted. The main Python functions are:

* get.py: prepares all used input data from the shotfile database in a uniform
format together with their uncertainties

* fourier_analysis.py: a shared library that performs the Fourier analysis in
all needed code instances

* error_validity.py: function to perform validity checks for the error bars
from non-smooth profiles

* trview_cmdline.py: a non-GUI version of the trview code

* ASTRA_prepare.py: merges all necessary data to prepare the input for an
ASTRA run

* ASTRA_fit_parallel.py: wrapper to run and iterate on ASTRA runs and de-
rive the experimental momentum transport coefficients together with their
uncertainties. Includes all steps in the red, dashed rectangle.

* ASTRA_read_mult.py: plotting functions comparing ASTRA runs and experi-
mental data

* ASTRA_read_errors.py: plotting functions to compare results of the momen-
tum transport analysis and experimental data. Includes functions to map the
scanned parameter space.

* GKW_perform.py: writes input for CHEASE and GKW, supervises the calcula-
tion and analyzes the results. Includes plotting functions to compare to the
experimental momentum transport analysis.

* scaling_law_fitting.py: provides a flexible library to fit scaling laws
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Figure A.1: Flow of data within the analysis framework. In orange, the major codes are shown. Dark yellow marks routines that prepare input data. In red, the
experimental momentum transport analysis is marked. All functions can be started and controlled from the NBI modulation browser.
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Appendix B

Additional Material

B.1 Tables

Analyzed Discharges for Gyrokinetic Database

Discharge # tBegin [S] | tgnd [S] | fmod [Hz] | I, [IMA] | Pnpr [IMW] | Pecry [MW]
41551 6.4 7.6 5 0.8 6.73 0.78
41550 1.8 4.2 5 0.8 4.01 0.78
40797 4.2 6.0 5 0.6 2.74 2.91
40797 2.0 4.0 5 0.6 2.75 0.0
40076 4.2 6.4 5 0.8 5.21 0.61
40076 2.0 4.2 5 0.8 5.22 0.64
39333 7.16 9.16 3 0.6 2.86 4.98
39018 5.5 6.83 3 0.6 8.97 1.59
39016 5.5 7.83 3 0.6 6.65 0.81
39016 2.17 5.5 3 0.6 6.66 0.84
39015 7.0 9.34 3 0.6 2.89 0.0
39015 4.5 6.83 3 0.6 2.89 2.4
39015 2.33 4.33 3 0.6 2.9 5.2
39014 7.0 9.34 3 0.6 2.88 2.35
39014 4.5 6.83 3 0.6 2.86 3.82
39014 2.33 4.33 3 0.6 2.88 5.21
39013 3.0 4.33 3 0.6 2.78 5.24
34042 6.12 7.4 7 0.8 5.2 0.59
34042 1.83 3.5 3 0.8 5.33 0.61
34027 6.48 7.48 7 0.8 5.21 0.57
34027 1.83 3.5 3 0.8 5.35 0.61
30393 2.29 2.99 10 1.1 10.31 1.81
29230 1.9 3.9 2 0.8 5.32 0.57
29217 5.69 6.99 10 0.6 3.01 3.41
29216 1.99 4.49 2 0.6 3.01 0.58
28043 4.4 7.0 10 0.7 4.33 0.48
28043 1.89 4.4 2 0.7 4.36 0.5
26270 2.1 3.9 10 0.7 3.05 0.82
26235 4.5 6.9 10 0.7 6.65 0.0

Table B.1: List of discharges used for the database approach in Chapter 6.
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Analyzed Discharges for Experimental Analysis

Discharge # | tgegin [S] | tgnd [S] | fmod [Hz] | I, [MA] | Pxpi [IMW] | Prcra [MW]
(1) 41551 6.4 7.6 5 0.8 6.73 0.78
(2) 41550 1.8 4.2 5 0.8 4.01 0.78
(3) 40797 2.0 4.0 5 0.6 2.75 0.0
(4) 40076 4.2 6.4 5 0.8 5.21 0.61
(5) 40076 2.0 4.2 5 0.8 5.22 0.64
(6) 39015 7.0 9.34 3 0.6 2.89 0.0
(7) 34027 1.83 3.5 3 0.8 5.35 0.61
(8) 29216 1.99 4.49 2 0.6 3.01 0.58

Table B.2: List of discharges analyzed in Chapter 7.

B.2 Figures
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Figure B.1: Core intrinsic torque values p, = 0.3 — 0.6 and corresponding w, from GKW plotted
versus various dimensionless parameters for the discharges from Tab. B.2.
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