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Abstract

Magnetic confinement fusion could one day serve as a critical player in meeting humanity’s
energy demands in the future. The two most prominent approaches are the tokamak and
stellarator concepts. Omne of the main challenges of these devices is the outflow of heat
and particles within the fusion plasma due to turbulent fluctuations. Understanding and
mitigating these losses is vital for designing a future power plant. The complex and nonlinear
nature of plasma turbulence is largely studied via numerical simulations within the gyrokinetic
framework. Although turbulence in the core of tokamak plasmas has been studied for decades,
stellarator turbulence is understood far less. Due to the inherently three-dimensional magnetic
field geometry, simulations have mainly been limited to small spatial domains, so-called flux-
tubes, following a single magnetic field line once around the torus of the device.

This thesis aims at narrowing the knowledge gap. The GENE-3D code, the extension of
the global gyrokinetic code GENE for stellarator geometries, has been improved to capture
electromagnetic effects. Beyond the capability to simulate flux-tube domains, GENE-3D
also allows for simulations of an entire torus surface at a time, so-called flux-surfaces, and
even for radially global simulations up to the last closed flux-surface. The code upgrade
allows studying global stellarator turbulence in the presence of a finite pressure gradient and
enhances the numerical efficiency of (quasi-)electrostatic simulations using a kinetic electron
model. A detailed discussion of the modifications to the physical model and the changes in
the numerical schemes is provided, and verification studies in tokamak geometries against
GENE are presented.

The new code version has been applied to study multiple topics linked to turbulence in
the configurations of the Wendelstein 7-X stellarator. In the first step, it was shown that even
moderate electromagnetic effects can significantly stabilise global ion temperature gradient
(ITG) turbulence. Following that, the influence of nonlocal effects on ion temperature gradient
turbulence, trapped electron mode (TEM) turbulence and hybrid scenarios of the two was
studied by comparing transport predictions of flux-tube and full-flux-surface simulations. It
was found that while flux-tube simulations can predict similar levels of transport as full-flux-
surface simulations for some cases, there can be significant differences due to nonlocal effects
in other cases. In a final step, radially global, full-flux-surface and flux-tube simulations of
an experimental W7-X discharge were performed to show the existence of TEM turbulence in
the form of ITG-TEM hybrids, primarily driven by the electron temperature gradient in the
core of the plasma, which was hypothesised in the literature to be dominated solely by ITG on
ion-scales. Furthermore, it was shown that electron temperature gradient (ETG) turbulence
substantially contributes to the overall electron heat flux for the case under consideration.



Zusammenfassung

Kernfusion durch magnetischen Einschluss kénnte eine entscheidende Rolle bei der Deckung
des zukiinftigen Energiebedarfs der Menschheit spielen. Die beiden bekanntesten Konzepte
sind der Tokamak und der Stellarator. Eine der grofiten Herausforderungen dieser Anlagen
ist der Verlust von Warme und Teilchen aus dem Fusionsplasma aufgrund turbulenter Fluk-
tuationen. Das Verstdndnis und die Reduzierung dieser Verluste sind von entscheidender
Bedeutung fiir den Entwurf eines zukiinftigen Kraftwerks. Die komplexe und nichtlineare
Natur der Plasmaturbulenz wird weitgehend durch numerische Simulationen im Rahmen
der Gyrokinetik untersucht. Wahrend die Turbulenz im Kern von Tokamak-Plasmen seit
Jahrzehnten untersucht wird, ist die Turbulenz in Stellaratoren weit weniger erforscht. Auf-
grund der inhérenten dreidimensionalen Magnetfeldgeometrie beschranken sich die Simula-
tionen hauptsachlich auf kleine rdumliche Bereiche, so genannte Flussschlauche, die einer
einzigen Magnetfeldlinie einmal um den Torus der Anlage folgen.

Die vorliegende Dissertation vertieft das theoretische Verstédndnis von Stellaratorturbu-
lenz. Zu diesem Zweck wurde der Code GENE-3D, die Erweiterung des globalen gyrokin-
etischen Codes GENE fiir Stellaratorgeometrien, verbessert, um elektromagnetische Effekte
miteinbeziehen zu konnen. Neben der Moglichkeit, Flussschlduche zu simulieren, erlaubt
GENE-3D auch die Simulation ganzer Torusflichen, so genannter Flussflichen, und radial
globale Simulationen bis hin zur letzten geschlossenen Flussflache. Die Erweiterung des Codes
ermOglicht nicht nur die Untersuchung globaler Stellaratorturbulenz bei endlichen Druck-
gradienten, sondern verbessert auch die numerische Effizienz von (quasi-)elektrostatischen
Simulationen, welche ein kinetisches Elektronenmodell verwenden. Die Anderungen des
physikalischen Modells und der numerischen Schemata werden ausfiihrlich diskutiert und
Verifikationsstudien gegen den GENE Code in Tokamakgeometrien vorgestellt.

Die neue Version des Codes wurde verwendet, um verschiedene Fragen beziiglich der
Turbulenz in den Geometrien des Wendelstein 7-X Stellarators zu untersuchen. In einem
ersten Schritt wurde gezeigt, dass selbst moderate elektromagnetische Effekte eine signifik-
ante Stabilisierung auf globale, vom Ionentemperaturgradienten getriebene, Turbulenz (ITG)
bewirken konnen.

Anschliefend wurde der Einfluss nicht-lokaler Effekte auf Ionentemperaturgradiententur-
bulenz, Gefangene-Elektronen-Moden-Turbulenz (TEM) und hybride Szenarien der beiden
untersucht, indem die Transportvorhersagen von Flussschlauch- und Flussflachensimulationen
verglichen wurden. Es zeigte sich, dass Flussschlauchsimulationen zwar in einigen Fallen
dhnliche Transportraten vorhersagen konnten wie Simulationen der gesamten Flussflache,
dass aber in anderen Féllen signifikante Unterschiede aufgrund nicht-lokaler Effekte auftreten
konnen. In einem letzten Schritt wurden radial-globale Flussflachen- und Flussschlauch-
simulationen einer experimentellen W7-X-Entladung durchgefithrt. Entgegen Vorhersagen
aus fritherer Literatur, welche eine Dominanz von ITG-Turbulenz auf Ionenskalen postulier-
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ten, wurde ein signifikanter Beitrag von TEM-Turbulenz zum Gesamtwarmestrom im Plas-
makern in Form von ITG-TEM-Hybriden gezeigt, welche priméar durch den Elektronentem-
peraturgradienten getrieben werden. Dariiber hinaus wurde gezeigt, dass im betrachteten
Fall die Elektronentemperaturgradienten-Turbulenz (ETG) einen wesentlichen Anteil am Ges-
amtwarmestrom der Elektronen im Plasmakern hat.
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Chapter 1

Introduction

1.1 Nuclear fusion as energy source

The continuous population growth and the tight link between societal advancement and en-
ergy consumption have put humanity in front of a global challenge. On the one hand, it
is predicted that primary energy consumption will at least double during this century [1f,
requiring a drastic increase in its production worldwide. On the other hand, humanity must
eliminate greenhouse gas emissions to mitigate the effects of climate change, thus having to
move away from burning fossil fuels. In addition to renewable sources such as solar or wind
power, using nuclear reactors poses a suitable way to meet current and future energy needs
since their spatial energy density exceeds that of nonfossil-based power plants by more than
one order of magnitude [2]. This can be done either in the form of nuclear fission or fusion.
Fission reactions have been employed as an energy source since the 1950s [3], in which a heavy,
radioactive nucleus is split by neutron bombardment into several fission products whose total
mass is slightly lower than that of the reactants. The mass deficit Am is transformed into
energy AF, according to Einstein’s famous formula

AFE = Am¢?, (1.1.1)

with ¢ being the speed of light. Although nuclear fission is an established technology at this
date, its future use is debated strongly, mainly due to safety concerns in cases of accidents
within the reactor and the production of radioactive waste with half-life times on the order
of 1000 to 10,000 years. The second type of nuclear reaction is the mechanism that powers
the stars: fusion. In this process, two light nuclei fuse into a single nucleus, slightly lighter
than the sum of the initial masses. Like in fission reactions, the mass deficit is converted into
harnessable energy. The proton-proton chain, fuelling the Sun, requires protons to decay into
neutrons and neutrinos via the weak nuclear force [4], which has a reaction cross-section that
is too low for efficient use of this reaction chain as a terrestrial energy source.
The most promising reaction type to this date is that of deuterium and tritium, two heavy
isotopes of hydrogen:
D4+ T =5 He +n +17.6 MeV. (1.1.2)

In this reaction, deuterium and tritium fuse into a helium nucleus and a neutron, where the
latter carries approximately 80% of the 17.6 MeV released in the form of kinetic energy.
Ocean water contains approximately 0.015 mole% of deuterium [5] (1 deuterium atom per
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6700 hydrogen atoms), thus being an abundant partial fuel source. On the other hand, the
short-lived radioactive tritium must be synthesised in the laboratory. This can be achieved
by neutron activation of lithium-6, a rare isotope of lithium:

SLi+{n —3 He +3 T +4.8MeV. (1.1.3)

Lithium, in general, is largely found in the earth’s crust and seawater.

Let us put the benefits of fusion energy into context. There are approximately 9.98 x 102!
atoms of deuterium in one litre of seawater and 6.59 x 10! gLi—atoms in one gram of lithium.
Assuming a conversion efficiency of 33% from fusion energy to electricity, a typical value of
steam turbines, it is straightforward to show that it only takes approximately 8.5 litres of
seawater and 12.8 grams of lithium to match the yearly energy needs of an average German
household [6]. Although this simplified scenario does not consider losses such as energy
requirements for tritium breeding or efficiency losses through engineering constraints, nuclear
fusion seems to provide an energy source with seemingly limitless amounts of fuel. In addition,
fusion reactions do not produce any greenhouse gases such as COs like the combustion of fossil
materials. Fusion power plants would be inherently safer than those running on fission, as
their reactions immediately cease in case of any disturbance such as a shutdown or damaging
of the reactor [7]. Finally, the reactions themselves do not produce any long-lived radioactive
materials. Only the fast neutrons will activate the reactor wall. In contrast to fission power
plants, choosing materials that exhibit favourable activation properties is possible. As a
result, most activated components are expected to possess relatively short half-lives, allowing
for their recycling within less than 100 years of secure storage.

Whether a net energy production is achieved through fusion mainly depends on three
parameters. The first one is the temperature, as the positively charged nuclei need sufficient
kinetic energy to overcome the Coulomb repulsion and come close enough for the attractive
strong nuclear force to induce the fusion reaction. Even though the quantum tunnelling
effect lowers the classically required kinetic energy substantially, future reactors will still
have to reach energies in the range of approximately 10 to 20keV for a sufficient fusion rate,
corresponding to temperatures between 100 and 200 million Kelvin [8]. At these temperatures,
any type of matter is completely ionised and is in the plasma state. The second parameter
is the plasma density. A higher density increases the frequency of the nuclei colliding with
each other, raising the rate of fusion reactions per unit time. The third one is the so-called
confinement time 7, which is a measure of how long the plasma can sustain conditions suitable
for fusion reactions to occur. Through energy balance, one arrives at the so-called Lawson
criterion [9], which states that, under simplified assumptions, the triple product between the
three needs to exceed a value of

021 keV's

nTrg >3 x 1 (1.1.4)

m3
in order to obtain a net energy gain. Currently, two main approaches are being pursued to
meet this constraint. The first one is that of inertial confinement fusion, in which lasers or ion
beams are used to compress a fuel pellet to densities of n ~ 1039 m™ and sustain this state
for a short time 7 ~ 107?s. The alternative is magnetic confinement fusion, in which the
plasma is kept at low densities n ~ 10?2 m™3 for a much longer time 75 ~ 1s. The following
section will discuss the basic ideas behind magnetic confinement fusion.
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Figure 1.1: Sketch of Larmor motion of a positively charged particle in a uniform magnetic
field (left), along with projection perpendicular to the magnetic field lines (right).

1.2 Magnetic confinement fusion: tokamaks and stellarators

In magnetic confinement fusion, a low-density gas of deuterium-tritium fuel is heated to
approximately 100-200 million Kelvin, at which the gas becomes a plasma. Confining this
state on the timescale of seconds is impossible using material walls since a plasma at such high
temperatures would melt or corrode any material known to this day. Instead, it makes use
of the fact that the plasma consists of charged particles, whose motion can be manipulated
through a magnetic field B = Byb via the Lorentz force

Fi. = Lv x B, (1.2.1)

c
where ¢ is the charge of a particle with mass m and velocity v, and c is the speed of light.

Solving Newton’s equations of motion, it is easy to show that a charged particle in a
straight and uniform magnetic field will undergo a circular motion perpendicular to the mag-
netic field lines. In contrast, it can move freely parallel to them. This is exemplified in
figure where we have introduced the Larmor radius p = v, /2 with the Larmor frequency
Q2 = ¢By/(mc) and the particle velocity v, perpendicular to the magnetic field lines. A simple
approach is bending the magnetic field to close on itself so that the particles can move in a
toroidal orbit indefinitely. However, this results in an inhomogeneous magnetic field, caus-
ing additional outward drifts that ultimately terminate plasma confinement. The solution
is incorporating a poloidal component into the purely toroidal magnetic field. This addition
generates helical field lines that eliminate the average perpendicular drift over a complete
orbit along the magnetic field, stabilising the plasma.

The first way to add a poloidal magnetic field is to use the transformer principle and drive
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‘ inner polidal .
toroidal magnetic field coils coil current outer poloidal
magnetic field cails J magnetic field coils

Figure 1.2: Schematic illustration of the tokamak principle. Source: IPP

a toroidal current in the plasma. For this, a solenoidal coil is placed in the centre of the plasma
ring as the primary drive, using the plasma itself as the secondary coil. This approach is usu-
ally referred to as the 'tokamak’ principle, following a Russian acronym for 'toroidal chamber
with magnetic field coils’. Figure shows a schematic picture of a tokamak. Although it is
the most advanced magnetic confinement concept to date, tokamaks have several drawbacks.
The transformer principle only allows for pulsed operation unless advanced current driving
mechanisms, which are still being developed, are employed. Furthermore, tokamaks possess
an intrinsic upper bound on the achievable plasma density known as the Greenwald limit
[10], consequently limiting the triple product nT7g. The most prominent disadvantage of
driving a plasma current is the possibility of various types of magnetohydrodynamic (MHD)
instabilities, which can ultimately lead to a disruption of the plasma , in which the massive
amount of energy stored in the plasma is released, potentially causing detrimental damage to
the vessel wall.

All of these problems can be avoided if the poloidal magnetic field is not induced via
a plasma current but via the magnetic field coils themselves. This is the basic principle of
stellarators, of which a schematic picture is shown in figure This comes at the expense
of the magnetic field having an inherently three-dimensional structure, in contrast to the
axisymmetric tokamak, with complex requirements for the coil design. The additional spatial
variation, however, opens up the possibility of shaping the plasma substantially more than in
tokamaks, opening up the potential for optimising plasma parameters.

1.3 Transport in magnetically confined fusion plasmas

Regardless of which type of magnetic field geometry is chosen, one of the key issues limiting
current-day fusion experiments from reaching a net energy gain is the radial transport of
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Figure 1.3: Schematic illustration of the stellarator principle. Source: IPP

particles and energy. This transport usually leads to severe reductions in the plasma confine-
ment time and an overall degradation of the machine’s fusion performance. Oftentimes, one
considers transport to be mainly diffusive, so that Fick’s law

I'=-DVn

VT (1.3.1)

is used to link the plasma density and temperature n and T to the particle and heat fluxes
I' and y using the diffusion coefficients D, x ~ a?/7g, where the (effective) minor radius a of
the fusion device is often used as a characteristic lengthscale.

One usually distinguishes between three main types of transport based on its origin. The
first one is the so-called ’classical’ transport, which is caused by particles colliding with each
other while moving along the magnetic field lines. Using a simple random-walk model

Az?

Dclass = Tt )

(1.3.2)
with Az ~ p being the distance a particle travels within a time step At ~ 1/v. on the
timescale of the Coulomb collision frequency v., one finds Dejass ~ 1073 m?/s for reactor-
relevant conditions, which is far from the values ~ 1 m?/s measured in today’s experiments.

As mentioned before, the toroidal geometry in magnetic confinement devices induces ad-
ditional drifts, which can cause radial fluxes. This type of transport caused by the toroidal
magnetic geometry is usually referred to as ‘neoclassical’ transport and has been described
extensively in . While the magnetic field was originally designed to be twisted such that
the averaged drift for particles that traverse the entire surface vanishes, this is only true for
particles that are free to traverse around the entire device, referred to as passing particles.
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There is a different class of particles, so-called trapped particles, whose averaged drift does
not vanish and thus must be considered carefully. To understand their origin, consider a
magnetic field whose strength varies periodically along the field lines, the direction which we
label as z, according to

B(Z) = 5 [(Bmax + Bmin) + (Bmax - Bmin) COS(Z + 7T)] . (133)

Due to the conservation of the kinetic energy & = m[vﬁ(z) + v2 (2)]/2 and the magnetic

moment p = mv? (2)/(2B(z)), only particles with

2
Y| (0) Buin

IUE_ (0) Bax

(1.3.4)

can move along freely along the entire field. The others will bounce back and forth between
points of equal magnetic field strength and are thus trapped along a field line. Collisional
effects also influence this process due to the exchange of kinetic energy between particles.
Neoclassical theory is, therefore, primarily driven by the plasma’s collisionality and the details
of the magnetic field geometry confining it.

Stellarators have been trailing behind tokamaks for a long time as a potentially viable
concept for a future fusion reactor, as it has been shown that the lack of axisymmetry can
induce significant amounts of neoclassical transport in comparison with tokamaks [12} |13],
imposing a substantial limit on the overall performance of the device. However, the ab-
sence of axisymmetry allows far greater potential for shaping the magnetic field enclosing the
plasma, giving rise to several decades of research on stellarator optimisation. These endeav-
ours culminated in the design of the Wendelstein 7-X (W7-X) stellarator, whose construction
in Greifswald, Germany, finished in 2015. The magnetic field is generated by 50 coils, divided
into five identical modules, with an additional 20 planar coils for greater flexibility in shaping
the magnetic field. The effective minor and major radii are ¢ = 0.55m and Ry = 5.5m,
respectively and is thus the largest stellarator built to this day. Besides other optimisation
criteria, which are summarised in |14], it was shown in [15] that this machine is able to reduce
neoclassical losses to the levels of tokamaks.

Even under these conditions, the diffusivities measured experimentally in either tokamak
or stellarator can still be larger by one to two orders of magnitude than what is predicted by
classical and neoclassical theory. The remaining transport is therefore categorised as ’anomal-
ous’, and it is widely accepted nowadays that it is caused by plasma turbulence. This type of
turbulence is usually caused by so-called 'microinstabilities’ with characteristic lengthscales
perpendicular to the magnetic field comparable to the electron or ion Larmor radius. These
instabilities usually arise due to density and temperature fluctuations én and 67, which can
cause electrostatic or electromagnetic fluctuations §¢ and 6 A due to charge separation. The
latter create additional drifts, which in turn can strengthen the initial perturbation if both are
sufficiently out of phase with each other. The resulting instabilities can then form turbulent
transport of particles and energy due to nonlinear interaction with the plasma.
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1.4 Scope and outline of the thesis

In this section, we briefly introduce some of the theoretical studies on plasma turbulence
within the core of Wendelstein 7-X. The overview is by no means complete but instead focuses
on the topics relevant to this thesis.

With neoclassical losses substantially reduced, it was shown experimentally in [16] that
plasma turbulence is the primary driver of heat and particle transport in the core of Wendel-
stein 7-X. As mentioned in the previous section, turbulence is caused by the nonlinear inter-
action of the plasma with different types of microinstabilities. The most prominent types of
instabilities relevant to W7-X plasmas so far are the ion temperature gradient mode (ITG),
electron temperature gradient mode (ETG) and trapped electron mode (TEM). Electromag-
netic instabilities such as kinetic ballooning modes (KBM) might become relevant in highly
electromagnetic regimes of future experiments [17]. Although a simplified picture of their
linear excitation is given in 18], the complex magnetic geometries of stellarators, as well as
the chaotic nonlinear interaction between plasma and instabilities, makes quantitative studies
only possible in the context of numerical simulations based on so-called gyrokinetic theory.

Although studies of ETG turbulence in stellarators date back as early as 2002 [19], its
impact on transport processes in Wendelstein 7-X is still debated today, with [20] arguing on
the one hand that it should be negligible for W7-X but [21] concluding on the other hand
that it could be the main contributor to the anomalous electron heat transport in the core of
some experimental discharges.

In contrast, there have been extensive studies on turbulence driven by ITG and TEM. It
was argued [22-24] that TEM turbulence should be relatively weak in W7-X due to most of the
trapped electrons residing in regions of positive average magnetic field curvature, something
referred to as the 'maximum-J’ property. In the absence of TEMs, the so-called ion-driven
trapped electron mode (iTEM) is supposed to emerge [25], having the characteristic struc-
ture of TEMs but propagating in the ion diamagnetic direction and using the bulk ions as a
source of free energy. However, it was argued that iTEMs should contribute little to nonlin-
ear transport compared to their 'classical’ counterpart since they usually appear at smaller
lengthscales. It is worth mentioning, however, that many, though not all, of those studies
consider TEMs to be driven primarily by a finite density gradient and not by a finite electron
temperature gradient.

As a result, the most significant contributor to turbulence in the core of W7-X was hypo-
thesised to be ITG, with TEMs only expected to be found in the edge region, if at all [16, 26].
It was argued in [24] that equal density and temperature gradients lead to a regime of sup-
pressed plasma turbulence referred to as a ’stability valley’. This situation could potentially
be achieved in high-density scenarios. Consequently, the suppression of ITG turbulence was
considered to explain record-high plasma performance [27] in W7-X during high-performance
discharge, where pellet injection was used as a fuelling method.

Most of the theories mentioned above were derived based on gyrokinetic simulations that
rely on some approximation. The most common one was using a flux-tube domain, mainly due
to computational cost. Although flux-tube simulations mainly follow the general trends seen in
the experiment, it is not clear that effects beyond their capabilities might not have a significant
impact. In particular, since stellarators do not generally exhibit toroidal symmetry, it is not
apparent which field line or field lines to choose to accurately characterise the mechanisms
one is interested in.

This uncertainty facilitated the development of stellarator codes that can go beyond the



1.4. SCOPE AND OUTLINE OF THE THESIS

flux-tube domain. With the flux-surface version of the GENE code [28] providing some form
of an interim solution, GENE-3D has been developed as the first code in the world to be able
to simulate nonlinear stellarator turbulence in a global domain [29, [30], shortly followed by
several other codes [31-33]. Using some of the world’s most powerful supercomputers, these
codes have helped advance the understanding of ITG transport mechanisms. However, all
simulations have relied on the assumption of an adiabatic electron model up to this point,
which has put the studies of trapped electron physics, one of the supposed key mechanisms in
pellet scenarios, and the study of electromagnetic turbulence out of reach. With the improve-
ments of GENE-3D performed throughout this project, it was possible to simulate global,
electromagnetic stellarator turbulence with realistic electrons for the first time [34]. Besides
the possibility of studying electromagnetic turbulence, the code was also capable of simulat-
ing electrostatic turbulence with significantly decreased cost, as stated in chapter |3| allowing
us to test the validity of several of the above claims beyond the flux-tube limit. In partic-
ular, we test the impact of electromagnetic effects on global ITG turbulence in Wendelstein
7-X, showing a stabilising effect even when said effects are moderate. We furthermore show
that a finite density gradient indeed also stabilises ITG turbulence in full-flux-surface sim-
ulations but find that the interplay between ITG and TEM turbulence proposed to explain
the high performance in 23] is heavily affected by the presence of a finite electron temper-
ature gradient. We also show that while heat flux predictions of flux-tube simulations agree
quantitatively well with those considering an entire flux-surface in some cases, substantial
disagreement between the two is found in other scenarios. Finally, we challenge the claims of
weak TEM and ETG turbulence in the core of Wendelstein 7-X based on flux-tube, full-flux-
surface and radially global simulations of one of its experimental discharges. We find that
both types of turbulence are necessary to explain the experimentally measured electron heat
fluxes. We find that TEMs appear hybrid with ITG turbulence and are primarily driven by
the electron temperature gradient, a drive mechanism that has received far less attention in
the literature than those driven by density gradients.

The rest of this thesis is structured as follows. In chapter [2, the fundamentals of gyrokin-
etic theory will be discussed, and the equations used by GENE-3D will be derived. Chapter
outlines the numerical algorithm used by GENE-3D. The description includes several new
features added throughout this project, such as considering electromagnetic effects and using
staggered-grid finite-difference schemes to discretise the field equations and electromagnetic
verification studies against the global tokamak version of the GENE code. In chapter[4] global
simulations in stellarator geometry are described to study the influence of electromagnetic ef-
fects on ITG turbulence. Chapter [5|describes studies on the interplay between ITG and TEM
turbulence in stellarator geometries and the influence of a constant equilibrium electric field.
For this, flux-tube as well as full-flux-surface simulations were performed, and their predictive
capabilities were compared with each other. Chapter [6]analyses the turbulence characteristics
of an experimental discharge of Wendelstein 7-X using radially global, full-flux-surface and
flux-tube simulations. Finally, the results are summarised in chapter [7] and an outlook for
future projects is given.



Chapter 2

Modern derivation of gyrokinetics

The description of the plasma dynamics via the individual particles’ behaviour is unsuitable
for fusion applications, as a particle density of the order of 10" m~2 puts such an approach out
of reach computationally for any meaningful scenario. Instead, it proves to be advantageous
to consider the bulk behaviour of the plasma via means of statistical physics. For this, each
particle species o, like ions, electrons, or others, is characterised by a distribution function
fo(x,v,t), being defined as the number of particles per unit volume in an infinitesimal hyper-
volume centred around the phase-space coordinate (x,v) at time ¢ in the presence of self-
consistently calculated electromagnetic fields. Conservation of particles then dictates that
the total time derivative of f, has to vanish, giving rise to the so-called Vlasov equation [35]

%z%ﬂg-vxngrvg-vvfg:o, (2.0.1)
where x, and v, are the single-particle characteristics of species ¢ in x- and v-space. If one
considers only electromagnetic forces acting on the particles, equation can be shown
to have the form

Afs Go 1 _
eT +v-Vifs+ o~ <E(x,t) + PR B(x,t)) -Vyvfe=0 (2.0.2)

in the non-relativistic limit. This equation has to be coupled with Maxwell’s equations

V-E=4r) p, V-B=0
y (2.0.3)

10B A7
E=_-"2 B=—3%"j
V x T V x nglﬂ

where the displacement current (1/c)(0E/0t) has been neglected. The charge and current
densities p, and j, are defined in terms of the distribution function as

Po(X,t) = qa/ fo(x,v,t) d3v and i, = qa/ fo(x,v, 1) vd3. (2.0.4)

Although providing an accurate description of any non-relativistic plasma, the kinetic
equation (2.0.2)) coupled with equations (2.0.3) and (2.0.4) does not provide a suitable tool in
order to investigate the bulk behaviour of fusion plasmas, in particular of plasma turbulence,
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either. The reason is that, especially in a fusion device, the plasma inherits a great variety
of phenomena acting over a broad spectrum of length- and timescales. The spatial variations
range from the size of the minor radius of a fusion device, on the order of a metre, down to the
electron Larmor radius, typically 1-10 micrometres. The temporal variations range from the
confinement timescales on the order of a second down to the electron Larmor frequency on
the order of 10719 seconds. Resolving five orders of magnitude in space and ten orders in time
is out of reach for even the most powerful supercomputers to this date for any fusion-relevant
application.

In order to overcome this issue, one has to find a theoretical framework in which the
Larmor motion of the particles is eliminated through appropriate averaging procedures so
that one does not consider the motion of the plasma particles themselves but rather the
motion of their centres of rotation. This framework is largely known as gyrokinetic theory.
Frieman and Chen did the original derivation of the system of nonlinear equations [36] using
perturbation techniques, followed by numerous derivations using alternative approaches, such
as variational methods. This chapter will provide a derivation largely based on the references
[3740].

In the following, we will introduce the underlying assumptions of gyrokinetic theory in
section followed by the derivation of the gyrokinetic Lagrangian describing the particle
motion in an electromagnetic field in section 2.2 We will couple the single-particle dynamics
to the Lagrangian of the dynamics of the electromagnetic fields induced by the plasma in
section [2.3] from which we will then derive the equations of motion in section [2.4] which is
necessary to establish the gyrokinetic equation describing the bulk behaviour of the plasma
in section [2.5] Since the plasma is not only affected by electromagnetic fields but also creates
them itself, one has to couple the gyrokinetic equation self-consistently with a system of
equations determining the electric and magnetic potentials, which are derived in section [2.6
Finally, section will discuss the approximations of the gyrokinetic model specific to the
GENE-3D code, which will be the primary numerical tool used in this thesis and which will
be introduced in detail in chapter

2.1 Gyrokinetic ordering

The theoretical study of plasma turbulence in fusion devices mainly deals with phenomena
that act on gyrokinetic length- and timescales. In order to understand what this entails in
detail, we introduce the ordering parameter

Ps
Lref

€ = =<1, (2.1.1)
where pg usually refers to the thermal sound radius of the bulk ions. Assuming this parameter
is small is equivalent to assuming that the plasma is strongly magnetised, as the deviation of
a particle orbit from the magnetic field line is small compared with the reference lengthscale.

We will further split all quantities of interest Q(x,v,t) into a stationary background
Qo(x,v) and a fluctuating perturbation @Q1(x,v,t) with

Q €. (2.1.2)

Qo

Although in the edge and scrape-off layer regions of a plasma fluctuations can reach levels of

10
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es ~ O(1), it is usually well-justified to assume that €5 ~ eg < 1 when dealing with physics in
the plasma core. However, turbulent fluctuations turn out to be highly anisotropic in space,
as the Lorentz force causes the fluctuation wavelengths &k, perpendicular to the magnetic
field to be around 10 to 100 gyroradii, whereas, in the parallel direction, the associated
wavelengths k|| can extend up to several meters. In contrast, the background quantities are
always assumed to vary on the equilibrium spatial scale L. These statements can be turned
into the ordering assumptions

psvj_ ln(Ql) ~ klps =€y,
pslen(Ql) Nk‘H NEB]CJ_[)SZEBEJ_, (2.1.3)
psVIn(Qo) ~ epkips = epe] .
The parameter €| helps distinguish between theories dealing with various kinds of plasma
behaviour. In what is known as gyrokinetic theory, one assumes €; ~ O(1). In contrast,
driftkinetic theory, the fundamental theory used to describe neoclassical transport phenom-
ena, assumes ¢; < 1. Furthermore, one can also consider the so-called ’long-wavelength’
approximation of gyrokinetic theory, in which only terms up to O(e? ) are retained.
As we wish to eliminate the rapid particle gyration around the magnetic field lines from our

description of the plasma, we have to specify that we are only interested in phenomena that
are in the range of a characteristic temporal frequency w ~ vy, / Lyes with €, = w/Q ~ eg < 1.

2.2 Derivation of the gyrokinetic Lagrangian

2.2.1 Zeroth-order description

We start from the Lagrangian of a point particle with mass m and charge ¢, influenced by
the electrostatic and electromagnetic potentials ¢ and A, which is given by [41]

L(x,v,%,1) = (mv+ TA(x, t)) k- H(x,v,1), (2.2.1)
c
where the Hamiltonian H is given by
m 2
H(x,v,t) = 5V + qo(x,t). (2.2.2)

In order to proceed, it is useful to introduce the Lagrangian one-form -y, which is defined via
its relation to the Lagrangian as
/ Ldt = / v,

= (mv + %A(x, t)) ~dx — H(x,v,t)dt. (2.2.3)

which means it is given by

As was mentioned in the introduction, it is beneficial to transform the system into guiding

11
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centre coordinates

2
. me _muy ..
X=x qBo(X)b(X) XV, W 2BO(X)’ v v b(X)
x =X+ p(X)a(®), v=vb+v,c(0), withv, = 2“];0(") (2.2.4)
a(©) = ej cos(0) —e2sin(0), ¢(O) = % = —e;sin(0) — ey cos(O),

with By = Bpb =V x A.
In general the transformation of the one-form v with the coordinate system (z”) into the
one-form I" with coordinate system (Z*) is done using

dz"
We identify
L=t t=x 2=y 22 =2 2 =0, 2° = Uy, 2% =, (2.2.6)
and
20=t,2"'=X,2=Y,2°=72,2" =v, 2> =p, 2° = ©. (2.2.7)
Notice that 7y = 0. Since the time coordinate t is not transformed, we have
mvﬁ
D=y =-HX,v,p) =— 5 T pBo(X) + gp(X) | - (2.2.8)
The spatial component of the one-form transforms as
q da?
;= (mvaj + va_cj(G) + EAJ(X + p(X)a(@))) G (2.2.9)
We can see that the last term in the bracket is much larger than the first two since
A BoL Q
92 4 200l 205, (2.2.10)

cmy| mc Vth w

so that we have to retain the first-order expansion in p of the term involving the vector
potential. Expanding the vector potential for small gyroradii and evaluating the derivative,

12
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we get
= (mvnbj + mUJ_Cj(@) + gAj(X + p(X)a(@))> j;?l
~ (m vbs +mvLc;(©) + %Aj(X) + % (a(©) - V) Aj(X)) (53’ + diz q’;fs&)aﬂ(@))
= (mty + moscs(©) + L4000 + 2 (a(0) 9) 4,00) (5 + % 2w (@)
B q ap | j_ 20 gy oL
— (m vjb; + muie;(0) + Z Aj(X) + -~ (a (@)-V)AJ(X)) <5i - Eaj( )dXz>
= (mUHb + vacJ(@) + %A (X) + % ( (@) . V) AJ(X)) (53 _ ,Uaj mvl (Cil)B;g)

(aj(@)al(G)a + a1 (0)a2(0) -2

0Xx?

+{ a(0) - V) 4(X) + 5 A0 0%

Bo(X)v, dX' X1

> A;(X).
(2.2.11)
In order to obtain F”H’ we notice that v only appears in the transformation (Vg, Uy, V) —
(v)), 1, ©) (in contrast to u and ©, which also appear in the space coordinate transformations).
However, since we know that 7y = 0, I, = 0 as well.

For I, we have
(mvyby + mvLe;(0) + L4;%) + L (a(0) - ) 4;(X)

= (muyty +mosc (@) + £4,(%) + L(a(0) - V) 4,(X)) - el ()

r,=

= (mvyb; +moie;(©) + L4,X) + L (@(0) - v)4,(X) (9 3 Xymos

_AX)-a(®) + 2 <aj(®)al(@) + aj(@)a2(®)2> A;(X).
o v

Finally, we get for I'g:

Po = (muyb; +mo.c;(©) + L4;(%) + L (a(@) - ¥)4,(X)
mev | dij
¢Bo(X) dO

?(®) CJBO(;()

)
= (muy +mv165(0) + 14,(X) + L (a(0) - ¥)4,(X))
)

(m vjbs + mu, c;(©) + %Aj(X) + 2 (a(0) v)4,(X)

mv, + A c(©) + % <c7'(@)a1(@)af(1 +(O)a (@)af(2> Aj(X)> %

=L+ LA o(0) + B:Z;i) 5 <c~7'(@)al(@)aaX1 b (@)aQ(@)aiz> Aj(X)> .

(2.2.13)
Since we want to obtain a one-form that is independent of the gyroangle ©, we perform an

< 2 2
<

13
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average over a full gyro-period, which we do by using the operator

2

Gl.)= 217T/(...)d®.

0

Before we average the individual parts of the one-form, we mention the following relations,
which are easy to prove:

G{dd} = 5;,
Glcd) = 5;7 (2.2.14)

Glac} =5 (5% - 5"52).

From this, it follows that

g { <aj (0)a(0) 5 + a7 (@)cﬂ(@)af@)} - <5ﬂ R af@) (2.2.15)
and
g { <cj(@)a1(®)88X1 + cj(@)a2(@)(;)X2> } = % (5]’2821 — 5]’1;;(2> . (2.2.16)

Using this, the gyroaveraged spatial parts of the one form become

up ClBO 8141 8A2
2By(X)vy dXi \OX! = 0X?2

Q {Pz} = mvaZ + %AZ(X) +

q pp  dBo
= i 2 AX) + L 07 AX (2.2.17)
mobi+ AX) + S Xy ax YA )]

[ q
= _m’UHb,‘ + EAZ(X)1| ,

where we have assumed a Coulomb gauge for the vector potential. Similarly, we find for the
pu-component of the one-form that
G{Tu} =0, (2.2.18)

so that the magnetic moment is conserved within the gyroaveraged dynamics. The one-form
contribution of the gyroangle becomes

2 2
Q{F@}:[va N mui ( 6A2+8A1>} Jo

QX))  2Q(X)By(X) Toxt T pxz

muv? muv?
- [Q()é) N 2Q(X)50(X) BO(X)] 4o (2.2.19)
_ 1Bo(X)
= Q?X) do.

With this, the gyroaveraged one-form G {I'} up to second-order corrections in eg, which we

14
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will denote as Iy in the following, takes the form [42]

r _( — _ pBo(X) mu
o= (muy +CA(X)) X+ a5 4O 5+ HBo(X) +qo(X) | dt.  (2.2:20)

2.2.2 Adding field perturbations

As a next step, we add rapidly varying fluctuations to the electromagnetic fields. That is,
now we assume

A(x,t) = Aog(x) + Ai(x,t)
¢<X7 t) - ¢0<X) + ¢1(X7 t)v

where the relation of the field to the ordering parameters was discussed in section
We can split the one form ~ into two parts 79 and 7, where the first part contains the
slowly varying background

Yo = (mv + %Ao(x)) cdx — (%vz + ngo(x)) dt (2.2.21)

and the second part
=LA (x,1) - dx — qr(x, 1) dt (2.2.22)
c

the rapidly varying fluctuations.
We will introduce new velocity coordinates

q —_
Ve =+ Ay,

p (2.2.23)
Vis«=VL+ 7A17J_,
mc
where the tilde indicates the gyroangle-dependent part:
Apj = Ay =G {4y} (2.2.24)
With this, the one-form v can be written as
q mu?
v = (mv.+LA0(x)) - dx— (T + q60(x) ) dt
qU||« —
+ 3G {A )b dx = (qor(x,t) = =2 Ay — vy A ) e (2.2.25)

2

9
T ome? (A1,|| + ‘Al,J_‘Q) dt.

Transforming the one-form into guiding centre coordinates yields the one-forms I' = I'g+1'1 +

15
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I'y; with the three components

_ q s Bo(X + p)
Do = (mojb + CAO(X—i—p)) X+ X, %O
m 2*
( > +M*BO(X+P)+Q¢0(X+P)) dt,
qU|| (2.2.26)

I, :%g (A (X+p,t)} b-dX — (q¢1(X +p,t) — Ap (X + p,t)) dt

+%VJ_,* Ay (X p, t)dt,
2

— 2
Fg = <{A17|(X+p,t)] + ‘ALJ_(X‘i‘p,t)‘Q) dt.

2mc?

Just like before, we wish to remove the ©®—dependence from the one-form. In contrast
to the previous efforts, however, expressing the field perturbations via a truncated Taylor
expansion for small gyroradii is not appropriate, as all terms of the expansion are of the same
order due to the assumption kps = €; ~ O(1) from section

A convenient way to obtain a one-form independent of the gyroangle is to use so-called
Lie transformations [43, 44], a special kind of near-identity transformation in extended phase
space. We introduce a new set of coordinates Z, which we will call gyrocentre coordinates,
together with the smallness parameter €, which are implicitly defined by the differential
equation

0Z"(Z,¢)
Oe

with the generating functions G¥(Z(Z,¢)) and the index v running over all phase-space in-
dices. If we consider the initial condition Z"(Z,0) = Z*, which is the basic property of a
near-identity transformation, the above equation can be rewritten as

= GY(Z(Z,¢)), (2.2.27)

Z"(Z,e) =T(e) 2", (2.2.28)
where the operator T is given by T'(¢) = exp (¢G¥). Using again equation (2.2.5)), we obtain

the one-form in the new coordinate system

T.(Z,e) = ;‘g:F,,(Z(z,s)). (2.2.29)

Before continuing, we note the useful identity

Z=7(Z(Z,¢),¢)

_dzv __ozv dzY 0z"  ozv L2
de ~  Oe dz" 9 0Oe dz"
so that we have a7v 4z
Z.e)=——(Z.2)G"(Z). 2.2.30
o (Ze) = = —5(Z,0)G"(Z) (2:2.30)
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Applying 0/0e to equation ([2.2.29) gives us
ar, _ o d [dZV A] o dazv [dl“,, dZ"]
d

A 7K o SN
de dz az 27 dz (2.2.31)
d [dzv ] dz¥ _,dT,
=Ty | =G =G —,
YdZ dz dz dz
which can be rearranged to be
or, d [dzZ" dzv _,dr,
0 T Lz | dz" ¢ iz
) i, T (2.2.32)
SN
4z dz dzZ

where we have used equation ([2.2.29)). Therefore, if we define the operator Lg, applied to a

one-form I'; as

LeT = GA [m‘; - drjb] (2.2.33)
oz~ dZ
we get that B
or -
5 = ~LaT - d(T - G), (2.2.34)

where the second term on the right hand side is a one-form with components d(T - G);) =
(T - GQ);)/0Z;. Tt is easy to show that any product of the operators Lg and d vanish so that
oT
Oe?

= (—Lg)"T + (—dG-)"T. (2.2.35)

Prescribing the initial condition that I' = I' for € = 0, the solution is given by
T =T, +dS, (2.2.36)
with
T, () = exp (—eLa). (2.2.37)
The term dS is an exact differential arising from the second term in equation (2.2.35)). The
explicit form of S does not matter, as it will not alter the equations of motion given through
the one-form. It can be considered a gauge function chosen to obtain an easily tractable

one-form. Expanding equation (2.2.36]) in powers of the smallness parameter and collecting
terms order by order, we obtain up to second order [44]

fo =Ty +dSy =Ty,

' =Ty — LTy + dSh, (2.2.38)

= 1
Ty =Ty — LT + (2L% — L2> Lo + dSs.

In the following, we will only consider first-order perturbations, which means we will only
calculate the form of I'y. Therefore, for any particular component of the gyrocenter one-form,
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we have to use

(2.2.39)

_ oy, Olp.] 08
FLV:FLV—GC{[ Ov _ 0’}+ !

oze ozv ozv’
Notice here that we take the derivatives with respect to the old coordinates due to the
expansion, as Z = 7Z at € = 0.

For the magnetic moment, we have

_ 0 0 0or 0 0 0 0
_ X 07 UH7*
Tu =i G | e D 2| = 611 [ o]

0 0 9 08 (2.2.40)
-GY %%_%FO’@] 371
_~emc 951
=G$ p +8u*'

Since we want the magnetic moment to be conserved even in the presence of rapidly varying
perturbations, we need to impose that I' ,, = 0, which means that

q 051

G = ———. 2.2.41
1 e O ( )
In an analogous way to that, we can get
[t i% 2.2.42
! me 00 (2:242)
and 1 89
GX-p=——"1 2.2.43
1 m 8’1)”,* ( )
by imposing that I'; o = 0 and flvvu,* = 0, respectively.
The spatial component of the first-order one-form is given by
Tix = %g {41 X +p.t)} b+ %G{‘ % B, —mGY"b + VS, (2.2.44)

where we have used that B = Bg + O (eBy). The goal is to choose the three unknown
functions in such a way that I'y x is independent of the gyroangle ©, i.e. that I'1x =
(q/c)G {ALH (X + p,t)} b, which is known as the ||—symplectic gyrocentre model [37]. There-
fore, we require that

Yl

16X« B* —mGY"b + VS = 0, (2.2.45)
c
with B* = V x A*. Taking the dot product equation (2.2.45)) with B*, one obtains

Yl _ 1

G = mB;

On the other hand, taking the cross product of equation (2.2.45)) with b, one obtains a relation

VS, - B*. (2.2.46)
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for GX, which reads

1 1
GX = L 0% gy Yy vsy| . (2.2.47)
B lmov.~ " q

Inserting all solutions of the generating function into the Hamiltonian part of the one-form, one
obtains an expression that can be used to determine the gauge function S7. The Hamiltonian
part of the gyrocentre one-form then reads up to second-order corrections

_ QU —~— q 951
Iy =— {qfﬁl(x +p,t) — . A (X +p,t) = Vi A (X +p, )} + Q%
1 1 05 c U)| % 051
B*+-b . +B + — B+ —
+ ( B [m8v| ) + . X V81| - V(usBo + qpo) + BII,*VS + T
(2.2.48)

If we assume that the gauge function also obeys the gyrokinetic ordering concerning its
spatio-temporal variation shown in section we can show that all terms in the second row
of equation are of order esep, €s¢, or higher orders thereof. Therefore, if we only
want to keep the terms that are of order €5, we are left with

T1o == g {n(X+p,t)} + i*g{Amx +p.1)-¢(0)}
~ qu)| « Ly ~ 951
— a1 (X + p,t) + TALII(X +p,t)+ ~ AL c(0)(X +p, 1) + Q%
(2.2.49)
If one chooses the gauge function Sy such that
051 _ 1| = Qs , 2 QUL
90 0O qo1 v Ay (X +p,t) — - A1 -¢(O), (2.2.50)
the perturbed gyroaveraged Hamiltonian takes the simple form
1= G {61(X +p, 1)} — 26 {A1L(X +p.0) - v1.(O)} (2.2.51)

Putting all components together, the full gyrokinetic one-form, up to second-order cor-
rections, can be written as

F=Ty+1I

= |:m’U||7*b + %AU + %g {ALH}b] .

(2.2.52)
m’Uﬁ q
|3 = +qpo+ qG {p1} + pBo — Eg {Ai1 L -vi.} | dt

As we shall see in section the contribution of the electromagnetic fields to the total
Lagrangian of the system is quadratic in the field perturbations ¢; and A;. Therefore, we
also need to take the second-order correction of the gyrocentre Hamiltonian into account to
derive the gyrokinetic field equations consistent with the desired order of accuracy. These
corrections can be obtained by considering again equation (|2 and calculating the second-
order Lie operator and gauge function in such a way that Fg = 0. We will skip this step for
brevity, as it can be done analogously. The leading terms of the second-order corrections turn
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2.2. DERIVATION OF THE GYROKINETIC LAGRANGIAN

out to be of the form [37]

q2

2By 8

9 = —

X1} T o2 i (g {AAJ\Q} +§ {\Al,L\2}> , (2.2.53)

where

= ¢y — /\/(6) (2.2.54)

It becomes apparent from equation (2.2.23)) that the transformation of quantities from gyro-
centre to particle space involves a nonlinear coupling to the perturbed vector potential. For
example, the transformation x <+ X+ p(X, u«, ©) would involve explicit evaluation of the per-
pendicular vector potential, which is prohibitively expensive to do. Therefore, most gyrokin-
etic codes today use the approximation v, & v, meaning that the es-correction of the velocit-
ies is dropped. Doing so results in the final form of the Lagrangian, including second-order
corrections used throughout this thesis, which reads

B
L= (qAO +2g (A, ||}b> X+ ,qu@ ( 5 i + uBo + q¢o0 + 9 {¢1}>
(2.2.55)
— 2
T AL e (R Py B (PO
where the variables
Ay = Ao+ (me/q)y b (2.2.56)
and A
v, -
Y1 =¢1 — % (2.2.57)

were introduced for convenience.
Finally, one can use the symplectic part of the Lagrangian to calculate the Jacobian for
the transformation between particle and gyrocentre space as

fsymp Fsymp B* 5
7= |det 2 v 9 S (2.2.58)
7 0z" m
with
B*:BS—}—VX (Q{ALH}b), (2259)
Therefore, the inﬁnitesirnal phase—space element transforms as
3,13 B Il 53
d°zxd’v = 7d Xd@du*dvn,*. (2.2.60)

The previously mentioned approximation v, =~ v leaves us with the approximate Jacobian

B*
0.l
J~—,

m
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2.3. THE GYROKINETIC ACTION FUNCTIONAL

so that we will use the phase-space transformation

B*
Brdbo ~ L@ x a0dudv). (2.2.61)
m
Although it should be noted that this approximation will violate the conservation of phase-
space volume, as it is incompatible with the symplectic part of the one-form (2.2.52)), its effects
seem to be manageable for most gyrokinetic simulations, as benchmarks of parallel-symplectic

codes show good agreement with those using a canonical model [45].

2.3 The gyrokinetic action functional

In order to derive the governing equations of the gyrokinetic Vlasov-Maxwell system in an
energy-preserving manner, one needs to obtain them through a consistent minimisation pro-
cedure. Here, we will follow the derivation of [46] with the addition of introducing a splitting
of the distribution function later in this section.

If we introduce the modified distribution function F,(Z,t) = J(Z,t)F,(Z,t), the entire
dynamical behaviour of the gyrokinetic system can be described through the Lagrangian of
the system:

Etotalzz/dﬁZofa(Zo,to)ﬁa(Za (Zo, to3t) , Zg (Zo, to; t) , 1)

~~

=: [’part,o'

) (2.3.1)
+/ d?’a:gTT (IVo(x,t)]* + |V x A(x,t)[*) .

=: Ly

The particle Lagrangian of species ¢ is determined via the modified distribution func-
tion Fy(Zg,tp) at an arbitrary point in time ¢y and the single particle Lagrangian given by
equation , evaluated at the characteristics Z, (Zg,to;t) with the initial conditions
Zy (Zo, to; to) = Zo. Additionally, L is the Lagrangian of the electromagnetic field.

With this, we can then introduce the gyrokinetic action functional

to

to
I[$1, A1, Zo] :Z/ Epart,a[dh,AhZa;ﬂdt-i'/ Lel¢1, Aq;t]dt. (2.3.2)
t1

T i

Similar to what is done in classical mechanics, the governing equations of the system are
derived by minimising the action functional with respect to the quantities of interest.
In particular, minimising with respect to ¢1, A1 and Z, will give the gyrokinetic
Poisson’s and Ampere’s equations as well as the nonlinear characteristics of motion Z, of the
so-called ”full-f” model of gyrokinetics. Once the characteristics are known, conservation of
probability then dictates that the modified distribution function F, at any point in time is
given by

F(Z,t) = / Fo(Zo, t0) 68 (Z — Zy(Zo, to; 1)) d®Zp. (2.3.3)
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2.3. THE GYROKINETIC ACTION FUNCTIONAL

Additionally, if we require that the Jacobian satisfies Liouville’s theorem

%{ +Vz- (J(Z)Z) =0, (2.34)

it is then easy to prove from equation (2.3.3)) that F,(X,v),u,t) satisfies the gyrokinetic

equation
oF, 0F, . OF,

—_— = 2. .
8 aUH + /’LO' 8#0_ 07 ( 3 5)

where X, and ¥),» are the total time derivatives of the characteristics X,(Z,t) and v||(Z,1).
Notice here that we replaced the exact Jacobian with an approximation in section [2.2] which
will not satisfy the Liouville theorem exactly. Therefore, our model is not strictly conservative
unless we retain the exact Jacobian. However, the deviation is of order 656123 and might there-
fore be small enough on turbulent timescales for numerical simulations to agree sufficiently
with Hamiltonian frameworks [45]. It might nevertheless be worth exploring if conservation is
still kept to sufficient levels when running gyrokinetic simulations on timescales comparable
to the confinement time.

We will additionally introduce a splitting of the distribution function F (X, v, ,t) =
Foo (X, vy, 1) + F10(X, vy, 1) with Fi5/Fo s ~ O(es). We will then truncate the total
Lagrangian at order eg. Therefore, we get

Iipune = ) ( IS (61, A1, Zo) + Toneta (61, Ay, Z ]) + Iiela[¢1, A1]. (2.3.6)

g

Finally, we wish to neglect the nonlinear motion terms arising from the second-order
Hamiltonian H2, and only retain its contributions to the electromagnetic field equations.

This can be accomplished by approximating ngftn gn [p1,A1,Zs] — pggtn gn [p1,A1]. A similar
procedure was used in [47], although there a constrained Eularian variation with respect
to the distribution function F, was performed instead of a variation with respect to the
characteristics Z,.

With all of these modifications, the total gyrokinetic action functional can be written as

Tiotal[p1, A1, Zg] = Z ( p2?30[¢1;A17 ol + I;gggtngn [<Z51,A1]> + Ifela[¢1, A1), (2.3.7)

(e
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2.4. EQUATIONS OF MOTION

with

in o B
I (61, Ar, Zo] // (Fo,o + Fio) [q (AG+G{A}b)-X “Q =208| d°Zdt
- / / (’FO,O' + Fl,a) [FO,U +ﬁl,a] d6Z0 dt,
1B A = / / a0 (Zo, ) Fo.o (Zo) d%Z dit,

Tgera[o1, Aq] = / / IVo(x) + Voi(x,1)|* — |V x Ag(x) + V x Aj(x,1)]?) d*z dt.

(2.3.8)

2.4 Equations of motion

As was stated before, the equations of motion are obtained by minimising the total action
(2.3.7) with respect to Z,(Zo,t).

1
6Itotal _ 611:();?30
5ZU(Z()7t0;t> 6Z0'(Z07t07 )

2

5 : .

:W./ / (Fow + Fro) LB (Z, t0: 1), Zy (Zh, 10 1'), )5 Zy d° Zbdt!
b b tl

oL , . oLl §57Z,
// (Fo,o + Fi,0) [8 05 (ZO—Z)é(t—t)—i—aZU 7.

dSz}dt' (2.4.1)

aﬁlin d 8E1m
— _ ¢\ 56 gl 6 7l 341
_// (Foo + Fre)6(t —t')6% (Zo — Zy) [8Z i } d°® Zydt
t1

0£1in d aﬁhn :|

= (]:0,0' + fl,a) |:8Z dt/ az

Therefore, the minimisation of the gyrokinetic action functional tells us that we have to
calculate the particle trajectories using the Euler-Lagrange equations

d oL or

—— = = 2.4.2

from the linear Lagrangian £", which is the Lagrangian (2.2.55) without the contribution
coming from Hs. If we drop the index o for now, obtaining the equations of motion from the
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2.4. EQUATIONS OF MOTION

Lagrangian is straightforward. The ones for p, © and X are

i =0, (2.4.3)
O=0+ 77g (i}, (2.4.4)

Furthermore, we have

oc .
%= GAs+fo{ay ).
gfg IV [ (A5 +9{A1)}b) - X| = (uVBo+qVeo +4VG {1}),

so that
miyb+1 [ (X-V) A5 -V (A5-X)| + 2 [(X-V) g {A} b -V ({4} b-X)]
=miyb — 2X x (Bj + [V x (G {4y} b)])
=miy b — X x B!

=~ (VBo +qVeo + qVG {$1}) Z;g Ay} b.

Applying the operation (bx) to the equation above gives the expressions for X, which reads

*

X =pv b x (W9 B0+ gV 0 +aVG {un)
Il Il
(2.4.6)
-B o9
—ub+ = O(VE0+VX+VVB+V il él'} V x b) )
0

where we expressed B in terms of the (exact) gyrokinetic phase-space Jacobian J = B! I /m
defined in equation (2.2.59). Furthermore, we introduced the drift velocities

C
=—B \V4 \V4
vEy = 52 Bo X o Vy= Bg By x VG{x1}
He B B Y] b i bo In(By) + 21

(2.4.7)

with the gyrokinetic potential being defined as x1 = 1 — (UH/C) Ay =¢1— (UH/C) Ay —
v - Aj 1 /c. On the other hand, applying the operation (X) gives the form of v):

X 10G{Ay}.  p
UH = *mivn . (quo + Vg {¢1} + ETb + EVBO . (2'4'8)
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2.5. THE GYROKINETIC EQUATION

2.5 The gyrokinetic equation

Having derived the characteristics in phase-space along which the distribution function F
of species o is advected, it is straightforward to combine equations (2.3.5) and equations
(2.4.3)-(2.4.8) together with the splitting F, = Fy s + F1,, to give

OF meB vG
81&7 b+ =22 Ve, + vy + Vo + Ve + él} (Vxb), || V(Foe+ Fio)
0
my By )G {Ay}
_ b+ 020 S| S| P b .
Mg v)|b + 7 (VE0 + vy +vyp +Vve+ Bo (V % )J_ Vo

1 g{ 1\|} 0 B
+ VG {1} + = Tb+qUVB oy (Foo +Fi,)=0.

(2.5.1)
Setting all rapidly fluctuating contributions to zero gives an equation for the background
distribution function, which then reads

8FOO'
81)”

B
[vb + 220 (v, + vos + VC)} : <VF0,0 - b (V% + VBO)

% o " > =0. (25.2)

After some algebra and using the fact that, for example, vg, - VG {x1} = —vy - Vo,
we can collect all terms that are of first order in the perturbation parameters eg, €5 and €,
which gives

o me B, 0 »
a? = [va + 70 (vy + Vv + vc)} VFi,+b- (wo + VB0> (%1“
me By gs O0Fy s meg By
———v, - VFy, ’ b+ —— :
Vy \Y 0, Mo 81)” [U + 7 (VX + vy + Vc)} Vg{”tbl}
¢ 0Fy, 0G{A1|} m.By o),
) b _ . F o A
+ mec Q| ot J VEo (V Lo + c Vol 1’H})
+B
- mj 0 (VVB +Vc) : VFO,O"

(2.5.3)

It should be noted that neglecting the higher-order terms will make the underlying system
non-conservative. However, it was concluded in [48] that the impact on the final heat flux is
negligible, although retaining higher-order terms seems important in terms of entropy balance.

2.6 Gyrokinetic field equations

As was stated already in section one obtains the gyrokinetic field equations by minimising
the gyrokinetic action functional with respect to the electromagnetic fields ¢1, A; ) and Ay |,
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2.6. GYROKINETIC FIELD EQUATIONS

which we will do in this section. We will start with the field action
Ifeld[b1, A1) = / / [Vgo(x') + Vi (x, )[> — |V x Ag(x') + V x Ay (X, ¥)]?) d*a dt,

given by equation . We will assume that the plasma background is quasineutral, equival-
ent to neglecting the gradient of ¢g. Furthermore, we will only retain gradients perpendicular
to the magnetic field, as they are much larger than their parallel counterparts, as stated in
section [2.1] Minimising the field action with respect to ¢ will then give

Olfiea // 8|V o1 (x/,t)]? By’
5¢1 (x,1) T8 do1(x,t)

:4/ Vi (x', 1) -V 6(x —x)o(t —t')d®c dt’
7

(2.6.1)
to
. 4i / V2 61 (x, ¢)6(x — x')6(t — ') P’ dt’
T
i
L oo
Similarly, we get
e = / / By (x) +Bi(x, )] - [V x d(x = x)§(t — )] d’a" at’
0A1(x,t) T4r
(2.6.2)

_;//VLX[(BO+B1)]5(x_xl)5(t—t/)d?’x'dt’

- %VL x [Bo(x) + Bi(x,1)].

Next, we have to look at the linear particle contribution to the total action, providing the
gyrocenter moments of the field equations. Using equation (2.4.5) we can rewrite the particle
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2.6. GYROKINETIC FIELD EQUATIONS

action functional as

t2
in T A % o . By -
Iﬁ&mezAzij%ﬁ+ﬂ@[Qg%+ig&h&®~X+goﬁd%mﬂ

to
- / / (Fo,o +Fio) mo,a =+ Fl,g] d®Zy dt’
t1
2
:/ / (Fo,o +Fio) [qCUAS X + q?og {ALH}UH + MQBO@} d®Zy dt’
t2
[ [ Foa+ Fro) Moa + Huo] 20t
t1

to
:/ / (‘FO,J + fl,a) [£0,U Y {Xl}] d6Z() dt/,

(2.6.3)
where Ly, contains all the perturbation-free contributions of the single-particle Lagrangian

. We can use conservation of probability density, so that dF,/dt = 0, along the tra-
jectories Z,(Zo, to;t), so that Fy(Zo,to) = Fy(Zy(Zo, to;t),t), which we will just abbreviate
as Fy(Z,t) for convenience. We can further introduce the four-vectors Ay = (gf)l, ALH’ALL)
and vy = (¢, v}, VL), so that x1 can be expressed as x1 = —A\v* /c using a Minkowski metric.
Therefore, we can write the functional derivative of the linear action functional as

Ly _ 5
A D) // (Foo(X) + Fro (v 1)) 556 D (Xt ooy ot ")} d Zodt!
ty 27 (5./4 (X—i—p(@/) )|, t/)
A UL Y) 6 -
27rc/// For(X) + Fro (X, v, u,1)) 0 54, (1) d®Zyd®'dt

to 27

2wc/// Fo0(X) + Fro (X, 0, 1, 1)) 08(t = )5 (X + p — x) 6% d° Zod®'dt!

oo 00 27
27mq,
:27;-(10 //// (-FO,U(X)+—F1,U(X7'U||7,u,t))’l)Vé(X—Fp—X) ngOd@/d,UdUH
—oc0 0 0
9 i o0 00
= = //IC{‘FOU+~FIU> }dudUH,
—oo 0

(2.6.4)
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2.6. GYROKINETIC FIELD EQUATIONS

where we have introduced the pull-back gyroaverage operator

27

K {u} (x / / 5(X + p—x)dOd3X — 2i / u(x — p) dO (2.6.5)

™

and renamed the variable ©’ to ©.
Analogously, we have to perform the minimisation of the nonlinear contribution to the
action functional, which reads

—_—~ 2
nonlln . A 6 /
part o (blv Al / / 23002 a'u {( Ayv ) } F07U(Z0) d°Zy dt

2 —2
—/ / 2T§”c2g{AL” }fo,a(zo)dﬁzodt’ (2.6.6)

15

If we only focus on the first integral, we get

— 2
_ A 6 ’
/ / 2B002 8M {( AXU ) }FO,O'(ZO> d ZO dt

e ] [ 2 o} -o{ ()] e

M (.A,\v > SANX A+ p,t) v* } 457, (2.6.7)

{ 6 A, (x,t)  Bo
{(5A,\(X—|—p,t) v
{

(Zo) d°Zy dt’.

<

>,
§>
>~
“X

5_5

— — — —

Q

+

v 8]:0,cr(Z0) 6
AL (x,1) Bog {A)‘U } o } @2

|
<A

Q

A
— (Aw’\) 5K%05 X+p-— x)} d®z,

I\D‘QQN: Qw‘qw M‘QQM QM‘QQM
Q

_l’_
9

A 0Fo.
G {53%05 (X+p—x) TZ’Q {Am}} S Zp.

Here, we have used that the gyroaverage of a gyroaveraged function is the function itself
and that Fp, does not depend on © in the second-to-last row. Using again the pull-back
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gyroaverage operator, we can rewrite the minimisation (2.6.7)) as

oo 00 2T
2 v
4 3700 v [OFoe v N
. //{ Bo /c{ 5 Bog{A”’ b t| dedudo
o h e (2.6.8)
2 VY
QO' 6]:0:7
- ///[ 8,u X1 IC{ 8,u B g{Xl}}] d@d,ude
—o0 0 0
Similarly, we obtain
5 f 2
45 6
- —7—-GJA -(Z Z
(5A1,||(X,t)// 2m CQg{ 1H }]:O’ ( O)d Odt
oo 00 2T
m 62 / / A1 ] X, t .7'—00 - IC{}—O gg {Al H}}] d@d,udvn (2.6.9)
7 -0 0 0
2
= — o2 n07JA1’|‘(X,t) — 27 / /IC{}"O,UQ{ALH}} dude
7 —oo 0
and
6
5Auxt // (Zo) dZy dt’
oo 0o 2T (2 6 10)
= 2 ///Fogd@dudU|A1 J_(X t) e
m(,c
—o0 0

qa 0,0
= B0 A (x, 1),
e 1 t)

Putting everything together, we can, therefore, write the gyrokinetic Poisson equation as

1 OF 74 1 0F0,
,—Vj_gbl an/// |:B 82 ’C{B 2 g{¢1}}:| d@d,ude

0o 00 2T
2
45 1 8]—'00 1 0F00
:—Z c ///U [BO au 17|_K:{B0 alu Q{AL}H d@dudl}”
7 —00 0 0

2 oo o0
45 1 8]—"00 1 8.F00
_ZU: : /// [ o Ay -vi(p,0) _K{Bo o G{A; - VJ_(/L,@)}}] dOdudvj|

—o0 0 0

+2wzqg / /IC{]-"OU—k}"lg} dudv.

—oo 0

(2.6.11)
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We can additionally use that an f f K{Fo.0} dudv = 3 qsn0,0 = 0, since we assumed

—o0 0
quasineutrality of the background earlier. Furthermore, integration over © will make the first

term containing A; | in equation ([2.6.11)) vanish. Therefore, the gyrokinetic Poisson equation
can be written as:

—fV ¢1—27r2q0.// [ L 8FZG K{Bla]:zog{dn}}] dpdoy|
1 0F0, , 1 0F,
:—2”2 //”I [B o 1|—’C{B0 " Q{Al}}]dﬂdvn

+2w2qa // {1 af“”g{Au Vl(u,@)}}dudq

ou

(2.6.12)

+2772q0//IC{]:10} dpdv)|.

—oo 0

Ampere’s law, on the other hand, reads

oo 00 2T
1 q 1
—MVLX[Bo-l-Bﬂ—i—ZU:c///[BO

X

0Foo { 1 9Fo,

o vG {X1}H dOdpudv),

oA (x,t) —2m / /’C{foog{fh 13} dudoy Z qanogAu(X t)

—oco 0

_ _or Z‘JU///C{vfongﬂa)}dﬂdw

—oo 0

(2.6.13)
One can simplify equation (2.6.13) again by noticing that it is an equation for the total
magnetic field. However, it is easy to identify the equilibrium current as

Joo = 2mq, / /}C{Vfoya} dpdv) = 274, / /Vfop dpdvy),

—00 0 —oo 0

which we assume satisfies Maxwell’s equations on equilibrium scales, so that this term and

30



2.6. GYROKINETIC FIELD EQUATIONS

the one containing the curl of By will cancel each other. Furthermore, we have

0o 00 2T
1
/ // X1V d@d,ude
By au
—oc0 0 0
TET 1 0F 1
0,0 Ll
/// EO B ¢1 — 7141” — *VJ_ Ay J_:| [UHb“FVJ_] d@d,ude
—oco 0 0
oo 0 r /02
27 / / b (Ugf)l - A17|> - ALJ_] d,U, d’UH (2614)
,u c
—o0 0 -
—271'//3 UHgf)lffALH dudv|+2ﬁ// . ALLd/LdUH
,u c e
—oo 0 —o0 0
2
b 8]-' - v ng.o
=21 / / % <U|¢)1 — |A17> dﬂdUH + LALJ_,
c e
where we have used that A; | = Ale;+A%es and v = v, ¢c(0) = v} (—ej cos(O) —es2sin(O)).
Therefore, Ampere’s law for the perturbed magnetic field By can be written as
1
— 7VL X Bl
2mq? [ 1 0F0o 1 0Fo ¢
+b — ’ - K< = ’ dud
Z //v” Bo o ! {Bo o ng}H e
—o0 0
27rqg 1 0F00
_bz //UH _IC{BO G{v.- Au}}] dpdu
—oco 0
2mq? // [ 1 0F0o { 1 8]:()g }:|
—b z —A =K GiA dp dv
za: J ) By o Ll By {Au g | dudy (2.6.15)

2mq2

My C2

sz
g —oo 0

DRI

—o00 0

1 8]—'00

// [Foodr) — K{FooG {Av)}}] dudy

v.g {X1}} dpdu|

—27rbz //v|/c{flg}dudv”—2wz //K{Vlflg}d,u,dv

—oco 0

Both equations (2.6.12)) and ([2.6.15) can be further simplified by transforming the de-

pendence on the vector quantity Ay | into dependencies on the scalar parallel magnetic field
By = V1 xAj1. To do so, we first consider the quantity (g,/c)G {A1, 1 - v1}, which can
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be rewritten as

qu {ALL(X+p,t)-v / Ay -v,dO= qg / A - ) x b]dO.

2(:7T

(2.6.16)
One can then interpret this expression as integrating A; | along a gyroring perpendicular
to the magnetic field with the differential line element dl = [p(©) x b]dO. Using Stokes’
theorem, this integral can be transformed into an integral of the surface contained by a given
gyroring, namely

2r [

p
/Al,r[p(G)xb]d@z—/ /VxAu )-bpldp| d©
LO

. (2.6.17)
=— /Bl7|pdp do.
0 Lo
We now introduce the ”gyrodisk-integral” operator
Q 2w p
Gp {u} = 27ch / / w(X + p'(0))p'dp’ dO, (2.6.18)
0 0
so that equation (2.6.16)) can be written as
2
4o82s
9me ALJ_ . [p(@) X b] d® = —Gp {BLH(X + p,t)} . (2.6.19)
0
Using the identity
y{gdl / Vg x dS (2.6.20)
for a function g and a surface S, we can derive the following relations in analogy:
c
g{ng} = ?QD {VLg X b}, (2.6.21)
c
K{gv.}= _;KD {Vigxb}, (2.6.22)
where we have introduced the pull-back gyrodisk-integral operator
2w p
K {}:q"ﬂ"// 'dp dO. (2.6.23)
p{uf =5 u(x ))p'dp .6.
0 0

The difference in the sign between equations (2.6.21)) and ([2.6.22]) arises from the fact that
the orbits in both cases will run in opposite directions This can be understood by using the
relation between x, X, and p from equation (|2 . With this, we can express the line element
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2.6. GYROKINETIC FIELD EQUATIONS

as dl = [(x — X) x b]dO. The gyroaverage is evaluated at constant gyrocentre position X,
which means one can transform into a coordinate system where the gyrocentre sits at the
origin, meaning that X = 0. In this system, the line element will be given by dl = [x x b]d©
which means the curve will run in a counter-clockwise manner relative to b. On the other
hand, the pull-back average is evaluated at constant particle position so that one can choose a
coordinate system where x = 0. In there, the line element will be dl = [(—X) x b] dO, which
means that the curve will now run clockwise relative to the magnetic field vector b.
With the help of the disk integrals, Poisson’s equation can be rewritten as

_vm_zwzqg// [ L WO” /c{; aafo"g{gbl}H dyudy,
= —2m Z //U| [ : WOUA,|—’C{;Oa§z’og{f41,|}ﬂ dudu|
—2”2%// { : afo”gD{Bu}}dudvn

—1—27qu0///€{]-"10} dpdv)).

—oo 0

(2.6.24)

Ampere’s law can be solved more easily by splitting it into its parallel and perpendicular
components. The parallel component reads

1
4

org2 [ [ [ 1 0Fos 1 0F,
v ] T ea e s o)
—o0 0

(VJ_XBl)‘b

g

2mq? T 1 0Fos
D, //WC{%BO QD{Bl}}dﬂdvn

ou
5~ 20 1 af . 1 8}‘ o (2.6.25)
2 [ 2] Lo A=K 227G { Ay} | dudoy
1| B oy
g —oo 0
27rq3
e // [FooAr) = K{FooG {Av)}}] dudy
g —o0 0
= —ZWZ / /UH/C{]"l o} d,ude
—oo0 0

On the other hand, the perpendicular component of Ampeére’s law can now be expressed as
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an equation for By j:

1 1
47T(VLXB1) :—fleluxb

— on Z / /ICD {VL (q” afoW{Xﬁ)} dpdvy | b (2.6.26)

+ 2 Z//ICD{VL]-]U} dudu) | x b.

—oo 0

If we now use the assumption of gyrokinetic theory that &k, /L < 1, pulling the perpendicular
gradient out of the disk integrals and therefore factoring it out of the entire equation is justi-
fied. This approximation can also be made on the Lagrangian level already if the Lagrangian
is written in terms of By | instead of A; | and the gradient is taken out of the disk integral
there. Therefore, the perpendicular component of Ampere’s law can be rewritten in its final
form, which reads

1|| o Z///CD{< 1 a}—O‘TQD{BIH}>}duduH

_Z//;CD{EG} d,udv|+27r2//lCD{<qa afogg{¢1})}dudv| (2.6.27)

—QWZ//]C {(q"v'af‘)"g{A H})}dudvn.

2.7 Choice of Maxwellian background and other assumptions
in GENE-3D

In this section, we will introduce additional assumptions employed by the codes of the GENE
family. For most applications dealing with gyrokinetic turbulence in the core of fusion devices,
a popular choice of a background distribution function is that of a local Maxwellian, meaning
that we choose

FO,U = FM,O' = nO,a(x) ( (271)

21T0h.» (x) —3/2 ox _ movﬁ/Q + uBo(X)
Mo P To,0 () ’

where the density is given by ngq(z) = Noo(x)exp(—q¢o¢0(X)/T0,5(z)) for some function
No.o(z). This choice of this function can be motivated by considering plasmas at low colli-
sionality [13]|. It follows immediately from the quasineutrality condition ) ng, = 0 that the

ag
background potential ¢y can only depend on the flux-surface label, meaning that ¢ = ¢o(x).
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In addition, we can easily express the derivatives of F(, in terms of the function itself, via

e _ Moy
(%H N T()p Mo
OFwg _ B .
o Too 7 (2.7.2)
mevi /2 + puBy 3 B
VFuo = | Vin(ne) + Vn(To,) <J|T0 _ 2) - Vln(Bo)/;O 0| Fato.
50 ,0

Furthermore, we neglect the contribution of magnetic field curvature to the perturbed
magnetic field, meaning that we will assume that By | =V x (A b) =~ VA4, x b. This
approximation is of no concern for the gyrokinetic equation , where the corresponding
terms were already eliminated. Although this approximation can be done on the Lagrangian
level in terms of the electromagnetic field equations, it results in the perturbed magnetic field
to be not divergence-free anymore [39]. Therefore, it will be interesting to test whether there
are scenarios in which retaining the corresponding terms in Ampere’s law will have an impact
on turbulence dynamics in the future.

Finally, we will use the approximation B:l ~ By, meaning we will only retain the leading-
order term. We discussed already in section that the Jacobian will be approximated to
not depend on the perturbed vector potential A;| not having a significant impact when
simulations are compared with those using a canonical model, which is by nature free of this
dependence. However, retaining the curvature term of BS,H will also result in higher-order
corrections than the ones that are retained in the gyrokinetic equation . Therefore, we
assume B:,II ~ By, which means we will approximate the phase-space Jacobian as J ~ By/m-.
Therefore, the modified distribution function takes the form Fy , ~ Fii o Bo/m.

Using these assumptions, the gyrokinetic Maxwell’s equation and the gyrokinetic Vlasov
equation simplify significantly. Starting from equation the latter can be written as

OF & OF &
i =~ (oD + (vt vem Vo] - Vi + by - VB
mev? /2 + uBy
— vy |VIn(ng,) + VIn(Ty,) <| _ 3) o
' ’ TQ7O— 2 ’
qO'FM,O'
— g Lo+ (Vi ves +ve)] - VG{i} (2.7.3)
 4ov) Faio 09{AL ) _ qov)|
¢ Too ot VEo <VF1’U + c vg{Al’H}>
mev?/2 + By 3
— (vuB + Ve) - [V In(noe) + VIn(Toe) <|T — 2)] M,o-
0,0

The terms in the last row, representing the interaction between gyrokinetic and neoclassical
physics, are usually neglected. Furthermore, we can now express the gyrokinetic potentials
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in terms of By instead of Ay | as

G{} =G {on}+ {q ),

(2.7.4)

6y =G i)~ U6 {41} =g o) — g {ay, ) + P2k

We can also see that all terms in the field equations (2.6.24)), (2.6.25) and that
depend on Fy, and are linear in v will vanish upon integration over said coordinate. This
simplifies the parallel component of Ampere’s law the most, as it will remove all couplings to
the other field equations and read

VJ_Al I = = —8r? Z / /U|/C{B()F1 o} d,udUH (2.7.5)

fooO

On the other hand, Poisson’s equation will still be coupled with the perpendicular com-
ponent of Ampere’s law. They will constitute a system of the form

@; glz) <Bl|> Zija //(qféf{{%f;ﬁ})}) s (27.6)

Here, the four operators from the left hand side are given by

Cll¢1 _VL¢1+87TQZ QU / / (FMUBO¢ K{FMUBOQ{¢1}}> Cl’UHd,U,,
CiaBy ——8W22 o / / {FMUBOQD{Bln}}] duy dp,
C21¢1=87T22570 / dv/du /ED{<F1\;§BOQ{¢1}>}],

Chy By = By | + 872 Z /m/du%{( M”BOGD{BH})}

In all applications of this thesis dealing with turbulence on ion scales, the plasma is
assumed to be quasineutral, which means that the first term appearing in C11¢; is neglected.
Furthermore, GENE-3D currently assumes By || = 0, so that equation reduces to an
equation for ¢, only.

Furthermore, it will be beneficial to express the particle distribution functions in terms of
that for the gyrocenters. If a scalar U is given in gyrocentre coordinates, the transformation
into the guiding centre frame is done using the pull-back operator T, defined in equation
. Considering only first-order corrections, the transformation is performed using the

(2.7.7)

36



2.7. CHOICE OF MAXWELLIAN BACKGROUND AND OTHER ASSUMPTIONS IN
GENE-3D

generating functions G{ derived in section according to

ou
U(Z) =T,U ~ U0+U1+§ :Glazg
[ — 1 an q- 0Uy do )| U
R~ — B —
U0+U1++BO <CIU¢1 MgD{ 1H}> H (mgc (%H B()C 8u
(2.7.8)

where we only retained leading-order contributions of the generating functions. The trans-
formation into particle coordinates then follows according to

u(x,v) = / §(X+p—x)T.UdX. (2.7.9)

If we use the assumptions By || = 0 and Fy, = F)\p0, this means that the perturbed particle
distribution function fi1 , can be expressed in terms of the gyrocentre distribution function as

fl,U(X> Vv, t) :/ 0 (X + P — X) Fl,U(X) UHa My t)d3X
(2.7.10)

- [oxap-x q”F“;gi’((};ﬁ"“) [6106,1) = G {én} (X, )] d°X.

Finally, we note that GENE-3D can use an adiabatic electron model, in which the electrons
are assumed to be massless compared with the bulk ion species, me/m; — 0, making them
infinitely fast and causing a perfect force balance between a perturbed electric field parallel to
the field line and the parallel pressure gradient. This allows us to approximate the perturbed
electron density by a modified Boltzmann response

Nie

(91(x,1) = (D1)ps (2,1)) (2.7.11)

No,e TO e

where we have introduced the flux-surface average [49]

(w)ps (2) = 70> / X)dV’ = (195) / u(x) ds, (2.7.12)

where V and A(z) = V/(x) = [ dS are the volume and surface area enclosed by a toroidal
oV (z)

surface at radial coordinate x. Assuming a quasineutral plasma in the electrostatic limit,

equation (2.7.6) then reduces to

enoe(qzsl ($1)ps +Z qo’ //(FMaBod)1 {FMO’ Og{¢1}}) dvydp

— / /K:{B()FLU} dUHd/,L
—oco 0

On the other hand, one can also consider a short-wavelength limit, where the averages

(2.7.13)
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over ion gyromotion are assumed to vanish. In that case, the ion density can be approximated

as ny ;
— = , 2.7.14
nos To , Ly ( )

So that the polarisation matrix C7; reduces to

[o¢]
o 872e2 FueB FueB
=St T B8 222 [ (Bl e Bt o)) v

1

(2.7.15)
The rest of the Poisson-Ampere system — can be kept, but the summation over
species is replaced by the electron contributions only.

Although both approximations can significantly ease the computational effort, as they
eliminate the necessity to resolve ion- and electron-timescales simultaneously, their range of
validity is very limited, especially the approximation of adiabatic electrons. Therefore, unless
explicitly stated otherwise, all particle species will be treated as being kinetic throughout this
work.

2.8 Induction field equation

One particular feature of symplectic gyrokinetic models is the explicit time derivative of the
perturbed vector potential in the right hand side of the gyrokinetic equation . For a
long time this issue was dealt with in GENE by introducing a new distribution function g, =
Fi o+ (%UHFM,JALH) / (To,»¢) and solving the corresponding gyrokinetic system for g, instead
of F1 , [50]. However, it was shown in [51] that such a scheme becomes numerically unstable in
nonlinear simulations at high plasma-3, although being stable linearly. An alternative scheme
was proposed in the same publication, similar to the one presented in [52]. The same approach
is also used in GENE-3D and will be presented in the following for a Maxwellian background
distribution, as the extension to other equilibrium distributions is straightforward.
We begin by defining the parallel inductive electric field as

e — 2.8.1
I o (2.8.1)
and rewrite the gyrokinetic equation (2.7.3) into
OF) o n
a; — R, + qgvH g {EH d} , (2.8.2)

where the term R, contains all the contributions to the right hand side except the one
accounting for the parallel inductive electric field. We can then take the partial time derivative
of Ampere’s law (2.7.5) and multiply by (—1/¢), which will give a differential equation for

Elnd
-

94y

2 1nd 2
—*VL ot =VIiE"™ =8n ZmCQ//”IK{

—o0 0

} dude (2.8.3)
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Inserting definition ([2.8.2)) into equation (2.8.3)) eliminates the explicit coupling of the equation
to the particle distribution function Fj ,. Therefore, one obtains an equation that treats the

inductive electric field as an independent electromagnetic field:

VAE[ -~ Z o / / {BOFM"Q{ ‘Fd}} dyudu

7000

_87r22m 2 //U”IC{BOR }dﬂdU”

—o0 0

(2.8.4)

2.9 Chapter summary

The previous chapter introduced the foundation of gyrokinetics, which forms the underlying
theoretical framework for the remainder of this thesis. The general Lagrangian description of
the motion of an electrically charged particle in an electromagnetic field was used as a starting
point to derive a fully self-consistent set of equations describing the behaviour of a plasma
under the ordering assumptions of gyrokinetics, including finite magnetic compressional effects
as well as the possibility of an arbitrary background distribution function. Finally, several
approximations to the model, such as the choice of a Maxwellian background distribution
function or the choice of a simplified phase-space Jacobian, which are specific to GENE-3D,
have been introduced. The numerical discretisation and implementation into the code will be
given in the next chapter.
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Chapter 3

The GENE-3D code

This chapter discusses the inner mechanisms of the GENE-3D code, which was used for most
of the work presented in this thesis. Although it is an independent code, it can be seen as
the extension of the radially global GENE code [50] for non-axisymmetric magnetic fields, as
there is a large amount of legacy from one code to the other. The main difference between the
two is the treatment of one of the spatial coordinates. Since the global version of GENE deals
with tokamaks only, it exploits the inherent axisymmetry to use a Fourier representation in
the binormal direction, leading to a much more efficient numerical treatment. In contrast, as
GENE-3D is meant to simulate systems with broken axisymmetry, a real-space representation
of all spatial coordinates was considered the most efficient approach.

The first publication involving GENE-3D simulations was [29], shortly followed by [30],
which contains a description of the algorithm itself. At the beginning of this project, the code
was well-tested for adiabatic electron simulations, with only a few linear kinetic electron sim-
ulations being run in tokamaks and stellarators with an artificially large electron-to-ion mass
ratio. One major bottleneck at the time was that the code only solved purely electrostatic
systems. This shortcoming does not only limit the range of possible physical applications but
also introduces severe limitations on the maximum allowable numerical time step employed
due to the so-called wig—mode [53], which can be avoided if the plasma-/ is finite but small
enough not to have any impact on the physics.

Thus, one of the project’s first tasks was to upgrade GENE-3D to a code that can treat
electromagnetic effects stemming from magnetic flutter, retaining finite A; || fluctuations in
the simulation. While adding this capability, it was discovered that it is necessary for some
stellarator applications to use additional advanced finite-difference schemes to ensure numer-
ical stability, which will be explained below. Furthermore, a methodology was developed to
include effects arising through a finite By in global simulations at arbitrary wavelengths.
The algorithm has only been implemented in GENE by an external collaborator and has yet
to be in GENE-3D due to time limitations. Nevertheless, we will outline it in this work and
plan to implement this feature into GENE-3D in the near future.

The rest of this chapter is structured as follows: we introduce the coordinate system used
in GENE-3D in section followed by the introduction of the normalisations and the corres-
ponding unitless equations that are solved by the code in section[3.2] Section [3.4]discusses the
collision operator model currently implemented in GENE-3D. The current grid structure and
corresponding boundary conditions of the phase-space variables in GENE-3D are outlined in
section [3.5] an essential prerequisite for understanding the construction of the gyroaverage
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and gyrodisk operators presented in sections and respectively. Further numerical
schemes, such as numerical differentiation and integration, specifics to global simulations,
as well as the introduction of mimetic finite-difference schemes, are discussed in section [3.8
Finally, the upgrades to include electromagnetic effects are verified in section [3.9] in linear
as well as nonlinear electromagnetic tokamak simulations against the global version of the
GENE code. The details about the implementation of the upgrade, as well as the verification
tests, have been published in [34].

3.1 Choice of coordinates

The large spatial anisotropy of gyrokinetic fluctuations discussed in section motivates
the choice of a coordinate system that accounts for an efficient numerical treatment of the
different spatial scales. A popular choice is a Clebsh-type coordinate system (1, a, 0*). It can
be shown [13| |49] that the magnetic field can be expressed as

By = V¢ x Va. (3.1.1)
Here, the toroidal flux 1 serves as a radial coordinate. The field-line label « is defined via

a=q()" — o, (3.1.2)

where ¢ is the geometrical toroidal angle and the poloidal PEST angle 0* [54] is used to serve
as a coordinate parallel to the magnetic field lines. Furthermore, ¢ = ¢(¢) is the so-called
safety factor and is defined via

do

o) = oo

This choice saves several orders of magnitude in computing resources compared to using a
mesh that disregards the magnetic field structure. In GENE-3D, one modifies said coordinate
system further and introduces the coordinates

T = Pror@ = wwd} a,
edse (3.1.4)

y=o0p,Cya=0p,Cy (q(x)0" — ¢),
z=o0p,0".

(3.1.3)

Here, 1cqge denotes the toroidal flux at the last closed flux-surface, and a = \/tedge/ (T Baxis)
defines an effective minor radius. op, is the sign of the poloidal magnetic field and ensures that
the covariant basis vector e, is always parallel to the magnetic field lines and Cy = z¢/|qo|
has been introduced so that y is a length in contrast to the angle-like coordinate «. The
subscript ’0’ indicates that the quantity is evaluated at reference position xg. The magnetic
field can be written as

By =C(x)Vx x Vy, (3.1.5)
with B
x axis
Clz) = . 3.1.6
@) =@l o R
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It then becomes obvious that the spatial Jacobian /g is given by

BO'VZ

V9= (Ve xVy) -Vz= C

(3.1.7)

and the metric elements are given by
g' = Vul - Vi, (3.1.8)
where u! is any of the (x,y, z)—coordinates. We will further introduce the abbreviations

=979 -gvg",
Y2 = g%g"" — 9" g, (3.1.9)
13 =9"9" —g"g".

One can then see that the outer vector products, related to the drift velocities in (2.4.7)) can
be expressed as
0

([Va x Vy] x Vu') -Vuj%

L C oo
_Fg oul
C1gtgN —g¥igN 9¢ 0

C " Oul Oul’

0 (3.1.10)

where £ is representative of any scalar whose gradients enter in the drift velocities ([2.4.7)),
such as cgp in vg,. In the same way, parallel derivatives can be expressed as

o Cd

(3.1.11)

Using these relations, one can then express the gyrokinetic equation (2.7.3) in the (z, y, z) —coordinate
system, which will be expressed in normalised units in the next section.

3.2 Normalisations

Although equations — are correct in the limits that they are derived in, it is im-
practical to use them for numerical studies. While the main reason for that is that computers
can use unit-less quantities with magnitude of order one a lot easier than potentially very
large or small dimensioned quantities, it is also worth noting that certain quantities are only
relevant in relation to each other, such as the finite-size parameter p*, introduced in section
2.1l Therefore, we will define appropriate normalisations for all physical quantities, which
will be split into a dimensioned reference part usually identifiable by an index ’ref’ and the
remaining dimensionless value, which will be marked with a hat.

The fundamental reference values required are the elementary charge e, a reference dens-
ity nper and temperature Ti.r, which are typically chosen to be the equilibrium electron
density and temperature in the centre of the radial domain, a reference mass mef, typic-
ally chosen to be the mass of the bulk ion species, a reference magnetic field strength Biet,
which in GENE-3D is given by the magnetic field strength on the magnetic axis Bays of
the device, and a reference lengthscale L., typically given by the effective minor radius
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a introduced in section With this, one can then define a reference sound velocity as
Cref = \/Tref/Mrer and a reference Larmor frequency Qer = €Biet/(myerc), where c is the
speed of light. From this, we then obtain a reference gyroradius pref = Cref/Qrer. With
these expressions, one can identify three derived parameters appearing in the normalised
gyrokinetic equation. They are the finite-size parameter pl, = pret/a, the reference ra-
tio between thermodynamic and magnetic field pressure, also known as plasma-3, which is
given by 8 = Bret = 8T NyetTref /Bfelc and the normalised reference collision frequency e =
7T€4nrefLref/(22/3Tr26f) . {24 —1In (\/nref[lolg/m3] 1013 /(Tret[ke V] - 103))}, where the expres-
sion in square brackets is the Coulomb logarithm In A [55]. Furthermore, we will split the back-
ground density and temperature profiles into a unique reference value, a species-dependent
normalisation and a dimensionless profile according to ng(z) = nwetnoe(o)np o (z) and

Too(z) = TrefTO,U(xO)TpJ(x)-
Based on these definitions, we can write the space and time coordinates as

. N . Lyet »
T = Prefl, Y = Prefy, Z =2z, t=—" t, (3'2'1)
Cref

whereas the velocity-space coordinates will have a species-dependent normalisation of the
form

Too(x0) b, (3:2.2)

V)| = Cref¥th,o (T0) )|, =B
re

with Ot 6 = 4/ 2T 0.0(z0)/ms being the normalised thermal velocity of species . Quantities
related to the geometry are assumed to vary slowly in space so that they will be normalised

with respect to Lyf:

1 1

7 =M, Yo = —2, V3 = —A3, VG = Luet /4, C = BC. (3.2.3)
Lref Lref

The electromagnetic fields and potentials are given by

_ Pref Tref 4

Pref 2 Pref A
A =-—B A B = — BietBy - 3.2.4
¢1 L ¢ b1, L = g DretpretAv, L= BretBuy (3.2.4)

Finally, the distribution functions Fp, and F7 , are normalised according to

Nref 10,0 (Z0) ~ Pref Tret 0,0 (T0) ~
FO,O’ - 3 ~3 FO,O'7 Fl,o’ - I 3 -3 FLJ, (325)
Cref Uth,a ref Cref vth,U

where in this case, we choose a normalised Maxwellian as the background distribution function

so that
~ . 2 02 + [LBO(X)
Fop = Frpy = — (@) (DI RPORO N (3.2.6)
y ) . 3/2 T o.(ﬂ:‘)
(WTp,a(m)> P
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With this, the normalised gyrokinetic equation takes the form

8F1,o’ o C B ~ ﬁth,a’ é AaBO aFl,o’
ot 5 0 T T g, 0z oy

= — Vth,o ——=
VB0
~ ~Q A A
T 205+ By . .
_ 070;(3;0) I _ erxp_
4o By
A S - . -9
To,o (o) 20 T“BOK po To,0(70) Ulww] o

N - f =~ N =
o BO Y e Bg 4o

A A ot +aBo 3
Wne tWre | ——— 3

Tp.o 2
(Aot} + T;’(if)T {g{i}.g {xl}}x,y]

OF , ol Fvig O (&
];7 + _ H AM? ﬁg {AI’H}
9y Vwhe Ty 00

4o 0| V2 FAM,O’ G {EAlllnd}

~

(3.2.7)

~

1
¢

E,
¢

mUTO,O'(xO) Tp,a
+C |:F1,a:| .
Here, we have introduced the abbreviations

N oln(n, » . d1n(T .
wn70 = —Lreféxll)7 wT,o’ = _Lrefél-p’)’
9 ln(ﬁO) ~ eLef 8(;50

= —Lye , E,=— -
r ' O Tref Ox

(3.2.8)

~

for the normalised gradient lengths of the equilibrium background fields. We additionally
have defined

- 1L, 0B 0B . 1 Lyt (OB, 0B
Kx:—7 of ( 0 +E O) 9 Ky:—7 of < 0 _E 0> 9 (329)
CBres \ Oy M 0z CBret \ Oz m 0z
containing gradients of the equilibrium magnetic field. Furthermore, we have used
N O0Fe  GoFMe D -
Lo = —~ = =G 3.2.10
R o o AL (3.2.10)
with the normalised potentials and fields
g {%} =G {¢1} + =2 A( O)QD {Bl,ll} ., G{x1}=¢ {"tbl} — Vtn,o 09 {A1,||} ;
o (3.2.11)

{1} =9 {Au )
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and Gp = [Bret/( Tt To +(20))]gp being the normalised gyrodisk-integral operator. Lastly, we
have added the normalised collision operator C[F} ;| to the right-hand side of the gyrokinetic
equation, which will be discussed in more detail in section Finally, the nonlinear terms

{Fl,g, G {fa}}x’y + Tf(if);w {g {1/11} .G {Sa}}w] (3.2.12)

1
NU:_T

require the evaluation of Poisson brackets {., .}x’y, whose treatment will be discussed in section
3.8.35]

Equation (3 is then coupled self-consistently to the normalised field equations, which
can be shown to be of the form

o0

Bret
VJ_AI || = = = Z 4o10,0(20) Dth,o ™
0

K{ FroBo} o) diydis (3.2.13)

—0o0

for the parallel vector potential,

A 00 00 AB -
T ey B [ f { = u“}} i
0 —o0

o = (3.2.14)
5ref Z qa'n()a' .1‘0 'Uth aﬂ'/ / /C B UH d@Hdﬂ
0 —oo

for its time derivative and

611 012) < A ) / / qg/C {BOFI 0} o
- . o o (T R doyd
(021 CQQ B]_ || zg: 0 7 0 ﬁrefT() o xU)’C { (BOFLO') } || ILL
(3.2.15)
for the electrostatic potential and the parallel magnetic field with

FooBo - o FooBo 4 -
Cii¢y = 450,06 (z0) / do /d,u ———— 01— K ————G {1 ,
Z ! Too(20)Tp 0 To,0(20)Tp,o { }

CiaBy) = Z%TLOU o)™

Bref
Corpy = 22 qun(]a x0)T

Jo
I

A : - [ o [FuwBos f:
CypBy) = | By + d E no,a(wo)Tog(xo)ﬂ/ dd, du/CD{ 7 gp {Bu}}
p?o-

(3.2.16)
At the current stage, parallel magnetic field fluctuations cannot be considered yet in

GENE-3D, which means that from now on, we will assume G {1@1} -G {él} and equation
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3.3. MACROSCOPIC OBSERVABLES

(13.2.15)) will reduce to the electrostatic quasineutrality equation

r T OO’ 0 n > FO O'BO 57
E gn o .’IZ’ e — - K %g
4 * 0 Zo / UO‘ xo T o1 {TQJ(:EO)TPJ {d)l}}]

(3.2.17)

o0 o0
= Z no,0 (o) ™ / / 4o BOFLU} dﬁHdﬂ.
—oo 0

3.3 Macroscopic observables

Although the individual particle species’ distribution functions describe the entire dynamical
behaviour, the amount of information contained in their time evolution is too large for most
practical considerations. Instead, one often considers appropriate velocity space moments to
provide suitable quantities that can be compared against experimental measurements. These
moments are of the form

Mﬂb,U (Xu t) = / ’Uﬁ va fl,o' (Xu v, t) d37)

2By x a 2 Bo 3
// //(5 X-p—x )() TFLc,UHMzm—Jd Xdfdv du (33.1)
2B, 3
:w// IC{<O> T*Flﬂvf,ug} dvy dp,
me
0 —oo

where we have used the relation between particle distribution function fi, and gyrocentre
distribution function F} , given by equation . With this expression, one can derive a
form of the moments in terms of the distribution function F7 , and the electromagnetic fields,
as shown in [56]. Here, we give their final expression, using the normalisations introduced in

section
Mab,a(x> t) = p;kefnrefﬁ(),ocref ?}T;)Mab s(x,1), (3.3.2)

with the dimensionless velocity space moment

+12  a.b . g
Moo (x, 1) = // { Fl,avnw}dvndu

- ﬁp7UTpvg (b )A
P R (3.33)
q TooTys (a) P1

2

r 5 T”b W g
/IC npo 04p,s <,lf 0) e Tpo g{qgl} dji.
0 oo

[Nleg

7
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3.3. MACROSCOPIC OBSERVABLES

Here, T'(b) = [ y*~! exp(—y) dy is the Gamma function [57] and Y (a) is defined as
0
) 1y ) 1, a=0 1, a=20
T(a) = 2D F( +“> — {0, aodd {0, aodd
2T 2 (a\;}a)!! aeven 71'3"%9_1) a even
2 9 2d ) .
(3.3.4)
With this definition, it is easy to see that
nio(X,t) = Myp.o(x,1),
1o 8) = Moo (x,) 555)

jlvuaa(X’ t) = qO’Mlo’g'(X, t)

Furthermore, one can introduce the radial turbulent heat and particle fluxes, defined as
58]

Iy(x,t) = / vy - Va f o(x,v, 1) d3v,
(3.3.6)

2
Qo (x,t) = / m;U vy - Vo fie(x,v,1) d3v.

Both will be of great interest when analysing nonlinear simulations in later chapters. Here,
v, is the Vx-drift introduced in equation ([2.4.7)). Using equation ([3.1.10]), one can show that
the radial component of this drift is given by

0A
vy - Vo = 1 (c&é1 - v|1’> . (3.3.7)

One can further split the fluxes into electrostatic and electromagnetic parts, which are dis-
tinguished based on the drift contribution of ¢1 and A, respectively. After some algebra,
one finds that

Fos,o(xat) _ ﬁO,U (aﬁgl

FGB - é(l‘) 8:!) (X7 t)MOO,U (X> t)) )

Fem,o(xa t) o ﬁO,J@th,a <6A1,| ~ ( ))

T'ee C(x)A A (3.3.8)
s =[S (-t
Qelz,?c;}(;(at) _ ﬁvaf?();ffthv” agi;’” (x,t) (]\?[30,0(x, t) + MlZ,U(th))] ;
where the so-called Gyrobohm units
T = NretCret (Per) %, (3.3.9)

QcB = Mot TretCrof (Plo)?

have been introduced for normalisation. As the fluxes are still functions of the position x,
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one often considers the flux-surface averages

Py (2, £) = (T (%, H))ps = A(lx) [ Totwy. 20 Vg dye

Qo (,) = (Qo (. 1)) = A(lx) / Qo .y, 1)/ dydz,

(3.3.10)
where we have used definition (2.7.12)) of the flux-surface average, together with the definition
of the area A(z) = V'(z) = [ \/gdydz of the flux-surface.

3.4 The collision operator

High-temperature, low-density plasmas often exhibit negligible collisional effects. However,
under certain parameter regimes, such as detrapping of trapped particle modes and collisional
damping of zonal flows, collisional effects can become significant. A collision operator must
be added to the right hand side of equation . Different collision operators have been
developed in the literature. GENE-3D currently uses a linearised Landau-Boltzmann collision
operator [59], C[F1,], which is also used in the global tokamak version of GENE. In our
linearised model, we neglect the equilibrium operator C[Fj,, Fy,/] between particle species o
and ¢’, and only retain the test particle operator, C[Fi,, Fo,], and the field particle operator,
C[Fos, F1o'], which can be expressed as

Z(C[FIU,FOJ’] + C[Fog,Flg/]). (3.4.1)

O—/

The test particle operator, given by

0

C[FlaaFOJ’] = a. " <DJU’ : 0

v

— ’ = T ’ =N
v R, > Fi,=C, . [Fi.], (3.4.2)

is then transformed into gyrocentre coordinates, and the velocity derivatives are taken with
respect to v and p. The diffusion tensor, Dy,r, and dynamical friction, Ry,v, are defined as

Yoo'T /T/ 1 A\A
DO'O'/ e Wﬁ ]_v(bl(uo_/) + BFQQ(UO—/)] s RO’O” —_

Yoo 0! ¥ o(uy).  (3.4.3)

MMy V3

Here, the variable uy, = v /vy, o is the normalised velocity, where vy, o+ = /21 o7 /M is the
thermal velocity of species o’. Above, the shorthand notations

D1 (ugr) = ugr ert’ (ugr) + (2u(27/ — 1) erf (uyr),
Po(uyr) = (1 —2u2, /3) erf (ugr) — ugr et (ugr),
D3(uy) = P1(upr) + 302 (uy)

Yoo = 2mG5q5 A,

have been introduced with the Coulomb logarithm In A and the error function erf(u,) =

(2/v7) [y exp (—u?) du.
As in GENE, the field particle operator is not evaluated explicitly but replaced by a
model operator to ensure that the collision operator as a whole conserves energy, particles,
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and momentum along the background magnetic field. In particular,

OlFoo, Fio] =159 _s7
[ 0o 10"] m Is oor PHJ’U
ol5,00

2
Il,oa’ugl - 12,0'0" FOO'

+ 0 yie 3.4.8
IS,UU’II,UO'/ - 12,00'/14,0'0’ meg 7 ( )

where the collisional parallel momentum transfer 575||0/a and energy transfer 6&,., are given

by
57'3”0/(r = /C’;F/U[Fla}m(,/md%, 01y = /CZ/U[FM]mU/de?’U. (3.4.9)

The integrals I1 507, 12 50/, 13,56'5 14,607, and I5 ;o are evaluated as

5o = /Foods’v, I oo = /F()ou?,/d?’v, (3.4.10)
L3561 = / v Fyoul,d’v, Iy oot = / v? Fped3, (3.4.11)
Is5.000 = / vi Food®v. (3.4.12)

3.5 Numerical grids and boundary conditions

Naturally, the coordinate system introduced in section is discretised on a finite grid in
GENE-3D. These grids come with a set of boundary conditions specific to each coordinate.
Both the discretisation and the boundary conditions applied in GENE-3D will be introduced
in the following.

3.5.1 Binormal direction

GENE-3D employs periodic boundary conditions in the binormal direction given by the y-grid.
Considering equation ([3.1.4)), the periodicity condition

fx,y+ Ly, 2) = f(z,y, 2) (3.5.1)

is equivalent to

f(ptoh ¢ + Z? 9*) = f(Ptom ¢7 9*)5 (352)

where Ly = 27Cy /ng and ng is a positive integer that describes the discrete toroidal symmetry
of the configuration at hand. If ng = 1, the simulation domain will cover the entire area of a
given set of flux surfaces. However, such a large domain is prohibitively expensive to simulate
in many cases. In practice, one can exploit discrete symmetries intrinsic to the magnetic
configuration at hand. For example, since Wendelstein 7-X consists of five identical modules,
it has a five-fold symmetry. Hence, any simulation involving a W7-X-based geometry can be
run with ng being a multiple of 5.

3.5.2 Parallel direction

The spatial direction parallel to the magnetic field, represented in GENE-3D by the z-
coordinate, requires a more delicate treatment of its boundary. If again expressed in the
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3.5. NUMERICAL GRIDS AND BOUNDARY CONDITIONS

(ptor, @, 0*)-coordinate system, the parallel boundary condition reads

f(ptoh ¢7 9* + 27T) = f(Ptom ¢7 0*) (353)

However, it is easy to see from equation ([3.1.4)) that this implies for the flux-coordinate system
that

f(z,y +21Cyq(x), 2+ 2m) = f(x,y, 2). (3.5.4)

These so-called ”twist-and-shift” boundary conditions |60] impose a coupling between the
y- and the z-grid. Since the shifted position in the binormal direction will not necessarily
coincide with points on the grid, GENE-3D currently uses a third-order Catmull-Rom spline
interpolation to overcome this issue.

3.5.3 Radial direction

At the current stage, GENE-3D can use Dirichlet or periodic boundary conditions in the
radial direction. In global simulations, the former are employed, implying that turbulence is
modelled to decay towards the domain boundaries with

Ly Ly
f(fL‘SiUO—?ayaz):f(fL‘ZJEOﬂL?’yaZ):O- (355)

In the case of radially local simulations, one has the choice between Dirichlet and periodic
boundary conditions. The latter is the standard assumption in most flux-tube codes as well
since almost all background quantities are assumed to be constant over the entire radial
domain in this direction. However, in order to include the effect of magnetic shear, one
linearises the safety factor ¢ appearing in the twist-and-shift boundary condition :

q(z) = q(zo) + %(wo)(w — Z0) = o (1 SN $0> , (3.5.6)

zo
with § = z(dg/dz) being the magnetic shear. In this case, the twist-and-shift condition is

only compatible with radial periodicity if the shift in the y-direction will be periodic in the
radial direction as well, which is equivalent to

2rCy X 5L, = 278L, = NLy, N eN. (3.5.7)

T
This quantisation can make local simulations of low-shear geometries prohibitively expensive,
as the radial box sizes can become much larger than the actual machine size itself.
Alternatively, one can use Dirichlet boundary conditions in this context to circumvent
the restriction on Ly. In this case, no periodicity in the radial direction is required for the
binormal shift given by equation so that the linearisation given in equation can
be performed without introducing the quantisation of Ly. However, this alleviation comes at

the cost of introducing numerical sources and buffer zones, which will be discussed in section
just like in a global simulation.

3.5.4 Velocity directions

In gyrokinetic theory, it is assumed that turbulent fluctuations vanish for infinitely large
velocities. Hence, zero-Dirichlet boundary conditions are employed for the grids in the velocity
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space parallel to the magnetic field lines v)— and the magnetic moment p. The former is
partitioned on an equidistant grid. In contrast, multiple grids are available for the latter,
such as equidistant partitioning or a partitioning based on a Gauss quadrature scheme with
Gauss-Laguerre weights and knots [57]. The latter is the default option, as derivatives in this
direction are only calculated if collisional effects are retained. Therefore, it is reasonable to
choose a grid that is optimised for numerical integration.

3.6 Implementation of the gyroaverage operator

Several terms in the gyrokinetic equation (2.5.3) involve the evaluation of gyroaveraged quant-

ities of the form
27

G {u} (X) = ;ﬁ/ w(X + p) o, (3.6.1)
0

requiring high-accuracy approximations of numerical integrals. One particular challenge is

that the calculation requires knowledge of the quantity of interest at positions that will not

necessarily coincide with numerical grid points. GENE-3D deals with this issue by employing

a finite-element representation

Ny, Ny

w(@(X 4 p)y(X +p).2(X+p) ~ 3 uy(=(X) Ay (@(X +p).y(X+p))  (36.2)
Lj

that can then be used easily for interpolation between grid points. Here, u;; denotes the finite-
element coefficient corresponding to its respective basis function Ajj, and ny and n, denote
the number of grid points in the x- and y-direction, respectively. Furthermore, we assumed
that the function u will only vary slowly in z, in accordance with the gyrokinetic ordering, so
that its variation along this direction over the course of a gyroradius can be neglected.

In order to ease the computational effort, the basis functions should have compact sup-
port, and the finite-element coefficients should coincide with the values of the function or its
derivatives evaluated on the numerical grid. Alternative approaches, such as using a spline
basis, require the additional solution of a potentially large linear system.

In GENE-3D, a representation with third-order Hermite polynomials with compact sup-
port is chosen, which takes the form

Nx,Ny

uw,y ) = Y (HS () + B (e, 0)0s + HY (0,0)0 + HY (2,0)0y ) ug(2), (3.63)
i’j

inside the support and zero outside, where the operator d, mu;; represents the n-th derivative
in the x- and the m-th derivative in the y-direction of the function w at (i, ;). The functions

HII; ™ are defined in the following way:

HS’O = (1 — 0302)% (1 + 20502) (1 — 0ydy)* (1 + 20,0y)
H%’O =Az (1 — 0y02)* (1 — 0,0y)* (1 + 20,0y)

Hg’l =Ay (1 — 0,0x)* (1 — 0,0y)* (1 4 20,0z),

H%’l =AzAy (1 — oy dz)? (1 — Uy(Sy)2 :

(3.6.4)
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3.6. IMPLEMENTATION OF THE GYROAVERAGE OPERATOR

Here, Ax = x—xj, 0x = Ax/(xi+1 —xi), and ox = sgn(z —z;). These quantities are calculated
analogously for y. Introducing the vector representation u = {w;j}, the function u is then
approximated as

u(z,y,2) = Az, y)u(z) = (B (2,y) + H(2,y)Dx + H*! (z,y)Dy + H" (2,5)Dy ) -u(2),
(3.6.5)
where D), ;,, are numerical approximations of the n-th and m-th derivative in the x- and y-
direction, respectively, which in GENE-3D is chosen to be through a central finite-difference
scheme.
In a similar manner, the gyroaverage of the function u, evaluated at discrete points Xy =
(Xll, XIQ)7 can now be approximated as

2

{G{uX +p)} Xia) by & ;ﬂ/ A (2(X+p(0)),y(X+p(0))) dO u(z) =G -u. (3.6.6)
0

The last step is to map the function values at positions (X + p) to the field-aligned (z, y)—grid
used in the code in order to insert them into the finite element basis. Since the mapping
between the two systems is done numerically and only known at a finite number of positions
{Xy }n, an exact mapping of the gyrorings would be very demanding computationally.

As a more practical approach, the mapping between the two coordinate systems is linear-
ised under the assumption of small gyroradii as

z(X + p(0)) = 2(X) + p(8) - Vz + O(p?),

s ] (3.6.7)
y(X+p(0)) = y(X) +p(O©) - Vy + O(p7).

To do so, one can introduce the orthonormal basis

1 VI o VI'
V]| Vg™
e’ =b, (3.6.8)

Vz x Vy Vz 1 ( g

2 3 1 /

e =—e Xe = X = gxxvy— vx s
v VI ym V=

e

so that p can be written as p(©) = p (e cos(©) — e2sin(0)), with p = \/Q;LBO/mo/QU =

V20100 To o (20)/ (32 Bo) prer
The particle position can then be expressed as

(X + p(0)) ~ 2(X) + p(6) - Va = 2(X) + p/g™ cos(O),

p .
y(X+p(0)) = y(X) 4+ p(©) - Vy = y(X) + N (g cos(©) — y/718in(0)) .
We remark that, as discussed in [58], the linearisation used in equation (3.6.9) breaks down
close to the magnetic axis. A solution for tokamak scenarios, using a higher order approach,
has already been provided in [58] and will be explored in the future for GENE-3D.

(3.6.9)
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As shown in section [2.6] one also needs to evaluate the operator
1 2
K{u}(x) = o / / 5(X —x+ p) u(X) d*XdO, (3.6.10)
T
0

when computing the electromagnetic fields. For a discrete point xjq = (:cll(, a;lz), the operator
can be approximated by the finite element basis as

21 27
1 1
/C{u}(xkl) ~ % Z Uij // ) (X — Xyl + p) Aij (X) de = % Z Ui / Aij (Xkl — p) do.
i 0 N 0
(3.6.11)

Since the basis functions Ajj(x) are the same except for a shift of the support region, one
could also write them by introducing the function

A()(X — Xij) = Aij(x). (3.6.12)

This allows us to write the expression for K{u} as

27
1
/C{u}(xkl) %g Z Uij / A()(Xkl —p— Xij) de
ij 0

2
1
:ﬂ Z Uij / Ao(p + Xj5 — Xkl) de
1) 0
, 2 (3.6.13)
:% Z Uij / Akl(p + Xij) doe
1) 0
= Z Gij k1 Ui
i’j
=D Gl
i?j
Where Gy j is the (kl,ij)-element of the gyromatrix G defined in equation (3.6.6|). Therefore,

if we adopt a matrix-vector notation again, we can see that the pull-back gyroaverage can be
expressed in terms of the gyromatrices via

{(K{ud(x) gy =K -u=¢g"-u (3.6.14)
Doing so ensures that the approximations of equations (3.2.14) and (3.2.17)) will be symmet-
ric.
3.7 Construction of the gyrodisk operators

While the idea of introducing gyrodisk-operators into the analytical form of the gyrokinetic
equation has already been proposed in [61} 62], the actual implementation in global gyrokinetic
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codes has always relied on using a long-wavelength or Padé-approximation. Only recently, an
approach valid at arbitrary wavelengths has been implemented in the GEM code [63] using
pseudo-spectral methods. In the following, we will discuss an implementation that works
entirely in real-space, especially suited for Eulerian codes, as the grid structure of the phase-
space representation enables us to represent the disk integrals as matrix-vector products.
Although not yet implemented in GENE-3D, the model has been tested successfully in GENE
[64] and will be used to include magnetic compression effects in GENE-3D in the future.

We begin by considering the linearised metric introduced in section We can see
that the particle orbits form a sheared ellipse shape if represented in the coordinate system
of GENE-3D. Defining 2/ = (X + p) — 2(X) and ¢ = y(X + p) — y(X), one can derive the
polar representation of the particle orbit as

r = /ZUIQ + y/2’
/ (3.7.1)
¥ = arctan (y/) ,
x
where the polar angle 1 is not to be confused with the gyroangle ©. The transformation of
the infinitesimal surface element then reads as

)
dr'dy = "D arao. 3.7.2
NG ( )

where the factor 1/,/71 appears since the (z, y)-coordinate system used in GENE-3D is non-
Cartesian. We now wish to express the spatial integral in terms of the Larmor radius p and
the gyroangle © in order to link it to the gyroaverage. It is straightforward to show that

or 9 1 . 2
o =1/ g cos?(0) + [\/gw (g cos(©) — \/71sin(0)) | ,

2 1 N
- xy 2 xx 2 ’
00 14 (L VL (@)> g cos?(0)

24!
gxx g tan

(3.7.3)

where a minus sign in the latter equation is absent due to the orientation of the gyroangle ©
as defined in GENE. As # does not depend on p, the off-diagonal contribution to the Jacobian
vanished, and the transformation to the new coordinate system reads thus

(gxx cos?(0) + {\/glw (gxy cos(©) — ﬁsin(@))} 2) 1 1

(V)
drdd = — pdpd©
Vi 1+ (2 - ¥ an(e)) g cos?(6) (3.7.4)

=pdpdO.

Therefore, although the gyro-orbits have an elliptical shape in GENE-3D, the integration over

a gyrodisk is performed in the same way as if the orbits were circular. Note that this is not

necessarily true if a different representation of the particle position than is chosen.
As a final step, we can express the Larmor radius p as a function of the phase-space
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coordinate u:

p* = p*(X, )
v (X)) c
= Sllz(X) _2MqQ(X) (3.7.5)
=pdp = Sd(p?) = QEX) o

With this, we can then bring the gyrodisk-integral into the final form

4o82s

27rc

2w p
G {u}(X, v, 1, t) | [ ux s p©.0pm) o apie
0

0
1 2T U
2ﬂ//u X+ p'(©), v, p,t) dy'd® (3.7.6)
0 0

- / G {u} dit,
0

where G,/{-} represents the gyroaverage for a Larmor radius determined by p’. It is important
to note that the integral over p’ is still done with u being evaluated at fixed p as the disk
integral is only an integral in position space.

As for the calculation of the gyroaverage matrices in section one can then introduce
a finite-element basis u(zx,y, z) =~ A(x,y)u(z), so that one can describe the gyrodisk-integral
as a matrix-vector product between the matrix Gp and the finite-element coefficients u.
In particular, for a given Larmor radius associated with a given magnetic moment u, the
gyrodisk-integral matrix Gp,,, is given by

Gp,. — / G {A@(X + p(i, ©)), y(X + (i, ©))} d!
0 (3.7.7)

~ Y G{A@(X + p(tr, ©)), y(X + ptin, ©))) } wy(m')

m’/=1

for appropriate quadrature points and weights m’ and w,,(m’). In analogy to the gyromatrices
in section one can make use of the symmetry properties of the finite-element basis to show
that the pull-back gyrodisk-integral Kp,, can be expressed as Kp,, = QD,MT.

The model for this approach has been developed throughout this thesis and adapted for a
Fourier representation in the binormal direction, which has then been implemented in GENE
by Gabriele Merlo (The University of Texas at Austin). In order to test the validity of this
model, it has been compared in flux-tube simulations against the fully local version of the
code, where the gyrodisks are represented by Bessel functions. In figure the linear growth
rates and mode frequencies between the fully local and the so-called LILO version of the code,
in which the global algorithm is used, but radial variations of the background are neglected,
are compared for a CBC-like parameter setup (see section for more details), showing
excellent agreement, indicating that the prescribed approach is implemented correctly.
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Figure 3.1: Linear growth rates (left) and real frequencies (right) of the ng = 19 mode
(ky ~ 0.3) for local simulations with CBC-like parameters as a function of 3. Blue crosses
(resp. red circles) show the results obtained by the LILO (resp. local) version of GENE. For
comparison, results neglecting B || are also shown via green stars (resp. orange squares) for
the LILO version (resp. local).

3.8 Further numerical schemes

The normalised gyrokinetic Vlasov-Maxwell equations given in section form an integro-
differential system that requires appropriate methods of discretising derivatives and integrals.
The following sections will briefly describe the methods employed in GENE-3D.

3.8.1 Time-stepping scheme

In order to evolve the distribution function F} , in time according to equation

or
ot

with the right hand side operator given by equation (3.2.7), GENE-3D uses explicit Runge-
Kutta methods. The default option is a fourth-order scheme (RK4),

=V(t, F), (3.8.1)

Aty
6

Fop1=F,+ (k1 + ko + ks + k4, (3.8.2)
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with th11 =ty + Aty, Fy = F(t = ty). The coefficients k; are calculated according to

k1 = V(tn,Fn),
Aty k1At,
k2:V<tn+27Fn+ 12 >7
(3.8.3)
Aty koAt,
kg—v<tn+2,FH+ 22 )

ke =YV (tn + Aty, Fn + kgAtn) .

As in all explicit time integrators, a CFL-like limit on the time step At is required to
guarantee the numerical stability of the algorithm. For linear simulations, an estimate is based
on an upper limit of the normalised advection velocities in each direction given in equation
(3.2.7). The time step is then chosen according to the stability region of the underlying
Runge-Kutta scheme.

While the numerical time step is held constant in linear simulations, adjusting it for each
step in nonlinear runs is necessary. The reason is the nonlinear Vyx-drift, acting as a time-
dependent advection velocity. To this end, a nonlinear time step adaptation is performed
according to

Atmax = e min(Atyy, AtNr), (3.8.4)

where Aty;, is the linear time step calculated at the beginning and Atyy, is the time step limit
under the assumption that there is only the nonlinear V y-drift. As the superposition of these
two limits is a rather crude approximation, a safety factor s., usually set to ~ 0.5, is also
introduced. Additionally, it was reported in [65] that adapting the time step at each iteration
will lead to numerical artefacts if the time step is determined via the nonlinear estimate.
Therefore, it is only changed if 0.8 < At/Atyax < 1.2, leading to much smoother simulations.

3.8.2 Phase-space derivatives

GENE-3D uses a real-space representation of all phase-space coordinates. As such, a finite-
difference approach is used, with a fourth-order central-difference scheme

of _ flui2) — 8f(ui—1) + 8f(uit1) — f(uit2)
ou 12Au

(3.8.5)

shown to be the best compromise between computational cost and numerical accuracy. Here,
u is any of the phase-space variables z, y, z or v, as no explicit calculation of derivatives in
W is required.

In order to avoid unphysical high-wavenumber modes that arise due to the central-
difference approximations acting on the distribution function Fi,, one can introduce nu-
merical hyperdiffusion terms to the right hand side of the gyrokinetic equation to dampen
these modes. The hyperdiffusion terms in the z, y, 2 and v)| direction are all fourth-order
accurate with second-order stencils, meaning that they are of the form

—F1 o (ui2) + F1o(uiz1) — 6F1 o (wi) + 4F1 o (uig1) — F1 0 (ui—2)
16Au ’

Ho, = N (3.8.6)

where the damping amplitude 7, can be set for each coordinate individually as input by the
user.
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3.8. FURTHER NUMERICAL SCHEMES

3.8.3 Phase-space integrals
While a standard trapezoidal rule

Lu/2

/ f)dum Y ) (3.8.7)

—Ly/2

is employed for integration over any spatial direction, an extended Simpson’s rule [66] is used
in the v)|—direction. In the p—direction, a Gaussian quadrature scheme is used so that the
Gauss-Laguerre knots are used. However, alternative quadrature schemes are also possible in
accordance with the different choices of the underlying grid.

3.8.4 The necessity for conservative finite-difference methods

As mentioned in section multiple choices are available for the grid used in the p-direction.
It was additionally stated that the default option is to use Gauss-Laguerre quadrature points,
as they have proven to be the most efficient option for integration in GENE due to an expected
exponential decay of functions in this coordinate. However, it turns out that for many full-
flux-surface or global simulations, the polarisation matrix C7; defined in equation ((3.2.17))
becomes inaccurate, which results in discontinuities in the electrostatic potential along the
magnetic field line, as can be seen in figure[3.2] ultimately leading to the simulations becoming
unstable.
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Figure 3.2: Electrostatic potential at t=0, averaged over all field lines, for a typical full-flux-
surface simulation with kinetic electrons, using the full polarisation model.

We have found that using an equidistant grid alleviates this issue, at the cost of using a
significantly higher resolution in p up to a point which impacts performance [67]. It was
found that while the polarisation matrix can become inaccurate, computing the right hand

o8



3.8. FURTHER NUMERICAL SCHEMES

side of the gyrokinetic equation (3.2.7)) seems to be well-behaved under the given quadrature
rule. While investigations into alternative grid types are still ongoing, a replacement of the
full polarisation operator C1; by either a long-wavelength

MyNQ o
Cii,owa 01 = -V - Z < 3207 > Vi¢r (3.8.8)
o 0
or Padé approximation
T -1
oMo MeNo,0
C11,padé 1 = — (1 -V Z ( ;)’QBQ ) \1 ) A Z ( BZO’ ) Vigi| (3.8.9)
o o0 o 0

was implemented as a practical solution. The resulting Laplacian-like operators, however,
need to be discretised with great care. The same applies to the Laplacian employed in
Ampere’s law and the induction equation, which we will use to explain the underlying chal-
lenge.

The Laplacian operator can be written in a coordinate-independent version as

9 1 0 ij ~ou
= —_— — 8.1
v Vg Oz g \/g&vﬂ ’ (3.8.10)

where /g is the Jacobain and g% are the metric coefficients. Applying the chain rule gives

1 0 .\ Ou 0%
VQ _ 1 1
YT (axi\/gg ) 001 Y Qwiow

Similar to what was done in GENE, the earliest implementation in GENE-3D assumed that
the variation of the metric elements and the Jacobian is much smaller than that of the function
u itself, so the first term on the right hand side could be dropped. Furthermore, only the
symmetric part of the approximate Laplacian was retained for the operators to still have
purely real eigenvalues. The operator that has, therefore, been used is of the form

1 /0 2\ 0
vio — ( i\/gg”) } u, (3.8.11)
[ V9 \ 0z 07 | rom

which might be interpreted as something close to an advection-diffusion operator rather than
a purely elliptical Laplacian, which might be dominated by the term containing first deriv-
atives of u if the derivatives of the metric elements become large, an issue that has already
been known for tokamak simulations close to the magnetic axis or small devices due to the
singularity of the chosen coordinate system at the radial origin [68].

Therefore, a numerical approximation of the Laplacian was implemented throughout this
project that does not make any assumptions about the variation of the metric elements
while still preserving the self-adjointness of the operator. The solution for that is to use
finite-difference methods on staggered grids. In the following, we will explain the idea for a
one-dimensional case using an equidistant grid. A more complete introduction can be found
in [69].
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3.8. FURTHER NUMERICAL SCHEMES

Consider the differential diffusion equation

d du
—— [ K((x)— ) = .8.12
i (k@) =@, e @, (35.12)
with boundary conditions being discussed later. A different formulation of this is given by
—div (K (z)grad (u)) = f(z), =z € (a,b). (3.8.13)

Assuming the matrix K is symmetric positive definite, the entire operator will be symmetric
positive definite. That is, introducing the inner product

b

(w0} = [ ula)o(o) s

a

and considering functions that are zero at the boundary, we have

(—div (Kgrad (u)) ,v)y = (u, —div (Kgrad (v)))y
and
(—div (Kgrad (u)),u)y > 0.

This can be seen by the identity

b b
/ grad (u) - A dx +/ udiv (A) dx =0, (3.8.14)

a a

if u is zero at the boundary.
If one, therefore, constructs finite-difference operators Dy and Dy to approximate the
operators grad and div, respectively, in such a way that they fulfil the discrete analogue of

equation (|3.8.14f), the matrix
—Dy KDy

will be symmetric positive given that K is symmetric positive definite. As was shown in
[69], the way to achieve this is to define the operator Dy as a finite-difference operator that
approximates the first derivative at half-cell positions. That is, we want

ou
Dx : u(l‘l) — %|X=Xi+1/2 (3815)
to our desired order of accuracy. In order to approximate the diffusive flow K (z)0u/0z

correctly, the matrix K, representing the diffusion coefficient, should be given by
Kij = K(Xit1/2) 0. (3.8.16)

The ’derived’ operator Dy, constituting the approximation of the divergence, is then chosen
in such a way that it takes the function values at half-cell positions and maps them back to

the original grid, that is
v
Dy : v(Tit1/2) = *a$|x=xi~ (3.8.17)
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3.8. FURTHER NUMERICAL SCHEMES

While the rigorous method of constructing Dy was presented in [69], we note that intuitively
it makes sense that it is given by
Dy = -DT

in order to make the composite operator symmetric. As can be shown easily, a fourth-order
accurate approximation of the gradient at z;,, /5 using a finite-difference scheme is given by

1
(Dxu)H_l/Q = SiAx (ui—1 — 2Tu; + 27Tuir1 — Uit2) , (3.8.18)

which means that the divergence operator is given by

1

(D) = =555

—i_3/2 + 2Tvi_1 /5 — 2Tvi41/2 + vi+3/2) ) (3.8.19)
It becomes apparent that, in order to calculate the Laplacian close to and at the grid bound-
aries, one needs information about the function values outside of the domain. In GENE-3D,
we assume that all functions of interest are periodic or zero beyond the domain boundaries.

If our domain is from [z1, zn_1], so that xg and zx are the boundary points, then we see
that the Laplacian at our domain grids is given by

1
(DxDxu)1 = 1Az ((Dxw)_1 9 + 27(Dxu) /2 — (Dx)39 + (Dxt)5)2) »

_ 1
 24Ax

(3.8.20)
(DxDxu)n-1 ((DXU)N—5/2 + 27(Dxu)N—3/2 — (Dxu)n—1/2 + (DXU)N-H/Q) .
It becomes apparent that we need to calculate gradients at half-cells that are no longer in our
domain. From equation , we see that we require knowledge of the ghost-cells u_o, u_1
and un41, which are determined through the choice of boundary conditions as discussed in
section

An extension of this formalism to two dimensions was given in [70] and [71] for a second-
and fourth-order accurate algorithm, respectively. Both stencils are implemented in GENE-
3D, where the fourth-order accurate stencil is used as default and reads

243 (Tivr,5+1 + Tivry — Tijra — Tig)
(D) . _ 1 +27 (T j42 + Tij—1 — Tig1,j42 — Tiv1,5-1)
V23012 384 Ar | 49 (Tic1 gy + Tim1j — Tivzgn — Tivay) ’
+ (Tit2,j+2 + Tivoj—1 — Tim1j+2 — Tic15-1) |
(3.8.21)
243 (Tig1,5+1 — Tivr g + Tijra — Tiyg)
(Dytt)i 1 1y _ 1 =9(Tijv2 — Tij—1 + Tiv1j+2 — Tiv1,5-1)
/25412 7384 Az | =27 (Tic1 i1 — Ticrj + Tivor1 — Tivayj)
|+ (Tit2,j+2 — Tivoj—1 + Tic1 j+2 — Tic1,j—1) |

The divergence operators are given by D, = —DJI and Dy = —Dg , respectively, and the
Laplacian is then
1
V3 u~ — [Dy (/99 Dxu + /99° Dyu) + Dy (v/99°Y Dyu + /9™ Dxu)] . (3.8.22)

V9
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3.8. FURTHER NUMERICAL SCHEMES

The respective field equations are then multiplied by /g in order to make the operator
symmetric.

As a result, in contrast to the standard Laplacian, this symmetric formulation produces
reasonable solutions of the field equations, as shown in figure resulting in numerically
stable simulations.

Full model Mimetic Padé approximation

40
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Figure 3.3: Left: the same electrostatic potential as in figure as a function of y and z;
right: electrostatic potential at t=0 of the same simulation setup, but with a mimetic Padé
approximation of the polarisation matrix.

3.8.5 Treatment of the nonlinear terms

As already mentioned in section the nonlinear interaction between distribution functions
and electromagnetic fields can be expressed in terms of Poisson brackets

oF 0G OF 0G

F
{1 Ghey = dr 9y Oy Oz

(3.8.23)
However, simple evaluation of the derivatives via finite-difference approximation results in
numerically unstable simulations. It was shown in that such an approach does not

conserve the system’s free energy. In the same paper, an alternative scheme was proposed,
numerically satisfying

/ {F. G}, dzdy =0, / FAF,G}, , dedy =0, / G {F,G}, , dedy =0,

(3.8.24)
and conserving free energy. The same scheme has been implemented in GENE-3D and uses
a finite-difference approximation of

1 o (,0G _OF\ 0 (., 0F  0G
. _ 1 FE o)V L 2 (o2l S 8.2
{F.GY, =5 [{ Gy + 5o ( 5y C 8y> 3y (G B a:c)] (3.8.25)
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3.8. FURTHER NUMERICAL SCHEMES

3.8.6 Sources and sinks

In a nonlinear setup, turbulent heat and particle fluxes arise in the system, which naturally
causes the transport of particle densities and temperatures, especially in the radial direction.
If periodicity of the radial domain is assumed, any quantity of interest leaving through one
side of the domain will automatically reenter through the other side. Thus, the radial average
of particle densities and temperatures will remain constant. This is no longer the case if
Dirichlet boundary conditions are employed. In this case, the system naturally tries to relax
the profiles to a sub-critical state where turbulence is suppressed, which has to be avoided
in gradient-driven simulations, as they aim to calculate turbulent quantities for a fixed set of
profiles.

In order to combat this relaxation, numerical heat and particle sources are added to the
right hand side of the gyrokinetic equation. GENE-3D uses sources of the form

B (Fao (X, oyl 1))
e _HP; (f FM,U(Xﬂ‘U|’7M)2§U>FS ZU: </ (Fro X foyl 1)) d3U>FS (3:8.26)

in the case of the particle source and

<f (Fro (X, oyl 1) ) g d3”>FS

- = — F . X, s s o
Site = = | (Fro X foyl 1,6 ps <f (Favo (X, [vyls 12)) g d3”>

<FM,U(X7 ’UH E :“)>FS

FS
(3.8.27)

for the heat source, with

Fl,O'(Xa U||7 M?t) + FLO'(X? _UH’ /'Lat)
B .

Fl,U(Xa |U|||):U’7t) =

The symmetrisation of the distribution function with respect to v in equation en-
sures the conservation of parallel momentum and the terms proportional { [ ( )>FS /([ ( )>FS
avoids the unwanted numerical injection of particles [73]. The coefficients kp and kg are spe-
cified by the user and should be chosen to be around 5-10% of the maximum linear growth
rate of the system [58].

Nevertheless, avoiding profile relaxation altogether is impossible in practical applications,
as the sources are only active once finite relaxation occurs. In such instances, small pro-
file variations close to the boundaries might generate large gradients, resulting in significant
fluctuation levels incompatible with the Dirichlet condition. In order to avoid this, one addi-
tionally introduces Krook-type damping terms of the form

Ky =—v(x)F| » (3.8.28)

to the gyrokinetic equation, where the damping factor v(z) is implemented as a fourth-order
polynomial with compact support within a buffer region at the radial boundaries, typically
5-10% at each side of the domain.

63



3.9. NUMERICAL BENCHMARKS OF THE ELECTROMAGNETIC UPGRADE

3.9 Numerical benchmarks of the electromagnetic upgrade

Having introduced the general framework of GENE-3D along with the electromagnetic up-
grades performed throughout this work, the following sections will provide benchmark scen-
arios of GENE-3D against its tokamak counterpart, GENE. At the time of the upgrade,
no other global stellarator code was able to include electromagnetic effects in its considera-
tions. Therefore, the logical option was to benchmark GENE-3D against its long-established
tokamak-counterpart GENE in global, electromagnetic tokamak simulations. In particular,
we consider a modified version of the so-called Cyclone Base Case (CBC) [74, 75|, which
constitutes the most widely used setup for benchmarks of gyrokinetic tokamak codes. In
particular, one considers a tokamak geometry with circular, concentric flux-surfaces, as it
provides an easy test case with an analytical magnetic field geometry. The magnetic field on
axis Bier is chosen to be 2.0 T and the major radius considered here is Ry = 1.67 m with an
aspect ratio of a/Ry = 0.36. The safety factor profile is chosen to be

q(z) = 0.86 — 0.16(x/a) + 2.52(z/a)? (3.9.1)

and the temperatures at the reference point zp/a = 0.5 are chosen to be Ti(zg) = Te(zg) =
2.14keV. As a first step, we perform linear simulations at fixed wavenumber, varying the
plasma-$ with both the radially global version of GENE and GENE-3D in section [3.9.1]
showing excellent agreement between the codes. We then take it a step further in section [3.9.2]
and compare nonlinear heat fluxes predicted by both codes, only showing small discrepancies.
Both tests together give confidence that the implementation of finite A;) in GENE-3D is
correct and that the code is able to simulate electromagnetic plasma turbulence.

3.9.1 Linear (-scan in global tokamak geometry

For the linear scans, the background density and temperature profiles are the same as in [45],
namely of the form

A a T — Tg
— = — — tanh 3.9.2
A(zo) exp | —KAwWA o an < wna )] ( )
for both, electrons and ions, where A = (n,T;, ). The corresponding normalised logarithmic

gradients are

Ry 0ln(A)

20— Ry

L ox
The reference density n.f = n(xg) is adjusted for each case such that the corresponding
plasma- [ at the reference position is equal to the desired value. The remaining free parameters
of the profiles are chosen to be k1, = k1, = 6.96, wr, = wr, = 0.3, Kp, = Kn, = 2.23
and wy, = wy, = 0.3. The plasma consists of Deuterium as ionic species and electrons
with twice their realistic mass to keep the ion-to-electron mass ratio to that of a hydrogen
plasma. The box lengths are chosen to be (L, vaLu) = (80 ps, 3 Vth,0(20), 970,60 (x0)/ Bret)
and L, = 21.13 ps, which results in resolving multiples of the toroidal mode number ny = 19.

For the GENE-3D simulations, a resolution of (1344 x 16 x 16 x 64 x 32) points

in (v,y,z,v), u) were used, together with hyperdiffusion parameters set to nx = 2.0, 7, =
0.05, n, = 2.0 and 7y, = 0.2, respectively. The same parameters were used for performing
the GENE simulations, except that, due to the Fourier representation in y, only one Fourier
mode and no hyperdiffusion in y was used.

— #p cosh™2 <H)> (3.9.3)

WAQ
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3.9. NUMERICAL BENCHMARKS OF THE ELECTROMAGNETIC UPGRADE

Figure shows the linear growth and the corresponding linear frequency of the ng = 19
mode for various values of 5. Red data points indicate results obtained by GENE, whereas
blue represents results obtained by GENE-3D. Both codes show excellent agreement in growth
rates and mode frequencies, with a relative error between both codes being less than 3%.
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Figure 3.4: Linear growth rates (left) and mode frequencies (right) of the ny = 19 mode for
various values of 3. Red shows the results obtained with GENE, and blue the ones obtained
with GENE-3D.

In particular, one can observe a reduction of the linear growth rate, which is caused by ITG
instabilities, through increasing 3, up to 8 &~ 1.4%, where a transition to KBM instabilities
can be observed, which is indicated by the rapid increase in mode frequency.

In order to further verify the results of GENE-3D, the radial and parallel mode structures
of the instability at 8 = 2.5% are compared for both codes in figure [3.5] again showing
excellent agreement with each other.
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Figure 3.5: Normalised squares of the electrostatic and parallel vector potential for the scen-
ario using 8 = 2.5%; top: radial (left) and parallel (right) structures of the electrostatic
potential, bottom: radial (left) and parallel (right) structures of the parallel vector potential.
The red dashed line shows the results obtained by GENE, and the blue solid line the ones
obtained with GENE-3D.

3.9.2 Nonlinear turbulence at finite plasma-$ in a tokamak

In order to fully verify the correct implementation of all additional terms of the electro-
magnetic upgrade, one has to perform nonlinear simulations and compare them against an
established code, which in this case is GENE again.

While the geometry being used is kept the same in this section, using a broader profile
than the one in the last subsection is helpful in order to reduce the amount of unwanted
profile relaxation that naturally occurs in gradient-driven simulations.

Therefore, new plasma profiles of the form

_FAWA a
A cosh <L*x£:AA) 2 R
= (3.9.4)
A(xo) cosh (w—wo—AA)
wa
are chosen, with z9/a = 0.5, k1, = K1, = 6.66, K, = 2.20, wp, = wp, = wy, = 0.04

and At, = A, = A, = 0.8. Furthermore, the plasma pressure is such that Se(zo) =
0.75%. In order to save computational time, the simulations were performed further in-
creasing the electron-to-ion mass ratio to me/m; = 0.01 and a finite-size parameter pf =
ps/Liet = ps/Ro = 0.01. The simulation covers the radial domain 0.1 < z/a < 0.9, us-
ing buffer zones of 10% at each side, with normalised box sizes being (LX,Ly,LvH,Lu) =
(80.0 ps, 111.4 pg, 3 Vtn,0 (0), 9 T0,6(w0) / Bret) and a resolution of (1, ny,, 1y, Ny, n,) = (160 x
64 x 24 x 64 x 24) for GENE and (nx, ny,ns,ny,nu) = (160 x 256 x 24 x 64 x 24) for
GENE-3D, respectively. Finally, heat and particle sources were added with amplitudes being
ky = kp = 0.1 and hyperdiffusion was set 7, = 1y, = 0.05, n, = 2.0 and N, = 0.2.

In order to compare the results of the two nonlinear simulations, we compare the nonlinear
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Heat flux [Qgs] |  GENE | GENE-3D
Qes,ions 76.+ 7 75+ 11
Qes,electrons 60 £5 55+ 6
Qem,ions —1.07+£0.13 | —1.13+0.15
Qem clectrons —1.70+0.32 | —1.65+0.33

Table 3.1: Time-averaged heat flux contributions of GENE and GENE-3D.

heat fluxes defined in section Figure shows the volume-averaged time traces of the
ion and electron heat flux contributions, each split into their electrostatic and electromag-
netic components. Since the time traces show large fluctuations in their amplitudes, a simple
comparison between the mean values and the standard deviations obtained by GENE and
GENE-3D is not helpful, as the latter quantity will be of the order of the mean value itself. In
order to obtain a quantitative comparison, the time traces in the range t € [100, 345] Ro/cs,
roughly containing the same number of bursts for both codes, are divided into disjoint in-
tervals, each approximately three autocorrelation times long. By taking the mean for each
section individually, one can obtain an ensemble average and variance for the heat flux that
is statistically meaningful in the context of an inter-code comparison.
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Figure 3.6: Time traces of the volume-averaged electron and ion heat fluxes. Yellow and green
lines indicate the average over the given time interval for GENE and GENE-3D, respectively.
Electrostatic heat flux of ions (top left) and electrons (top right), and electromagnetic heat
flux of ions (bottom left) and electrons (bottom right).

The results are presented in table Both simulations are in good agreement with each
other, as the relative difference between their respective ensemble mean values is below 10 %
for all components.

Further inspection of the radial heat flux profiles, shown in figure show excellent
agreement between the two codes. In there, one can see that the electrostatic contribu-
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tions dominate the fluxes, peaking around x/a = 0.6. At this position, GENE predicts the
heat fluxes to be Qesjions = 103.24 QaB, Qes electrons = 80.09 Qap, whereas GENE-3D gives
Qes,ions = 104.72 QB and Qes electrons = 75.41 Qap. Both results differ by less than 6%, giving
additional confidence in the numerical implementation of the latter code.
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Figure 3.7: Radial profiles of heat flux contributions. Electrostatic heat flux of ions (top left)
and electrons (top right), and electromagnetic heat flux of ions (bottom left) and electrons
(bottom right).

Finally, the spectra of the electrostatic heat fluxes at z/a = 0.6 are compared in figure
showing only minor deviations between both codes at the smallest scale, which can be
attributed to the different representations of the binormal coordinate.

68



3.10. CHAPTER SUMMARY

"o
—— GENE-3D

O 0

10°-
o ——. GENE
€ 1021 B il
kS
4 1074
@
B

1]
o 10
(7))
§ 10—1_
IS —— GENE-3D
V1073 == GENE
0
o 101 100
kyps

Figure 3.8: ky-spectra of the electrostatic heat fluxes, evaluated at z/a = 0.6.

Overall, these results show excellent agreement of the spectra in the wavenumber interval
where most of the transport is located. Therefore, the linear and nonlinear verification studies
of GENE-3D can be considered successful.

3.10 Chapter summary

The present chapter outlined the numerical techniques used in GENE-3D to discretise the
gyrokinetic Vlasov-Maxwell system. The steps necessary to upgrade the code to an electro-
magnetic turbulence code, including parallel vector potential and possible techniques to im-
plement parallel magnetic field perturbations in the future, have been outlined. Furthermore,
a mimetic finite-difference scheme based on the support-operator method for the Laplacian
operator has been introduced as a necessary tool to run non-local simulations with kinetic
electrons in GENE-3D. Linear and nonlinear verification studies with global, electromagnetic
tokamak simulations against GENE have shown excellent agreement between the two codes
so that the implementation of the improved model can be considered successful.

Thanks to the upgrades performed within this project, GENE-3D can accurately simulate
a broad range of electrostatic as well as electromagnetic phenomena, making it possible to
investigate most of the parameter space of core turbulence considered in the operational
phases of Wendelstein 7-X to this date.
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Chapter 4

Electromagnetic effects on ITG
turbulence in Wendelstein 7-X-like
plasmas

In gyrokinetics, a crucial dimensionless parameter is the plasma-/3, which was defined in sec-
tion It serves as a measure of the impact of electromagnetic effects on the overall system,
given the explicit dependence of the normalised Ampére’s law on this parameter.
The effects encompass, amongst other things, both stabilising and destabilising influences
on turbulence, as well as the excitation of instabilities like kinetic ballooning modes (KBM).
Since fusion performance scales favourably with an increasing  [9], the corresponding plasma
regimes need to be well understood for the design of future fusion power plants. Although
finite electromagnetic effects were already incorporated routinely in flux-tube simulations,
comprehensive studies of global stellarator turbulence at finite 5 were largely absent, with
only a single study using artificially heavy electrons [76] was published at the time. However,
flux-tube and global simulations of tokamaks were shown to predict substantially different
characteristics regarding the saturation of electromagnetic ITG and KBM turbulence in [77].
The reason for the discrepancy was found to be additional global entropy transfer for the
latter model, emphasising the need to study such phenomena globally for stellarators as well.
While such studies are out of the scope of this chapter, the successful verification of the
electromagnetic upgrade of GENE-3D in section allows us to gain a first insight into the
influence of electromagnetic effects on I'TG turbulence in Wendelstein 7-X-like geometries at
moderate values of § already. The results presented here follow what was published in [34].

The rest of this chapter is structured as follows: we introduce the numerical setup of all
simulations performed throughout this chapter in section In section we present the
stabilisation of global, linear ITG instabilities through finite plasma-3, followed by an analysis
of the impact of 5 on nonlinear ITG turbulence in section 4.3

4.1 Numerical setup

All simulations throughout this chapter are performed using the standard configuration [78] of
Wendelstein 7-X. The normalised density and temperature profiles are chosen to be the same
for all simulations and are shown in figure Therefore, in order to change the plasma-g,
only the reference density n..s has to be changed.
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Figure 4.1: Left: initial density and temperature profiles. Right: initial normalised density
and temperature gradient profiles.

As can be seen in the right plot of figure the profiles are chosen such that most of
the drive is localised around the centre of the plasma volume with no significant contribu-
tions towards the radial boundaries, which allows us to get an accurate representation while
only using a limited radial domain, thus saving computational cost. Furthermore, the ion
temperature gradient is chosen to be significantly larger than the electron temperature and
density gradients, thus mainly destabilising ITG modes. The specific form of the density and
temperature profiles is given by

_;,_A _ NA2"”A
A cosh (736_?}/4 A)
= 4.1.1
Aw0) ™ | comt (=223 : (4.1.1)
wa

with the defining parameters set to k1, = 4.0, k1, = 1.0, wt, = wp, = 0.04, A1, = Ap, =
0.17, kK, = 1.0, wy, = 0.04 and A, = 0.17. The reference position zq is chosen to be at
half-radius zg/a = 0.5. In order to test the influence of electromagnetic effects on ITG
activity, we compare two scenarios. The first one employs 8 = 0.01% and can be considered
an electrostatic limit. The second scenario uses 5 = 0.5%, similar to what can be found in
experiments of the first operational phase of W7-X [79]. The specific geometries in this chapter
were generated using the MHD-equilibrium code GVEC [80] to match the background profiles
and prescribed plasma pressures. The plasma is a hydrogen plasma with realistic electron
mass, and the reference temperature is Tyof = 4.0, keV. The reference values of B = 2.28 T
and Lyef = a = 0.52m result in a finite-size parameter of p!.; = ps/a = 1/184. The simulations
consider a radial domain of 0.25 < z/a < 0.75, with buffer zones covering 10% of each side.
Moreover, the simulations make use of the five-fold symmetry of W7-X by analysing only one
fifth of the toroidal domain.
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4.2 Linear simulations

As a starting point, we performed linear simulations for both scenarios to compare their
respective growth rates. However, compared to tokamaks, all toroidal modes are coupled
even in linear scenarios in a stellarator. To understand this, consider the following simplified
picture of the linear gyrokinetic equation

d

% (yvt) = E(y7t>f(y7t)7 (421)

where L is a linear integrodifferential operator representing the right hand side of the gyrokin-
etic equation such that it contains all linear terms and its dependence on the electromagnetic
fields are expressed through another integrodifferential operator acting on the distribution
function f whose specific form is not relevant to the argument. Taking the Fourier transform
in space of this equation will result in

Fypor, { G100} = G 00) = Fyr, L0000} = [ L0850y~ 1,0)

(4.2.2)
where f and L are the Fourier transforms of f and £ and k, is the wavelength associated
with the spatial coordinate y. From this, we see that even for a linear model, all modes are
coupled to each other unless the linear operator does not depend on y itself, £ = L(t) so
that £ ~ d(ky). As such, the only thing that GENE-3D will produce is the fastest-growing
linear mode that is resolved appropriately within a set of toroidal modes determined by the
resolution being used. Such modes, however, often have a large wavenumber that usually
gives only small contributions to the total nonlinear transport, as seen later in this section.

To somewhat overcome this issue, one can lower the resolution in the y-direction to a point
where the strongest binormal mode is not resolved anymore while still properly resolving the
magnetic field geometry so that the second strongest mode will dominate. An alternative
is to use a numerical filter to single out the desired mode, as is done, for example, in the
EUTERPE code. In this work, we chose the former approach, but it was shown in [81] that
both methods agree with each other. Nevertheless, one should interpret such simulations with
great care, as it is unclear for both approaches how much the coupling to the neglected modes
will influence the results.

Three simulations were performed for each case, using a resolution of (120 x 128 x 64 x 24)
points in (x, z,v)|, 1), with box lengths of size
(Ly, Ly, Ly, L,) = (92.22 ps,100.64 ps, 4.2 vy, o (20), 17.7 Ty - (20) / Bret) and hyperdiffusion para-
meters 7y = ny = 0.05, 7, = 2.0 and 7y = 0.2. The binormal resolution was set to
(48,75, 240), respectively, to resolve different linear modes. This setup produces linear growth
rates for both scenarios shown in figure One can see a clear decrease induced by electro-
magnetic effects. The precise numerical values are listed in table together with the ratio
between the ion and electron heat fluxes, which will be used later for comparison with the
nonlinear results.
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kyps ‘ Ymax [Cs/a] ‘ Qes,e/Qes,i kyps ‘ “Ymax [Cs/a] ‘ Qes,e/Qes,i
0.5 0.155 0.13 0.5 0.116 0.15
0.62 0.176 0.15 0.81 0.155 0.19
1.37 0.231 0.17 1.37 0.179 0.22

(a) Electrostatic case (b) Electromagnetic (8 = 0.5%) case

Table 4.1: Linear results of electrostatic and electromagnetic W7-X simulations.
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Figure 4.2: Linear growth rates as a function of the binormal wavenumber of both electrostatic
and electromagnetic cases.

The growth rates are overall reduced by approximately 20-25%, with the strongest one
going from 0.231¢s/a to 0.179 cs/a. Figure compares the radial and poloidal mode struc-
tures of the fastest-growing modes in both scenarios for completeness. With only a tiny
variation between the electrostatic and the electromagnetic cases, all fields peak radially close
to z/a = 0.6. Furthermore, the parallel vector potential of the electromagnetic simulation
covers the entire domain parallel to the magnetic field lines, whereas the electrostatic potential
is highly localised at z = 0 in both cases.
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Figure 4.3: Normalised squares of the electrostatic and parallel vector potential of the fastest
growing modes for the electrostatic and electromagnetic scenarios; top: radial (left) and
poloidal (right) structures of the electrostatic potential, bottom: radial (left) and poloidal
(right) structures of the parallel vector potential. The orange lines show the structures of the
electrostatic simulation, whereas the blue lines correspond to those of the electromagnetic
setup.

4.3 Nonlinear simulations

Having observed a stabilisation of linear ITG modes through electromagnetic effects, we now
test whether this also holds true in nonlinear scenarios. For this, we reuse the setup of the
linear cases, except fixing the binormal resolution to m, = 120. Additionally, we employ
heat and particle sources kg = xp = 0.03. Later in figure we see that this keeps the
background profiles nearly identical to the initial ones with only minor deviations.

The volume-averaged time traces of the heat fluxes from the electromagnetic and elec-
trostatic simulations are shown in Figure The electromagnetic case exhibits lower levels
of turbulent heat fluxes than the electrostatic case at 200 time units or when saturation is
reached. There, one can see a reduction of heat flux in all channels for the electromagnetic
case compared with the electrostatic one.
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Figure 4.4: Time traces of the volume-averaged heat fluxes; dashed black line indicates the
beginning of time interval used for averaging.

In order to make sure the stabilisation is caused by the electromagnetic effects and not by
relaxation of the background profiles, the final profiles are shown in figure [£.5] showing only
slight variations from the initial ones, so that it can also be concluded that the heat and
particle sources have been chosen appropriately.
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Figure 4.5: Time-average of the background density and temperature profiles.
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Figure 4.6: Time-average of the radial heat flux profiles. Left: electrostatic and electromag-
netic heat fluxes; right: electrostatic ion and electron heat fluxes.

Going into a more detailed analysis of the different transport levels, we can compare the
radial profiles of the total electrostatic and electromagnetic heat fluxes in figure The
total transport of the electromagnetic case is still mainly of electrostatic nature, with a peak
value of 11.99 Q¢p, in comparison with the maximum electromagnetic heat flux of 0.36 Qgp.
One can further compare the flux contributions from the different species in the right plot of
figure [£.6], showing the radial profiles of the electrostatic heat fluxes of both scenarios. All flux
profiles are peaking approximately at z/a = 0.46, close to where the normalised background
gradients are largest (see figure . The fact that turbulence is mostly electrostatic and
mainly driven by the ion channel indicates that the turbulence at hand is still mainly driven
by ITG. Both ion and electron fluxes are reduced by approximately 25%, in line with the linear
behaviour seen in table In particular, the peak ion heat flux decreases from 13.70 Qgp to
10.34 Qg and the electron flux from 2.25 Qap to 1.65 Qgg. The nonlinear results are also in
line with the linear precursors in terms of the electron-to-ion flux ratio, which is approximately
Qes,e/Qesi = 0.15 for both, the electrostatic and electromagnetic scenario. However, prior
linear runs deviate slightly for larger ky in the electromagnetic simulation. This is not a
problem, as most of the transport is produced by modes peaking around kyps ~ 0.3, as can
be seen in figure @7 with only minor contributions coming from k,ps > 0.75.
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Figure 4.7: Wavenumber spectra of electrostatic ion and electron heat fluxes, evaluated at
x/a = 0.46.
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4.4 Chapter summary

This chapter presented the first global electromagnetic simulations in stellarator geometry
using the GENE-3D code. The aim was to investigate the stabilising influence of finite
plasma-5 on ITG activity in a W7-X-like geometry. Both linear and nonlinear simulations
have shown that even a moderate [ of 0.5%, which is well within the parameter regime
of the first operational phase of W7-X, leads to a reduction of approximately 25% of the
linear growth rates and similar reduction of the nonlinear ion and electron heat fluxes. Such
significant stabilisation and the eventual excitation of kinetic ballooning modes at higher £
highlight the importance of electromagnetic effects for future investigations of reactor-relevant
scenarios.
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Chapter 5

Full-Aux-surface effects on
electrostatic turbulence in
Wendelstein 7-X-like plasmas

Experimental discharges in the first operational campaign of W7-X have shown standard,
ECRH-heated plasmas with gas-puff fuelling have a clamped ion core temperature at around
1.5keV [82]. This issue was overcome transiently through the injection of hydrogen pellets
as fuelling method, along with an increase in heating power. In contrast to tokamak scen-
arios, a significant reduction of turbulent transport was observed in W7-X for such modes
of operation [83]. In [23], two mechanisms were provided as means to explain the improved
performance: one of the main drivers of turbulent transport in W7-X has been identified to
be ITG. Through the injection of pellets, there is a rise of the density gradient in the plasma
core, bringing the temperature-to-density-gradient ratio i = Lyn/LT, closer to 1, which is
known to have a stabilising effect on this kind of turbulence [22] for tokamaks as well as
stellarators. Unlike in tokamaks, however, it was hypothesised that for W7-X, the increase
in density gradient does not lead to the excitation of trapped electron turbulence as trapped
particles are considered to reside in regions of positive magnetic curvature [84, [85]. To show
this, linear flux-tube simulations with a kinetic-electron model were performed, showing a
transition from ITG instabilities in the pre-pellet phase to the so-called ion-driven trapped
electron mode (iTEM) in the post-pellet phase, causing less transport, as indicated by sub-
sequent nonlinear simulations. A second effect was mentioned based on simulations with the
full-flux-surface version of the GENE code: it was suggested in |28 that ITG turbulence is
highly localised around the outboard-midplane. Based on this, it was argued in [23] that
the pellet injection causes an increase in the radial electric field produced by neoclassical
transport, which in turn will dislocate the turbulent fluctuations into regions of weaker field
curvature, therefore reducing the drive of ITG instabilities. A significant shift in the peak
position was shown. However, the stabilising effect was considered secondary. While already
giving some insight, both explanations fall short in some regard. Although it is a known
effect in tokamaks already, the stabilisation of ITG through a finite density gradient was only
shown for stellarator geometries using flux-tube simulations, considering only a single field
line at a time. While being a reasonable approach in tokamaks due to axisymmetry, the
fact that different modes can potentially reside in different positions on the magnetic surface
is neglected, leaving open the question of whether turbulence is stabilised or just moved to
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a different binormal position. Furthermore, the question about the impact of geometrical
variations on nonlinear mechanisms, such as interaction with zonal flows, is left open. On
the other hand, the full-flux-surface simulations performed in [23] only employed an adiabatic
electron model. As such, the impact of a radial electric field on trapped-particle dynamics,
which are known to influence ITG turbulence even in the absence of an explicit electron drive
[22], as well as on ITG-TEM-hybrid scenarios is left unexplored.

In the following, we will combine both approaches to overcome these limitations by per-
forming full-flux-surface simulations with a kinetic electron model and comparing the results
to their flux-tube counterparts. Furthermore, we will investigate the influence of a constant
radial electric field on various types of turbulence and address the aforementioned localisation
of turbulence and the influence of magnetic field geometry. In part, this chapter follows [86].

The rest of this chapter is structured as follows: in section 5.1, we introduce the numerical
setup of the simulations performed in this study. We show that the stabilisation of ITG-
dominated turbulence through a finite density gradient, predicted by flux-tube simulations
in 23|, is reproduced in a nonlinear, full-flux-surface setup. We also investigate the spatial
distribution of turbulent fluctuations, finding a significantly larger extension on the surface
than what was reported, for example, in [28], which we show cannot be explained by the
different treatment of the electrons. After that, we take a look at the configurational effects
on ITG stabilisation through a density gradient in the context of the Low-Mirror configuration
of W7-X in section In there, we observe the same qualitative behaviour as for the cases
shown in section However, there is a significant fraction of trapped particles in regions
of negative magnetic curvature. We attribute this to the fact that the driving background
gradients are not large enough to highlight the configurational differences between the two
geometries with respect to density gradient-driven ITG stabilisation. In section we give
an overview of the influence of a neoclassical electric field on the different types of turbulence
under consideration. We show that its effect on the heat flux is small compared with the
variation of the background gradients and that the dislocation of turbulent density fluctuations
is small. Finally, we study the influence of a finite electron temperature gradient in section
.4 When comparing flux-tube and full-flux-surface simulations for the parameters under
consideration, we find substantial disagreement between the two models, which cannot be
remedied by increasing the number of flux-tubes used to compare against the higher-fidelity
model.

5.1 Density-gradient-induced ITG stabilisation in local and
full-lux-surface simulations

We begin this study by investigating the influence of full-flux-surface effects on the stabilsation
of ITG turbulence in W7-X through a finite density gradient. In order to avoid systematic
differences, we use GENE-3D for both flux-tube and full-flux-surface simulations. We consider
the standard configuration (EIM) [78] of Wendelstein 7-X at the radial position x/a = 0.65.
We furthermore assume a collisionless and electrostatic (8, = 10~%) limit, as the stabilisation
of ITG is also discussed frequently in this simplified setting. Furthermore we use a refer-
ence temperature T = 3.41keV and T, = T;j, which will result in a finite-size parameter
pE =1/200, which is somewhat larger than the values obtained from profiles of typical W7-X
discharges at this position [79]. However, 28] showed that for a similar setup, good agree-
ment between flux-tube and full-flux-surface simulations of ITG turbulence was attained for
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even larger values of p?. This influence will be addressed more for an experimental setting
in chapter [] While the full-flux-surface simulations will cover one-fifth of the entire surface,
exploiting the five-fold symmetry of W7-X - the flux-tube simulations will only consider the
bean-shaped (o = 0) flux-tube unless stated explicitly otherwise. The phase space domain
chosen for all simulations in this and the following sections is (Lx, Ly, Ly, L, =

(225 ps, 145.157 pg, 2, 3.0 Vih,o(20), 9.0 T5 / Brer) with a resolution of (nx,ny,nz,nv‘l,nu> =

(225,198,128,32,9). Since Dirichlet boundary conditions were employed in the radial direc-
tion, numerical heat and particle sources with an amplitude of k;; = kp = 0.02 were added
to the equations in order to retain the background density and temperature profiles [5§].
We take into account three scenarios to examine the turbulence stabilisation connected to
a finite density gradient: in the first scenario, all background gradients are set to zero except
for the ion temperature gradient of a/ Ly, = 2.5. Doing this will make the turbulence entirely
ITG-driven and serve as a reference case. As a comparison at the other end of the spectrum,
the second scenario is a solely density-gradient driven TEM with a/L, = 2.5 and a/L, = 0.
While the first two situations give a free-energy source for only ITG and Vn-driven TEM
turbulence, respectively, we also explore a third example with a mixed drive that lies in
between the other two. The background gradients are chosen to be a/Lt, = a/L, = 2.5,
which according to [24) [87] is considered to be a favourable parameter set for turbulence
suppression since 7; = L, /LT, = 1. We set the electron temperature gradient to zero for all
three situations for the time being and save the analysis of its effects for section Table
.1 summarises the gradients and the corresponding labelling of the cases for convenience.

Case label ‘ a/Lt, ‘ a/Ly ‘ m
ITG 2.5 0.0 | o0
TEM 0.0 2.5 |00
Mixed 2.5 25 |10

Table 5.1: Choice of normalised gradients for the different turbulence scenarios used in this
chapter. Unless stated otherwise, the electron temperature gradient is assumed to be zero.

The heat flux levels of these setups can be compared with each other in figure We
reproduce the density gradient-driven turbulence reduction in flux-tube simulations sugges-
ted by linear theory [24, |84] and confirmed for nonlinear flux-tube simulations in [88]. In
particular, we find that the ITG scenario has by far the largest ion and total transport. Com-
pared with that, the turbulence of density-driven TEM seems much more benign, which is
understood to be caused by the trapped electrons primarily residing in regions of positive
average curvature [84]. Additionally, the Mixed case has the lowest transport of all flux-tube
simulations, regardless of the total transport or that of each channel. This is consistent with
the linear results shown in [23] and [24]. In contrast to the previous publications, however, we
can additionally show in figure that this stabilisation is also present in surface-global sim-
ulations. In particular, the full-flux-surface simulation results follow the same trends as those
of their flux-tube counterparts, with the I'TG case having the highest amount of transport,
followed by the TEM case and the Mixed case having the lowest transport overall.
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Figure 5.1: Averaged ion and electron heat fluxes of all three turbulence scenarios for flux-tube
and full-flux-surface simulations.

Since surface simulations in GENE-3D are much more expensive than flux-tube simula-
tions in GENE due to the absence of a Fourier representation of the binormal direction, it is
natural to ask how well the latter model can approximate the results of the former. To this
end, the averaged ion and electron heat fluxes obtained by the full-flux-surface simulations
are displayed as a function of the field-line label « in figure for all three cases. On top,
the corresponding flux-tube results are marked by crosses.
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Figure 5.2: Variation of the ion and electron heat fluxes for the three turbulence scenarios as
a function of the field-line label. The dashed black lines indicate the mean value, whereas the
crosses represent the heat flux obtained by the corresponding flux-tube simulation.

With a variance that is always below 20% from the corresponding mean value, the heat
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flux is relatively homogeneous for all scenarios under study. Nevertheless, it can be seen in
figure that the flux-tube results are within the range of attained flux-surface values of
heat fluxes for the Mixed and TEM cases. Together with the previously mentioned relatively
uniform distribution over the different field-line labels, it is reasonable to assume that flux-
tube simulations can provide a good proxy for these two scenarios. However, we can see
that for the ITG case, the local and flux-surface results differ by up to 30%, indicating
that combining multiple independent local simulations could yield different results than the
full-flux-surface approach. This contrasts what was shown in [28], where a similar setup
with an adiabatic electron model produced a good agreement between flux-tube and surface
simulations. To test the influence of the electron model, we repeated the simulation of the
ITG case with adiabatic electrons. A comparison of the ion heat flux structure can be found
in figure |5.3

ITG, adiabatic electrons ITG, kinetic electrons
8 8
161

Oions [OGB]

: *.

10 -05 0.0 05 10 -10 -05 0.0
al[n/5] almn/5]

0.5 1.0

Figure 5.3: Variation of the ion heat flux for the ITG turbulence scenarios as a function
of the field-line label. The dashed black lines indicate the mean value, whereas the crosses
represent the heat flux obtained by the corresponding flux-tube simulation. The left plot
shows the results obtained with an adiabatic electron model, whereas the results on the right
are obtained with kinetic electrons.

One can see there that the flux-tube and full-flux-surface results agree much better when
using adiabatic electrons than their kinetic counterpart, especially due to the clear maximum
towards the a = 0-field line for the former heat flux. Due to this, the differences between flux-
tube and full-flux-surface simulations reduce to approximately 10% for the adiabatic electron
model, in contrast to the 30% mentioned previously. In contrast, the surface simulation
with kinetic electrons produces a rather uniform flux distribution. This could indicate that
using an adiabatic electron model overstates the localisation of turbulence, which remains to
be further investigated in the future. Figure also shows that for both electron models,
flux-tube simulations produce significantly more transport towards the o = O-tube, which in
combination with the adiabatic electron model’s peaked structure could be one reason for the
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good agreement between flux-tube and full-flux-surface simulations that was shown in .

Beyond the one-dimensional structure of the heat fluxes, one can also study the structure
of density fluctuations. Such investigations are of great interest, as previous studies like
have indicated that turbulent fluctuations peak only in a slim region around
the outboard-midplane in Wendelstein 7-X and also other stellarators. A localisation with
a maximum-to-minimum fluctuation ratio between a factor of 7-10 could cause difficulty for
experimental measurement in that a slight misalignment of the detector with the peak position
might significantly underestimate the fluctuation levels at play. However, all of the previously
mentioned publications used an adiabatic electron model, which, as we have seen before, can
give substantially different results than the more realistic kinetic electron model. Furthermore,
global simulations performed by GENE-3D and EUTERPE with adiabatic electrons have also
found the fluctuation amplitudes to vary by a factor of two rather than 7-10 in .

To shed more light on this discussion, we plot the density fluctuations of all three full-flux-
surface scenarios given in table as a function of the poloidal and toroidal PEST angles 6*
and ¢ , assuming a right-handed system, in figure
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Figure 5.4: Root mean squared density fluctuations of the ITG, Mixed and TEM case, nor-
malised to their respective maximum value, as a function of the poloidal and toroidal PEST
angles.
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As can be seen there, our results are in qualitative agreement with the simulations presented
in [91] in so far as that the fluctuations seem to be fairly extended in both the poloidal and
toroidal directions for all three cases, with the fluctuation level over the surface varying by at
most around a factor of two. In order to test the influence of the treatment of the electrons
further, we additionally compare the spatial distribution of density fluctuations between the
adiabatic and kinetic electron simulation of the ITG scenario in figure Although having
a slightly larger ratio between maximum and minimum amplitude, the results obtained with
adiabatic electrons are still far more extended than what was shown in , ,
again being in line with . What causes the difference in the spatial structures between
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the previously mentioned models remains to be understood.
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Figure 5.5: Root mean squared density fluctuations of the ITG case, simulated with adia-
batic (left) and kinetic (right) electrons, normalised to their respective maximum value, as a
function of the poloidal and toroidal PEST angles.

5.2 Comparison between standard and low-mirror configura-
tion

Following the argument presented in the introduction that trapped electron mode turbulence
is weak is caused by the electrons mainly residing in regions of positive magnetic curvature in
W7-X, it has been hypothesised that one would observe a similar behaviour as in a tokamak
in field configurations where the overlap is large. One such configuration is the low-mirror
configuration (AIM), which has a local minimum of the magnetic field strength on the out-
board midplane, where the field curvature is the most negative, as can be seen in figure
However, when simulating the scenarios introduced in the previous section in the mow-
mirror configuration, we can see from figure that ITG is also stabilised here, while TEM
turbulence is kept benign.
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Figure 5.6: Comparison of the geometries of the standard (EIM) and low-mirror (AIM)
configuration at x/a = 0.65, « = 0. The magnetic field strength is marked in red, and the
curvature-drive term K, is marked in blue. The black line indicates K, = 0.

AIM configuration, a/Lt,=0

B Flux-tube, ITG
204 B Flux-tube, Mixed
B Flux-tube, TEM
7'3 15- + ¢ FFS,ITG
& ¢ FFS, Mixed
= ¢ FFS, TEM
510+
S
5_
—— } L :
HEH i

0.5 1.0 1.5 2.0 2.5 3.0
Qelectrons [QGB]

Figure 5.7: Averaged ion and electron heat fluxes of all three turbulence scenarios for flux-tube
and full-flux-surface simulations in the low-mirror (AIM) configuration.

The overall transport of all cases seems to be larger than the heat fluxes obtained in the
simulations of the standard configuration. The cause for this could be the previously men-
tioned more extensive overlap between regions of bad curvature and magnetic wells, which
can act as a destabilising mechanism of trapped-particle dynamics, even if no TEM drive
is available. However, one still observes a substantial decrease of both flux channels when
adding a density gradient to the I'TG scenario, as in figure We argue that, for the gradi-
ents under consideration, all configurations of W7-X considered in [24] should benefit from
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increasing the density gradient, bringing 7; closer to 1 . As seen in , geometrical effects
in stabilisation trends only become apparent at significantly larger gradients. To support this
further, we mention that a reduction of ITG turbulence through a finite density gradient was
even shown for the NCSX stellarator in [88], a machine whose quasi-axisymmetric nature
results in largely unfavourable electron curvature drifts, therefore providing more drive of
trapped-electron modes.

We can furthermore compare the structure of the electron density fluctuations on the
surface again in figure observing qualitative agreement with the structure shown in figure
for the standard configuration.
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Figure 5.8: Root mean squared density fluctuations of the ITG, Mixed and TEM case in the
low-mirror (AIM) configuration, normalised to their respective maximum value, as a function
of the poloidal and toroidal PEST angles.

We see that the density fluctuations seem to be somewhat more pronounced for the ITG scen-
ario in comparison with the one shown in figure [5.4] which can be expected since the overall
transport is higher in the low-mirror configuration. Nevertheless, the density perturbation
seems to vary only by slightly more than a factor of two over the entire surface, with all other
qualitative trends being the same as in the standard configuration. Since the same trends
were observed regarding the transport levels and the structure of turbulent fluctuations, we
expect core plasmas in standard and low-mirror configurations for the scenarios under consid-
eration to behave similarly overall. Therefore, we will only focus on the former configuration
from now on.

5.3 Influence of a radial electric field

One distinctive feature that separates flux-tube from full-flux-surface simulations is the fact
that the latter can be influenced by the presence of a constant background radial electric
field Ey(z) = —V¢o(x), usually originating from neoclassical physics. As the background
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quantities do not depend on the binormal direction, it can be shown that the effect of the
electric field can be eliminated through a Galilean transformation into a reference system that
rotates with the corresponding ExB-velocity in this direction, therefore only causing a Doppler
shift of mode frequencies. On the other hand, the binormal dependence of the operators in
the gyrokinetic equation in flux-surface simulations breaks this invariance, not only causing a
Doppler shift. The previous discussion did not consider taking into account a sheared electric
field, which can potentially have a significant impact on flux-tube and flux-surface simulations
and will be part of the investigation presented in chapter [6]

Nevertheless, simulations in [23] show an order-of-magnitude reduction of ITG transport
and a substantial dislocation of the maximum amplitude of turbulent fluctuations on the flux-
surface. These results are again in contrast to global simulations shown in [91], both using
adiabatic electrons, in which the stabilising effect on I'TG turbulence as well as the dislocation
through the electric field was reported to be substantially smaller. In this section, we want to
enter this discussion again using a kinetic electron model to assess the electric field’s impact on
different kinds of electrostatic turbulence. To this end, we repeat the three full-flux-surface
scenarios of section [5.1 However, this time we add a normalised electric field with Mach
number Mgyxp = —0g, = £0.015, where v, is the normalised velocity associated with the
background electric field, given in section This Mach number corresponds approximately
to a radial electric field of +19kV /m for the reference temperature Tiof = 3.41keV used in the
simulation. A comparison between the heat fluxes with and without the electric field is given
in figure We can see that the effect on turbulence is relatively small, especially compared
with the variation of the gradients. While there is a stabilisation of approximately 16% for the
ITG scenario, all three flux-surface simulations of the TEM and Mixed case scenarios agree
within error bars, respectively. Therefore, we see that, besides the overall small influence of
the electric field on the flux levels, there is no noticeable impact of the sign of the electric
field.
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Figure 5.9: Averaged ion and electron heat fluxes of all three turbulence scenarios for full-
flux-surface simulations with and without radial electric field.
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The weak transport stabilisation is accompanied by a slight shift of the turbulent density
fluctuations, as shown in figure [5.10
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Figure 5.10: Root mean squared density fluctuations of the ITG and TEM case, with and
without radial electric field, normalised to their respective maximum value, as a function of
the poloidal and toroidal PEST angles.
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The explanation given at the beginning of this section, along with the findings of section
make it clear why these results also are in agreement with what was shown in : the
radial electric field’s dislocating effect cannot be felt unless turbulence is sufficiently localised.
This is easily understood by imagining an extreme case in which all turbulence is uniformly
distributed, and any kind of dislocation would go undetected. The turbulence is weakly
localised in all three scenarios under discussion, as was already demonstrated in figure
Furthermore, as can be observed in figure [5.10, our examples had far less dislocation than the
findings in . To prove that the dislocation is not affected in a significant way by the choice
of the electron model, we again repeat the ITG simulations with adiabatic electrons, observing
also only a reduction in transport by around 8% from 8.42 Qgg to 7.42 Qgg. Furthermore,
one can see in figure that the dislocation of density fluctuations is equally small as the
ones shown in figure Additionally, we propose that even in the situation of strong
localisation, the electric field can only result in dislocations on equilibrium lengthscales if the
corresponding velocities, specifically the ExB- and thermal velocities, are comparable with
one another, which necessitates that Mpyp ~ 1. During the study of the examples examined
in section [5.4] we provide evidence to support this.
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Figure 5.11: Root mean squared density fluctuations of the ITG case, run with adiabatic
electrons, with and without radial electric field, normalised to their respective maximum
value, as a function of the poloidal and toroidal PEST angles.

5.4 Effect of a finite electron temperature gradient

As a final step, we will look at the effect of a finite electron temperature gradient on different
types of turbulence and the behaviour of flux-tube and flux-surface simulations. We, therefore,
run the flux-tube and full-flux-surface simulations of section [5.1] again, but this time we add
an electron temperature gradient of a/Lt, = 2.5. The corresponding heat fluxes can be
found in figure [5.12] The first thing one can notice is the substantial increase in ion and
electron transport for the ITG cases, which we attribute to the excitation of hybrid ITG-
TEM turbulence, where the trapped electron part is driven by the electron temperature
gradient. This claim is based on the fact that both the flux-tube and surface simulations have
a substantial amount of electron heat flux, which is atypical for pure ITG turbulence.
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EIM configuration, a/Lt, = 2.5
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Figure 5.12: Averaged ion and electron heat fluxes of all three turbulence scenarios for flux-
tube and full-flux-surface simulations, including a finite electron temperature gradient.
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Furthermore, one can take a look at the heat flux structure along the magnetic field, for
simplicity in the case of the flux-tube simulation only, and compare the I'TG cases with and
without electron temperature gradient with each other in figure In there, we see that
the structure of the ion heat flux is relatively unaffected by the electron temperature gradient,
having a strong peak on the outboard-midplane and a sharp fall-off towards the inboard side.
The electron heat flux, however, while having a very similar structure for the pure ITG case
as its ion counterpart, starts to develop several local maxima along the magnetic field line,
something that can also be observed in the electron heat flux structure of the density gradient
driven TEM case in the rightmost plots of figure [5.13]
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Figure 5.13: Ion (top) and electron (bottom) heat flux structures parallel to the magnetic
field, obtained by flux-tube simulations, normalised to their respective maximum; shown, from
left to right, are the pure ITG case, the ITG case with finite electron temperature gradient,
and the TEM case.
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We can now continue to compare the flux-tube to the flux-surface results for the cases
under consideration. Compared with the scenarios considered in section the flux-tube
simulations produce heat fluxes that are almost twice as large as the ones obtained with
the full-flux-surface model for the ITG case. Even further, one can see that the two models
now do not only differ quantitatively but also qualitatively for the Mixed and TEM case:
while the flux-tube simulations predict that the Mixed case produces similar levels of total
transport compared with the TEM case, the full-flux-surface simulations predict that the
former produces noticeably more transport than the latter, differing by roughly a factor of
two. This can be seen in figure where the same heat fluxes as in figure [5.12] are plotted
without the ITG results for clarity.
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Figure 5.14: Averaged ion and electron heat fluxes of the TEM and Mixed case turbulence
scenarios for flux-tube and full-flux-surface simulations, including a finite electron temperature
gradient.

To explore these differences further, we show the heat flux variation along the field-line
label for all three full-flux-surface simulations in figure Like in figure the corres-
ponding transport levels obtained by flux-tube simulations are placed on top and marked by
crosses. As the two different simulation domains produce the largest discrepancy for the ITG
case, we perform additional local simulations at o = (0.25,0.5,0.75) * (27/5), on top of the
one at « = 0. As shown in figure [5.15] even averaging the flux levels over multiple tubes
still results in a difference of the two domains by a factor of approximately 1.5. Furthermore,
we see that, while the full-flux-surface simulation produces a mostly homogeneous spreading
of heat flux, the local simulations predict a strong peaking of the fluxes in the a = O-tube,
with a rapid fall-off towards the other tubes. Therefore, it becomes apparent that the two
different simulation domains do not only produce significantly different transport levels but
also a different spatial profile of turbulence.
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Figure 5.15: Variation of the ion and electron heat fluxes for the three turbulence scenarios
as a function of the field-line label. The dashed black lines indicate the mean value, whereas
the crosses represent the heat flux obtained by the corresponding flux-tube simulation.

Similar behaviour can be seen in the same picture for the Mixed and TEM examples, where
local simulations, in turn, either underestimate or overestimate the heat fluxes. Additionally,
as can be shown, the full-flux-surface simulation for both situations seems to predict a slightly
increased transport towards the a = m/5-flux-tube as opposed to the ITG scenario, which
has a little increased transport around a = 0. This suggests that one should compare many
flux tubes while conducting turbulence investigations because there is no assurance that the
transport would always peak in the same binormal position.

As a next step, we look again at the structure of the turbulent density fluctuations between
the three cases in figure Comparing these variations of density fluctuations with those
in figure it becomes apparent that the ITG and TEM scenarios behave similarly with
or without an electron temperature gradient: both cases show a relatively weak localisation
around the outboard midplane, with the ITG case being slightly more peaked than the TEM
case. In contrast to the previous case, however, the Mixed scenario produces a strongly
localised fluctuation pattern that peeks on the inboard side of the flux-surface. The reason for
this unfamiliar pattern is not yet understood but has been confirmed in flux-tube benchmarks
between GENE and GENE-3D in order to ensure the correctness of the results produced by
GENE-3D, as can be seen in figure [5.17]
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Figure 5.16: Root mean squared density fluctuations of the ITG, Mixed and TEM case with
finite electron temperature gradient, normalised to their respective maximum value, as a
function of the poloidal and toroidal PEST angles.
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Figure 5.17: Root mean squared density fluctuations of the Mixed case with finite electron
temperature gradient obtained by flux-tube simulations, as a function of the parallel coordin-
ate. The density obtained by GENE-3D is marked in blue, and the one by GENE in red.

While a dedicated investigation of this behaviour is left for future work, such highly
localised turbulence can indeed serve as a proper candidate to test the possibility of the
electric field dislocating turbulence. Adding an electric field with Mgy = —0.015 to the
Mixed case scenario, the ion heat flux reduces from (1.70 £ 0.10) Qg to (1.26 £ 0.11) QcB
and the electron flux from (1.98 + 0.12) Qgp to (1.46 £+ 0.13) Qgp. As shown for all cases
considered in section the density fluctuations are again only shifted very slightly, as
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can be seen in figure [5.18 which overall implies that the radial electric field does not seem
to significantly impact the spatial location of ion and electron fluctuations, even for highly
localised cases, supporting the hypothesis about the flow strength made in section [5.3] It
remains to be seen in the future how much the radial electric field will affect the behaviour
of heavy impurities, as their higher mass makes them more susceptible to its influence.
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Figure 5.18: Root mean squared density fluctuations of the Mixed case with finite electron
temperature gradient, with and without radial electric field, normalised to their respective
maximum value, as a function of the poloidal and toroidal PEST angles.

5.5 Chapter summary

This section dealt with the investigation of full-flux-surface effects on I'TG- and TEM-driven
turbulence, as well as on the interaction between the two, in Wendelstein 7-X-like configur-
ations. By performing the first-ever full-flux-surface simulations with kinetic electrons, we
confirmed the stabilisation of ITG-dominated turbulence by a finite density gradient origin-
ally predicted by flux-tube simulations. We have further shown that turbulence is spread
out fairly evenly on the surface for the cases under consideration, different from what has
been proposed in previous full-flux-surface studies that used an adiabatic electron model.
Beyond that, we have shown that while flux-tube simulations can be a sufficient approxim-
ation of transport levels for some cases, other cases under consideration showed significant
disagreement compared with flux-surface simulations, especially in cases where transport is
comparatively large. Especially in these cases, the predicted spreading of heat flux between
different field lines was heavily favoured towards a more localised distribution in the case of
the flux-tube simulations. In contrast, the higher-fidelity model produced a rather uniform
variation. Finally, we showed that an external radial electric field without flow shear only
affects turbulence weakly for the cases under consideration, both in terms of the strength of
turbulent transport and in terms of the location of turbulent fluctuations, not even in cases
where the latter are highly localised.

While the parameters under consideration can be considered representative of the main
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types of electrostatic turbulence relevant to the first operational campaign of W7-X, the study
can still be improved in the sense of extending it to fully experimental parameters, including
multiple radial positions, experimentally consistent profiles, electromagnetic effects, and more.
For this reason, we will extend our investigation of different simulation models to the analysis
of an experimental ECRH-heated discharge of Wendelstein 7-X, as well as an analysis of the
underlying turbulence characteristics, in the next chapter.
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Chapter 6

Analysis of an ECRH discharge in
Wendelstein 7-X

In the preceding two chapters, we have demonstrated on multiple occasions that the predicted
turbulence levels can significantly differ based on the fidelity of the underlying model and the
physical effects taken into account. However, all simulations conducted so far have employed
artificial background profiles, raising the question of the relevance of these findings in real-
world experimental scenarios. Similar concerns also apply to most existing literature on
gyrokinetic stellarator simulations. For instance, studies like [92, 93] employ simulations of
experimental parameters in flux-tube domains, whereas publications like [94] present radially
global simulations using analytical background profiles in the collisionless and electrostatic
limit.

In this chapter, we will bridge this gap by presenting a global simulation of experimental
discharge parameters of Wendelstein 7-X, using a kinetic electron model while accounting
for electromagnetic and collisional effects and considering a finite equilibrium radial electric
field. The only effect missing is magnetic compression, which is expected to have a minor
influence in the case considered due to the low overall plasma-5. To the author’s knowledge,
this simulation is the first of its kind. We will compare the outcomes with those obtained
from flux-tube and full-flux-surface simulations to extend the comparative analysis presented
in chapter [5] to parameters relevant to experimental setups. Additionally, we will explore
the hypothesis regarding the weakness of trapped-electron modes in the core of Wendelstein
7-X plasmas |16} [26], using the radially local and global simulation results obtained before.
Moreover, we will investigate the relative influence of ion- and electron-scale turbulence on the
overall transport levels. Identifying the different types of turbulence is highly important, as
they require different mitigation strategies [95, 96]. The findings in this chapter are currently
being prepared for submission to a peer-reviewed journal.

The rest of the chapter is structured as follows. We begin by introducing the discharge
considered in section followed by expanding upon the studies introduced in chapter
extending them to realistic experimental scenarios in section Subsequently, we invest-
igate the characteristics of the ion-scale turbulence found in the discharge’s core region in
section Through a comprehensive analysis involving the different simulation types and
a comparison against power balance analysis, we present compelling evidence supporting
trapped-electron activity manifested in I'TG-TEM hybrid turbulence. This discovery contra-
dicts earlier literature findings. In section we explore the influence of ETG turbulence
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on the overall transport and identify factors contributing to its varying strength at differ-
ent radial positions. Finally, in section [6.5] we justify the significance of these results in
the experimental context, even though they may not align perfectly with the power balance
analysis.

6.1 Details of the discharge

In the rest of the chapter, we consider an experimental Electron-Cyclotron-Resonance-Heated
(ECRH) discharge of Wendelstein 7-X. Specifically, our focus is on the W7-X programme
20181016.037, for which the corresponding time traces can be found in figure [6.1

12

— nd/[101°m~3]
Pecru [MW]

= W4ia [100K]]

10

t[s]

Figure 6.1: Time traces of the line-integrated density (blue), ECRH heating power (orange)
and diamagnetic energy (green) of the W7-X programme 20181016.037. The area marked in
grey at t =4 — 5s corresponds to the shot phase considered in this investigation.

For our purposes, the discharge phase of t = 4 — 5s is particularly well-suited. It can be
considered a representative scenario for gas-fuelled standard discharges within W7-X. The
relevant background density and temperature profiles were obtained using the NTSS code
[97], together with the neoclassical transport code DKES [98] computing the neoclassical
fluxes as well as the equilibrium radial electric field. Figure shows the background profiles
and the electric field. One thing to note is that 7} > T, for some positions beyond z/a ~ 0.5.
This contradicts the expectations for a plasma solely heated by ECRH, as the ions are only
heated through equipartition with the electrons. However, this discrepancy, resulting from
the specific configuration of NTSS used in this scenario, is of minor concern to us. To analyse
turbulent dynamics beyond a comparison between the different simulation models, we largely
focus on the region z/a < 0.5, as will become clear in subsequent discussions.
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Figure 6.2: Density, temperature and radial electric field profiles corresponding to the grey
area in figure Top: profiles, bottom: corresponding (normalised) gradients. Bottom
right: normalised flow shear rate, defined in equation The red lines indicate the limits
of the domain simulated with GENE-3D. The data was provided by Thomas Windisch (IPP
Greifswald).

6.2 Comparison of computational domains

In this section, we begin our investigation of the discharge by comparing the predicted heat
fluxes and turbulent fluctuation levels between flux-tube, full-flux-surface and radially global
simulations. The latter serves as a benchmark, offering a reference point to assess the out-
comes of the other two simulation models. Beyond the extension of the studies presented in
chapter 5| the comparison enables the utilisation of the distinct diagnostic capabilities of each
model, provided the overall transport predictions align reasonably well. For instance, while
flux-surface and global simulations can provide the spatial patterns of turbulence across the
entire surface, flux-tube simulations can isolate single toroidal modes in linear simulations,
which will prove valuable in the subsequent sections.

The global simulation, performed with GENE-3D, considers a radial domain of z/a €
[0.275,0.925], which accounts for roughly 65% of the entire inner plasma volume. The grid
employs resolutions of (325,256, 126,64, 16) points in the (z,y, 2, v||, u)-directions, respect-
ively. The corresponding box dimensions are (Ly, Ly, Ly, L,) =
(259.437, ps, 265.472, ps, 3.45, Veh o (20), 11.9, To,5(20) / Bret). Using approximately 2.8 million
core hours on the MPCDF cluster Raven, the simulated plasma is saturated based on the time
traces of the volume-averaged heat fluxes illustrated in figure To the author’s knowledge,
this simulation marks the first instance of a global gyrokinetic simulation conducted with ex-
perimental discharge parameters from W7-X, incorporating kinetic electrons and accounting
for electromagnetic effects.
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Figure 6.3: Time trace of the volume-averaged heat flux of the global simulation.

The resulting heat flux profiles are compared with the outcomes of radially local sim-
ulations, as depicted in figure [6.4] These local simulations are carried out at the radial
positions z/a = [0.4,0.5,0.6,0.7,0.8]. The full-flux-surface simulations are performed us-
ing GENE-3D, covering one fifth of the respective surface. Using numerical boxes with
(Lx, LVH ) Lu) = (225 ps, 3 Uth,a(xo),
9Ty, (x0)/Bref) and a resolution of (nx,ny,nz,nv‘l,nu) = (225,256,128, 32,9) was sufficient
for most cases. However, the velocity grids had to be changed to (LVHvLm”vH’”u) =
(6,12,64,12) for the simulations at x/a = 0.4 and 0.5. Unless stated otherwise, a finite
equilibrium flow corresponding to the local value of the nominal radial electric field is con-
sidered. The flux-tube simulations are conducted using GENE, as the two codes have been
benchmarked extensively against each other. Nevertheless, GENE employs a much more ef-
ficient treatment of flux-tube domains due to the spectral representation in the radial and
binormal directions. Four flux-tubes at a = [0,0.25,0.5,0.75]27/5 are considered at each
radial position. Here, a setup of (ky min, LVH,L#) = (0.05 ps_l,3vth70(:v0), 9T0,5(x0)/Brer) and
(nkx,nky,nz,nv”,nu) = (128,64, 128,32,9) was found to be sufficient. The radial box sizes
are selected to be approximately Ly = 225ps and are adjusted according to the magnetic
shear 5. In cases where the shear becomes too small, periodic boundary conditions in the z
direction are assumed [99].

Figure [6.4] shows decent agreement of heat flux levels between the local and global sim-
ulations in the core while exhibiting significant disagreement between flux-tube and global
results in the outer region, up to a factor of 2 at z/a = 0.8. In contrast, the alignment between
full-flux-surface and global simulations is better, with a relative error of approximately 30%.
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Figure 6.4: Comparison of the radial heat flux profile obtained from the global simulation with
those obtained by flux-tube (left) and full-flux-surface (right) simulations. Shaded regions
indicate standard deviation in time of the global simulation.

The discrepancies seen in figure can partly be explained by the different treatment of
the radial electric field within the three simulation models. As was discussed in section [5.3
a constant radial electric field can be eliminated in flux-tube simulations by an appropriate
coordinate transformation, whereas full-flux-surface simulations are impacted by it. Moreover,
global simulations account for the radial variation of the electric field, which naturally includes
a shearing effect in the system. This shearing effect is known to have a stabilising impact
on turbulence. However, it is possible to introduce this flow shear approximately in local
simulations by linearising the flow velocity around the reference position according to

o B@ (Exxo)
UE, ~

C(x) C (o)

— ’A)/EXB(.%'()) (.@ — .f]'o)) y (6.2.1)

where we have introduced the normalised ExB-flow shear rate

. _d [ Ex(x)
el = s < Cw) )
The Fourier representation of the radial direction employed by GENE necessitates using
a sophisticated algorithm proposed in [100]. In contrast to this, it is straightforward to
incorporate equation into the gyrokinetic equation of GENE-3D if Dirichlet
boundary conditions are assumed in the radial direction.
When accounting for the sheared ExB-flow in the radially local simulations, we observe a
noticeable impact in the outer radial region, as indicated in figure Since the shear rate is

comparatively low in the inner region, it is understandable that one does not see a significant
change in the transport levels. However, one can see a substantial reduction around z/a = 0.8,

(1-3) (6.2.2)

db, B
di &

T=x0 T=x0
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where the flow shear is strongest.
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Figure 6.5: Same as figure but linearised flow shear was added for the radially local
simulations.

Qions A [MW] Qelectrons A [MW]
Flux-tube 3.34 £0.11 0.80 £+ 0.02
Flux-tube (with Jrxp) 2.34 +£0.04 0.60 £ 0.01
Flux-surface (no Ey) 2.32£0.06 0.44 £0.01
Flux-surface (with EY) 2.30 £ 0.05 0.44 £+ 0.01
Flux-surface (with E; & YrxB) 1.77+0.03 0.36 + 0.01
Global 1.77 4+ 0.08 0.30 £ 0.02

Table 6.1: Ion and electron heat fluxes at x/a = 0.8 as predicted by different models

By repeating the full-flux-surface simulation at z/a = 0.8 while neglecting the equilibrium
ExB-flow, one can infer from table that the local radial electric field has no significant
impact on the transport levels at this position. Taking into account the flow shear, on the
other hand, reduces the heat fluxes in both local models by approximately 20-25%, making
the ion heat flux computed by the flux-surface simulation agree with the global results within
error bars. This highlights that the shearing of equilibrium ExB-flows significantly impacts
turbulence levels in stellarators and should, therefore, always be considered in gyrokinetic
simulations. This is especially true in advanced scenarios, such as those with pellet fuelling,
where one can see an even stronger radial variation of the electric field [23].

While the ion heat flux is only overpredicted by approximately 30% by the flux-tube
simulations, the electron heat flux is still larger by a factor of 2 compared with the global
results. Interestingly, however, one can see in figure [6.6] that the different flux-tubes are
stabilised to a different extent by adding flow shear.
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Figure 6.6: Variation of the ion and electron heat fluxes along the field-line label o centred
around x/a = 0.8. Red and blue lines represent the fluxes obtained by global and full-flux-
surface simulations, respectively, while green crosses mark the flux-tube results.

The ion heat flux reduces by approximately 40% within the a = 7/10-flux-tube, dropping
from 3.85 MW to 2.28 MW. On the other hand, it only shows a slight decrease of about 3%
at a = /5, from 2.32 MW to 2.24 MW. The electrons exhibit a slightly weaker stabilisation,
with their heat flux decreasing from 0.89 MW to 0.60 MW at o = w/10 and from 0.6 MW to
0.58 MW at a = 7/5, which translates to stabilisation of 32% and 3%, respectively. One can
see that the overall variation of the different flux-tubes is greatly reduced by the addition
of the shear to a level comparable with that of the flux-surface and global simulations. The
mechanism driving this phenomenon will be subject to investigation in future research.

We complete the comparison of the different computational domains in experimental para-
meter regimes by considering the turbulent density fluctuations as a function of the field-line
angles for different radial positions. According to the theory presented in [28] and [89),
turbulent fluctuations are expected to become more localised as p* decreases. However, as
demonstrated in figure even at x/a = 0.8, where p* ~ 1/580, the density fluctuations
exhibit a factor of variance of only up to 2.5, which aligns with our earlier considerations in

chapter
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Figure 6.7: Root-mean-square of the electron density fluctuations at x/a = 0.8, normalised
to the respective maximum value for full-flux-surface simulations with and without E,, with
finite ExB-flow shear as well as obtained by the global simulation. Fluctuations of the global
simulations are averaged over z/a € [0.79,0.81] to reduce statistical noise.

0.4

Furthermore, it is noteworthy that retaining the constant radial electric field does not
significantly alter the spatial structure of the density fluctuations computed by the full-flux-
surface simulations, in accordance with the results and subsequent explanation presented in
sections and Interestingly, including finite 4gxp noticeably decreases the extent of the
fluctuations along the toroidal direction. This behaviour is, however, inconsistent with the
global results, also shown in figure which has a relatively homogeneous structure in the
toroidal direction. This effect is to be studied in the future.

6.3 Analysis of ion-scale turbulence in the core

After evaluating the predictive capacities of various simulation models for the current ECRH
discharge, we focus on examining the system’s inherent turbulence characteristics. To this
end, we compare the global heat flux profiles predicted by GENE-3D against the anomalous
heat fluxes obtained with NT'SS in figure The latter is given by the difference between
total and neoclassical heat fluxes, where the latter are calculated with DKES.
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Figure 6.8: Comparison of the radial heat flux profile obtained from the global simulation
with the power balance obtained by NTSS. Shaded regions indicate standard deviation in
time of the global simulation.

The comparison between the power balance and GENE-3D shows good agreement of the
ion heat flux up to z/a = 0.5. However, as we move further out of the core, the simulated
ion heat flux increases substantially, reaching up to 3 MW, which exceeds even the total
ECRH heating power injected into the system, as illustrated in figure In contrast, the
electron heat flux computed by GENE-3D appears notably lower across the entire radial
domain. Consequently, our primary focus will be on the region with z/a < 0.5 for in-depth
investigations of turbulence characteristics.

As was already mentioned in the introduction of chapter [6] it was postulated [16} [26]
that ITG should be the dominant type of turbulence in the plasma core, while TEMs, if
at all, should be expected in the plasma edge. However, the results obtained with GENE-
3D and NTSS, as displayed in figure suggest that this hypothesis can only be partially
accurate. 'Pure’ ITG turbulence drives only limited electron heat flux in comparison with
the ion channel [101], as can also be observed in figure In contrast, GENE-3D and NTSS
predict either Q¢ > Q; or Q¢ > ); in the core, as can be expected for plasmas where the only
direct heating is applied to the electrons. Given that electromagnetic turbulence should be
subdominant for the plasma-g of the discharge, TEM turbulence emerges as a likely candidate,
as it was shown in chapter [b| that it could drive both ion and electron heat flux.

To explore this, we have selected the radial position z/a = 0.4 as a representative flux-
surface within the inner plasma core. In figure we present the spatial distribution of heat
flux for both electron and ion channels along the parallel coordinate z and the field-line label
a. Here, one can see that the ion heat flux exhibits primarily a single central peak, while the
electron heat flux has multiple maxima along z at fixed «.
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Figure 6.9: Electron and ion heat fluxes at xz/a = 0.4, obtained by the global simulation, as
a function of the parallel coordinate z and the field-line label a.

This distinction becomes even more evident when comparing the parallel structure at @ = 0
from flux-tube simulations against the magnetic field structure as well as the curvature drive

Ky in figure

Oions Oelectrons
1.0
=
=05
<_( !
<
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Figure 6.10: Blue: parallel ion (left) and electron (right) heat flux structures for the flux-
tube simulation at x/a = 0.4, « = 0 with nominal parameters; red: parallel structure of the
equilibrium magnetic field strength (top) and the curvature-drive term /Cy (bottom).

In the case of ion heat flux, it appears to peak at positions where Ky is the most negative.
In contrast, the electron heat flux is additionally influenced significantly by the structure of
magnetic wells. This becomes apparent as the latter has a local minimum at z = 0 despite
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the curvature having a local minimum, closely followed by local maxima coinciding with the
minima of the magnetic wells. The structural differences indicate the existence of a hybrid

ITG-TEM mode, corroborated by linear simulations in figure [6.11
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Figure 6.11: Linear flux-tube wavenumber-scan for the bean-shaped flux-tube at z/a = 0.4;
left: growth rates, middle: mode frequencies, right: quasilinear estimates of the ion-to-electron
heat flux ratio.

In there, all the analysed modes exhibit a positive frequency, indicating their propagation
in the ion-diamagnetic direction. However, both particle channels have comparable strength
regarding their quasilinear heat flux estimates. This points to a tight coupling between ions
and electrons, a clear indication of the presence of ITG-TEM hybrid modes [102]. As can
also be seen, the growth rate spectrum does not decrease within the scanned wavenumber
range. Nevertheless, it becomes apparent that those small-scale modes do not contribute
significantly to the nonlinear transport since the corresponding nonlinear heat flux spectra
shown in figure are predominantly determined by wavenumbers up to kyps =~ 1.
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Figure 6.12: Nonlinear heat flux spectra for the bean-shaped flux-tube at x/a = 0.4; left: ion
heat flux, right: electron heat flux.

We finalise this investigation by exploring the influence of each of the two temperature
gradients on the overall transport levels. While this approach is not fully rigorous, it offers
some insights into the contributions of different turbulence types to the overall dynamics.

Case Qions A [MW] Qelectrons A [MW]
Nominal 0.42 4+ 0.05 0.49 £ 0.07
a/Lt, =0 | 0.49+0.06 0.07 £ 0.01
a/Lt, =0 0.01 £0.00 0.18 £0.01

Table 6.2: Heat fluxes of flux-tube simulations at x/a = 0.4, @ = 0, for nominal parameters
and either electron or ion temperature gradient set to zero.

Table [6.2] shows that, when compared to the nominal parameters, excluding the normal-
ised electron temperature gradient has a negligible effect on the ion heat flux, as it remains
similar to the nominal case within error bars. In contrast, the electron heat flux reduces by
approximately 85% in this case, resulting in a scenario dominated by the ion channel. As can
be seen in figure the new ion heat flux has a rather ballooning-type structure along the
magnetic field lines with substantially stronger contributions at the magnetic hills close to
z = 0 compared with the ion heat flux shown in figure Similar structures were observed
in 23] for a case classified as ITG-driven, which we conclude is also the dominant type of
turbulence here.
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Figure 6.13: Left: parallel ion heat flux structure for the flux-tube simulation with a/Lt, = 0;
right: parallel electron heat flux structure for the flux-tube simulation with a/ Ly, = 0. While
the heat fluxes are shown in blue, the parallel structure of the magnetic field strength is
represented by red dashed lines.

Moreover, the ion heat flux vanishes almost completely when the ion temperature gradient
is zero. In this case, the electron heat flux no longer peaks at z = 0, where the magnetic
field strength has a local maximum, as shown in figure Unlike the nominal case shown
in figure [6.10, we conclude that the transport is now primarily driven by TEM turbulence,
drawing its energy from the electron temperature gradient V71,. Since one can also see in
table that the electron heat flux drops by a factor of 7 when the electron temperature
gradient is neglected, one can see the importance of this branch of trapped-electron-modes
compared with those that are primarily driven by an electron density gradient, which have
garnered more attention in the literature thus far [22, [23] 103} |104].

Collectively, the evidence from the power balance, heat flux structure, and linear flux-
tube analysis in this section leads us to conclude that, contrary to the proposition in |16} |26],
trapped-electron-mode turbulence seems to be present in the core of gas-fuelled discharge in
W7-X, at least for the discharge under consideration. However, the generality of this obser-
vation should be explored across various scenarios, a task reserved for future investigations.

6.4 Impact of ETG turbulence

As shown in figure [6.8] one can obtain satisfactory agreement between the predicted anom-
alous ion transport via power balance analysis and the one computed with GENE-3D within
the core. In contrast, the electron transport remains too low. It is, however, essential to
note that, thus far, we have primarily considered turbulence on the ion-scale. Therefore, the
missing contribution to the electron flux could be driven by ETG turbulence.

To this end, we perform additional flux-tube simulations using the adiabatic ion model
presented in section We consider the flux-tubes at a = [0,0.25,0.5,0.75]27 /5 for x/a =
[0.3,0.4,0.5,0.6,0.7,0.8,0.9]. The numerical resolution and box sizes remain the same as
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those used in the ion-scale simulations in section [6.2] with the exception being the use of the
electron Larmor radius pe for normalisation instead of the ion sound Larmor radius ps.

The resulting fluxes, given in megawatts, are then averaged over the field-line labels and
are added to the ion-scale electron heat flux of GENE-3D via linear interpolation in the radial
coordinate. Figure shows the updated global flux profiles. In there, we observe that the
contribution from electron-scale turbulence is negligible in the outer radial region. However,
in the plasma core, ETG turbulence appears to account for over 50% of the turbulent electron
heat flux. Our results align with , where ETG turbulence was identified as the potential
main driver for electron heat transport in the core for some cases. However, the electron-scale
contribution to the discharges was identified as even stronger than for the present case.
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Figure 6.14: Comparison of the radial heat flux profile with the power balance obtained
by NTSS. The dark red line shows the sum of electron heat fluxes of (separated) ion- and
electron-scale simulations. Shaded regions indicate standard deviation in time of the global
simulation.

In order to understand the discrepancy between the electron-scale contributions at differ-
ent radial positions, one has to consider several possible factors. Figure [6.15] shows that the
heat flux is nearly constant under variation of the field-line label so that the choice of the
flux-tube or subsequent averaging procedures should have negligible impact on the discussion.
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Figure 6.15: Electron heat fluxes obtained by local ETG simulations as a function of the
radial coordinate for different field-line labels.

Previous studies of ETG dynamics in Wendelstein 7-AS [19] and similar simulations in toka-
maks [105] have indicated that the collisionality and plasma-/ have only a minor impact.
However, the electron-to-ion temperature ratio 7 = T,/7; and the normalised Debye length

A\De = ADe/pPe = ‘Brzef (4wc2mene(x)) were reported to influence ETG turbulence signi-
ficantly. Figure shows that the decrease in 7 is not responsible for the diminishing
contribution of ETG to the total flux. The decrease in 7 should lead to a destabilisation
towards the outer region.
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Figure 6.16: Variation of the temperature ratio 7 = T./7T; (red) and the normalised Debye

length S\De = \/32

ref

(4mc?mene(x)) (blue) as a function of the radial coordinate.

Besides the change in 7, figure also indicates that Ape increases towards the edge,
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which is thought to have a stabilising influence on ETG turbulence. By repeating the flux-tube
simulations while artificially setting Ape = 0, we observe in figure that the stabilisation
resulting from Debye shielding remains inadequate to account for the radial variation in
electron-scale transport, as the difference between both models becomes negligible towards
the edge.
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Figure 6.17: Radial electron-scale heat flux profiles of the a = 0-flux-tube with (red) and
without (orange) including Ape.

In addition to geometrical factors, such as the magnetic field curvature, the normalised
gradient ratio ne = Ly /LT, is known to play a significant role, as a decrease has a stabilising
effect on ETG turbulence. This effect was argued to explain the low ETG turbulence in
the outer region of a discharge considered in [20]. If this was the leading cause, setting the
density gradient to zero should naturally result in a radial profile that grows larger towards the
edge, together with the normalised electron temperature gradient driving ETG turbulence.
Although the decrease of 7, in the radial direction, shown in figure would, in fact,
support the hypothesis of stabilisation through the density gradient, we can see in the same
figure that setting the density gradient to zero still results in the heat flux decreasing towards
the edge.
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Figure 6.18: Top: Radial electron-scale heat flux profiles of the a = 0-flux-tube with finite

a/Ly (red) and with a/L, = 0 (orange); bottom: radial variation of the normalised gradient
ratio 7.

Having eliminated all other options, we conclude that ETG transport is not stiff enough
to compensate for the decrease in density and temperature towards the outer regions. To
confirm this, we present the radial profile of the normalised heat flux and the Gyrobohm
scaling factor profile in figure |6.19
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Figure 6.19: Blue: Radial electron-scale heat flux profile in Gyrobohm units, averaged over all
field lines considered, using nominal simulation parameters; red: radial variation of Gyrobohm
transport. The subscript e’ indicates that the electron mass was used as reference mass mef.
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Here, we observe that the former increases by approximately an order of magnitude towards
the edge, aligning with the rise in the normalised electron temperature gradient. Simultan-
eously, the Gyrobohm scaling factor rapidly decreases by more than two orders of magnitude
between the core and the edge. Therefore, we see that the normalised flux does not grow
fast enough with increasing background drive, so the product of the two will decrease with
increasing radial position.

Concluding this investigation, we summarise that we have shown electron-scale turbulence
to be equally important as its ion-scale counterpart to explain the anomalous electron heat flux
in the core of the gas-fuelled ECRH discharge under consideration. Conversely, we observed
only minor contributions in the outer radial regions compared with the electron transport
generated by hybrid ITG-TEM turbulence. Having considered multiple avenues of potential
parametric causes for this, we conclude that ETG transport is less stiff than what is required
by Gyrobohm scaling in order to compensate for the lower density and temperature in the
edge. Whether this statement can be generalised to other discharges remains to be seen.
Furthermore, it will be interesting to study the impact of the magnetic field geometry on
transport stiffness.

6.5 Final remarks on power balance

While we have presented a first-of-its-kind simulation of experimentally relevant parameters
of a gas-fuelled ECRH discharge in W7-X, one might rightfully question the validity of the
conclusions drawn. The scepticism is justified since the simulated heat fluxes still do not
align with the power balance, even with the additional electron-scale contributions. This is
certainly true if one tried to establish a link between simulation and experiment for the outer
region beyond z/a = 0.5 due to the overshoot in the ion heat flux calculated by GENE-3D.
A more robust approach would involve a comprehensive coupling of various codes, including
GENE-3D, GENE (for the ETG simulations), a neoclassical solver like KNOSOS [106] and
other codes, with a transport code like Tango [107-109], to evolve the background profiles self-
consistently until power balance is matched. Although this approach is routinely employed
for tokamaks [110, [111], such simulations were either done globally using adiabatic electrons
[112] or with kinetic electrons using a flux-tube approach [113] for stellarator geometries.
Extending the GENE-3D-Tango approach to include kinetic electrons is beyond the scope of
this thesis due to the high computational cost, but targeted as a project for the future.

Nevertheless, we can fortify the argument for TEM and ETG turbulence being relevant
in the core of gas-fuelled ECRH plasmas without matching power balance by looking at the
electron particle flux contributions. Although the experimental value of the flux is unknown
due to substantial systematic uncertainties, it is reasonable to assume that, in the context of
a purely gas-fuelled discharge, the total particle flux should tend towards zero or, at the very
least, be relatively small deep within the core of the plasma.
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Figure 6.20: Radial profiles of contributions to the electron particle flux. The neoclassical
particle flux, calculated with DKES, is shown in blue, while the anomalous flux, calculated
with GENE-3D, is shown in orange.

A qualitative comparison of the particle flux levels presented in figure with those doc-
umented in [93] indicates that the anomalous particle flux predicted by GENE-3D is too
positive to fit the experiment. Since neoclassical transport often produces outward transport
[114,|115], the turbulent particle flux has to become negative towards the magnetic axis, which
is not the case here. Furthermore, as demonstrated in [93], an inward anomalous particle flux
can be achieved by decreasing the density gradient, increasing the electron temperature gradi-
ent, or a combination of the two. Since both of these adjustments would enhance the drive of
VT,-TEM and ETG turbulence, it is reasonable to assume that, when matching power and
particle balance, the contributions of electron-induced turbulence to the electron heat flux
will be even more pronounced than under the nominal profiles employed in this analysis.

In summary, our evidence strongly supports the existence of trapped-electron turbulence
in the core of gas-fuelled ECRH discharges in the form of an ITG-TEM hybrid and ETG
turbulence. Their relevance in high-performance discharges, such as those with pellet fuelling,
remains to be explored, given that robust density gradients have been shown to suppress ETG
transport, as detailed in the previous section.

6.6 Chapter summary

This chapter presents the analysis of plasma turbulence in an experimental ECRH-discharge
of Wendelstein 7-X using GENE-3D and GENE. We have shown that while flux-tube and full-
flux-surface simulations decently approximate the heat flux levels in the plasma core predicted
by a radially global simulation, the former significantly overpredicts transport in the outer
region of the plasma. This discrepancy can be mitigated to some extent if the shearing of
external ExB-flow is considered, highlighting its importance on turbulence stabilisation even
in standard stellarator discharges.
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Beyond that, we have provided substantial evidence for trapped-electron-mode turbulence
in the plasma core for the case under consideration, in contrast to what has been proposed in
the literature |16, 26]. While not being the sole contributors to transport, they were clearly
shown to exist in the form of ITG-TEM hybrids, with the primary drive being the electron
temperature gradient.

Additionally, we have demonstrated, within the scope of our specific case, that electron-
scale simulations are responsible for a significant portion of electron heat flux compared with
ion-scale simulations, deviating from the proposition of weak ETGs in W7-X made in [20]. In
the outer radial regions of the plasma, their contribution diminishes, which we have shown to
be caused by the normalised ETG transport not increasing sufficiently fast enough towards
the outer region in order to offset the decrease in the Gyrobohm scaling factor caused by the
lower electron temperature and density in the edge.

Finally, we argue for the validity of our claims despite not matching the transport predic-
tions provided by power balance analysis, as the impact of electron-induced turbulence will
only be strengthened if the background profiles are changed to obtain experimentally realistic
particle fluxes.
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Chapter 7

Conclusions

Throughout this thesis, the global gyrokinetic stellarator code GENE-3D has been upgraded
to include electromagnetic effects arising through finite vector potential perturbations parallel
to the magnetic field. In addition, GENE-3D has been used to study various effects relevant
to the plasma performance in Wendelstein 7-X, with particular interest in comparing the
predictive capabilities between flux-tube, full-flux-surface and radially global simulations.
Below is a brief review of the most important accomplishments and insights. Furthermore,
an outlook on possible future research topics is given.

7.1 Summary of the thesis

Upgrading GENE-3D to an electromagnetic turbulence code

Former versions of GENE-3D only used a formulation of the gyrokinetic equations in the
electrostatic limit. While restricting the realm of physical phenomena that can be studied
with the code, this limitation also made simulations including kinetic electrons unfeasible, as
the numerical time step necessary for algorithmic stability was too small for simulations of
meaningful timescales due to the so-called wy-mode [53]. Therefore, one of the main tasks
was to include electromagnetic effects caused by finite vector potential perturbations Ay
into the code.

For this, Ampére’s law and an equation for the inductive electric field had to be imple-
mented, which had to be done with a conservative finite-difference scheme inspired by [71] in
order to obtain numerically stable solutions. Besides other modifications, such as the inclu-
sion of external ExB-flow-shear, an additional model for the inclusion of finite By j-effects at
arbitrary wavelengths for the global version of GENE has been developed that can be adop-
ted readily for GENE-3D in the future. The electromagnetic upgrade has also been verified
against GENE in linear and nonlinear global electromagnetic tokamak simulations, giving
confidence in the correct model implementation.

Electromagnetic ITG simulation in stellarators

After initial verification studies against GENE, the code was applied to perform the first-ever
global electromagnetic turbulence simulation with realistic electron mass in a stellarator geo-
metry. The aim was to show the stabilising influence of finite plasma- on ITG instabilities
and turbulence in a Wendelstein 7-X-like plasma at already moderate levels of 5, highlighting
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the importance of retaining electromagnetic effects for quantitative investigations of experi-
mental scenarios.

Full-flux-surface effects on electrostatic turbulence in Wendelstein 7-X-like
plasmas

Besides the investigation of electromagnetic turbulence, upgrading GENE-3D also allowed
for much more efficient simulations of electrostatic turbulence, as a small but finite 5 allows
for a much larger time step while not changing the underlying electrostatic turbulence by
any meaningful amount. Therefore, full-flux-surface simulations with kinetic electrons in stel-
larator geometry have been performed. Using this higher-fidelity setup, we have confirmed
the stabilising effect of a finite density gradient on ITG-driven turbulence in stellarators,
originally proposed through flux-tube simulations. We have furthermore shown that, while
flux-tube simulations might predict similar transport levels compared with full-surface simu-
lations for some of the cases under consideration, significant disagreement between the models
was found in terms of the magnitude of the heat fluxes as well as the spatial distribution for
cases that had a stronger turbulence drive. For most cases considered, we show that turbu-
lent density fluctuations are only weakly localised on a flux-surface, in contrast to what has
been suggested in previous full-flux-surface literature. Finally, it was found that for all cases
considered, an external radial electric field neither caused any significant dislocation of the
density fluctuations on the surface nor stabilised I'TG turbulence significantly compared with
an increase in the background density gradient.

Turbulence analysis of experimental ECRH-discharge in Wendelstein 7-X

GENE-3D was pushed to full operability in this chapter by performing simulations of ex-
perimental parameters of Wendelstein 7-X. The profiles under consideration are based on a
discharge from the first operational campaign and can be considered representative of low-
power ECRH-heated discharges with gas-puff fuelling. The discharge was investigated by
performing flux-tube, full-flux-surface and radially global simulations, including kinetic elec-
trons, electromagnetic and collisional effects, and a finite radial electric field. To the author’s
best knowledge, the full-surface and global simulations performed here were the first-of-a-kind
studies of Wendelstein 7-X using experimental parameters. The subsequent analysis of the
simulation results in this chapter was split into two parts.

In the first part, the comparison between flux-tube and full-flux-surface simulations was
extended to experimentally relevant parameters, further comparing the approaches against
predictions of a radially global simulation. In agreement with the previous chapter, we also
found that, although flux-tube simulations can provide a suitable alternative to investigate
the transport in the plasma’s core, significant disagreement with the higher-fidelity models
was found in the outer regions. We have also shown that including a sheared equilibrium-scale
ExB-flow reduced the disagreement with the global results to some extent if the normalised
flow shear rate is sufficiently large.

The second part of the analysis focused on the characterisation of turbulence found in
the plasma’s inner region for the profiles under consideration. In contrast to what was pro-
posed in the literature, we find significant levels of trapped-electron turbulence in the form
of ITG/TEM-hybrids in the core, where we propose that the trapped-electron contribution
is the main contributor to the anomalous electron heat flux on ion scales. Furthermore, we
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have found that electron-scale turbulence in the form of ETGs provides an equally important
contribution to the electron heat flux as TEMs in the core. In contrast, their influence is
negligible in the outer regions. This behaviour was attributed to the fact that the normal-
ised electron-scale transport under consideration was not stiff enough to compensate for the
temperature and density decrease towards the edge, lowering the Gyrobohm scaling factor.

7.2 Outlook for future projects

Beyond the suggestions for future projects given in the previous chapters, there are several
projects that require improvements to the current version of GENE-3D.

Turbulence simulations of highly electromagnetic regimes

Future fusion reactors will likely operate at significantly higher plasma-£ than those obtained
in the first operational campaign of Wendelstein 7-X. Therefore, it is necessary to investigate
the excitation of kinetic ballooning modes and their impact on plasma performance in great
detail. Since previous studies have already shown magnetic compression effects to play a
significant role, it is desirable to incorporate finite By | into the gyrokinetic system solved
by GENE-3D. In order to use the model , presented in section an alternative
quadrature scheme for the p-coordinate has to be introduced in order to use the arbitrary-
wavelength model of the Poisson equation at a reasonable cost. One promising candidate is
the discretisation scheme presented in [116], which was shown to behave significantly better
for values of the coordinate close to the origin.

Non-Maxwellian background distribution functions

Besides the already-mentioned implementation of magnetic compression effects, incorporating
the possibility of using non-Maxwellian background distribution functions will open the door
to studying the interaction between neoclassical and gyrokinetic timescales. For this, the
code will have to undergo significant changes, as the several simplifications introduced by a
Maxwellian background have to be revered, resulting, for example, in a coupling between the
field equations for ¢1, Ay | and B, |, subsequently also making it necessary to solve a coupled
system for their time derivatives.

Interaction between energetic ions and turbulence

In a first attempt, [117] has shown that energetic ions can potentially be used to suppress tur-
bulence in stellarators through resonant effects similar to what is seen in tokamaks [118-H120].
It will, therefore, be interesting to study whether stellarators could be optimised so that such
resonances could be exploited, for example, in the presence of fusion-born a-particles. Since
such studies usually deal with a significant difference between core and edge temperatures,
especially those of the fast ions, it will be helpful to implement block-structured velocity
space grids [121], in GENE-3D, as its implementation in GENE has been shown to lead to a
substantial reduction of the numerical cost.
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Plasma profile prediction in stellarators

Although gradient-driven simulations can give valuable insights into the turbulent behaviour
of plasmas, it is desirable to perform simulations at transport timescales. This way, the
impact of physical effects on the density and temperature profiles, and therefore on plasma
performance, can be studied. For this, GENE-3D has already been coupled to the transport
code Tango [109] and applied to various scenarios [112} |122] under the use of an adiabatic
electron model. The extension to kinetic electrons is straightforward and allows for predicting
all particle temperature and density profiles, whereas in the former model, only the ion
temperature is allowed to vary. Since this approach requires multiple global simulations with
GENE-3D, its numerical performance should be improved. Besides the already mentioned
implementation of block-structured velocity space grids, it will be crucial to port GENE-
3D to run on GPUs. For this, the code will be refactored to support an object-oriented
approach that allows the porting procedure via the gtensor library [123], which has been used
successfully for GENE.
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