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Abstract

Turbulence on the electron- and ion gyroradii scales is the main cause of particle- and energy
losses in fusion plasmas. A proper understanding of turbulence is thus necessary to increase
their confinement time to make a self-burning plasma as needed for a fusion power plant
possible.

A plethora of different microinstabilities exist in a fusion plasma, with typically the Ion Tem-
perature Gradient (ITG) mode and the Trapped Electron Mode (TEM) causing the most
transport in present day devices. Most theoretical /numerical investigations of these insta-
bilities have been carried out in the collisionless limit, as the collision frequency under fusion
reactor conditions is typically small. However especially for TEMs a small but non-zero
collisionality could have a substantial effect due to collisional (de)trapping mechanism.

The (linear) stability properties of TEMs in the presence of collisions are investigated us-
ing the gyrokinetic framework through a combination of analytical theory and simulations
in both the DIII-D tokamak and HSX/WT7-X stellarator geometries, the latter of which is
stable against collisionless TEMs.

Analytically a perturbative approach is used to find scaling laws for the TEM growth rate,
which show that at high collisionality there is a universal stabilising influence of collisions.
At low collisionality, however, the collisionless growth rates are unaffected in the tokamak
whereas a destabilising influence of collisions is found at low wavenumbers for both stellara-
tor cases.

Simulations with the GENE code show the same qualitative behaviour of the growth rate
with increasing collisionality, which can be attributed to particle de-trapping by collisions.
In addition these simulations show that collisions do not spoil the stability of W7-X against
TEMs, but promote a change of the dominant instability towards the so-called Universal
Instability. This new instability, which is predicted to be important in low-shear devices like
WT7-X, is observed to appear over a substantantially larger wavenumber range than recently
found in collisionless simulations which established their existence at low wavenumber in
stellarators.
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1 Introduction

In this section the motivation for the research and goals of the research are presented. To
accommodate for the mixed audience of fusion specialists and general physicist first a brief
motivation is provided in Section 1.1 leading to the overarching research question of this thesis.
Then to bridge the gap between these audiences, an exposition of the relevant aspects about
magnetic confinement confusion needed to fully grasp the concepts introduced during the brief
introduction and later used throughout the thesis is presented in Sections 1.2 to 1.5, which is
therefore lengthier than the reader familiar about these concepts is used to. With everyone
aboard, the state-of-the-art is then presented in Section 1.6 followed by the scope and outline
of the remainder of the thesis in Section 1.7.

1.1 Research motivation

One of the most most pressing challenges for humanity to overcome during this century is to
transition our energy generation from traditional fossil fuels to sustainable alternatives, all the
while the global energy demand will increase to facilitate energy access to developing countries
[1]. Not only will the remaining energy reserves run out before the end of the century, but the
energy generation by traditional burning of fossil fuels will have to be gradually phased out to
limit their harmful effect on climate change to the “acceptable” levels of the Paris agreement [2].

Nuclear fusion could be a promising solution to this energy problem. In a nuclear fusion process
two relatively light nuclei merge, forming a heavier nucleus and some elementary particles as
byproducts to satisfy conservation laws. Because this process occurs under influence of the
strong nuclear force, the energy released in this process is enormous and is typically in the range
of tens of MeV [3]. This in contrast to the chemical reactions which occur under the much weaker
electromagnetic interaction and typically release only a handful of eV of energy [3], which form
the basis for the majority of our present day energy production. Furthermore as the fuel used in
nuclear fusion is significantly lighter than the hydrocarbons burnt in combustion power plants
the energy density of nuclear fusion is unprecedented. Combined with the fact that no harmful
greenhouse gasses or radioactive waste (in contrast to nuclear fission) is produced in a fusion
reaction, nuclear fusion presents a sustainable and clean alternative energy source that could
help to fill up the gap in the energy problem.

A fusion power plant would then consist of a dense plasma which is heated up to reach fusion
conditions and kept in place by strong magnets [3] (explained in more detail in Section 1.2).
There are two! “flavours” of magnetic fields that can be used to get this confinement, which
result in the two reactor types of a tokamak and stellarator whose most important difference
lies in the rotational symmetry and lack thereof of the magnetic field. These reactor types will
be further discussed in Section 1.3. The confinement by the magnetic is not perfect? such that
over time heat and particles will leak out, which is one the hand desired as it allows to extract
the energy released by the fusion reactions from the plasma, but on the other hand undesired
as it cools down the plasma. For magnetic confinement confusion to be successful as an energy
source these energy losses should not exceed the energy generated by the fusion reactions, such
that the fusion conditions of the plasma can be sustained. which leads to the so called fusion
triple product criterion [5]

!These are the common options for magnetic confinement fusion, some other alternatives exist like a levitated
dipole, spheromak and reversed field pinch devices however these have significantly less matured than the two
schemes discussed here [3].

2This is similar to the finite quality factor Q of a resonant microwave cavity used to store electromagnetic
energy. As a result of the finite conductance of the metal walls, the fields can penetrate into the surface layer of
the materials where they generate eddy currents which will be dissipated by the finite resistivity [4]. Over time
this depletes the energy content of the fields in the cavity.
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where n,T are the plasma density and temperature respectively, 7z the energy confinement
time, E. the energy of the magnetically confined fusion products®, and (ov) the reaction rate.
In the context of fusion it is common to express in the temperature not in Kelvin but in terms
of an average particle energy, defined by T'[J] = k,T[K], and throughout the full thesis whenever
temperature is mentioned it will refer to this temperature as an energy unit and the hat will be
omitted (although in practical units this energy is typically expressed in keV instead).

One problem of particular importance is the prediction of particle and energy fluxes, as these
determine the energy confinement time. A fusion plasma has a hot and dense core region to
maximise the triple product Equation (1), but gradually transitions to a cold and dilute? edge
region such that the reactor walls are not exposed to the extreme plasma conditions and can
survive, see Figure la. As a consequence there is a strong pressure gradient in the plasma
which prevents the plasma from being in thermal equilibrium and drives outward transport in
an attempt to flatten the pressure profile [6]. This transport is driven by particle collisions
(described by Fick’s and Fourier’s law), the drifts caused by the nonuniform magnetic geometry
(as is explained Section 1.3) in and plasma turbulence. In present day tokamaks and stellarators
this transport is completely dominated by turbulence [3,7]. This turbulence leads to chaotic
fluctuations in density and temperature at multiple scales in the plasma which lead to mixing
between the core and edge plasma regions thereby cooling the core region and reducing the energy
confinement time [8]. This turbulence is believed to be driven by microinstabilities, which are
spontaneous perturbations of the plasma on the scale of the electron- and ion gyroradius [9-11].
These perturbations can grow over time by tapping into the free energy of the plasma, which
mainly consists of the pressure gradient [12], thus making turbulence an unavoidable issue fusion
plasmas. A proper understanding of these microinstabilities is therefore imperative to increase
the energy confinement time and pave the way towards fusion power plants which beat the triple
product requirement Equation (1).

Many microinstabilities can simultaneously exist in the plasma on the same scale, and they can
be identified by their respective driving mechanisms, spatial scale and frequencies [15]. The most
important microinstabilities that are believed to cause the majority of the observed transport
in present day experiments are the ion temperature gradient (ITG) and the trapped electron
mode (TEM) [16-19]. The latter is an instability which is driven by the trapped particles
(this will be explained in detail in Section 1.5), which exist in a fusion device because the
confining magnetic field is inhomogeneous and functions like a magnetic bottle [5,12]. The
influence of particle collisions is often neglected in the investigation of these microinstabilities,
since the collision frequency scales as v n/T3/ 2 [20] and is typically much lower than any
other characteristic frequency in the plasma core [7]. Under typical reactor conditions, the
collision frequency only becomes appreciable near the edge region where the temperature drops
significantly, as seen Figure 1a. However present day experiments do not yet achieve the plasma
parameters comparable to reactor conditions, with temperature typically being an order of
magnitude lower, such that collisions are not totally negligible and could have an influence on
the turbulence observed in these experiments, as supported by the various favourable scalings

3This is the fraction of the total energy released per fusion reaction which remains stored in the plasma and
can be used to compensate for the energy losses of finite confinement by reheating the plasma. As only charged
particle are confinemened by the magnetic field, the energy stored in the neutron of the D-T reaction does not
account for this as it will leave the plasma before redistributing its energy.

4The edge region is not completely dilute of particles, as a result of the colder temperature most plasma
particles recombine into neutral gas particles which gives rise to a high neutral particle density. For the discussion
of the outward heat and particle fluxes however the relative densities are those of the charged particles.
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Figure 1: Plasma profiles for the EU-DEMO baseline 2018 scenario [13], which form a represen-
tative set of reactor conditions for power plant purposes. Shown are (a) density- and temperature
profiles for electrons and ions, and the electron-ion momentum scattering frequency according
to Equation (17), and (b) normalised profile gradients and profile ratios as important for the
theory developed in Chapters 2 and 3. Density and temperature data are reproduced from [1]]
with permission from the author.

of the confinement with decreasing collision frequency [21-24]. Collisions are expected to have
a particularly large influence on instabilities that rely on the existence of trapped particles,
since collisions lead to trapping of previously “free” particles (referred to as passing particles as
explained in Section 1.5) or detrap previously trapped particles [3]. There it is of interest to
know how collisions would affect turbulence as a result of TEM microinstability, which will be
the main topic of this thesis.

1.2 Basic principle of magnetic confinement fusion

Nuclear fusion occurs in nature only under the very exotic conditions of stellar cores [25] (light
elements) and supernovas [26] (heavier elements). This is because two nuclei can only fuse if they
come within the interaction range of the strong force [27], which has roughly the same dimension
as the nuclei themselves [5], while overcoming their long range repulsion by the Coulomb force,
otherwise they will simply scatter. This classical picture places an energy barrier of a few
100keV to the fusion process, however neglects the quantum mechanical nature of the nuclei
which results in a finite probability for the reaction to occur below this threshold energy due to
tunnelling [3]. Nevertheless a fair amount of energy far above the ionisation is still required for
fusion to occur, and consequently any matter undergoing fusion will be in the plasma state.

It is possible to reproduce fusion conditions on Earth in laboratories by simply directing a
beam of high energy hydrogen on a hydrogen target as first achieved in 1934 [28]. This is
however not a feasible method to use fusion for energy generation, since a significant fraction
of the high energetic beam particles will be lost due to scattering on the high density target.
Therefore a feasible method of energy generation will require to confine the hot plasma. The
stars confine the plasma by their high gravitational pressure, but this method is not feasible
on Earth®. Rather, the plasma can be confined using strong magnetic fields. This confinement
works twofold. On the macroscopic level, the hot plasma will have a natural tendency to expand
which is counteracted by the magnetic pressure, as determined by the magnetohydrodynamic

SFurthermore, even if they could be realised, the exact stellar fusion conditions would not be desirable, since
stars convert protons into helium through the p-p chain, which is a slow multi-stage process [29], whereas a quick
single-stage reaction is desirable for energy generation.



(MHD) force balance [30]
Jx B=Vp (2)

where J denotes the current density, B the magnetic field and p the thermal plasma pressure.
Meanwhile on the microscopic level the presence of the magnetic field constrains the motion of
the charged particles to align itself with the field lines while gyrating in the plane perpendicular
to the field line as a result of the Lorentz force. This creates a strong anisotropy in the plasma
w.r.t. the magnetic field which significantly reduces the energy transport across the field lines.

In principle any light nuclei can be fused together if the temperature is high enough. But in
view of the limited confinement time as a result of turbulence and the high input power needed
to reach fusion conditions [31], a feasible nuclear power plant should pick its fuel such that the
triple product requirement is easiest to achieve. Minimising the threshold value at the right-hand
side of Equation (1) then leads to the choice of the deuterium-tritium reaction

D+ T — a(3.5MeV) + n(14.1 MeV)

as the most proper candidate to achieve fusion conditions since it has the highest reaction rate
at the lowest temperature [12].

1.3 Magnetic confinement devices: tokamak and stellarator

From the MHD force balance Equation (2) it follows that both the current density and magnetic
field must lie on isobars, which span surfaces in 3D space. The requirement® that both B,J
must lie on these surfaces constraints the geometry of the confinement devices that can be made,
since according to the “hairy ball theorem” it is only possible to smoothly spread out a vector
field on a toroidal surface [32]. There are two classes of such toroidal confinement devices: the
tokamak and the stellarator which will be discussed below.

1.3.1 The tokamak

The tokamak, originally pioneered by Russians scientists in the early '50s [33], is the straightfor-
ward and intuitive realisation of a magnetic confinement device, consisting of a vacuum vessel
in the shape of a torus around which several planar coils are placed to create an axisymmetric
toroidal (long way around the torus) magnetic field.

Such a toroidal field alone cannot properly confine the charged particles since as a result of the
geometry the coils sit closer together on the inboard- than outboard side of the torus, which
result in a non-uniform magnetic field strength. This gradient in the magnetic field strength
will perturb the circular orbits of the gyration in the plane perpendicular to the magnetic field,
and result in a net particle drift called the VB drift [12]. As this drift is opposite for ions
and electrons the magnetic inhomogeneity drives charge separation, and causes the plasma to
collectively move toward the outer wall due to the resulting E X B drift. This issue is remedied
by adding an additional poloidal (short way around the torus) magnetic field which makes the
effective magnetic field helical and forces particles to sample both low- and high magnetic field
regions to average out the V B drift.

5A more handwaving argument for the need of a toroidal geometry follows from the microscopic influence of
the magnetic field; as the motion of charged particles along a magnetic field line is not constraint, the magnetic
field lines have to close back on themselves in order to prevent enormous end losses of particles and energy in a
simple linear geometry such as a plasma column. The easiest way to mitigate is by bending the plasma column
in the shape of a torus.



The necessary poloidal magnetic field is introduced by driving an inductive current in the plasma
by a solenoid in the center of the torus, which also renders the poloidal field axisymmetric. A
schematic tokamak configuration” highlighting the above elements is shown in Figure 2a.

Although the tokamak idea is simple and intuitive, it has some drawbacks. First since the current
is driven inductively, it only makes pulsed operation of the device possible which is undesirable
from a power plant perspective. Although it is possible to drive this current through non-
inductive methods, this would be inhibit the reactor efficiency as these methods require a lot
of input power [35]. Additionally, the required plasma current to generate the poloidal field
is large, typically in the MA range, which is unfavourable for the macroscopic stability of the
plasma as the plasma current is one of the driving factors for MHD instabilities [5].

1.3.2 The stellarator

The issue of the resulting drifts from the non-uniform magnetic field discussed above is not
unique to the tokamak, but is present in all toroidal magnetic confinement systems. However,
what differentiates between the confinement methods is how the required helical magnetic field
to average out the drift is generated. The stellarator in contrast does not rely on a plasma
current, but generates its helical magnetic field directly from its external coils.

The stellarator idea was originally proposed by Spitzer [37] and created its effective helical field
by bending a torus into the shape of a figure eight, but suffered from poor plasma confinement.
The confinement properties of stellarators were later improved by first using helically shaped
coils wound around the vacuum vessel to directly generate a helical field (the so called classic
stellarator), but modern stellarators typically use an optimised modular coil design [38]. For
simplicity in their design, stellarators are typically made with a discrete toroidal symmetry n,
such that the magnetic field structure repeats itself n times through the torus [39]. A schematic
(classical) stellarator configuration highlighting these elements is shown in Figure 2b.

The coil configuration of stellarators breaks the axisymmetry present in tokamaks and result
in an inherently 3D magnetic geometry. Although the geometry has become significantly more

inner poloidal magnetic field coil

coil current outer poloidal

toroidal tic field coil
magnetic field coils oroldal magnetic Tieid cof

helical magnetic field coil

vacuum vessel

toroidal magnetic field twisted magnetic field
poloidal magnetic field plasma current
twisted magnetic field
(a) (b)

Figure 2: Schematics showing the coils, plasma shape, currents and magnetic field lines for (a)
the ideal tokamak and (b) the classical stellarator. Notice how the stellarator configuration does
not require a plasma current, and how the shape of the plasma volume is non-azisymmetric.
Adapted from [36].

"Note that this concerns a simplified ideal tokamak where the poloidal cross section is circular, whereas
modern tokamaks employ plasma shaping techniques which create deformed poloidal cross sections to increase
the plasma stability and confinement time [34].



complex, breaking with axisymmetry gives stellarators about 50 degrees of freedom in the mag-
netic field which is an order of magnitude more than for tokamaks [40]. As it is already possible
to reduce the turbulent transport to appreciable levels by tweaking the magnetic configuration
in the limited parameter space available to tokamaks [41], it seems feasible that the additional
freedom present in stellarators could be used to completely optimise for turbulence as well [42].
Furthermore, the stellarator concept has the obvious advantage that does not require a plasma
current to generate its magnetic field® which is favourable for MHD stability and also makes
steady-state operation possible. Additionally, it has also been observed that stellarators do not
suffer from stringent operational limits on the plasma density and pressure, which are the source
of violent plasma disruptions in tokamaks [43]. The obvious disadvantage of the stellarator is
the complexity of the design and manufacturing of the coils [38,44].

1.4 Magnetic field in general geometry

Regardless whether a tokamak or stellarator is used for the confinement, the magnetic field lines
will be helical. In so-called magnetic coordinates such a helical magnetic field can be represented
as [45]

B=ViyxV0+V({xVyx (3)

where v, x denotes the toroidal- and poloidal magnetic flux respectively, and (,6 are the so
called toroidal and poloidal Boozer angles. These magnetic coordinates do not coincide with
the physical poloidal- and toroidal angles in the torus, but are closely related to them, and are
defined such that magnetic field lines are straight in the (6, () plane [46]. The helical twisting
of the magnetic field can be described by rotational transform ¢, which in magnetic coordinates
is equivalently defined by [47]

9 dx B-V6

"TA T B¢ ©
and describes the number of poloidal turns a field line makes per toroidal turn, as well as the
ratio between fluxes and magnetic field components. In case ¢ is a rational number a magnetic
field line will “bite its own tail” after an finite number of round trips through the torus, but
otherwise a field line will traverse the torus indefinitely and trace out a full surface. In tokamak
physics it is more common to describe the field line twisting by the safety factor ¢, which is the
inverse of the rotational transform ¢ = 1/¢, since important macroinstabilities set operational
limits to integer values of ¢ at the core and edge plasma [3]. Using the rotational transform the
magnetic field can also be written in Clebsch representation as

B=Vy x Va (5)

where o = 6 — 1. From the Clebsch representation it follows that B - Vi = B - Va = 0,
that is the magnetic field lines lie in a surface of constant enclosed magnetic flux, which are
therefore called flux surfaces. Together with the MHD force balance Equation (2) it then follows
that the isobars correspond to surfaces of constant magnetic flux which are therefore called flux
surfaces, and the pressure is referred to as a flux function p = p(¢). Since the flux grows with
increasing distance from the magnetic axis, this creates a set of nested flux surfaces in the torus
and the flux ¢ can thus be used as a radial coordinate. Lastly, B-Va = 0 implies that also « is
constant along a field line, such that « can be used as a field line label to identify different field
lines on a given flux surface. For completeness, the magnetic field can also be written in the
less illustrative form B = Bey by separating its magnitude B = ||B]| and direction e, = B/ B,
which will be convenient later to identify the unit vector e, with the parallel direction.

8Note that this not mean that the stellarator is completely devoid of current. The MHD force balance
Equation (2) requires a plasma current to balance the pressure gradient, however this current is significantly
smaller than the MA currents present in tokamaks.



1.5 Charged particle motion and adiabatic invariants

In a magnetically confined fusion plasma, there are a handful of periodic motions present in
the trajectories of individual particles. With each periodic motion, there is an associated ap-
proximately conserved quantity, called an adiabatic invariant, because there is a separation of
scales [30]. These adiabatic invariants are very fundamental for the behaviour of the particles
in a fusion plasma, as they give rise to the existence of trapped particles and determine the
confinement on a microscopic level.

Firstly, there is the gyration of the particles perpendicular to the magnetic field lines which
occurs at the gyrofrequency Q) = ¢B/m and gryoradius p = v, /Q, where m and ¢ denote the
particle’s mass and charge, B the magnetic field strength and v, the component of the velocity
perpendicular to the field. Associated with this periodic motion is the magnetic moment

2
_ mvy

which is approximately conserved if the variations of the magnetic field strength remain small
over the course of a gyro-orbit, which requires w/Q2 < 1, p/Lp < 1 where w is the frequency of
fluctuations in the magnetic field and L is the characteristic length scale of spatial variations in
the magnetic field [12]. These conditions generally hold under fusion conditions, and conservation
of the magnetic moment has an enormous impact on the particle trajectories. Since uB is just
the perpendicular kinetic energy, the region of the magnetic geometry that is accessible to a
particle is limited to B < E/u where E = 1/2mwv? is the equally conserved total kinetic energy.
Since the magnetic field in both tokamaks and stellarators is non-uniform, this gives rise (local)
minima and maxima of magnetic field strength along a field line which define “magnetic wells”.
If the maximum magnetic strength along a field line exceeds this E/u threshold value, then a
particle cannot escape the well(s) along the field line and will be deflected back to regions of
lower magnetic field?. Such particles are referred to as trapped particles, and will perform a
bounce motion along the magnetic field line between the bounce points defined by uB = E. In
contrast particles whose E/u threshold value is higher than the maximum field strength along
a field can follow the field through the full torus and are called passing/circulating particles.
This distinction between trapped and passing particles is visualised in Figure 3 for the LHD
stellarator.

The bounce motion of trapped particles is also periodic with an associated bounce frequency
wp, and is related to the second adiabatic invariant 7, defined by [46]

b
J:/ mu) dl (7)

where the integration is along the field line and the integration boundaries are the bounce points
where v = 0. This invariant is related to the motion of the so-called guiding center, which can
be considered as the average position of the particle during gyration, and to lowest order simply
follows the field line. To next order the guiding center will experience small drifts perpendicular
to the field lines due to magnetic inhomogeneity. If these perpendicular excursions remain
small w.r.t. to length scale of variations in the magnetic geometry Lp, it can be shown that
dd—‘z = 0, with the bar denoting an average over the bounce motion, which implies that the guiding
center of trapped particles will remain on the same field line in between deflections [48]. The

9This situation is analogous to the analysis of one dimensional motion in classical mechanics under the
influence of a potential, where mfuﬁ /2 has the role of the 1D kinetic energy, and uB has the role of potential
energy. This analogy also makes clear why the particle is deflected rather than coming to a standstill along the
field line, since the potential energy can be associated with a force Fjj = —uV | B aptly called the mirror force.
A formal calculation shows that this mirror force from this simple analogy argument is the exact parallel force a
particle experiences in an inhomogeneous field properly averaged over the gyromotion [3].
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Figure 3: Characteristic orbit of a trapped and passing ions in the Large Helical Device (LHD)
stellarator, showing the contrast between the field line following trajetory of the passing ion and
the bounce motion of trapped ions along with the precession drift of their guiding center. Also
indicated in the poloidal cuts are the isobar surfaces. Image courtesy National Institute for
Fusion Science (NIF'S).

requirement for the excursions to remain small enough w.r.t. changes in background magnetic
geometry is that the drift- and fluctuation frequency satisfy wg/wp < 1,w/wp < 1, and is also
typically satisfied under fusion conditions [12,46].

The conservation of 7 defines a surface of possible field lines to which the particle must stick, and
constrains the drifts to cause only a slow precession of the particle within this surface [48,49],
which is shown in Figure 4 for the case of a tokamak. If the frequency of variations in the
magnetic field also satisfies w/wp. where wy,. denotes the precession frequency, then there is also
a third adiabatic invariant associated with this drift velocity vg, which is proportional to the
magnetic flux enclosed by the orbit of a particle [5].

Although the conservation of adiabatic invariants have an enormous influence on the trajectories
of particles, violation of the conditions has even bigger consequences as these are associated losses
of confinement [12]. Typically the frequencies of these three periodic processes are ordered as
2 > wy > wye such that the third adiabatic invariant is most easily violated due to fluctuations
in the magnetic field [49]. Good confinement requires that the average radial drift vanishes to
keep particles and their energy at their original flux surface. For passing particles the average
cross field drifts vanish by design of the helical field as they sample both low- and high field
regions. For trapped particles the average drifts depend on the second adiabatic invariant as [36]

e T s (8)

where the bar denotes averaging over a single bounce period 7, of a trapped particle (this
averaging procedure will be properly defined in Section 3.1). It can be shown that the bounce
time is given by 7, = g—g [50], further emphasising the importance of the second adiabatic
invariant for trapped particles. Consequently, to make the average radial displacement of trapped
particles vanish, the second adiabatic invariant 7 should be identical for all field lines on a flux
surface such that g—‘g = 0. Magnetic fields that achieve this are called omnigeneous, and a special
case of this are quasi-isodynamic fields which cause the trapped particles to precess around the
flux surface poloidally rather than toroidally, as is the case for tokamaks. It is however not
possible to create magnetic fields that are exactly globally omnigeneous, but realistic fields can
achieve omnigeneity to a high degree of approximation [46].

For omnigeneous fields, the conservation of the second adiabatic invariant J identifies interesting
configurations that could reduce the energy losses associated with fluctuations in the field [43].
For omnigeneous configurations J = J(¢, E, ) and a perturbation that causes excursions



Figure 4: Characteristic trajectory of a passing particle (top) and trapped particle (bottom) in a
tokamak, and the projection of their orbit in the poloidal plane. Note how the passing particle
traverses both the high and low magnetic field regions and traces out the full field line along a flux
surface, whereas the trapped particle is constrained to the low field region at the outboard side
while precessesing around toroidally, which results in a banana shaped orbit in the poloidal plane.
Also indicated in the top plot are the definitions of the physical poloidal and toroidal angles 0, p,
the radial direction indicated by the magnetic flux ¥, as well as the major- and minor radius
R,a. Adapted from [7].

01, da, 0F, dp in the particle trajectory result in a change of second adiabatic invariant of
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Since 7, = g—‘g > 0 by definition, it follows that whether a particle gains or loses energy for
a radially outward excursion 41 > 0 depends completely on the sign of %' As any gains in
particle energy have to come at the expense of the energy in the perturbations, it follows that
radially outward excursions corresponding to confinement losses are suppressed if g—‘i < 0. Such
configurations are called maximum-.7 configurations as the second adiabatic invariant peaks
on the magnetic axis, which is the innermost flux “surface” which becomes a single degenerate
magnetic field line.

1.6 State of the art

“Nuclear fusion will deliver power in 50 years from now” has been an ongoing jab at the prospects
of the fusion community [51], since it seems that the code towards a working controlled fusion
reactor is almost cracked, but the progress is advancing at a snail’s pace. This statement however
does undermine the enormous progress that has been made over the past 70 years: the fusion



triple product has increased by 5 orders of magnitude to a record value of 1.6 x 102! m™3keV s
held by the JT-60 tokamak [52], and the plasma duration has increased from several milliseconds
to a record value of over 15 minutes of steady-state operation at the EAST tokamak [53].
Furthermore a recent DT plasma campaign in the JET tokamak in preparation of the new ITER
tokamak has shown a sustained fusion output power of 10 MW for five seconds [54]. Although
all existing records have been made in tokamak devices, stellarators are also catching up with
the recent W7-X device holding the stellarator triple product record of 6.8 x 10 m—3 keV s with
an energy confinement time of 0.22s [55]. Despite the advances, nuclear fusion still faces several
physics and engineering challenges which are the focus of active research. To name a few besides
turbulence, there is the issue of high heat- and neutron loads on materials [56,57], the control of
macroscopic plasma instabilities in the edge [58], the understanding of plasma detachment [59],
and the breeding of sufficient tritium [60,61].

Returning to the issue at hand of plasma turbulence, a significant effort has been put towards
understanding the microinstabilities which cause them. Experimentally microturbulence is in-
vestigated by measuring the frequency spectra [62,63], and phase differences/correlations [64—66]
of the plasma fluctuations, but it is generally much harder to experimentally distil information
about the underlying microinstabilities since the experiments exist in a fully developed chaotic
turbulent state. To gain insight in the microinstabilities which exist on much shorter timescales
than experiments, a mixture of theory and simulations are performed based on the framework of
gyrokinetics [6,7], in which the dynamics of the gyromotion is removed from the evolution of the
perturbations as the gyrofrequency far exceeds the frequency of the fluctuation, which reduces
the dimensional complexity of the problem [8,67]. This which will be explained in much more
detail in Section 2.3. The different types microinstabilities correspond to certain limits/simpli-
fications of the governing equations from this framework [68]. Neglecting collisions within this
framework does simplify the analytical theory and reduces computation time, but it creates a
fundamentally physically incorrect picture of the plasma. Collisions facilitate the interaction
between particles and is responsible for establishing an equilibrium amongst electrons and ions
(Maxwellisation of the distribution function) and between them (thermal equilibration T, ~ T;
and quasi-neutrality n. &~ n;, as achieved under reaction conditions, see Figure 1b). Obviously,
without ion-ion collisions there also would not be any fusion reactions.

There have been some investigations on the role of collisions on plasma turbulence, but the
majority of this work has focused on the non-linear regime of the turbulence to assess the
influence of the collisionality'® on the heat and particle fluxes, which are determined by the
saturated turbulent state [71]. Since non-linear physics is notoriously difficult, most work has
been carried out numerically and the relevant physics is then deduced from simple models that
can explain the results. Different results have been obtained for different microinstabilities,
showing an increase in heat flux with collisionality for the ion temperature gradient (ITG) mode
[72,73]. A similar but less strong increase in heat flux for electron temperature gradient (ETG)
mode [74], but a decrease in heat flux with collisionality was found for trapped electron modes
(TEM) [75]. These different microinstabililites type will be discussed in Section 2.1. Meanwhile
linear investigations have revealed contrasting results for the influence of the collisionality on
the growth rate, showing a stablising effect at moderate driving gradients [76] but a destabilising
effect at strong gradients [77].

The above research has been limited to tokamak geometries and fairly little is known about the
effect of collisionality in stellarators. The onset of microinstabilities depends critically on the
magnetic geometry [78], so it is not evident that the results obtained in tokamaks also apply to

0The collisionality v, is a commonly used dimensionless measure for the collision frequency in transport theory
defined as the ratio between collision frequency and bounce frequency (v, = v/ws) [20, 69, 70], however as the
latter is fixed by the geometry the collisionality and collision frequency are used interchangeably throughout this
work.
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stellarators. For the ITG mode, a preliminary investigation on the role of collisions in different
geometries has shown that the growth rate is hardly affected by collisions in both tokamak and
the LHD stellarator, but strongly affected in a slab geometry where the magnetic field lines are
straight and uniform [79]. In case of the W7-X stellarator, an extensive scan over the driving
gradients has been performend, which show an overall reduction in growth rates when collisions
are taken into account [11]. This has however only been assessed for a single, and particularly
high collisionality and is the only investigation of the effects of collision in W7-X to date, so it
remains unknown whether this growth rate stabilisation in W7-X is monotonous in collisionality.

Analytical investigations of the role of collisionality on microinstabilities are even less common.
Early investigations of the role of collisions in the literature use simplified fluid rather than
kinetic models and find the collisions have a damping effect in a slab geometry [80,81], but
a destabilising effect in a tokamak [82]. More recent investigations use either a fully kinetic
approach [83] in tokamaks, or a hybrid approach of cold fluid ions and kinetic electrons [84,85]
in stellarators but consider low and high collisionality limits from the outset. Most analytical
work on collisions is dedicated to formulating approximate collision operator models which retain
the essential physics of the full collision operator, but are more numerically efficient to implement
in gyrokinetic codes [86-91].

1.7 Scope and outline of the thesis

As highlighted above much remains unknown about what the influence of collisions is on mi-
croinstabilities in stellarators. For the collisionless case at least, the stellarator ITG seems to
have a comparable growth rates [92] and turbulent transport levels [93] as in tokamaks. The
same cannot be said for TEMs, as these heavily rely on the structure of magnetic wells along the
field line. In tokamaks due to axisymmetry, there is a single but repeated magnetic well along
the field line caused by closer the proximity of coils on the inboard side. Consequently, there
is strong localisation of where the trapped particles reside. For stellarators in contrast, there
can be multiple local maxima/minima along the field line creating magnetic wells of varying
depths along a field line, and consequently there will be multiple spatially separated populations
of trapped particles [16]. This difference is illustrated in Figure 5. Therefore the response of
trapped electrons, and hence the levels of turbulence, to an identical initial plasma perturbation
will be fundamentally different in stellarators.

Since the TEM is believed to be responsible for the majority of turbulent electron transport
in present day experiments [7,94], extremely sensitive to the details of the magnetic geometry,
and the TEM is the microinstability expected to be most affected by collisions as a result
of the (de)trapping mechanism it is therefore of interest to find out how TEM turbulence in
stellarators is influenced by collisions. Already in the collisionless case, important differences
between stellarators arise, where maximum-.7 devices like W7-X have been shown to be resilient
against trapped particle instabilities both analytically [95] and numerically [96]. It remains to
be seen however if this favourable property of maximum-.7 devices would extent to collisional
TEM.

A full characterisation of TEM turbulence in different geometries is not feasible within a single
thesis. In particular the transport fluxes are determined by the final turbulent state and de-
scribed by the full non-linear physics which is notoriously difficult to solve especially analytically
but also numerically. As it is still unclear what the effects of collisions on the underlying mi-
croinstability would be, this should be examined first to warrant a full investigation of changes
to the transport fluxes compared with their collisionless values. Therefore this thesis will focus
on the role of collisions on the linear stability properties of the TEM. To be able to isolate
the influence of collisions on the TEM the investigations will be limited to instabilities driven
by density gradient only, which rules out the ITG/ETG instabilities mentioned above (as will
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Figure 5: Variation of the magnetic strength along a field line in the poloidal plane for (a) the
tokamak and (b) the standard configuration of W7-X stellarator. Also indicated are the trapping
wells along the field line for a particle with the same normalised threshold field. In these plots
0 = 0 corresponds to the outboard side of the torus, where magnetic field of tokamaks have their
absolute minimum.

become clear in Section 2.1).

As the stability analysis is analytically tractable, the approach will be mainly to see if any a
priori influence can be obtained from theory, rather than inferring trends from simulations, even
if only qualitatively. Because of the sensitivity of the TEM on geometry, it will be interesting
to see if this behaviour is universal, or differs between tokamak and stellarators. A general
survery of every possible stellarator configuration among the vast possiblities will be infeasible,
and therefore two realistic geometries from experimental devices will be considered: the HSX
stellarator [97] and the W7-X [98] stellarator. This choice allows to assess possible differences due
to the maximum-J property of the geometry, which is achieved in the high-mirror configuration
of W7-X [11] but not in HSX. To facilitate fair comparison with a tokamak, the realistic DIII-
D [99] geometry will be considered rather than the idealised case of a circular plasma cross
section.

Besides this theoretical investigation, numerical simulations for the above geometries will also be
performed to facilitate a comparison with the theory, which is expected to break down at some
point due to the inevitable approximations that have to be made. Furthermore, this will also
allow for quantitative results whereas theory is expected to yield primarily qualitative results.
For the simulations the GENE code [17] will be used to numerically investigate plasma microin-
stabilities, which can be used for both linear stability analysis and full non-linear turbulence
simulations.

The remainder of the thesis is then outlined as follows. In Chapter 2 a basic description of
the instability mechanism and the necessary background theory needed to describe plasma mi-
croturbulence as well as collisional process in a plasma will be discussed. This framework is
then applied to TEMs analytically in Chapter 3 and numerically in Chapter 4 to find how the
stability of TEMs is changed by the inclusion of collisions. This is followed by a comparison of
the results obtained from theory and simulations in Chapter 5. Lastly a summary of the findings
and outlook for future research is presented in Chapter 6.
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2 Background theory

The present chapter will introduce the necessary theoretical background needed to describe and
understand the microinstabilities in fusion plasmas. First, the instability mechanisms introduced
in Chapter 1 will be briefly explained in Section 2.1 using only basic physics to gain an intuitive
understanding of the process leading to instability without the need of a thorough mathematical
analysis. Then with a clear picture of the TEM instability mechanism in mind, the remainder
of this chapter is dedicated to formulating physical framework and mathematical machinery
used to rigorously describe these microinstabilities. In Section 2.2 the need for a approach
kinetic approach to plasma turbulence is argued and briefly explained. As collisions form a
central part of this thesis, Section 2.2.1 in particular will discuss the kinetic description of
collisional processes in the plasma in terms of the collision operator. Then in Section 2.3 the
gyrokinetic equation will be derived in detail as it introduces much of the of the concepts and
terminology which are used throughout the later work in this thesis. To close the gyrokinetic
framework, the quasi-neutrality condition is then introduced in Section 2.4 which together with
the gyrokinetic equation forms the foundation for the analytical work and simulations that follow
in Chapters 3 and 4 respectively. Lastly in Section 2.5 an alternative model for the collision
operator is introduced and motivated, which will be used in Chapter 3 to account for collisions
in an analytically tractable way.

2.1 Microinstability mechanisms

A plethora of plasma instabilities can occur on the scale of the gyroradius, and can be dis-
tinguished by means of how perturbations in the plasma profiles couple to perturbations in
the electromagnetic fields. The ITG/TEM instabilities which are most important for transport
in present day experiments can be described by perturbations in the electric field alone, and
therefore throughout the thesis the electrostatic limit will be considered where perturbations
in the magnetic field are neglected. This is a valid approximation for low [ plasmas where
B = p/(B?/2u0) is the normalised plasma pressure and the total energy content is dominated
by the equilibrium magnetic field [30]. Within the electrostatic limit, the electric field can be
completely described in terms of the electrostatic potential ¢ as £ = —V ¢. These different mi-
croinstabilities can all be interpreted in terms of unstable variations of the fundamental plasma
drift wave, which describes the interaction between plasma- and electric field perturbations,
as result from the magnetic field inhomogeneity in the torus [12]. Therefore the drift wave
is discussed first in terms of a simple and original waveform analysis which avoids the more
mathematical descriptions given in plasma physics textbooks [5,12,30] (which is reproduced in
Appendix E for completeness), and then the changes to this model which lead to the different
instabilities are introduced.

2.1.1 The drift wave

The fundamental interaction between plasma- and potential perturbations is characterised by the
so-called drift wave, which can be understood by considering a simplified plasma slab geometry
with a uniform magnetic and straight field. The basic ingredient is the existence of a gradient
in the background density Vng perpendicular to the magnetic field. In the slab geometry the
magnetic field is taken in the z direction, and the density gradient is taken in the z direction,
which would correspond to the toroidal and radial directions in a torus respectively. This leaves
a third direction determined by e, = e, X e, which is referred to as the binormal direction,
which roughly corresponds to the poloidal angle in a torus [5].

If a wave-like perturbation of the particle guiding centers dx(y) = Asin(ky) is superimposed on
the existing background density, then these radial excursions effectively “take” plasma particles
from a position = at density ng(z) and “displace” those particles at constant density to = +
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Figure 6: Schematic mechanism of the drift wave showing (a) how the guiding center displace-
ment leads to a density perturbation and (b) the waveforms of all perturbed quantities along with
the effect of the E X B drift on the initial displacement.

0x(y) where the equilibrium density is ng(z + 0x(y)) ~ no(z) + dx(y )dd’;(’, resulting in a density
perturbation én(y) = —dx(y )d”O which is 7 out of phase with the guiding center perturbation,
as shown in Figure 6a. As the electrons are much lighter than the ions and can freely move along
the field line, they will quickly “communicate” with the unperturbed electrons and diffuse out
to re-establish equilibrium along the field line, which is called the adiabatic electron response.
Within the same time frame, the much heavier displaced ions will not have moved much along
the field line and are left behind at their initial density. As these ions are now balanced by
electrons at the background this results in a net charge density of p = edn, which creates
an electrostatic potential ¢ o p in phase with density perturbation. This potential difference
creates an electric field E = —V ¢, which in the presence of the magnetic field results in an
E X B x %;y)em drift that causes an additional guiding center displacement which is /2
out of phase with the initial guiding center displacement, see Figure 6b. This drift also affects
the guiding centers of previously unperturbed particles and will result in an additional density
perturbation which is shifted w.r.t. the initial density perturbation. This cycle continues and
causes the density perturbation to propagate along the y direction rather than grow in amplitude
and thus corresponds to a stable perturbation called the drift wave.

2.1.2 The trapped-particle mode

One major influence of an inhomogeneous magnetic field is the existence of trapped particles,
which are absent in the simple drift wave picture above. The second key element that is in-
troduced by an inhomogeneous magnetic field is the VB and curvature drifts (these will be
elaborated in Section 2.3). As this drift vanishes on average for passing particles, the response
of passing particles to density perturbations is essentially that described by the drift wave model.
Therefore, it is the non-vanishing average drift of trapped particles that could introduce an in-
stability mechanism.

To investigate this, two changes will be made to the basic drift wave model: the electron response
is no longer assumed to be adiabatic and the effect of trapped particles is simulated by adding a
constant drift velocity vy which is opposite for ions and electrons, see Figure 7a. This drift moves
trapped particles originally at position (x,y9) to (z,yo &+ d0y) where the plus sign is taken for
ions. In absence of a density perturbation this does not lead to the accumulation of charge since
the density gradient is in the x direction. If however there is also a wavelike radial excursion
of guiding centers like before, then these drifts will now move trappped particles at the locally
perturbed density n(z,y) = no(x) + on(y) which results in an imbalance between the in/out
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Figure 7: Schematic mechanism of the trapped particle mode showing (a) how the oppositely
directed magnetic drifts of electrons and ions result in a charge density and (b) the waveforms
of all perturbed quantities along with the effect of the E X B drift on the initial displacement.

fluxes of electrons and ions. This leads to the build up of a net charge density of

p(yo) =+ en(z,yo — dy) — n(x,yo)] — e [n(z, yo + dy) — n(z, yo)]
on(z,y) dng déx(yo)
o)
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~ — 2e
which is now /2 out of phase with the initial density perturbation in contrast to the drift wave
mechanism, see Figure 7b. Completely analogous to the analysis of the drift wave mechanism,
this charge density will result in an E X B drift given by £ X B —%ew which is completely
in phase with the initial guiding center perturbation. This drift will thus add to the already
existing radial excursion of the trapped particle guiding centers thereby enhancing its amplitude,
see Figure 7b. As the density perturbation dn = —5:1c(y)dd% is proportional to the guiding center
perturbation this will also be enhanced creating a feedback loop which leads to instability. Since
the amplitude of the density perturbation is directly proportional to the density gradient, this
instability mechanism will be more dangerous at high density and is thus referred to as the

density-gradient-driven trapped-particle mode.

By comparing with the basic drift above, it is thus the phase between the density and potential
perturbation which is of importance for determining whether an instability occurs. This makes
the direction of the drift velocity crucial, as it is easily verified that a reversal of the drift
velocities would lead to a potential which is —7/2 out of phase with the density perturbation
and an E X B drift that is m out of phase with the initial radial excursion of guiding centers,
which would quench rather than enhance the amplitude of the guiding center displacement
corresponding to damping of the perturbations.

2.1.3 Temperature gradient modes

The above analysis only considers the situation with a density gradient and implicitly assumes
a uniform temperature, but in general a fusion plasma also has a temperature gradient which
could drive instabilities. As the average drifts of trapped particles depend on temperature,
a temperature perturbation can also result in an imbalance between in/out fluxes of charged
particles, such that temperature-gradient-driven trapped-particle also modes exist [36].

Although temperature gradient effects are not discussed in this thesis, since it is so important
for present day transport the instability mechanism of the ITG mode is sketched in Appendix A
using the same waveform based model as above. The fundamental change w.r.t. the basic drift
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wave is that ions are considered to respond to the perturbations with a temperature dependent
drift velocity, while the electrons are treated adiabatically again. Analogous to the trapped
particle mode, an instability occurs when there is a 4+ /2 phase difference between the tempera-
ture fluctuations and potential fluctuations, although this instability is largely a passing particle
effect [5]. For completeness, it will be mentioned that an electron temperature gradient (ETG)
mode also exists which is completely isomorphic!'! to the ITG with the roles of ions and electrons
reversed [102], although it is generally considered less important for the overall transport [19].

2.2 Kinetic description of a plasma

In order to describe the plasma dynamics, in principle one would have to solve the equations of
motion for all plasma particles. As plasma microturbulence occurs on the gyroradius scale, at
bare minimum this means that particle trajectories have to be evolved within a box which spans
several gyroradii in each direction to correctly resolve the spatial structure of the fluctuations.
Under the typical reactor conditions of Figure 1a this corresponds to tracking O(10'3) particles
which is beyond the capabilities of modern super computers. On the other hand, the involved
spatial- and temporal scales of the microinstabilities are not sufficiently collisional for the plasma
to re-establish well defined “fields” like density, velocity and temperature such that a reduced
fluid description of the plasma cannot be used to describe plasma microturbulence [8].

Thus an intermediate statistical approach has to be taken, which describes the ions and electrons
in terms of a distribution function. This distribution function can be very complicated if the
particles are strongly coupled. Fortunately, at the reactor conditions the average potential
energy can be estimated as a few meV whereas the thermal energy is a few tens of keV, such that
the particles can be considered as weakly coupled and the single-particle distribution function
f(t,q,p) describes the full ensemble!2. This distribution function is defined such that the number
of particles occupying a small volume in six dimensional phase-space is given by fd®qd®p where
q,p are the canonical position and momentum respectively. The evolution of this distribution
function is described by the kinetic equation [5]

9fs
ot

+(1'qu5 +I)'fos:CS(fS) (9)

where the subscript s indicates the species, ¢ denotes time, V4, V, represent the gradient w.r.t.
phase-space coordinates q and p respectively, the dot indicates a derivative w.r.t. time and
Cs is the collision operator. The left-hand side of Equation (9) is the phase-space analogue of
the material derivative, such that in absence of collisions Equation (9) represents conservation
of the distribution function along a trajectory in phase-space. The collisions can then be con-
sidered as a perturbation resulting from the neglected weak particle interactions which cause
discrete jumps in phase-space [103]. Since the particle interactions are the result of the local mi-
croscopic electromagnetic fields generated by individual particles, the unperturbed trajectories
are completely determined by the macroscopic electromagnetic fields [20], and consequently the
canonical position q is just the real position « and the canonical momentum is just the normal
momentum p = mwv. Then the kinetic equation can be simplified to!3

11 At least conceptually the instability mechanisms are isomorphic being described by a kinetic response of one
species and an adiabatic response of the other. Mathematically there is a subtle difference in the adiabatic response
as due to their much smaller gyroradius electrons cannot respond adiabatically to perturbations which cross the
flux surface by several ion gyroradii, as this would correspond to unphysical transport [100,101]. Nevertheless the
isomorphism holds at least for the linear onset of instability discussed by the waveform model, although there is
still debate whether the isomophism also carries over non-linearly [17,74].

1211 other words the complete N particle distribution function f~ describing the full ensemble of particles can
be factorised into the individual particle distribution functions f~ = H;V:1 filt,q;5,P5)-

13Gravitational effects are neglected, as even for ions for which gravity is strongest, the Lorentz force is already
dominant over gravity for electric fields as weak as O(0.1pVm™') and magnetic fields as weak as O(0.1pT),
which are always exceeded in fusion plasmas.
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where g5, ms denote the charge and mass of a particle from species s respectively, E, B represent
the macroscopic electric and magnetic field respectively.

2.2.1 The collision operator

As collisions are central for this thesis, a couple of words on the collision operator are due.
Collisions in a plasma are in stark contrast with the usual picture of a “billiard ball” collisions
in neutral gasses [104]. This is because charged particles interact by the long range Coulomb
force, such that essentially a single collision involves the interaction between many particles,
which makes a complete description of collisions intractable. Nevertheless because the 1/r?
dependence of the Coulomb force between a pair of charged particles, most of these interactions
are weak and cause only a small deflection in the trajectory of a particle, such that the reaction
on particles in the direct vicinity to this small scattering will be negligible compared to the
interaction they experience with all other unscattered particles, and consequently there will
be no correlations between the small deflections of particles [105]. In other words, this means
that the small deflections can be considered as random walk in the velocity of the scattered
particle [20]. Because of the high densities, repulsive!® nature and 1/r? dependence of the
Coulomb force, there will only be relatively few strong interactions which cause a significant
deflection to the trajectory, such that the accumulated effect of the small deflections from long-
range interactions will be dominant [70]. This allows to consider the collisions in a plasma as
independent random binary scattering events which result in small velocity deflections, such
that the influence of collisions can be around Awv ~ 0.

The mathematical details of this process are quite lengthy and the derivation can be found
in Appendices B.1 to B.3. This derivation results in a Fokker-Plank equation for the collision
operator which describe the effective drag- and diffusive forces that collisions have on the dis-
tribution function. The collision operator describing collisions between particles from species a
with species b can then be compactly expressed as

v, | my Ovg " Oupdv; Oy

Cab(faa fb)

where L% = (quqy/mae0)?In A is a measure of the interaction strength, with In A the Coulomb
logarithm which is related to the number of particles in the Debye sphere!® [30], fabr Maps Qap aTC
the distribution function, mass and charge of species a and b respectively, ¢y the vacuum permit-
tivity, vg; denote velocity components with repeated indices [, k& implying Einstein summation,
and @y, ¥y are the so-called Rosenbluth potentials determined by
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14The repulsive nature sets a clear distance of closest approach and thus limits the number of large deflections
as a result of close proximity pair interactions. In case of attractive interactions, there is no limiting distance.
However the number of particles that fall within a handful of interparticle distances is negligibly small compared
to the total number of particles within the Debye sphere. Consquently the accumulated effect effect of small
deflections in the scattered trajectory as a result from long-range interactions will outweigh the effect of the few
large deflections in the scattered trajectory as result from nearest-neighbour interactions. Therefore the argument
for repulsive interactions is easily extended to collisions between ions and electrons.

15This can be taken as the region over which the electric field of a single charged particle can influence those
around it, as beyond the Debye length the microscopic electric fields get shielded by collective rearrangements of
the bulk plasma. See any introductory textbook to plasma physics, e.g. [3]
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This Fokker-Planck collision operator Equation (11) is valid provided that the Coulomb log-
arithm In A > 1 as otherwise the effect of large angle deflections and correlations become
dominant, and the collisions can no longer be considered binary [106]. The Coulomb logarithm
depends weakly on plasma parameters as [70]

1
InA=1725~n n[10¥m ™3] 4 In T'[keV] (13)

where the quantities in square bracket indicate the proper unit for density and temperature, and
is typically between In A ~ 15 — —20 for fusion plasmas, making the Fokker-Planck approach
valid. In principle the Fokker-Planck collision operator is derived in the absence of a magnetic
field where the particle motion is isotropic. Nevertheless Equation (11) can still be used in a
magnetised plasma provided that the gyroradius is larger than the Debye length [107], such that
the effects of gyration are not noticeable at the spatial scales where the particle is scattered.
This condition is also typically satisfied under reactor conditions.

Although Equation (11) is generally valid for collisions between any charged particle species a, b
with arbitrary distribution functions, it is not very illustrative. In particular the Rosenbluth
potentials are hard to evaluate as they involve integrals over the relative velocity between parti-
cles. If species b is taken to have Maxwellian distribution, then the calculation of the Rosenbluth
potentials is analytically tractable. In Appendix B.4 it is shown that in this case the collision
operator takes the more comprehensible form of
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where L is the Lorentz scattering operator
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where the special functions are G(z) = (erf(z)—x erf’(x))/(22?%) and erf(z) = % o exp(—¢€?) d¢
is the error function, s = v/vps is the velocity normalised to thermal speed of each species
vrs = /2T /ms, and the characteristic collision frequency Db g given by

2
pab = 1 < 9ads > InA = uggf‘\f. (17)

Here yggo is the so-called 90° scattering frequency, such that 1/ yggo is the time it takes for the
accumulated effect of small angle collisions with species b to decorrelate the velocity'” of a typical
thermal particle from species a and essentially make the particle “forget” about its history and
become part of the background plasma [3].

When writing the collision operator in the form of Equation (14) the different effects that the
collisions have on a particle become clear. As the Lorentz scattering operator £ essentially
describes diffusion of the velocity vector on a surface of constant speed!® v = ||v||, the first term

8Following the physics convention where 6 indicates the polar angle and ¢ the azimuthal angle.

'"This should be interpreted in the sense that the velocity autocorrelation function (v (t) - ve(t 4 7)) — 0.

18Speed is typically only used in traffic regulations in everyday life, however to distinguish between processes
that depend only on the magnitude of the velocity rather than its full vectorial details (like the collision frequencies
of Equation (16)), the notion of speed will also be used throughout this thesis.
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Figure 8: Dependence of the test particle collision frequencies Equation (16) on particle velocity
in case of self collision when b = a.

describes the how collisions change the direction of the velocity of a particle which result in
the small deflection of the trajectory, and is referred to as pitch-angle scattering. The second
term in Equation (14) all contain terms that affect the speed of a particle and are in contrast to
the Lorentz scattering operator thus not energy conserving. Therefore this part of the collision
operator describes energy scattering due to energy exchanges in a collision. The energy scattering
is a balance between drag forces that slow the particle down and diffusive forces in the same
direction as the initial velocity, which can be identified by the first and second speed derivatives

of the distribution function. The test particle collision frequencies v, v VD then simply

s | )
give the rates at which a particle is slowed down by drag, accelerated by parallel diffusion and
deflected by perpendicular diffusion respectively. The velocity dependence of these frequencies
in the case of self-collisions b = «a is shown in Figure 8, which shows that at low velocity diffusion

is more important while at high velocity drag dominates.

The interspecies collisions when a # b are special in plasma because of the enormous mass differ-
ence between electrons and ions. Because of this mass difference the thermal velocities vy, vpe
will be on disparate scales when the temperatures are similar. This effects the behaviour of the
test-particle collision frequencies Equation (16) through the velocity dependence of G(xy), ¢(xp),
where the particle velocity is normalised to the thermal speed of the other species, such that
they can be expanded for small and large arguments

plr 1)~ \;x—g\f:p + O(z°) plr>1)~1

d(r <)~ T—Ta: 240zt ¢(x>1)=~0

Pz < 1) —zd(x <)  2x
222 T 3yr

Gz <1) = +0@%)  Gla>1)=

212

19

oz > 1) —ad (x> 1) <

1

222



where for small arguments the next order terms in the Taylor expansion of ¢(x),¢'(x) are
needed to prevent an indeterminate limit 0/0 in G. Writing z, = z,vre/vry and performing an
expansion in the electron-ion mass ratio give the relevant collision frequencies between ions and

electrons as 3/
Vei ~ ﬁeii Vie ~ I;ie 4 % E
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where the electron collision frequencies now only depend on the v/vp. and vice versa for the
ions. From the ratio of these frequencies it follows that the electrons are easily deflected and
slowed down by ions, but the energy exchange between them proceeds much slower by the mass
ratio, which is exactly the same conclusion as reached when working out the momentum and
energy conservation laws using basic classical mechanics [108]. In contrast ions predominantly
only experience a net drag from the “sea” of electrons, as the mass difference makes it impossible
to change the ion momentum or energy by a significant amount, completely analogous to how a
cyclist only experiences an effective drag from the many collisions with air molecules they make,
without being thrown off course.

2.3 The gyrokinetic equation

In principle the kinetic equation Equation (10) could be used to solve for the distribution function
of electrons and ions to study the effect of fluctuations in a magnetised fusion plasma. However
this equation has the full details of the plasma evolution “encoded” within it, which spans a wide
range of spatial scales between the microscopic gyroradius and macroscopic plasma size and an
even wider range of temporal scales between the fast gyration and total pulse duration [6].

Experimental observation of microturbulence across many fusion devices have revealed however
that the fluctuations in the plasma obey the scaling [7]
w k) vg O0ns OB  ps
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where w is the perturbation frequency, Qs = gsB/ms the gyrofrequency of each species s, k, k1.
denote the wave number parallel and perpendicular to the direction magnetic field, vg is the
magnitude of the perturbed E X B drift velocity, vrs is the thermal velocity of species s, dng, ngs
are the density perturbation and equilibrium density of species s, § B, By are the strengths of
the perturbed- and equilibrium magnetic field, ps = v, /€ is the gyroradius of each species and
L,=|Vn n0||_1 is the gradient length scale of the plasma profile, which can be regarded as
a measure of the macroscopic plasma size. For typical microinstabilities the wavenumber scales
with k) ps ~ O(1). Together with the scaling for the E X B drift Equation (19) implies that
the electrostatic potential fluctuations have the scaling
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where p,Q2s ~ vps was used, such that the particle energy remains dominated by its thermal
kinetic part.

The perturbations are observed to be highly elongated'® along the magnetic field but compressed

19This does not mean that perturbations with short correlation lengths along the magnetic field cannot exist
in the plasma, as spontaneous fluctuations are naturally generated at all scale. Such perturbations will however
by quickly subdued to Landau damping from passing particles, and consequently after some initial transient only
the elongated fluctuations will survive [7].
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perpendicular to it, which is expressed by the kj/k1 < 1 scaling of Equation (19) since the
wavenumbers follow as inverse correlation lengths &y | ~ 1/L; ;. This reflects the length scales
in the in the helical particle orbits, where the anisotropy between the motion along the field
line and the perpendicular gyration forms the basis of magnetic confinement (see Section 1.2).
Furthermore, the oscillation period has been observed to be much slower than the gyrofrequency,
as expressed by w/; < 1 in Equation (19) which shows there is a clear disparity between the
timescales. This means that the gyration of the particles cannot couple to the evolution of the
instabilities, and it is the slower motion of the guiding centers that is responsible for driving the
perturbations unstable?’a which motivates the removal of the details of the gyration from the
kinetic equation.

This can be achieved by a change of phase-space variables?! (z,v) — (R, E, u,9) defined by

X .
R =x — € X Y Y = arctan(v el)
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where R = x — p is the position of the guiding center, e, = B/B the unit vector in the direction
of the magnetic field, F, i the particle energy and magnetic moment, ey, e are orthogonal unit
vectors locally defined at the guiding center such that e; X es = ep and thus ¢ is the gyrophase
angle which contains all information of the fast gyromotion [110]. The time derivatives of the
new velocity variables are given by ¥ = Q, since it defines the gyromotion, [t ~ 0 as the frequency
ordering w/€s ~ § makes u a proper adiabatic invariant, and lastly
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where the last step follows from E = —V ¢ and it has been made explicit that the potential ¢
is a function of the particle position x rather than the guiding center position R since ¢ is not
a formal phase-space variable. Consequently the transformed kinetic equation takes the form

Ofs 9| Ofs fs _
- 9|55+ %5 = O (22)
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Note that although p does not appear explicitly, the distribution function still depends critically

on u as it distinguishes between trapped and passing particles.

In Equation (22) all the fast time scale dynamics are in the 8% term, and in Appendix C.1
it is shown using an order of magnitude estimate that this term is unbalanced, making the

2ONote that this is in line with the explanation of the basic instability mechanisms discussed in Section 2.1,
where only excursions of the guiding centers is considered and the details of the gyration have been completely
left out.

2lFormally such a change of variables should be performed through perturbative Lie transforms, since the
new coordinates are not canonical and therefore do not conserve the original phase-space properties such as
symmetries and conserved quantities [109]. This transformation method involves an asymptotic expansion of
the new coordinates in the small order parameter d, where the lowest order terms simply correspond to the
unperturbed particle trajectories in absence of the turbulent fluctuations, and the higher order terms ensure that
the magnetic moment is an adiabatic invariant to all orders in § [110]. These additional terms would result
in 0(52) corrections to the gyrokinetic equation, since the perturbations in the distribution function and fields
themselves are already O(d). As the goal of this thesis is linear stability analysis, such corrections can be neglected
and a simple substitution of variables will suffice, although the additional corrections are important for non-linear
simulations which determine the turbulent transport fluxes [6].
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distribution function to leading order isotropic. In Appendix C.2 this leading order distribution
function is shown to be the Maxwellian distribution

m, 3/2 mgv?
Fis = nos () (mw) exp<—w> )

with equilibrium density and temperature profile depending only on 1 as a result that the
plasma isobars are flux surfaces. The equilibrium temperature has a weak time dependence to
allow for temperature equilibration between electrons and ions as in general Ty, # Tp;, and a
slow energy exchange due to collisions will take place to make the plasma isothermal [90] (a
concrete example of this appears in Appendix G.3.2). This process is however slow and within
the gyrokinetic ordering occurs on a timescale 7., ~ O(1/§%w) [111], such that the equilibrium
contribution can be considered as “frozen” in the gyrokinetic framework.

To next order, the influence of the potential fluctuations ¢ on the distribution function is then
obtained by splitting the distribution in an equilibrium and perturbed part f; = Fys + 0 fs. In
Appendix C.3 it is shown that that this perturbed distribution can be split as

5fs:* FMS +gs (24)

where the first part is the so-called adiabatic response which arises due to the tendency of
particles to re-establish equilibrium by quickly redistributing along the field line in an attempt
to cancel the perturbed electric field [67], and the second part is the gyrophase independent
kinetic response which obeys the gyrokinetic equation
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In Equation (25) the gyroaverage operator

<"'>RE% cdo (26)

has been introduced which averages any quantity over the fast gyromotion of the particles while
keeping their guiding centers fixed, thus effectively filtering out any remaining details of the
fast gyration such that the kinetic description has been completely reduced from a 6D to a 5D
phase-space. Conceptually, this reduction in the dimensionality of phase-space effectively means
that the helical orbit of charged particles is reduced to the motion of a charged ring with radius
ps moving along the gyrocenter??, which is the average position of the particle during a gyration,
see Figure 9. Also introduced in Equation (25) is the linearised collision operator??

CsL(gS) = Cs(gS7FMS) + CS(FMS7gS)

where the first term describes particles from the perturbed distribution colliding with the back-
ground “sea” of equilibrium particles, and vice versa for the second term, which are respectively
referred to as the “test” and “field” part of the collision operator in literature [88].

22 Although sometimes used interchangeably with guiding center, it is a matter of terminology. Formally the
guiding center R and the gyrocenter (R)p = (x)p are formally different quantities, as R rapidly changes it
direction in the perpendicular plane as the particle gyrates, while (R) is only affected by the slow cross field
drifts.

23The non-linear part of the collision operator, taking into account collisions between particles from the per-
turbed distribution function are hardly ever accounted for in literature, even non-linearly. The E X B non-linearity
which facilitates interaction between the different modes is the main non-linear feature which determines the heat
fluxes, and a linear collisional operator still captures the essential physics of particle, momentum and energy
conservation while providing sufficient to ensure the dissipation required to for the fluxes to reach a statistically
steady state [86,89].
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guiding-centre coordinates
6D phase space

Figure 9: As a result of the gyroaveraging operator Equation (26) and the coordinate transfor-
mation of phase-space Equation (21) and the timescale separation w,Qs ~ & the details of the
fast gyration is completely removed from the plasma dynamics, which reduces the helical particle
particles orbits to the motion of a charged ring along the gyrocenter particle’s helical trajectory
into the motion of a charged ring along the guiding center. Adapted from [7].

All that remains is to evaluate the gyroaverages. In Appendix D it is shown that the gyrocenter
drift is given by

: o er X (Vo)p e D) Ui
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where the first term is simply the unaffected parallel motion along the field line, the second
term is the gyroaveraged E X B velocity vg and the last term is the magnetic drift velocity
vgs which consists of a gradient driven part and a curvature driven part where kK = (ep - V) ep
is the magnetic curvature vector. Thus indeed as claimed, the guiding center mainly consists of
the motion along the field line superimposed by slow cross field drifts which are O(§) smaller.

To evaluate the remaining gyroaverages of the electrostatic potential fluctuations, the k| Jk1 <1
spatial scale anisotropy of the perturbations w.r.t. the magnetic field Equation (19) can be used
to separate the slow variation along the field line from the fast variation perpendicular to the
field by means of a WKB approximation [112]

o) = de)exp(i{ 2~} ) (28)

where both qg(a:) and S(x) vary on the large equilibrium scale and ¢ has also been Fourier
transformed in time. In Equation (28) the fast variation across the field is contained in the
exponential factor as a result of the p/L, ~ § scaling. The gyroaveraging procedure of all
terms involving the potential perturbation in Equation (25) is then fairly straightforward, but
still quite tedious. This step of the derivation is therefore deferred to Appendix C.4 and here
only the important physical consequences are highlighted below. This procedure then reduces
Equation (26) to

% + (U”eb +vEg + ’Uds) -VRgs — <CsL(98)>R = _i%‘](](klps)é (w - wZ;) Fus (29)
S

where all terms involving gs have been collected on the left-hand side and the gyrocenter drift
Equation (26) has been explicitly substituted. In Equation (29) a perpendicular wavevector is
introduced according to k; ~ V.S(x)/0 which allows to interpret the WKB approximation as if
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Equation (28) were a single Fourier mode in a spatial Fourier series of the electrostatic potential.
The wavenumber k| appearing in the zeroth order Bessel function Jy is then simply defined as
its magnitude k; = ||k ||. This Bessel function reflects the effect that as the particle undergoes
its fast gyration it will sample different phases of the perturbation which is practically “frozen”
in time. If the potential varies over distances much longer than the gyroradius (k; p < 1) then
the effective electric field (E) p the charged ring in Figure 9 experiences, will be roughly just its
local value at the centre E(R) (recall that in the electrostatic approximation £ = —V¢). If,
however, the potential varies on distances much shorter than the gyroradius (k) ps > 1) than
this phase mixing between positive and negative electric field regions makes that the effective
electric field that acts on the charged ring will be roughly zero. Also introduced in Equation (26)
is the temperature-dependent diamagnetic frequency w,7 which is defined by
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where w, is the frequency of the fundamental drift wave due to density gradient in a slab geome-
try showcased in Section 2.1.1 (as proven in Appendix E), wfs is its straightforward extension to
the case of a temperature gradient, and 7 is the ratio between density and temperature gradient
scale lengths which are defined by?* L, = [|-Vn| ™!, Ly = ||-VT|| !, such that n, = L, /Lr,
measures the competition between density- and temperature gradient drive of the instabilities.

In principle the kinetic response g5 will have the same spatial scale anisotropy as ¢, as it is also
a perturbation, so a similar WKB approximation can be made for the spatial part of g

(R B t) = (R B esp(1{ 20 -t} ). (31)

The remaining derivatives on the right-hand side of Equation (29) can then be evaluated with the
same methods from Appendix C.4. One point of attention, however, is that the right-hand side of
Equation (29) contains the convective vg -V rgs non-linearity, since both ¢, gs are perturbations.
This results in results in the crossing of the generally different phase factors between g5, ¢ and
creates either rapidly oscillating or near-constant terms. Because of the analogy with the WKB
approximation and a Fourier series made above, this is a manifestation of the multiplication-
convolution property of Fourier transforms. As the goal of this thesis is linear stability analysis
to study how collisions affect the onset instability, the amplitudes of the perturbations are small
during the time period of interest and the convective non-linearity will thus typically be O(4)
smaller compared with the other terms in Equation (29) and can thus be neglected.

With the gyrokinetic equation subsequently linearised, if the WKB expansion for the perturba-
tions is substituted in Equation (29) all terms except for the collision operator would have the
same rapidly varying phase factor. Were it not for the collision operator, this phase factor could
then be cancelled on both sides of the equation to yield an algebraic equation for the amplitude
coefficients q@, gs only, as shown below

ds
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24The minus sign accounts for the peakedness of the profiles in the plasma core such that the gradients are
typically negative.
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where for illustrative purposes the collision operator has been transferred to the right-hand side
and given its private line. In Equation (32) the parallel derivative V| = ep - Vg which acts
only on the g5 and not on the phase factor by means of k; ~ V.S/d, and the magnetic drift
frequency wgs = k1 - vgs which gives the rate at which the particle orbits precess through
the torus, have been introduced. The complicated term involving the collision operator arises
because (Cs) i has not (yet) been WKB expanded like the other terms. If the collision operator
could be written as (Cs)p = Cyexp(i {S(R)/8 — wt}), then the phase factor would be cancelled
an a purely algebraic equation in quﬁ, Gss C, remains. Because of the operator property of Cs and
the fact that it has been linearised in g, such a WKB expansion does not have to be carried
out explicitly but follows from the WKB expansion of gs;. Some care in this expansion has to be
taken however, as the kinetic response g; is defined at the guiding center position R, and so is
the gyroaveraging operator, but the collision operator involves derivatives of the distribution at
fixed particle position @. This nuance can be taken care of by expressing the phase factor iS/d
both in « and R = ¢ — ps by expanding about the gyroradius [86]

<CS [gﬁ; exp <Z {S(aR) _ wt}ﬂ >R ~ <exp <z {S(;c) - wt})cs [ds exp(—ik - ps)]>R -

~ exp ( {S<5R> _ wt}) (exp(+ik1 - ps)Cs [gs exp(—ik1 - po))p

where the exp(—iwt) factor can be taken out of the collision operator and the gyroaveraging
operator by realising that the binary collisions between particles have to occur simultaneously
as particles scatter on the instantaneous and not future/past Coulomb fields, and that the oscil-
lation frequency is fixed a property of the perturbations and therefore gyrophase independent.
The gyroaverage itself still has to be evaluated and depends on the detail of the collision oper-
ator [91,107]. Finally then, the phase factor of Equation (33) will cancel against its conjugate
in front of the gyroaveraged collision operator in Equation (32), which yields the linearised
gyrokinetic equation (GKE)

n . n . o . .q n
vV gs — i(w — wys)gs — (exp(ikL - ps)Cs [gsexp(—ik1 - ps)]) g = —z?st]ogb (w — w:‘g) Fas (34)
S
which describes the dynamics of the plasma under influence of small-amplitude low-frequency
perturbations with elongated structures along the field line and short perpendicular structures
comparable to the gyroradius perpendicular to the magnetic field.

2.4 Quasi-neutrality condition

In order to solve the linearised gyrokinetic equation Equation (34) for the kinetic response g
the electrostatic potential ¢ has to be known. The electrostatic potential is however determined
by the charge densities in the plasma which are defined as the first velocity moment of the
distribution functions. Consequently for any physically correct description of microturbulence,
the gyrokinetic equation will have to be solved in tandem with Poisson’s equation?®

n
V2¢:_qu8 S (35)
€0
where the sum is over all plasma species and plasma dielectric effects are neglected. In order

for the plasma to be in equilibrium a macroscopic electric field is not allowed as this would pull
the ions and electrons apart. This leads to the concept of quasi-neutrality, which expresses the

25In the specific case of the electrostatic limit considered in this thesis, it is sufficient to solve Poisson’s equation.
In the more general case when perturbations to the magnetic field are also taken into account, one must also solve
Ampere’s equation as the perturbations in the plasma current will self-consistently determine the magnetic field
perturbations [109].
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tendency of a plasma to distribute its ions and electrons in a way such that over an intermediate
scale the effective charge density vanishes and there is no equilibrium electric field Eqg. This
requires the electron density to be approximately equal to the total density of all ion species,
weighted by their charge state, i.e. nge = ) Zynoy where Zy = gy /e is the charge number
of the ions and the sum is only over ion species. This intermediate scale beyond which electric
fields will be shielded is the Debye length [113]

€010e
Ap = 2 2
noee? (1+ 3y Z%Tyo/Tw0)
which under the typical fusion conditions 7; ~ T, of a simple hydrogen plasma is up to a

numerical factor of unity determined by its electron part Ap. = \/€0Toe/noee? [3].

If a density perturbation now occurs in the plasma this can create a non-vanishing electric field
which is determined by Poisson’s equation Equation (35) by letting ns — ngs + dns

e(0ne — > o Zgong)
€0
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where ¢ contains only the perturbed part and the equilibrium contribution cancels due to quasi-
neutrality. By introducing the dimensionless potential ® = e¢/T¢( this can be rewritten in terms
of the Debye length as?6
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An order of magnitude estimate of the middle term of Equation (36) gives A%, VZ® ~ § x
(Apek1)? ~ 6% (Ape/ps)? which follows from using the WKB form of the potential Equation (28),
considering k| as a constant property of the instability and the scalings Equation (19) together
with the microturbulence property ki ps ~ O(1). Consequently unless Ap/ps ~ 6 /2 >
1 the perturbations cannot cause significant deviations from quasi-neutrality as both density
perturbations on the right-hand side of Equation (36) are of O(J) according to the scaling
Equation (19). Under the typical reactor conditions of Figure la the ratio between Debye length
and gyroradius is O(1) for electrons and O(0.01) for ions, such that the density perturbations
obtained from solving the gyrokinetic equation must satisfy ) g¢s6ns =~ 0 where the sum is
again over all species.

The density perturbations can be expressed in terms of the distribution function as

ong —/fsd3v—/FM5d3v = /(5f5d311

where the perturbed distribution function is given by Equation (24). The density perturbation
due to the adiabatic response is straightforward to calculate, since all velocity dependence is in
the isotropic Maxwellian F);s such that

(5ns’ad = /—({;ijMSdS’U = —qJSjZ)nOS.
s s

The density perturbation due to the kinetic response involves another subtlety. By the choice
of new phase-space coordinates g, is formally a function of guiding center position R such that
a velocity integration would give a perturbed guiding center density dn(R). The electrostatic
potential in contrast “lives” in real space and it is the local charge densities in real space

26Formally speaking VZ® # ﬁ,VQgﬁ as the equilibrium electron temperature is not constant. However this
electron temperature varies over the macroscopic length Lr. whereas the perturbed potential will vary over the

gyroradius such that the changes in ¢ will be the dominant contribution to the Laplacian.
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which determine the perturbed electric fields, so a particle density dn(x) is required for the
quasi-neutrality condition [67,111]. Just as with the collision operator, this is remedied by?’
expanding the rapidly varying phase factor of the WKB decomposition Equation (31) between
xz, R

Ons kin = / gs(R+ ps, E, 1) exp <ZS(1%;—p3) - Z'Wt> d’v

R exp (ZS(;B) — z'wt) /g}(R, E, p)exp(—ky - ps)vy dvy dojdd

— exp <ZS(5"“’) _ iwt) /g;(R, E, 1)Jo (%“) 270, vy do

S

where the definition of the Bessel function Equation (C.5) and cylindrical velocity coordinates
d3v — v dvdv, dv| have been used, and the velocity dependence of the gyroradius is made
explicit for the remaining integrals. Compiling these results then gives the quasi-neutrality
condition for the perturbed densities

2 ~
Sk i) = Sa. [ R B () (37)

where the WKB decomposition for the potential Equation (28) has been used to cancel the
fast varying phase factor again, and the 27 factor resulting from integrating the rapid phase
factor over ¥ has been reabsorbed into the velocity differential d®v and the implied integration
boundaries.

2.5 Simplified BGK collision operator model

The inclusion of a Fokker-Planck collision operator Equation (11) makes finding solutions to the
kinetic equation Equation (10) nearly impossible. Even when neglecting collisions, the right-
hand side is a non-linear partial differential equation since the sources of the electromagnetic
fields are determined by moments of the distribution function. Meanwhile the collision operator
itself involves both derivatives and integrals of the distribution function through the Rosenbluth
potentials, making the collision operator an integrodifferential equation for the distribution
function [114]. This is highly intractable for doing any analytical theory. The problem is made
even worse in the gyrokinetic framework, as the gyroaverage of the collision operator operator
in Equation (34) introduces additional spatial diffusion terms of the gyrocenters proportional to
(k1 ps)? wich is referred to as a Finite Larmor Radius (FLR) effect [7,86]. Therefore a simplified
collision operator is needed to make any analytical work feasible. Fortunately in the limit of low
0 plasmas, the resulting physics is rather insensitive to the model of the collision operator that
is used, provided that the model is physically reasonable [115].

The main role of collisions is to make particles aware that they do not exist in a vacuum but are
embedded in a medium consisting of a background “sea” of many other particles. By exchanging
small amounts of momentum and energy in a conservative way, a particle is slowly integrated into
this collective of other particles eventually leading to equilibration of the distribution function
which becomes stationary. A simplified collision model that describes this equilibration process
is the Bhatnagar-Gross-Krook (BGK) operator [116]

1

Trel

(f = M[f]) (38)

Ceek = —

2TAt least up to linear accuracy it is, non-linearly there will be O(§?) corrections due to the expansion of
new coordinates which give rise to a polarisation charge density and magnetisation current in case of magnetic
fluctuations [109].
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where 7,¢; is the characteristic time scale for relaxation towards the equivalent Maxwellian®®

v = i) (jom) " esp( g (o alf)?) (39)

where the density, mean flow velocity? and temperature functionals are defined as moments of
the distribution function f

n[f] :/f(a:,'u,t)d3v = n(x,t)
alf) = / vf(x, v, )&% /n[f] = q(x, 1) . (40)
S110) = [ 5 0 alf) f(av 000 /alf) = 3T(.0)

In this way, the BGK operator captures the essential physics of particle, momentum and energy
conservation and describes the relaxation towards a steady Maxwellian distribution just like
any other collision operator would [104]. In Appendix F it is shown that in absence of gradi-
ents and electromagnetic fields the BGK collision operator Equation (38) causes any arbitrary
initial distribution function to exponentially relax towards the Maxwellian M[f] with a rate
given by 1/7,¢;, which expresses the thermodynamic irreversibility of collisions [117]. There are
however two drawbacks to the BGK collision operator. Firstly it is an empirical model where
the relaxation time 7, is a constant free model parameter, whereas any rigorous derivation of
collision rates result in velocity dependent relaxation rates such as those in Equation (16). If
a velocity dependent relaxation rate would be used instead, then the BGK operator no longer
conserves particles, momentum and energy. A comparative study by Livi & Marsch between
the BGK operator and the full Fokker-Planck operator has, however, shown that when using
the physical collision rates of Equation (16) the density, momentum and temperature are only
non-conserved on a 1% level, making this issue not very severe [118]. Secondly, because the
BGK model is less sensitive to the shape of the distribution than the Fokker-Planck collision
operator, this will results in erroneous velocity moments of the distribution function higher than
the temperature, starting with the heat flux [104,119]. This means that the BGK operator
cannot be used for transport studies. The same study by Livi & Marsch has also shown that
the errors in higher order moments are smaller using velocity dependent relaxation compared
to constant relaxation rate [118]. As it is not the aim of the thesis to determine transport
coefficients, the BGK model can be thus used as a proxy for the exact collision operator for the
purpose of analytical linear stability analysis, using velocity dependent relaxation rates as done
in the literature [84,85,120-122].

2.5.1 Linearisation of the BGK model

The BGK model is, in principle, valid for any distribution function f, that is arbitrarily far from
equilibrium. For the case of interest it will be applied to a distribution function that is nearly an
isotropic Maxwellian Equation (23) superimposed by small fluctuations given by Equation (24),
so the functionals for density, mean velocity and temperature that determine the equivalent
Maxwellian can be calculated as3®

2%In the form of Equation (38) the effect of scattering is described by particles being “absorbed” from the
distribution function f and then being “re-emitted” at a Maxwellian distribution with the same properties as f,
such that scattering will establish a local thermodynamic equilibrium situation.

29This represents the velocity with which each plasma species as a collective would move if it were described a
as a fluid rather than statistically by their distribution function. Typically the symbol w is used for this, but to
prevent confusion with Appendices B and H where u denotes the relative velocity for a collision pair the symbol
q is used here instead to honour the notation of the original BGK article [116].

30In these equations g5 is still a guiding center distribution expressed in R which for the evaluation of the
integrals have to be formally transformed to @, just as was done in Section 2.4.
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where (v — q)? has been expanded in the temperature functional and the velocity moments of
the Maxwellian [ Fprsd3v = ngs , [vFysd®v = 0, [v2Fy5(v)d3v = 3nosTps/ms have been
used. For small perturbations of the distribution §f/Fys ~ ¢ it is expected that the moments
of the distribution will are also only slightly perturbed. Indeed, the density can be written as
n[f] = nos(1 — In[f]/nos) where on/ngs ~ &, which invites a similar expression for the tempera-
ture T'[f] = Tos (1 4+ 6T'[f]/Tos) where dT'/Tps ~ 6. The same cannot be done for g[f] as there is
no equilibrium flow. However, for the distribution to be only slightly perturbed from Maxwellian,
the mean flow should be small compared to the RMS velocity such that q[f]/vras ~ ¢ as oth-
erwise the perturbed distribution will be a strongly shifted Maxwellian which no longer satisfies
0f/Fps ~ 6. Consequently the temperature and flow velocity functionals can be appropriately
linearised by expanding 1/n[f] as a harmonic series, and neglecting all O(§2) contributions. This
procedure leads to

M _ M + fgsd3v _ _qs¢ + fgsd3v
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where in the second step the equilibrium parameters are rewritten as moments of the Maxwellian
to be symmetric with the similar integral over g;. Note that for the temperature perturbation
0T [f], two O(d) appear with opposite signs such that near cancellation occurs. In fact in the
low (8 limit the temperature perturbation can be safely be taken as 67'/Tps — 0 [115]. The only
way to consistently make the perturbation in the temperature functional vanish is if all integrals
involving the kinetic response vanish from the other functionals as well®!. Consequently the
linearised equivalent Maxwellian M|f] becomes

3/2 2
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that is the actual Maxwellian with a corrected density due to adiabatic response, which is
exactly what one would expect for the local thermodynamic equilibrium that M|f] represents.
The linearised BGK model then trivially follows as

1
Cper = —Ys (41)
Trel
31To see why the kinetic response can be written as gs = 6njin(x)G(v) in analogy with the Maxwellian

Frrs = nos(x) F(v), where the densities satisfy the scaling 0nkin /nos ~ 0 such that the velocity dependent parts
must satisfy G(v)/F(v) ~ O(1) such that the perturbation in the distribution remains gs/Fas ~ 6. Then
the vanishing of 67 /Tys for arbitrary velocity dependent part of the kinetic response G(v) is only possible if
6nkin/nos — 0.
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where g remains the gyrocenter distribution evaluated at R, which matters momentarily when
the gyroaverage of the complete BGK model is determined. In what follows rather than a
relaxation time 7, a collision rate v = 1/7,¢ will be used such that the BGK model takes on a
form thats similar to Equation (14) for the actual Fokker-Planck collision operator in terms of
collision frequencies.

2.5.2 [Extension to interspecies collisions and gyroaveraging

The BGK operator as high-lighted only models the role of a self-collisions for each species
(electrons-electron, ions-ions) but in a plasma there will also interspecies collisions between the
electrons and ions. As the collision operator is additive due to the binary nature of the collision
operator, the BGK model can be straightforwardly extended to include interspecies collisions
for each species s as [117,123]

Cs.Bax = Css,pax + Cssparx (5 # ) (42)

where in general Cy par is given by

Css’,BGK = Vs (fs — Mgy {fs: fs’]) (43)

where v4y is the collision rate and the equivalent Maxwellian has become

3/2
Mss’[fsafs/] :nss’[fsafs’] <2TI'TSST/r[l}9,fs/]> exp<_ﬂ€;r'];m ('Us_qu'[.fs’fs’])>' (44)

Self-collisions are then described by the case s’ = s for which the double species label becomes
redundant and Cy pek is given by Equation (38) and the equivalent Maxwellian Mg, reduces
to Equation (23). For the interspecies case My no longer describes a local thermal equilibrium
of the species s itself, but rather it describes a local thermodynamic equilibrium distribution of
only the subset of particles that have scattered with the “alien” species s’ [123]. Because these
scattered particles have exchanged energy and momentum with the particles from this “alien”
species s’ their statistical properties (i.e. moments of their distribution function) will now also
contain information about the distribution f!, and consequently the velocity moments of the
scattered particles will be in some “hybrid” state between the moments of f and fy.

The main problem with the interspecies BGK operator is the determination of these “hybrid”
velocity moments since the extended BGK model of Equation (42) is no longer conservative for
each species to model the effect of momentum and energy exchanges between the two species,
but of course the combined momentum and energy of the two species has to be conserved since
the collisions are elastic. The determination of the “hybrid” velocity moments is rather tedious
and therefore deferred to Appendix G.1. This process involves postulating®® that the “hybrid”
moments can be decomposed into a linear combination of the known velocity moments of both
species and proceeding to fit the expansion parameters to conservation of total energy /momen-
tum and a relaxation problem expressing the tendency of the exchanges to over time establish a
common equilibrium between the two species [124]. This exercise leaves some of the expansion
parameters undetermined, but is generally valid for any arbitrary exchange problem as only
basic physical laws for elastic collisions have been enforced [117]. To determine the remaining
parameters it has been suggested by one of the originl authors to fit the BGK model to the

32This postulate can be justified based on the expressions fact that momentum exchange is linear process in
the particle velocities and energy exchange is a quadratic process in the particle velocities, which can be split into
a deterministic part given by the kinetic energy carried by the mean flow velocity and a thermal part related to
the random motion of individual particles [123]. By exchanging momentum/energy (interspecies collisions) and
reshuffling energy between its thermal and deterministic components (self-collisions) all possible elastic collision
processes are then accounted for.
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actual application of interest [123]. This is done in Appendix G.2 where the resulting momen-
tum and energy exchange between electrons and ions from the BGK model is first fitted to the
net exchange of energy and momentum from Coulomb collisions [3]. Lastly in Appendix G.3 all
velocity moments are then linearised with the goal of linear stability analysis in mind, and the
remaining BGK model is then expanded around a temperature ratio 7 = T; /T, = 1 to reflect
the typical fusion reactor conditions of Figure 1b.

After a substantial effort the linearised BGK model for interspecies collisions for electrons and
ions is then found to be

Cei,Bak = —Veide Cie,BGK = —VieJi

where the collision frequencies v,;, ;e correspond to the free model parameters v,,, which is a
complete mirror of Equation (41) for the self-collisions and reflects the intuitive belief that the
interspecies collisions should add to the relaxation of the kinetic response as they tend to steer
the system to a combined equilibrium. This then gives the full BGK operator as will be used in
Chapter 3 to analytically account for collisions as

Cs,BGK N —VssOs — Vss'Gs = —Vs,effgs = CS7BGK[98]' (45)

Rather what is needed in the linearised GKE Equation (34) is not Equation (45) but its gy-
roaverage, which is straightforward to obtain as the collision operator no longer contains any
derivatives that should be evaluated at constant particle position. The kinetic response gs
should however still be expanded from gyrocenter to particle position according to the recipe of
Equation (33) resulting in

<eXp(ikJ_ : ps)Cs,BGK[gAs eXp(_ikL : ps)])R = <_Vs,eff§s>R = _Vs,efngs (46)

since the kinetic response is by definition independent of the gyrophase, and the exponential
phase factor has been omitted.
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3 Extended theory

The background theoretical framework of Chapter 2 will be employed to give an analytical
description of TEMs in the presence of non-negligible collisionality. The main goal of this chapter
will be to find the growth rate of TEMs and assess what influence the collision frequency has on
it. As all plasma perturbations are taking to have the form of a normal-mode ansatz 0 A(x,t) =
0A(x) exp(—iwt), by imposing that the frequency can be complex w = wpr + 7y it follows that
the imaginary part of the frequency results in exponential growth of the perturbations, where
is its growth rate, whereas the real part wr will give the regular oscillation frequency [125].

First as a preliminary, in Section 3.1 the relevant parameter regime for TEMs is introduced
and applied to the GKE Equation (34) to obtain solutions for the kinetic responses of ions and
electrons, and the relevant concepts of bounce average and pitch-angle velocity coordinates are
introduced which allow to distinguish trapped- from passing particles. With these preliminaries
cleared, the paradigm and rationale for analysing the TEM perturbatively is introduced in Sec-
tion 3.2, which is subsequently carried out in the remainder of this chapter. First in Section 3.3
the lowest solution for the plasma perturbation to the quasi-neutrality condition is calculated
retaining all kinetic ion effects, and in Section 3.4 the perturbative response of trapped elec-
trons to these plasma perturbations is considered. This is first evaluated in Section 3.4.1 for the
limits of extremely weak and strong collisionality that are commonly considered in literature to
simplify the trapped electron response by only accounting for the dominant dynamics. Then
in Section 3.4.2 the perturbative approach is extended to arbitrary collisionality regimes by
taking into account the proper velocity dependence of the involved frequencies, and it is shown
that the obtained growth rates from this new approach match the common literature results by
taking the appropriate limits. This perturbative approach can only be carried out completely
analytically up to requiring the details of the magnetic geometry determining the shape of the
magnetic wells and the magnetic drift of the trapped particles. The influence of differences in the
magnetic geometry is explored in Section 3.5 by numerically solving for the perturbative growth
rate of TEMs using the realistic magnetic fields of the DIII-D tokamak and the HSX/W7-X
stellarators also considered for the simulations in Chapter 4. It will be shown that scaling laws
for the growth rate with collision frequency can be determined from this numerical integration.
At high collisionality these scaling laws show a universal damping behaviour in all geometries.
At low collisionality differences between the geometries do emerge, where the collisions are found
to exert a destabilising influence at low wavenumbers in the stellarator geometries, but unaffect
the growth rate at in the tokamak. The exponents from these scaling laws are in good agreement
with the considerations from the new method of Section 3.4.2.

3.1 Characteristion of TEMs in the gyrokinetic framework

3.1.1 TEM parameter regime

The gyrokinetic equation Equation (34) can describe any electrostatic perturbation of the
plasma. As the influence of collisionality on specifically TEMs is of interest, it is sensible to look
for solutions of Equation (34) that are in the appropriate parameter regime for TEMs. First
the majority of electrostatic instabilities have a frequency and parallel wavenumber that satisfy
v K ’%\I < wvre such that Landau damping with either ions or electrons is avoided [93,126].
This condition is immediately relevant for trapping as the typical bounce time of a trapped

particle is given by [122]
1 L
. di yg a ~ 2

s = —_—
’ oy ors ors

where the integration is over the full trapped particle orbit between the two bounce points,
and L) =1/ HV” lnBH is the characteristic length of variations along the magnetic field. For
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passing particles the transit time 7; 5 is of importance, which has a similar definition but with
the integration over the connection length between regions of opposite magnetic curvature3. As
passing particles have considerably larger parallel velocities, the transit time is typically much
shorter than the bounce time. For tokamaks 7 /7 ~ y/a/R where a, R are the minor and
major radius of the torus [75,128]. According to the scaling Equation (19) microinstabilities
with perpendicular wavelengths comparable to the gyroradius k) ps ~ O(1) will have parallel
wavelengths comparable to the macroscopic length of the system kjL; ~ O(1) such that the
frequency ordering leads to

k”UTZ‘ ~ wg;- < wg; Cw K wg; < wtj; ~ ]f”UTe (47)

where the bounce- and transit time respectively of a typical thermal particle have been intro-
duced through wys s = 27 /Tps ts-

As a result of the frequency ordering Equation (47) trapped ion effects will be negligible as
during a full period of the perturbations the ions will hardly move along the field at all, which
makes passing and trapped ions virtually indistinguishable. By contrast trapped electrons will
bounce many times during a period of the perturbation, making the instabilities sensitive to the
fraction of trapped electrons.

There will be an especially strong coupling between the perturbations and the trapped electrons
if their spatial structure has significant overlap with the trapped electron orbit [121,129], which
then identifies the TEM. This coupling requirement means that TEM cannot occur on the
electron gyroradius scales as the there would be too little overlap with the trapped electron
orbits as a result of the orbit precession from the non-vanishing magnetic drifts (see Figure 4),
which places the relevant length scales®! at &k p; ~ O(1).

3.1.2 Approximate solution to the GKE

The frequency ordering Equation (47) along with V| ~ & and the scalings Equation (19) means
that the GKE takes a different form for ions and electrons. For ions the vV g; term will be
small compared with the other terms of Equation (34) such that it can be neglected. By using
the simplified BGK operator Equation (45) to take into account collisions in an analytically
tractable way, the GKE becomes a simple algebraic equation which is easily solved for the
kinetic ion response

_JT . R
e wown) P p g (48)

Gi

T; w — wgi + 1V ot
where the ion collision frequencies have been compressed as vior; = Vs + Vje.

Meanwhile for the electrons the same v 'V g, term will be much larger than the other terms of
Equation (34) such that the GKE is unbalanced. This can be resolved by expanding the electron
kinetic response ge & §e,0 + Je,1 With Ge1/Ge,0 < 1 such that to leading order V| Ge,0 = 0 and to
next order

ie

V|V 1Ge1 — 1 (W — Wie) Ge,0 + Ve totGe,0 = ™ (w —wh) Freddo(kype). (49)
e

33Formally this is defined as the distance along the field line between regions of “good” and “bad” curvature
[92,127], which will be explained in Section 4.2. For tokamaks this ise an integration over a single poloidal turn [69],
but for stellarators this will be an integration over a single field period of the discrete toroidal symmetry [43], as
after that the magnetic field strength B(l) will repeat itself and so will the parallel velocity v(l).

34n the specific case of a tokamak, the frequency ordering Equation (47) together with w ~ wye leads to
the requirement that the poloidal wavenumber must satisfy kgp. < /€ < 1 [130] and kgpp; > 1 [131] where
Pbi = qpi/+/€ is the width of a banana orbit. Both scalings indicate that ki p; ~ O(1).
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the GKE is balanced again, where the BGK operator has also been used for the electrons. The
remaining parallel dynamics can be dealt with by taking the bounce average of Equation (49),
which is defined by

s

= ¢ dl (50)

'“H’

and is a essentially a time average measured along the particle orbit as it follows the field line.
For passing particles this means averaging over the transit time, and the averaging of the vV
term is straightforward as the velocity along the field line does not change direction such that

dl
§£U||V§51 = U¢V|lg£1 =0
oy ’

where o = v/ |UH} = #+1 has been introduced which is constant along the full trajectory. Because
the passing particles all return to the same position with the same velocity after traversing the
field line, their distribution g’;l is identical at the end points of integration which makes the
integral vanish. For trapped particles, o will change its sign during its bounce orbit as they
traverse once the field line “forwards” in between the bounce points and once “backwards” to
complete a full bounce orbit. Thus if /1 2 denote the bounce points then the path of a trapped
particle will be Iy — Il — 1, where in the first part vy > 0 and for the second part v < 0,
as illustrated in Figure 10 where this is contrasted against the situation for a passing particle
discussed above.
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Figure 10: Situation sketch for the parallel velocity of a passing- (purple) and trapped particle
(orange) used for the bounce averaging procedure of the parallel dyanmics term vV g in the
GKE. The poloidal angle 0 is used as a surrogate for the arc length l, based on their connection
through Equation (M.3).
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Consequently the field line integral can be split as

lo

di h
Aty Atr ~tr
ygvvlge,l‘v”‘ =), Vigen|,_ . dl —/12 Vigenl,__,
= [g?(b,o‘ = —I—l) — gér(lg,d = —1)] + [f]ér(ll,d = —1) — Q?(Zl,a == +1)]

where it has been accounted for that the sign of o affects both in which region of velocity space
the kinetic response 5}2"1 is evaluated and what the sign of the parallel gradient will be® and all
terms involving the same bounce points have been been grouped together. Since the influx and
outflux of trapped particles at each bounce point must balance since otherwise trapped particles
could “leak out” from their magnetic well, both terms must vanish individually such that also
for trapped particles the bounce average of the parallel dynamics will vanish. Consequently by
bounce averaging Equation (49) also the electron GKE becomes a simple algebraic equation for
the kinetic electron response
T
gAe ~ ge,O == 76 (W W*e) FMe JO(kLpe)¢ (51)

Te w— Wqe + iVe,tot

where a quick inventorisation of variables shows that only Jo,gg,wde vary along the orbit of
a particle. Although Equation (51) is valid for both passing and trapped electrons, it will
typically vanish for passing electrons as they sample the full perturbation along the line such that
Jo(kL pe)é ~ 0. Furthermore, as TEMs which are characterised by spatial scales of k; p; ~ O(1)
the Bessel function may be approximated as Jy(kipe) = 1 because of the large mass difference
between electrons and ions.

3.1.3 Pitch-angle velocity coordinates

To obtain a consistent solution to the GKE, the approximate results for the kinetic responses
Equations (48) and (51) will have to be substituted in the quasi-neutrality condition Equa-
tion (37). As Equation (51) vanishes for passing particles, only the region of velocity space
corresponding to trapped particles will contribute to the integral over g.. The distinction be-
tween passing and trapped particles is best made by transforming to pitch-angle coordinates

(v, A\, o) defined by
v:,/vﬁ—i—vi v =oy\/v2—v? =ovV1—AB

2
)\:%:—ZLB Ui:v2—vﬁ:v2)\B
v

and o = vy / ‘v”‘. Using these new coordinates the velocity differential of cylindrical velocity
coordinates d3v = dv /2dv 2 dvj is transformed with the Jacobian

ov’B

v1—-2\B

/ vB
det J" - det |7 1 =AB RNy
vA 20AB v?B

such that d3v — >, _ 2\;’% dvdAdd. The domain of velocity space v € (—00,00),v1 €

(0,00),9 € [0,27) is then mapped t0%® v € [0,00),A € [0,1/B),d € [0,27) with o0 = +1
accounting for the different directions of v.

35This is easiest to see using the gradient approximation V\f = %, where for 0 = +1 the increment along
the field line will be Al > 0 but for 0 = —1 the increment along the field line will be Al < 0. Consequently

in the limit of |All — 0 when the gradient approximation becomes exact, it follows that V) f’c: = %—{ but
_ _9f
Vifl,o =%

36In practice the integral over the gyrophase ¥ will just give a 27 factor since the kinetic responses ¢. are
constructed to be gyrophase independent.
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The distinction between passing and trapped particles is then mainly characterised by A with
small values corresponding to passing particles (Ui /vﬁ < 1) and large values corresponding
to trapped particles (uB ~ E). However the introduction of finite collisionality results in
another distinction between trapped and passed particles in velocity space. If a particle would
be detrapped as a result of the accumulated effect of small changes to its pitch angle vH/v 1
before it completes many bounce orbits, then it cannot effectively be considered as trapped
since it will manage to escape its magnetic well within the period of the perturbation and thus
respond to the perturbations as if it were a passing particle as a result of the frequency ordering
w /wg; < 1 [69,83]. Therefore, as a practical limit a particle can only be considered as trapped
if vs/wps < 1 such that on average it will experience less than a single effective 90° collision per

bounce orbit [121]. In term of pitch angle coordinates the bounce time is given by

(52)

Ty =

\vu\ yg VI— B
where v is constant along the field line because of energy conservation. Consequently the bounce
frequency wp ~ 1/7, o< v increases linearly with particle speed while the collision frequencies
Equation (16) all decrease with speed, such that the requirement®” v, /wys < 1 will set a lower
limit to the speeds below which trapped particles can no longer be considered as trapped.

Finally, also because of energy conservation, the bounce averaging Equation (50) simplifies
considerably when using pitch-angle coordinates

ﬁ:SJS(...)‘;ﬁ:gS(...) 1d,l\B(l) -
Eﬁlvn\ SGW

such that any quantity that depends on the distance along the field will be transformed to a
quantity that depends on the pitch angle X\ instead.

3.2 Perturbative approach to TEMs

If the approximate solutions for the ion and electron kinetic responses Equations (48) and (51)
valid in the TEM regime are substituted in the quasi-neutrality equation condition Equation (37)
it results in

T

T _

. ~ T Fup R _ Fry.—

(i [ S Mg gty [ S MGy (5a)
W — Wgi + Wot,i No W — Wde + Wiote N0

where quasi-neutrality of the equilibrium n;y ~ n.y = ng and for the electrons Jy(kipe) ~
1 have been used, common prefactors have been cancelled, and the temperature ratio 7 =
Ti0/Teo is introduced. Equation (54) takes the form of a dispersion relation D(w, k., (5) =0
that determines the allowed mode frequencies for a given spatial structure of the electrostatic
perturbation?®.

The main difficulty in analytically solving Equation (54) is that the dispersion equation is non-
local as a result of non-uniform magnetic field, which is a general property of instabilities in
toroidal geometry [132]. In the specific case of TEMs this is due to populations of trapped
electrons, which as a result of the frequency ordering Equation (47) are responsible for “commu-
nicating” information about the perturbation along the field line, while on the timescale of the

37The 90° scattering frequency introduced in Equation (17) is that of a typical particle with thermal speed. As
the effort to decorrelate the initial momentum through small angle collisions will increase with the magnitude of
the velocity, it logically follows that by letting v — v in Equation (16) one obtains the 90° scattering frequency
for arbitrary particle speed.

38Recall that by using the WKB approximation Equation (28) for the electrostatic potential c;AS account for the
variation along the field lines and k_, serves as a proxy for the mode structure perpendicular to the field lines
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oscillation period the ions remain stationary. Especially in stellarators where multiple magnetic
wells of different depths exist along the field line, this complicates the analysis as these wells will
be connected by the less deeply trapped particles that can escape the more shallow wells [93].

However, as the bounce average (;AS will vanish for passing particles which sample the full pertur-
bation along the field line, the integration over electron velocity space effectively only takes place
over the trapped particle region. By means of a hand-waving argument this can be accounted
for by integrating over all velocity space and correcting by the fraction of trapped particles
ftT d3ve ~ f i d3wv, [36] and consequently by symmetry of the kinetic responses the two terms
on the right-hand side of Equation (54) scale as [ d3ve/ [ d3v; ~ fi. In tokamaks for example,
the trapped particle fraction can be calculated analytically by assuming concentric flux surfaces
as fi ~ /2r/R where r is the distance from the magnetic axis and R the major radius [133].
The trapped particle fraction can thus be at most f; ~ y/2a/R where a is the minor radius,
which is typically small and therefore the right-hand side of Equation (54) will be dominated
by the ion response.

This would facilitate a perturbative treatment of the trapped electron term, where to lowest
order the allowed mode is determined by the kinetic ions and adiabatic electrons, and to next
order the interaction of the trapped electrons with the mode will result in a frequency shift dw.
Mathematically this perturbative approach boils down to a Taylor expansion of the dispersion

~ ~

relation D(w, k) ,¢) = Do(w, k1 ,¢) + D1(w, k1, <ZA>) about a trapped particle fraction of zero

aDO(wa é? k:J_)

%0 dw = Di(wo, ¢, k1) (55)

DO(WO7 éa kJ_) =0

wo

where the expansion is made around the frequency shift dw which is directly proportional to
the trapped particle fraction, wg is the lowest order mode frequency and D; corresponds to
the trapped electron term in Equation (54). This is the common approach in literature to
treat TEMs gyrokinetically [83,134], but often the leading order part is replaced by a cold-ion
fluid model instead [84, 85,120,121, 126]. What all these approaches have in common is that
they treat the trapped electron response only in extreme limits of weak/strong collisionality,
which will be expanded upon in Section 3.4.2 by considering arbitrary collisionality. For the
perturbative approach to be a valid treatment, it will have to be verified in retrospect that the
trapped electrons dynamics are not dominant, i.e. the resulting frequency shift should remain
small dw/wy < 1.

For the collision frequency, only the effect of interspecies collisions will be accounted for since the
electron momentum can be scattered considerably by the transfer of a small fraction of the ion
momentum because of the mass difference leading to strong (de)trapping. Meanwhile collisions
among electrons would result in equal exchanges of momentum and as a consequence collisions
between trapped/passing particles can swap their nature leading to no effective change in the
trapped particle population. Therefore the tot subscript will be omitted for the remainder of
this calculation.

3.3 Solution to the leading order dispersion relation

The leading order dispersion relation is obtained from Equation (54) by only retaining the
adiabatic electron response, resulting in

T
n - 1 F i ~
Do(w,kJ_,¢) = [1 + 7 —/ W i M Jo(kj_pi)ng’Ui 10)

W — Wy; +iVi no

where the kinetic ion response is brought to the other side and the electrostatic potential am-
plitude ¢ is taken out of the integral since it only depends on the distance along the field line.
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Consequently this means that the lowest order solution determined by Dg(wy, gZ;, k1) =0 either
has the trivial root gg = 0 corresponding to no perturbations at all or a mode frequency wy
determined by the perpendicular mode structure through %k, from the vanishing of the terms in
square brackets. The integral over ion velocity can be simplified by using the order of magnitude
estimate

wai _kidvri kjpvri wy

— ~ ~— <1
w w w w

which follows from wy; = k] - v4s, Equation (27) for the drift velocity, the gyrokinetic ordering
Equation (19) and the TEM frequency regime Equation (47). Furthermore, for the collision
frequency a similar estimate for a typical thermal particle gives

ve(ori) _ V(o) v (ore) Wie Wi [Te @i
w v (vpe) wg; wg; w —\ my w

which follows from the trapping requirement for thermal particles v (vr.)/wl, < 1, the pa-
rameter dependence of the collision frequencies Equations (17) and (18), considering a trapped
ion and electron with a similar pitch-angle A such that wg; /wg; ~ vre/vp; and the TEM fre-
quency regime Equation (47) together with 7 ~ 1 for typical reactor conditions. Therefore the
frequency denominator in the integrand can be safely expanded, such that the leading order
frequency solution is determined by

1+ / e POV Ve miof 1 v g (56)
T — K LU p— exp| — v;
w w w 27T P 2T O\ Q; ¢

where the gyroradius is written out explicitly as a reminder of its velocity dependence for the
integration, and Equation (23) has been substituted for the Maxwellian Fjs;. A final simplifica-
tion concerns the magnetic drift velocity vg;, which is determined by both the gradient in the
magnetic field strength V In B and the curvature vector . The curvature vector can be written
in terms of the plasma parameters as [46]

v V.B
Kk =ep Ve, =—ep X (V X ep) = 'u(j)BQP + g (57)

by using Ampere’s law (V X B = poJ) and the MHD force balance Equation (2), and where the
perpendicular gradient is defined by V| =V — (ep - V) ep. Aside from the gradient operator,
the first term is essentially the normalised plasma pressure § which is at most a few percent due
to macroscopic stability constraints [43], and will therefore be small. Physically this means that
as a result of the relatively low charge particle density in the plasma compared to the current
density in the external coils, the diamagnetic effect of the plasma is sufficiently weak that it does
not significantly affect the magnetic geometry. Therefore the plasma medium has approximately
the magnetic permeability of vacuum as far as the strong external magnetic field is considered,
and within this “vacuum plasma” approximation, the diamagnetic response of the plasma can
be neglected such that the curvature vector can be approximated as & =~ V| In B. Consequently
the magnetic drift frequency will be given by

2 2 v2
I~ . ﬂ /UiL 2 = () L i

where for notational convenience a characteristic drift frequency wgy; normalised to the thermal
velocity has been introduced.

For calculating the ion velocity integral it is most convenient to adopt cylindrical velocity coor-
dinates d*v — dd v, dv; de as this best accounts for the dependence on the Bessel function and
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drift frequency on the perpendicular/parallel velocity. Finally for the collision frequency, the
deflection frequency IJ% Equation (18) will be used which determines the remaining velocity de-
pendence in the ion integral®®. In Appendix I it is shown by using velocity coordinates normalised

T ie
to the thermal speed, explicitly expanding each term in the product (1 — %) [1 + 2di — z%}
that the dispersion relation becomes

1+T:w—wﬂ'

(Sl(kLPTi) + %52“&%)%’) - izss(hpﬂ))
(59)
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where 7% is the ion-electron collision frequency at thermal speed (defined similarly as Q&g in
Equation (58)) and Sy 6 denote the result of each separate velocity integral and are given by

Si(x) =Ty (9;2) Sy(x) = 9”22 <r1 (f) 1, <$22>>
- In(2) (-2 (5) (-2 () 25 ()

Sy(x) = 2 x o {1{2 ;g —xﬂ Se(x) = T (f) 3% B {1{2 :13?3 —xﬂ

where in literature it is custom to define the functions I',(¢) = I,,(¢) exp(—¢) with I,, the
nth order modified Bessel function, and ,F; denotes the more exotic generalised hypergeo-
metric function of which e.g. the exponential and Bessel functions are special limiting cases

e* = OFO[ ;ﬂv}, Jo(z) = oF} [1; —332/4] [135]. These integrals are plotted in Figure 11, which

shows that they are nicely behaved, typically peaking at zero argument (except for S;) and
asymptotically decaying to zero as k| p tends to infinity which reflects the limiting behaviour of
the Bessel function in the original velocity integral.

By using quasi-neutrality the ion diamagnetic frequency can be rewritten as wy; = —7Twye Which
will make Equation (59) more symmetric in terms of signs and temperature ratio

w. w 4 .ﬂie

1+71= (1 + 7'7;) <Sl(lﬁpﬂ) + %Sz(klpﬂ) - Zwsii(kfj_PTi))
W w 4 ,ﬂie

+7—5n; <S4(kj_pTi) + VS (kL pri) — Zsﬁ(lﬁp:ﬁ)>
w w w

which is a quadratic equation in the mode frequency w, whose roots are straightforwardly ob-
tained by multiplying both sides by (w/wy.)? as

w o TS+ miSs) + 248y — 2o

Wee 2(1+7—5)
5 e 2 ~ ~i
\/[T (S1+niSs) + 2455 —i5—53 4(1 47— S1)7 (:’—fl [Sy 4 1iS5) — 12— [S5 + mSg])
:t 1 _I_ e *e
2 (1 +7 - Sl)

[7’ (Sl + 77i84) + Wi Sy — Z'Die 53} ?
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39The velocity dependence of the three fundamental processes Equation (18) shows that at low energies velocity
deflection will be the dominant process, but for speeds v = vr; the effective friction on electrons is the most
important collisional process. However, what matters for the density perturbation is the collective effect of all
possible single particle collisions which are weighted by the speed distribution oc v2 exp(f(v/vT)Q) from which
the low energy particles will have the largest contribution.
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Figure 11: Visualisation of the dependence of the six stand-alone integrals that result from ex-
panding the ion kinetic response for wg;/w ~ v;/w <K 1 giving respectively the lowest order
contribution and influence of finite drift and collision frequency as a result of density gradient
(S1,S2,53)) and temperature gradient (Sy,Ss,Ss) on perpendicular wavenumber of perturba-
tions.

where the dependence of the integrals S; gy on k) p has been suppressed.

The main difficulty in getting a sensible solution for the mode frequency lies in the two square
root terms because their argument is complex-valued. By writing a complex number very gener-
ally in terms of its phase and magnitude £ = |{|exp(igp), where the phase ¢ € [—m, 7) uniquely
determines where £ lies in the complex plane. If this complex number is squared its phase will
essentially be doubled &2 = [¢ |2 exp(2iy), which has the potential to create a phase ambiguity
as 2¢ may exceed the domain of definition for the phase, such that a new phase 2¢’ = 2p 4+ 27n
with n € Z could equally describe its square 2 = |¢ |2exp(2ig0’ ) such that its square is not
uniquely determined. This is troublesome as this means that \/ﬁ» = ££ depending on whether
@ or ¢’ is used for the phase. This issue only arises if the initial phase of the complex number
lies outside of ¢ € [—7/2,7/2) such that doubling the rotation of ¢ in the complex plane doesn’t
bring its phase outside [—m, ).
sie

For the specific case at hand the complex number is & = 7 (S1 + 1;54) + wai G, j2° Go - As the

Wie Wxe

collision frequency is positive, the density gradient is typically radially inward (% < 0) and the
electron charge is ¢ = —e it follows from Equation (30) that the electron diamagnetic frequency
is positive wye > 0, and S3 > 0 for all wavenumbers (see Figure 11), it follows that & lies in the
third or fourth quadrant of the complex plane. Consequently, this phase ambiguity will arise
only if Re[¢] = 7 (S1 +m:S4) + %Sg < 0 such that £ is in the fourth quadrant. Focusing on
the case where Re[¢] > 0 and \/Z2 “behaves nicely” the two roots to the dispersion relation are
obtained as
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where the /1 + - - - term has been expanded for Qg; /wye ~ 7°¢ Jwie < 1. Of these two branches
the latter contradicts the wg;/w ~ v%¢/w < 1 assumptions that were used to expand the fre-
quency denominator in Equation (56) and thus gives an inconsistent solution which has to
considered as an “unphysical branch”. It is straightforward to show that if Re[¢] < 0 instead,
the solutions for the 4+ branches simply switch, such that the physically relevant solution to the
leading order dispersion relation Equation (54) follows as

(60)

Wxe

w 7 (S1+n:iSy) n Wdi So . So +77¢S5] B e [ S3 N S3 4+ 1;S6
Wie (I4+7—=51)  Wee [1+7—=51 S1+mSs 1+7-=51  S1+n54

which has been further linearised in @g;/wye ~ e Jwie < 1.

Note that the derivation has been completely general aside from an assumption on the drift- and
collision frequencies which follows from the frequency ordering Equation (47). For the scope of
this thesis however, only density gradient driven TEMs are investigated, such that in the regime
of interest the solution can be simplified by setting the temperature gradient to zero which
amounts to 7; = 0, such that Equation (60) reduces to

w S Qg Sy (147) e Sy(l+7)

re (147 -51) w8 (1+7-81) ‘weSi(l+r—5)
N——

WO

(61)

The first term in Equation (61) would be the lowest order solution to the dispersion relation wy
if the magnetic drift and collisions were neglected altogether and is purely real-valued, whereas
the remaining two terms give a small shift in the real frequency and a small imaginary compo-
nent that will damp the perturbations due to corrections the ion drift and collision frequency
respectively. These three contributions are plotted versus k| pr; in Figure 12 for various tem-
perature ratios 7 to show the dispersive property of the mode frequency. It can be seen that
the first term is rather insensitive to the temperature ratio and places the mode frequency
w/wye ~ O(0.1) — O(1.0) which further validates the assumptions used to expand the frequency
denominator in Equation (56). Furthermore in the long wavelength limit &k, p7; — 0 this dom-
inant contribution to the mode frequency is exactly the electron diamagnetic frequency wiye
independent of the temperature ratio. If the drifts and collisions were neglected, then only the
adiabatic response of electrons to the perturbations and kinetic response of ions under influence
of to the perturbed E X B drift are accounted for by the dispersion relation Dy = 0. These
are exactly same elements present in the simple fluid calculation of the basic drift wave from
Appendix E which results in w,e as the drift wave frequency. Since in the limit of k, pp; — 0
plasma fluid models correspond to velocity moments of the gyrokinetic equation [136], recovering
this behaviour serves as a sanity check on the calculation. For completeness the dispersion of
the general solution Equation (61) with finite temperature gradient are shown in Appendix J.
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Figure 12: Contributions to the leading order dispersion relation Do(w, k., (,/3) = 0 without ion
temperature gradients showing (a) the lowest order (real) frequency in absence of ion drift and
collisions, (b) the shift in (real) frequency due to correction from ion drift, and (c) the growth
rate due to correction from collisions for various temperature ratios T = T;/T.. Note that in (c)
the growth rate is always negative corresponding to damping.
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3.4 Perturbative solution to next order dispersion relation

With the leading order mode frequency determined by Equation (61), the shift in frequency
dw due to the kinetic response of trapped electrons can be calculated using the paradigm from
Equation (55). For this calculation, only the dominant contribution to Equation (61) will be
retained as wg. This is justified as the frequency shift due to ion drift is typically a much
smaller effect than the variation of wy with wavenumber [128], which is also an instance of a
Finite Larmor Radius (FLR) effect. Furthermore the ion collisions provide only a very weak
proportionality of the growth rate to 7°¢ which is smaller by the mass ratio m./m; compared to
the typical electron frequency VA‘”', such that any instability drive by electron collisions will have
a much larger effect on the actual growth rate.

With this limitation in mind, the leading order dispersion relation essentially reduces to

. 2 ~
Do(w, b, k1) ~ (1+T (1—%)1‘0 (Uﬂf) )) é

where the only surviving integral S; has been written out explicitly, such that to next order in
the trapped electron fraction the dispersion relation becomes

ow Wy - wo — Wk Frre=
—72Ty¢ =7 L~ hd3w,
w tr WO — Wee + W Neo

62
l/B eXP /ﬁ Ve 2B = (62)
- - *€e de
T(wo “ )o;i/(; ,U/Ov Wo — Wee + 1We \/1—)\ng

where the dependence of I'y on the wavenumber has been suppressed to keep the notation
compact, and in the second step the Maxwellian was substituted and the pitch-angle coordinates
discussed in Section 3.1.3 are used, but integration over A, v still includes both passing- and

trapped particles. To account only for the trapped particles for which qAS % 0, the integration
limits have to be adapted. The proper limit on particle speeds is determined from the collisional
cutoff to the trapped particle region of velocity space, which follows from the speed dependence
of the 90° collision frequency (see Footnote 37) v, = 0% (vre/ve)® and bounce frequency wpe =
wi ve/vre Equation (52), resulting in®?

Veut = UTe \4/ ﬁei/wg; (63)

Meanwhile the proper limits on pitch-angle are determined by the deflection requirement AB = 1,
which has to met somewhere along the field line for a particle to be trapped. Consequently the
trapped particle are characterised by pitch-angles A > 1/Bya0 With Be, = max{B(l)} being
the global maximum field strength along the field line.

Unlike for Dy it is not possible to solve Equation (62) directly for the frequency shift since it
is non-local as a result of the bounce average. Furthermore as (;AS is a Fourier coefficient it is in
general a complex quantity such that the shift in real frequency Re[dw] and growth rate Im[dw]
as a result of the trapped electrons are not easily extracted. The latter issue is alleviated by
multiplying Equation (62) with ¢* and integrating along the field line in so-called ballooning
space! $dl /B resulting in

" 1/ exp(—2?) 4N
) = (Wp — Wxe) 7r §1§ ol /mcut dz //Bmw wo — Wae(, A) + ive(x) /1 — AB(1)

~el

40Here the distinction between ¢* and v§g. according to Equation (17) has been dissolved, as this would merely
result in a multiplicative correction of 0.93 to Equation (63).

41The appearance of the 1/B factor is a geometric effect resulting from the Clebsch representation of the
magnetic field Equation (5), which makes the integration in ballooning-space actually equivalent to taking an
average over the flux surface [46]. This is however beyond the scope of the thesis to discuss.

OW Wye

Wo wWo
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where the integration along the field line wraps around the torus until the field line “bites its
own tail” again, normalised speed coordinates x = v./vr. have been used, the sum over o
simply gives a factor of two as there is no explicit dependence of the direction along which the
field is traversed, and all functional dependencies have been made explicit. Aside from possibly
the frequency shift dw all quantities on the left-hand side are now real-valued such that the
frequency shift and growth due to trapped electrons can directly be attributed to the real and
imaginary parts of the integral over the trapped electron response on the right-hand side. Note
that the integration order matters on the right-hand side, as the position along the field line
determines the upper limit of admissible pitch-angles and in which magnetic well the bounce
averages are appropriate to take. Exactly the same populations of trapped particles can be
uniquely determined by reversing the order of integration [126,137]

1/B(0) 1/Bmm lafuw)
515 dl / dx — / / di (64)
/B'maz /Bmaa: ll[ ]

)

where B, = min{B(l)} is the global minimum field strength along the field line. In Equa-
tion (64) the interval over A covers all positions along the field line where trapped particles
reside, and the different populations of trapped particles with a given pitch-angle X' are now
distinguished by their spatial separation among the different trapping wells, which are demar-
cated by the bounce points [y, loj,) determined by the deflection condition NB(l) = 1. By
this reversal of integration order, the position-dependent terms on the right-hand side naturally
take the form seen in the bounce average as expressed in pitch-angle coordinates Equation (52)
such that the solution to the perturbative frequency shift follows as*?
2dl
Leffiw) / §£ M

where the “effective well length” Ly fj) = fl1 TB() has been introduced?®. As a result of

the reversal of the integration order the shift in real frequency and growth rate due to trapped
electrons are now easily linked to the real and imaginary parts of the integral over the normalised
particle speeds as all other quantities are real-valued.

@ZAWO_&J% wo I/Bmi"d)\z Ood x eXp(
wo VT To  wie J1/Bras o J et

wo — Wde +Zl/e

3.4.1 Standard literature results and collisionality regimes

Unlike for the ion case, the frequency denominator in Equation (65) cannot be expanded based on
the frequency ordering for TEMs Equation (47). Rather, in the literature it is common to define
different regimes of collisionality for which the integrand can be approximated by neglecting the
appropriate terms [120, 128]. To now rigorously understand how the TEM is driven unstable
by the magnetic drift as highlighted by the intuitive waveform model in Section 2.1.2, and
see how collisions could destabilise the TEM, these common literature limits are first explored
independently. Then their extension to arbitrary collisionality will be made, which presents the
first original result from this thesis.

In the extreme limit of the strongly dissipative regime Wz, < w ~ wye < " < wye the collisional
dynamics are the most dominant process and the speed integral in Equation (65) can be ap-
proximated by

42To be precise, all bounce averages should also have a well label w, this is however omitted for notational

simplicity.
431n literature it is more common call this the “bounce time” Tojw) Of the well [11,92,126,137], but this is an
ill-naming convention as it is dimensionally incorrect and the actual bounce time is given by Tyjw] = Leff[w] /v

and thus depends on the energy of trapped particles.
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where the electron-ion velocity deflection frequency v% Equation (18) has been used for v, as the
diffusion in the direction of the velocity causes (de)trapplng, a change of variables z = 22 has
been made and I'(n, §) is the upper incomplete gamma function. Typically the velocity cut-off is
taken to be very small (despite the limit of strong collisionality) such that I'(3, 22,,) ~ 2, or even
completely omitted from the analysis. The resulting frequency shift dw is then purely imaginary
and as the leading order solution wg/wse < 1 corresponds to a growth rate /wg o< wo/P% > 0,
indicating instability. Interestingly the growth rate decreases with collisionality, indicating that
detrapping dominates over trapping and the collisions have a benign effect on the dissipative
TEM instability.

The other extreme limit is the collisionsless regime v, < Wge < W ~ Wye < wpe and the collisional
dynamics can be neglected altogether and the speed integral is approximated by

l/Bmin

dw 2 Wy — Wyee Wo /OO x? exp
—_— = dX dx ‘gb‘ L
wo VT To  wie J1/Boas Z 0 wo — Wde effw

where the speed cut-off x.y; is lifted as collisions have become irrelevant. At a first glance it
seems like this would not lead to an instability as dw will be purely real-valued, however this
neglects the possibility of a resonance where wg = wge which causes the kinetic electron response
to diverge. As the bounce-averaged electron drift frequency is given by

Tae(z,\) =~ v’k - <Q XV, InB [1 — Af]) = 22T (V) (67)

where the “vacuum plasma” approximation k ~ V| In B is made, pitch-angle coordinates have

been used and the bounce average drift frequency of a particle at thermal speed le; has been
introduced for convenient normalisation, such a resonance will occur for trapped particles which
have the correct resonant speed

Tres = , [ == (68)
We

provided that Tge and wgy have the same sign. If this satisfied there will always be a population
of trapped electrons that are resonant since there is no speed cut-off in the absence of collisions.

To investigate whether such a resonance could lead to an instability the mode frequency is given
a small imaginary part wg — wg 4467 to lift the resonance, and after calculating the integral the
speed the limit for marginal stability d- J O is taken to see if the imaginary part of the resulting
frequency shift also consistently vanishes. In Appendix K it has shown that this reduces to an
instance of the Sothotski-Plemelj theorem along the real-line [138]

o) 2 2 00
lim dxazcm)mzp{/ dxwexp(}z/ dz 2? exp(— )5( —22.,)
0

710 Jo wo — Wee + 107y wo — Wi,
(69)
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where P denotes the Cauchy Principle Value and the Dirac-Delta takes care of whether the
resonance can occur or not. Substituting Equation (69) result back in Equation (65) then gives
the resulting growth rate as a result of drift resonances with trapped electrons

ZLeff,w/§£)¢3’2(; (70)

which is positive and such that resonances with the precession frequency of trappped particles
provide the collisionless TEM instability mechanism, as first pointed out by Adam et al [134].

wo
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In Equation (70) it has tacitly been assumed that such a resonance does exist, which requires
wge to have the same sign as wy such that the resonance speed Equation (68) x,.s € R. As the
leading order mode frequency Equation (61) is always in the electron diamagnetic direction this
will be satisfied whenever wyetige > 0. As the precession frequency is due to the particle drifts in
the inhomogeneous magnetic field the magnetic geometry essentially completely determines the
stability properties of the plasma against collisionless TEMs. By decomposing the wavevector in
Clebsch coordinates as ki = ky V1 + ko Va the precession frequency can be rewritten as [126]

1 (0T oJ
= . = . o e = ~ N — 1
Wde kJ_ Vde k¢1)de V w + kK Vd. Va The <8¢ k o k‘w) (7 )

where Equation (8) was used for the bounce-averaged guiding centre drifts. With this represen-
tation of the bounce average drift, the stability criterion can be assessed by

T, dlnn. (0T 5 0T
€21 dp ( Oa Fskio = Ko 81&) '

In general the density gradient will be negative as a result of centrally peaked profiles such that
the sign of the terms in brackets determines whether a resonance can occur. In the special
case of an omnigeneous magnetic field in which the average radial drift vgs - Vi = 0 = %—g
vanishes (like in tokamaks and optimised stellarators), whether or not a resonance will occur
is completely determined by the “profile” of the second adiabatic invariant J. In a max-J
configuration where [J peaks at the plasma centre and % < 0 everywhere, the signs of the
frequencies will thus be reversed wyewge < 0 such that a resonance cannot occur, making them
stable against TEMs as first pointed out by Proll et al [95]. Tokamaks in contrast are neither
maximum-./7 nor minimum-.J such that there will be always be some population of trapped
particles for which wyetoge > 0 and TEMs are expected to be unstable, explaining why TEMs
are observed to be one of the root causes for the observed transport in present day experiments,
as highlighted in Section 1.1.

WxelWde =

3.4.2 Going beyond literature: the domain splitting approach

Although insightful to the different TEM instability mechanisms, these literature results con-
sider only the asymptotic limits where either the collision frequency or the precession frequency
resonance dominates in the denominator of Equation (65). It is unsure if and how these re-
sults can be extrapolated, as Equation (70) predicts the growth rate a finite growth rate at
low collisionality whereas Equation (66) predicts the growth rate to diverge as the collisionality
is decreased, and these branches should continuously match in some intermediate collisionality
regime. A remedy to this issue comes from the realisation that these literature regimes neglect
the fact that both frequencies have a qualitatively opposite dependence on the (normalised)
particle speed v, oc 1/23, Wge o< 22. Consequently even at extremely low collisionality there will
be fraction of low energy particles with a high collision frequency that exceeds their precession
frequency, and vice versa for high collisionality. Therefore these regimes are not applicable over
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the full speed integral even though they are applied as such in literature. What will determine
the dominant driving mechanism for a given particle energy is whether wg. /wp or v, /wy is largest,
which using Equations (67) and (68) can be written as

__ 2 3
wde_<x> ue_<:r,,)

wo Tres wo €
where another characteristic collision speed has been introduced as

e
J

Ty =

- (72)
by means of an analogy with the resonant speed x,.s such that these parameters give the particle
energies at which the precession and collision frequency are comparable in magnitude to the
leading order mode frequency wy. Based on these parameters a critical speed x..;+ can be defined
at which the magnitude of the collision and precession frequency are equal ve(Zerit) = |Wge| and
the dominant driving mechanism will shift from dissipative to collisionless

pet 3/5‘xres|2/5 (73)
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Wie

where the absolute value takes care of any possible signs in the frequencies?** such that z..;; € RT.
Consequently as a first crude approximation the integral over particle speeds could be split into
a purely dissipative (x < zp) and purely collisionless (x > x.-+) domain. To a lesser degree of
approximation, rather than completely neglecting the other driving mechanism in each domain
it could be included as a small correction such that

1 Wyelx
~ J wotive(z) wo + iVe(T) (74)
wo—@ae(@) Hive(w) | L (vl N
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In Appendix L it is shown that near the critical speed, where the approximation is most likely
to break down, Equation (74) is in fact a decent approximation provided that the critical speed
does not coincide with the resonance speed. In terms of this domain splitting approximation
the frequency shift due to trapped electrons is given as
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where the speed-cut off Equation (63) has been rewritten in terms of z,, and wg has been taken out
of the denominators in all integrals which naturally makes the different speed parameters s, T,

44 Although the collision frequency ¢ is certainly positive, the lowest order mode frequency wo which enters
the definition of z, will in general not always positive since wo ~ wye ox —3H2%e  Consequently if the density
profile would not be peaked at the centre the diamagnetic drift frequency could be negative.
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appear. The real power of this novel approach is twofold; first by recalling the dependence of the
critical speed on Zys, x, ( Equation (73)) and letting x,.s — 0o and x, > 1 only the first term
remains and Equation (75) reduces to the result in the strongly dissipative regime Equation (66),
while letting 2, — 0 only the third term remains and Equation (75) reduces to the result for the
collisionless regime Equation (70). Thus Equation (75) can be reduced to the “classic” results
from literature. But second and foremost, Equation (75) provides predictive capability for the
growth rate of TEMs. If the critical speed x..;+ would exceed the resonance speed x,.s then the
resonance with the precession frequency would be avoided, and in absence of a resonance it is
expected that the growth rates would be strongly quenched. Because of the dependence of x.;;
on z, Equation (73) this sets a threshold collision frequency

3/2
wo

wl (M)

Terit > |x7‘es‘ = ’xu| > |x7‘es‘ = 796@' > |w0’ (76)

above which collisions are capable to filter out the resonance. In Appendix L this prediction of
the threshold collision frequency is tested by numerically integrating the full speed integral from

Equation (65) fxoii dx %&ﬁ for a wide range of x,, x,.s parameters to get an “exact” answer
without invoking the domain splitting approximation. There it is shown that the threshold
frequency prediction is perfectly reproduced by the reduction in magnitude of this integral in the
resonant case Tres € R whenever |z, | exceeds |z,¢s|. But it is also found that when |z,| < |Zyes]
the collisions could add to the resonant instability drive or (as expected) that collisions form
the destabilisation mechanism when the resonance is not possible x,.s € C. This is investigated

in more detail below, when the role of geometry is taking into account.

3.5 Realistic investigation of geometric effects

Although the results obtained by the domain splitting approach Section 3.4.2 provide a nice
first qualitative insight about when and how collisions will affect the growth rate of TEMs, the
threshold collision frequency Equation (76) is not the most useful metric because the criterion
depends on the bounce frequency which depends on the pitch-angle and even more strongly
on the magnetic geometry. Thus each population of trapped particles along the field line will
have their own threshold collision frequency, whereas the collision frequency itself is constant
along the field line due to its dependence on the plasma profiles Equation (17). As it is the
combined effect of all trapped particles that results in instability, it is therefore imperative to
take into account the integration over pitch-angle to determine the actual growth rate of TEMs.
Furthermore, even if there were a unique threshold collision frequency for all trapped particles,
it would depend on the perpendicular wavelength k| of the perturbations through wg, and even
if this effect were negligible for the integration over trapped particle, the total frequency total
frequency shift dw/wy would still be dispersive through the integral prefactor in Equation (65).
This dispersive

Therefore to investigate the influence of collisionality on the growth rate Equation (65) has to
be evaluated numerically, which has the benefit that actual realistic magnetic geometries can
be used to identify the populations of trapped particles and assess whether the influence of
collisions is universal or differs between magnetic configurations. It is particularly interesting to
see if collisions could spoil the stability properties of max-7 configurations. For the numerical
integration a code which has been recently used to find the Available Energy of trapped particles
[50] involving the same integration over energies and pitch-angle has been retrofitted to use the
actual integrand of Equation (65). To account for realistic geometries, the Geometric Interface
for Stellarators and Tokamaks (GIST) code is used to generate all geometric information about
the magnetic field from a calculated magnetic equilibrium configuration [139]. To facilitate a
potential comparison with the numerical simulations that follow in Chapter 4 for simulations,
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the same geometries of the DIII-D tokamak and HSX/W7-X stellarators are considered for
the numerical integration, which are highlighted in Figure 13. The differences between these
geometries are striking, with the axisymmetry and conventional torus shape of DIII-D made very
apparent in Figure 13a. This in contrast to the twisting shape of the flux surface in seen in the
stellarator configurations. The most apparent features of HSX are the helically shaped contours
of the magnetic field and four-fold discrete toroidal symmetry resulting in the square-like top
view as seen in Figure 13b. Meanwhile the most noticeable aspects of W7-X are the nearly
poloidally closed contours of the magnetic which indicate the configuration approximates quasi-
isodynamicity [46,140], and the five-fold discrete toroidal symmetry resulting in a pentagon-like
top view of W7-X seen in Figure 13c.

For this comparison between theory and simulation some differences have to be taken into
account. In simulations what is set is the binormal wavenumber k,, which is related to k,
with a dimensional prefactor to have the proper dimension of a inverse meters rather than the
perpendicular wavenumber k. These wavenumbers are related through [16]

k= \/gmkg + 205k ky + gYVk2 (77)

where g% are elements of the metric tensor for the coordinate system used in simulations (more
about that in Chapter 4) and k, is the radial wavenumber similarly related to ky with a di-
mensional prefactor. Consequently the perpendicular wavenumber varies with distance along
the field line for a given set of k;, k,. Therefore to bridge the gap to theory where wy has been
considered as constant in deriving Equation (65), the weighted average of the wavenumber (k)
along the field line is considered according to the method from [143,144]

2
2 dl
[ki|o| &
I9| &
To further accommodate normalisation for numerical implementation®® all frequencies in Equa-

tion (65) are normalised by the diamagnetic frequency w,, such that the numerical integration
friendly form of Equation (65) is
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where the short-hand notation (F') = F((k)) for any function of the perpendicular wavenumber
is introduced.

Two additional simplifications are made for the numerical integration. First, as the most un-
stable modes are typically the most radially extended ones which can feed from the full density
gradient in the plasma [96], the radial wavenumber is set to k; = 0(= k). This approximation
does somewhat blur the line between omnigeneous and non-omnigeneous magnetic fields as it
makes the radial drifts disappear from the precession frequency Equation (71). Second, the elec-
trostatic potential is approximated to be a “flute-mode” qAS(l) R~ q§0 which is constant along the
field line. This approximation is definitely more severe and not very realistic, however it is a com-
mon approximation made in literature to get semi-analytical results which for tokamaks at least
gives results that are within a factor of 2 of using more realistic mode structure [83,134,145,146].

“Technically speaking such normalisation is not strictly required, as Equation (65) is already inherently
dimensionless. Nevertheless normalisation remains a good practice and it is even necessary to respect the inherent
normalisations from GIST/GENE in order to “feed” the geometric information into the integrals.
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Figure 13: Magnetic geometries used for the perturbative calculation showing both a side- and
top view of what the flux surfaces look like for (a) DIII-D,(b) HSX, and (c) W7-X respectively.
The contours give the magnetic field strength B normalised to its average on the flux surface,
while the blue/black lines correspond to the to the magnetic azis and a magnetic field spanning
two poloidal turns on the flux surface respectively. These magnetic equilibria are the result of
a reconstruction from experimental measurements using the EFIT code [1/1] in case of DIII-D
and full 3D equilibrium calculation using the VMEC code [142] for HSX and W7-X.
i
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Nevertheless invoking the “flute-mode” approximation allows to emphasise any inherent differ-
ences between the magnetic geometries as result of the distribution of the trapped particles
among the different magnetic wells and the possibility of a resonance as a result of the pro-
file of the second adiabatic invariant J. Furthermore as the leading order dispersion relation
Dy(w, k., qAS) = 0 is solved by Equation (60) regardless of the mode structure along the field line,
any arbitrary choice of gﬁ(l) would provide a consistent solution to the perturbative paradigm of
Equation (55).

With these approximations in mind Equation (79) is solved numerically by scanning over the
normalised wavenumber k,p.;, where the gyroradius at ion sound speed p.; is used as to have
the same normalisation as the GENE code?S to facilitate comparison with the simulation results

from Chapter 4. The collision frequency is also scanned over in the normalised form of v /WP

where wf?ys = T./(eBoapei), with By denoting the magnetic field strength on the magnetic
axis. This choice of normalisation of the collision frequency removes any inherent scale factor
related to the turbulence?” as wi’?ys corresponds to the electron diamagnetic frequency at a
wavenumber and density gradient of kyp; = a/Ly, = 1. Details about the normalisation process

of Equation (79) can be found in Appendix M.2.

The results for the frequency shift dw/ (wp) as a function of binormal wavenumber and col-
lision frequency for the three geometries are in shown in Figure 14. Regardless of the value
of the collision frequency or geometry, it can be seen that the relative perturbation dw/ (wp)
increases along with the poloidal wavenumber. This is a consequence of the fact that the per-
pendicular wavenumber £ is directly proportional to the poloidal wavenumber k, according to
Equation (78), and the leading order solution for wy Equation (61) decreases with wavenum-
ber. Consequently at large kyp.; the perturbative approach will not provide a valid solution to
the original quasi-neutrality condition Equation (54). Nevertheless, even if the perturbative ap-
proach cannot yield a quantitatively valid answer, it can still at least qualitatively describe what
the influence of collisions on the growth rate v = Im[dw/ (wo)] of TEM will be since Dy (w, ki, §)
(see right-hand side of Equation (62)) contains all of the trapped electron dynamics which are
responsible for driving the instability. A universal observation from Figure 14 is that regardless
of the geometry and collisionality there is always instability v > 0, so the collisions do not lead
to absolute damping (v < 0) of the perturbations. More interestingly are the differences between
geometries. It can be seen that in stellarator geometry the real frequency shift is larger than in
the tokamak case. In contrast the instability is much worse in tokamaks, where the growth rates
are larger and also become significant at lower wavelenghts. The most interesting difference is
the apparent lack of destabilisation as a result of collisionality in DIII-D, which appears in both
stellarator. This feature is most prominent in W7-X however where the growth rates at low
collisionality are much lower which can be attributed to the favourable max-7 property of the
magnetic configuration.

46This results in an additional translation factor of vri/Csi = V27 between the normalised binormal wavenum-
ber to the normalised perpendicular wavenumber ki pr; appearing in theory besides Equation (78).

“7If this normalisation were not done but the collision frequency was simply varied as v** /w4. then the actual
physical collision frequency v“* would increase as k, is varied which would complicate the interpretation of the
results.
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Figure 14: Results for the full perturbative frequency shift dw/ (wo) for different magnetic geome-
tries, showing (a) real- and (b) imaginary parts in DIII-D, (c) real- and (d) imaginary parts in
HSX, and (e) real- and (f) imaginary parts in W7-X. Note that the coloirbar has been adapted
such that in all plots bright colours indicate a large perturbation and dark colours indicate small
perturbation, and the collision frequency is plotted logarithmically whereas the wavenumber is
plotted linearly. In case of DIII-D the real frequency shift is both negative and positive as in-
dicated in (a), whereas for HSX and W7-X the real frequency shift is negative over the full

parameter range.

|R[0w/ {wo)]
4.0

0.0

52

)

phys

Collision frequency log,, (9 /wi"*)
|
N

Collision frequency log,, (0 /wi"¥*)
|
N

Collision frequency log,, (7' /w

DIII-D growth rate

-

o

I
-

I
w

|
I

I
o]

-64 - . - - | 0.0
0.0 0.5 1.0 15 2.0 2.5 3.0
Binormal wavenumber k,p;

HSX growth rate

xe

o

I
-

|
N

I
w

1
IS

6 0.0
0.0 0.5 1.0 15 2.0 2.5 3.0
Binormal wavenumber £, p;

W7-X growth rate

-

=}

I
-

I
w

|
I

I
o]

-6 0.0
0.0 0.5 1.0 15 2.0 2.5 3.0
Binormal wavenumber k,p;



Continuing with the analysis of the growth rates, the shape of the contours seem to suggest that
the growth is rather insensitive to the collision frequency in the low collisionality regime, then
starts to increase in an intermediate collisionality regime, until it makes a turnover and decreases
again at high collisionality regime. To further investigate this behaviour and see if there might
be a universal scaling between the growth rate and collision frequency in the different geometries,
for several fixed wavenumbers the logarithm of the growth rate is traced over with collisionality.
Additionally this allows to zoom in on what happens in the low k, region of the contours where
the growth rates are so small they are indistinguishable from zero. This is shown in Figure 15,
where indeed the curves reveal differences between low and high £,,.

To investigate how the growth rate scales with the collision frequency, the slopes of the lines are
estimated in different collisionality regimes by the differences between their ends points, which
results in power-law scalings. The general trend of all lines, however, is that after a turnover
regime at intermediate collisionality where the curves bulge, all curves are decaying with col-
lision frequency at high collisionality. This turnover regime corresponds to the observation in
Appendix L that for a collision parameter below threshold (z, < x,es) the collisions add to the
instability drive from resonance by increasing the imaginary part of the speed integral. To check
whether this decay is universal, the slopes of the curves after turnover are averaged® to give
a power-law v o (ﬁEi)_(O'B_O'g) at high collisionality, which is nearly the same for all devices.
Perhaps surprisingly the exponent of the power law is not —1 as would be expected from Equa-
tion (66). Initially this was believed to be caused by the non-negligible speed cut-off x.,; at such
high collisionalities for which the upper incomplete gamma function in Equation (66) deviates
considerably from 2.0, however a separate calculation with this cut-off suppressed showed only
marginal differences in the exponent. Rather it was found that the influence of the averaging
window for the slope influenced the exponent more significantly. A scaling closer to —1 could
perhaps be achieved by extending the numerical integration to significantly higher collisionalities
to increase the averaging window, but this was not pursued.

In contrast at low collisionality before the curves turn over, the slopes are either virtually
flat or clearly positive over a few orders of magnitude of collisionality depending whether the
wavenumber kyp¢; is low or high. For each geometry, a separate power-law is determined by
averaging over the slopes of the near-flat curves and the positively sloping curves. For DIII-D
all curves are considered to be flat, whereas for HSX and W7-X all but the curves for lowest two
and three wavenumbers respectively are considered flat. For the flat regime®® this again leads
. . i\ —(0.02-0.04) . . . .
to a common scaling law v (u“) showing a negligible dependence on collisionality
and indicating that the instability is driven by a resonance.

Lastly, for the positively sloping regime, an exception is made for DIII-D where the growth rate
of the lowest wavenumber k,p; = 0.25 the only which is destabilised by collisions. Therefore
the slope from this curve is taken into account for comparison with the slopes in HSX/W7-
X. Two different power-laws are found®, with the growth rate in DIII-D scaling as (19”')0'17
whereas in HSX and W7-X it scales as (DEi)0'79'0'81. This is difference is fully explainable by
the fact that the kyp; = 0.25 curve in DIII-D is in the turnover process from collisionless to

48For this averaging procedure the slope of all curves are averaged over the window of the last decade and a
half of the collision frequency, i.e. log,, (7 /wPe¥®) € [0.5,2.0]

“9For this averaging procedure different windows of the collision frequency are used for the different curves
to respect their turn-over regions. For DIII-D the slope of all flat curves is determined on the interval
log, (7% Jwbl®) € [—6,—2]. For HSX the intervals that have been used are [—6, —2], [—6, —2.5] and [—6, —3.5]
for wavenumbers kyp; > 1.5,kyp; = 1.03,kyp; = 0.74 respectively. For W7-X the interval [—6, —3] is used for
kypi > 1.5 and [—6, —4.5] for kyp; = 1.03.

50In DIII-D the kyp; = 0.25 slope is determined in the range [—3.5, —1.5] and no averaging has taken place
as there is only a single wavenumber. For HSX the k,p; = 0.25 slope is determined on [—6, —1.5] while the
kypi = 0.54 slope is determined on [—5.5, —1.0]. Lastly for W7-X the slopes of the kyp; = 0.25,0.54 curves is
determined on [—6, —1.5] while the slope of the kyp; = 0.74 curve is determined on the interval [—5.5, —1.5].
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Figure 15: Growth rate vs collision frequency on a double logarithmic scale for binormal
wavenumbers kyp; = [0.25,0.54,0.74,1.03,1.53,2.02, 2.51] for (a) DIII-D, (b) HSX and (c) W7-
X. The power law scalings are obtained by estimating the slope of the straightlines by the end-
points of the different collisionality regimes.
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dissipative dynamics, whereas the selected low k,p; stellarator curves maintain their slope at
low collisionality. This indicates that as 7 — 0 the growth rate would vanish as well and there
would be no collisionless TEM at these low wavenumbers. This is further supported by the
fact that the exponent of 0.8 is close to a linear scaling of the growth rate with the collision
frequency, which would correspond to the expected growth rate resulting from the expansion
of the 1/(wy — Wge(x) + ive) denominator above the critical speed Equation (74) occurring in
the domain-splitting approximation of Section 3.4.2 in case that the resonance is not possible.
Based on the fact that the precession frequency Equation (71) increases with k,, whereas the
lowest order mode frequency decreases with k,, it would indeed be expected that at the low
wavenumbers, where this scaling is found, the resonant drive would be an inefficient instability
mechanism as only very few high energetic particles will have the correct resonant speed.
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4 Simulation results

In Chapter 3 the gyrokinetic framework developed in Chapter 2 was investigated analytically
to investigate how TEMs are influenced by collisions, but to keep things tractable quite some
assumptions and approximations were made along the way. These place constraints on the
instabilities which can accurately be described by this theory, and furthermore the method is
limited to providing predictions for the growth rate whereas the spatial structure of perturbations
along the field line remains unknown.

These restrictions will be lifted in this chapter which presents the simulations results obtained
with the GENE code, which numerically employs the same gyrokinetic framework. Firstly, a
quick overview of the working mechanism and most important normalisations of the GENE code
is given in Section 4.1 to make the reader familiar with the numerics. Then in Section 4.2 a set
of “base-case” simulations is presented in the absence of collisions which form a reference for
comparing with the collisional simulations, and the methods of mode identification are intro-
duced. Lastly, the results for the collisional simulations are presented in Section 4.3, where the
emphasis will be on the observed differences witch respect to the “base-case”. Ultimately, these
simulation results can then serve as a test for the obtained growth rates from the perturbative
approach, which will be the topic of Chapter 5.

4.1 Introduction to the GENE code

The GENE (Gyrokinetic Electromagnetic Numerical Experiment) code is developed by Jenko et
al [17], and numerically solves the GKE (Equation (25)). GENE can solve the gyrokinetic equa-
tion either linearly or non-linearly by switching off/on the advective E X B non-linearity, and has
been extensively benchmarked against other gyrokinetic codes in both cases [75,90,102,147,148].
Furthermore, GENE can simulate an arbitrary number of kinetic plasma species, take into col-
lisions and general electromagnetic fluctuations in the plasma. In this thesis however, GENE
will only be used to solve the linear gyrokinetic equation for a two species plasma consisting of
deuterium ions and electrons using the exact®’ mass ratio m./m; = 2.7244 x 10~*, while sup-
pressing electromagnetic fluctuations to remain within the electrostatic approximation. Only
the supplementary option to include a collision operator will be used. Additionally. the Geo-
metric Interface for Stellarators and Tokamaks (GIST) code [139] is used to create the necessary
geometrical input data which allows GENE to take into account realistic magnetic geometries,
as opposed to using simplified analytical magnetic equilibria like the s —« model®? which can re-
sult in significant discrepancies [148]. Most importantly, GENE is highly parallelisable achieving
close to 90% parallisation efficiencies [151] and is thus suitable to be used on high performance
computers. To this end GENE will be run on the MARCONI cluster which is part of an EURO-
fusion workpackage [152]. Especially for stellarators, such a parallelisation is imperative as the
geometric complexity of stellarators results in a significant increase of the computational costs
compared with tokamaks [153].

Different versions of GENE exist depending on the complexity of the simulation domain [154].
For the work in this thesis the local version of GENE is used, which solves the gyrokinetic equa-
tion in so-called fluz-tube geometry. This geometry exploits the k”/ k1 < 1 spatial anisotropy
of the fluctuations by coiling a box of several gyroradii wide (since k; p ~ O(1)) around a single
magnetic field line which is traced for one or several poloidal turns, allowing to solve for the evo-

5In literature sometimes simulations are also performed with a “heavy electron” model using a mass ratio of
me/m; ~ O(le — 3) is considered to reduce the computational effort by allowing for larger timesteps and spatial
resolutions [15,75,102,149]

52This is the most simplified model for a tokamak equilibrium with a sheared magnetic field, whose flux surfaces
are concentric circles displaced from the magnetic axis due to the so-called Shafranov shift as a result of the plasma
diamagnetic effect [150].
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lution of turbulence using a minimal simulation volume [68]. Because the perpendicular extends
of the simulation volume are small compared with equilibrium scales, within a flux-tube the
turbulence can be considered to be locally driven, i.e. the instability mechanism is completely
determined by the local value of the pressure profile and its gradients, magnetic field strength
and shear, etc. at the position of the magnetic field line and variations of these variables in
the perpendicular direction are not taken into account [153,155]. The Clebsch representation
of the magnetic field Equation (5) naturally gives (¢, «) as the choices for the perpendicular
coordinates, which are conveniently rescaled to have the proper physical dimension of meters by
=1

T = Boro y =1 (e — ).

Here rq is the radial distance from magnetic axis, By is the magnetic field strength on axis,
and g, oy are the Clebsch coordinates for the central magnetic field which is traced in the
flux tube and thus only described by the z coordinate, which is taken to be the poloidal angle
0. One subtlety hidden in the flux-tube geometry is that the coordinates are curvilinear and
non-orthogonal, and as a consequence the rectangular computational domain (z,y, z) actually
corresponds to a sheared and curved physical volume inside the torus [16, 68, 156], which is
illustrated in Figure 16. For more details on the flux-tube geometry, see Appendix N.

GENE is a so-called Eulerian code, which means that the gyrokinetic equation is solved on a
fixed 5D phase-space grid [157]. For the flux-tube geometry, the three spatial coordinates are
x,y, 2z as described above, with the location of the origin corresponding to the point along the
field line where the central magnetic field is closest to the outer radius of the torus. Meanwhile
the two velocity space coordinates used by GENE are the parallel velocity and magnetic mo-
ment v), . The main assumption for the flux-tube approach is that the perpendicular extent
of the simulation volume is larger than the correlation length of the fluctuations, such that the
turbulence inside the box is statistically independent to the turbulence outside the box [68,153].

Figure 16: Visualisation of the physical 3D volume that is spun by a fluz-tube in the W7-X
stellarator. Indicated in black is the central field line along which the tube is expanded in o,
directions. Note how the cross-section of the flux tube is sheared through space as a result of the
geometry and how the box follows the curvature of the central field line. Adapted from [153].

o7



As furthermore only the fluctuations themselves vary in the perpendicular direction, a pseudo-
spectral approach using Fourier modes for the (z,y) directions is used, such that derivatives
are handled analytically as a%g} — iky, [16]. The discretisation in the perpendicular direc-
tions is then achieved through a truncation for the number of wavenumbers. The remaining
coordinates are discretised on numerical grids, and the derivatives are taken using finite dif-
ferences. This introduces coupling between subset of grid points and could cause unphysical
grid-scale oscillations in the results, which is compensated for by introducing artificial hyperdif-
fusion®3 [158]. This hyperdiffusion is only necessary in the z, v directions, as derivatives in the
magnetic moment only enter through the collision operator, which is already diffusive by nature
as a result of its Fokker-Planck form Equation (11) and thus provides a source of dissipation
at small scales [16]. Finally, the GKE is then evolved in time using a Runge-Kutta scheme
with adaptive timestepping, and the dynamics of the collision operator are separated from the
remainder of the kinetic equation for an optimal number of evaluations per timestep depending
on the collision frequency [157].

Lastly, as GENE solves the GKE numerically, all variables have to be suitably normalised
to be dimensionless. The full steps in the normalisation process of GENE can be found in
Appendix M.1. Of most importance for the work of this thesis is the normalisation of the
spatial and temporal scales. The equilibrium length scales such as the curvature and driving
gradients are normalised to the minor radius a of the torus®? whereas the fluctuation length scales
are normalised to the ion gyroradius at sound speed ps = ¢5/€2;. Combining these previous two
normalisations, then gives a natural unit for normalising the timescales to a/cs. As a consequence
of these normalisations wavenumbers are in units of inverse gyroradii and the frequency/growth
rates are in units of ¢5/a. Also of particular interest for the work of this thesis is the normalisation
of the collision frequency. In GENE the normalised collision frequency as used by the code input
is given by [157]

s Nref[10Y9m ™3] a[m]
T2 [keV]

ref

U, = 2.30308 x 10~ InA (80)
where the reference (electron) density and temperature refer to the pressure profile at the central
field line of the flux-tube and have been expressed in the convenient units of 10m=3 and keV
similar to the Coulomb logarithm in Equation (13). Furthermore the minor radius has been
expressed in the unit of m which results in the numerical value of the prefactor. This normalised
collision frequency is related to the characteristic ion-electron collision frequency of Equation (17)

by

i M5 171\/2116% (81)

Nref | Me  Q

v =4

where in the last step quasi-neutrality was used, and the mass number A of the ion species is
introduced to use the ion-electron mass ratio.

4.2 Collisionless base case simulations

4.2.1 Overview of geometries and simulation parameters

The GENE simulations are performed for three different magnetic geometries; the DIII-D toka-
mak, the HSX stellarator and the W7-X stellarator. To focus on the differences between the

53The hyperdiffusion coefficient is implemented as an additional derivative D = —i"ee (%)n %7 where €¢ can
be used to set the strength of the hyperdiffusion, the order of the derivative is typically n = 4, £ is any variable
for which hyperdiffusion is desired and A£ is the grid resolution in that variable. Because of the combination
(A€ 3%)" the hyperdiffusion only has a significant dissipative effect at the smallest scales which are comparable
to the grid resolution while leaving large scale structures comparable to full grid sizes intact.

®41n typical tokamak literature it is however more common to use the major radius R of the torus for normal-
isation of the equilibrium length scales.
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magnetic field in the geometries, they are made as similar as possible by choosing the flux-tube
to span a single poloidal turn and lie on the flux surface® characterised by a total enclosed
flux of s = ¢ /1, = 0.5 where 1, is the enclosed toroidal flux at the plasma edge. As the flux
increases with distance from the magnetic axis as 1) o 72, this corresponds to a flux surface at
a radius of r/a ~ 0.71. For consistency with neglecting electromagnetic fluctuations the input
magnetic fields correspond to equilibria at 5 = 0. The only differences between the geometries
is then the structure of the magnetic field, which determines the magnetic wells through B as
well as the particle drifts through its gradients.

The differences between flux surfaces of the configurations have already been highlighted in
Figure 13, which have been chosen at the corresponding radial position of r/a = 0.71 at which
the flux-tube simulations are performed. The variation of the magnetic field strength and its
curvature within the flux-tube generated on this surface are shown in Figure 17, where the cur-
vature vector K is represented by its so-called “normal component” as this curvature component
is associated with MHD instabilities of the plasma, with negative values corresponding to “bad
curvature” regions [3,12,46]. In the low /8 approximation this component roughly correspond to
the radial derivative of the magnetic field strength, such that negative values correspond to ra-
dially outward drifts. Notice how there is an overlap between these regions of bad curvature and
the magnetic wells in DIII-D and HSX, whereas this is partially avoided in W7-X, particularly
at the outboard side.

For the simulation parameters, a seemingly artificial case with only density gradients is con-
sidered. This is done to create an idealised limit where other instabilities driven by the tem-
perature gradient can be ruled out, and the TEM can be isolated as much as possible [137].
In literature it is quite common to consider such idealised scenarios to study particular gy-
rokinetic instabilities [149]. ITG modes are typically simulated using only isothermal adiabatic
electrons (7. = 0) and having an ion temperature gradient much larger than density gradi-
ent n; < 1[71,73,79,127,147,160] whereas ETG modes are typically simulated in the opposite
limit [17,74,102,161]. Although an electron temperature gradient could also drive TEMs, includ-
ing a finite 7, in the simulations would result in a mixed TEM/ETG spectrum [75]. Similarly if an
ion temperature gradient would be included a mixed TEM/ITG spectrum would ensue if the elec-
trons are not treated adiabatically [68,76,143,149,149,162]. As the main goal of the thesis is to
assess the role of the collisionality on TEMs, the normalised density gradient is fixed to the value
a/L, = 3.0 for all simulations, which is a typical value considered in gyrokinetic simulations of
stellarators [11,137]. Furthermore as the most transport relevant instabilities which significantly
affect the confinement time occur at long wavelengths w.r.t. the ion gyroradius, simulations are
performed for wavenumbers up to k,ps = 2 as in [76,95,163], which is in between extrema found
in literature of only simulating extremely long wavelengths ky,p < 1 [75,77,143,164] and taking
into account extremely small wavenelgths k,p > 5 [19,95,165]. Each simulation set for a value
of the collision frequency then consists of a scan over the binormal wavenumber k,p, ranging
from 0.1-2.0 with a stepsize of 0.1. Lastly the temperature ratio is fixed 7 = 1.0 for all simula-
tions, which is a decent approximation for actual experimental conditions of DIII-D [166-168]
and W7-X [55,169,170] but not in HSX where the confinement time is too short for ions and
electrons to exchange sufficient energy such that ions remain “cold” at several tens of eV while
the electrons are heated to about a keV [171-173]. Accounting for different temperature ratios
would complicate the comparison between the geometries and thus the simulations for HSX will
be somewhat artifical but the simulations could nevertheless still be insightful to assess how
turbulence in an HSX-like reactor would behave.

55 As the three devices, however, have different major radii Ro, these surfaces do correspond to distinct aspect
ratios r/Rp.
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Figure 17: Plots of magnetic field strength and normal component of the curvature vector within
the flux-tube geometry used as simulation input for (a) DIII-D, (b) HSX, and (¢) W7-X respec-
tively. The variation of all geometric quantities related to the magnetic field (like B and k) within
the fluz-tube are the generated output from the GIST code [159], which uses the EFIT/VMEC
equilibrium data from Figure 13 as input.
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4.2.2 Convergence test and base-case results

As the simulations are performed using finite resolutions it is important to assess whether
the results are actually physical or a numerical effect of the discretisation. Nevertheless for
computational costs it is desirable to use as low as possible resolutions, leading to trade-off.
For an optimal compromise in this trade-off convergence tests are first performed in the grid
resolutions to assess that the results are fairly insensitive to the chosen resolutions. For linear
simulations the number of Fourier modes in the y direction is fixed to one, and the number of
grid points in the parallel direction nz0 is determined by the resolution used to generate the
geometric information using the GIST code. For TEMs it has empirically been found that a
resolution of 16 grid points along the field line per magnetic is sufficient to resolve the TEM [96],
such that the chosen resolutions of nz0 = 64, 128,96 for DIII-D, HSX, W7-X respectively are
ample for the simulations of interest.

This leaves three resolutions to be set: nkx0,nv0, nw0 corresponding to the number of Fourier
modes in the  direction®, and the number of grid points in the v, p directions respectively. To
find a balance in the required resolutions, simulations are first performed with a low resolution
set of nkxz0 = 11, nv0 = 24, nw0 = 8 and then subsequently doubled, tripled, quadrupled, etc..
After each consecutive run the results for the growth rate and real frequency are compared and
if the descrepancy is less than 5% while the spectral distribution in k, has remained identical
the result is considered as converged. As the resolution increases are rather course by changing
both spatial and velocity resolutions simultaneously, next a hybrid convergence test between
the previous and new resolution is done where only nkx0 or nv0,nw0 are increased to see if
additional spatial or velocity resolution is required for convergence and find a more minimal
set of resolutions. Lastly, the value of the hyperdiffusivity e, (see Footnote 53 for notation) is
adjusted from its (relatively high) default value of 2.0 to roughly the maximum linear growth
rate found in the scan over wavenumbers according to [157,158] and a last check is done to
see whether the results are insensitive to the decrease in hyperdiffusion. The hyperdiffusion in
velocity space is kept to its default value of 0.2.

The resulting resolution sets from this convergence test are shown in Table 1, where it can be
seen that stellarator geometries are much more computationally demanding requiring higher
resolutions. The only exception where convergence could be not reached, not even by increasing
the initial resolution sixfold were the smallest two wavenumbers in HSX k,ps = 0.1,0.2. A
similar issue has previously been observed in non-linear simulations of HSX, where a longer flux
tube spanning multiple poloidal turns was required to reach convergence in the heat flux at low
wavenumbers, which is believed to be caused by the low magnetic shear of the device [174]. As
only a single poloidal turn flux-tube was available, these wavenumbers are subsequently omitted
from the analysis and all future simulations including collisions. The corresponding result for the
converged growth rate and real frequency obtained with these resolutions is shown in Figure 18,
which will be analysed in the next section.

56As a consequence of the double Fourier transform and the relation between Fourier coefficients ékay =
(f)*,kz’ky, gf)klky = é;;z,,ky for real valued quantities such as all physical observables, working with positive and
negative wavenumbers in the = and y directions is redundant since &-k,,—ky = J)km,ky. Therefore as the order of
Fourier transforms taken by GENE is first in the y, z directions, the number of Fourier modes in the x direction
and the number of radial grid points (as would be needed to compute fluxes) in the z direction are identical
nkx0 = nx0. Meanwhile the number of grid points in the y direction is ny0 = 2nky0 as negative wavenumbers
ky are retained (although the ”physical” y grid is never explicitly needed).
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Figure 18: Converged results for (a) the real frequency and (b) the growth rate for the different
geometries which form the reference base-case for comparison against the collisional simulations
of Section 4.3. The dotted black line in (a) corresponds the transition between modes traversing
i the ion- and electron diamagnetic directions.
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‘ nkx0 ‘ nz0 ‘ nv0 ‘ nw0 ‘ €, ‘
DIII-D | 21 64 | 48 16 | 0.75
HSX 43 128 | 120 | 40 | 0.70
W7-X 33 96 | 96 32 | 0.25

Table 1: Minimal resolution sets of each geometry for which convergence in the complex mode
frequency and spectral distribution of the perturbations was reached for the collisionless base-case
simulations.

4.2.3 Mode identification

An important question is of course what has been simulated by GENE. To identify which type
of instability (often called a linear (eigen)mode of the linearised GKE) the results correspond
to three methods will be used. First of all the sign of the real frequency wgr can be used as
a signature for the type of instability, where in particular for TEM the mode is expected to
traverse in the electron diamagnetic direction wy.. As a result of the GENE normalisations to
ion scales a positive frequency corresponds to a mode traversing in the ion diamagnetic direction.
Furthermore discrete jumps in the real frequency as the wavenumber is varied are indicative for
a change in instability type corresponding to another branch of the dispersion relation which has
become more unstable [125,164,175]. As a second tool the cross-phases between the different
fluctuations can be used to asses the type of instability, as according to the waveform model for
the instabilities discussed in Section 2.1 the electrostatic potential perturbation will be typically
/2 out of phase with the perturbation of the driving factor for instability. In GENE the
fluctuations in the temperature are also treated anisotropically and split in a 67}, 67", where the
parallel temperature fluctuation is defined as 67} = i mvﬁé fd3v and idem for the perpendicular
temperature (with a factor of 1/2) [157]. As passing particles are characterised by their large
parallel velocity the d7} fluctuations can be taken as a proxy for the passing particle response
while 07"] can be taken as a proxy for the trapped particle response [143]. Lastly the spatial
mode structure along the field line is a third method for mode identification, since TEMs are
expected to peak in magnetic wells where the trapped particle reside. In contrast, although
it is not discussed in this thesis, the passing particle instability of the ITG is characterised by
peaking of the mode structure in bad curvature regions rather than magnetic wells [95, 127].
These methods will now be applied to the results of Figure 18.

4.2.3.1 DIII-D

Starting with the simplest case of the DIII-D tokamak, it can be seen from Figure 18 that for
wavenumbers kyps < 1 the mode is traversing in the direction of w,., and then switches to the
ion direction for larger wavenumbers. This switch however occurs very gradually as opposed to
changes in wp in the stellarators, indicating that this is not a change to a different instability
type. Interestingly enough the growth rate v peaks at k,ps = 1 where the transition occurs.
These are all the properties of the so-called “ubiquitous mode” (UM) from Coppi et al [175],
which is the short wavelength extension of the classical TEM corresponding to the large kyp
limit of the same branch of the dispersion relation as the TEM [69, 164], thus explaining the
smoothness in wg curve. Rather than being a kinetic instability, the instability is more fluid-like
and is no longer driven by a resonance with the electron drift but a combination of ion/electron
drifts such that the mode still relies on the existence of trapped electrons, but is less tied to the
magnetic wells and is more localised to the regions of bad curvature [19]. The growth rate of this
fluid-like instability is, however, much larger than the resonant growth rate of classical TEM at
the same wavenumber such that the UM becomes the dominant instability mechanism, which
peaks when the competing mechanisms of electron/ion drift cancel at zero real frequency [175].
A look at the mode structures along the field line in Figure 19a reveals that at low k,p the mode
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is peaked at = 0 at the depth of the magnetic well as expected for a classical TEM, but as the
wavenumber increases and the mode has transitioned to UM regime the mode structure is more
flattened out and extends more towards higher field regions to maximise the ion drive from the
unfavourable curvature regions.

Taking a look at the cross-phases in Figure 19b it can be seen that at low k,p the instability
is driven by a combination of 67" . and dn fluctuations as expected for TEMs. Oddly enough
the 0T . crossphase becomes negative indicating stabilisation already at kyp = 0.8 before the
transition to UM occurs, and there is no similar instability driving factor characterised by
positive cross-phase occuring for the ions after the transition to UM. The only match between
the cross-phases and the UM transition is that this occurs when the cross-phase with the density
fluctuation is exactly +m/2 where the maximum instability drive is expected as the E X B will
purely enhance the density perturbations as seen in the basic drift-wave models from Section 2.1.
The cross-phase with the density perturbations alone can in fact completely explain the growth
rate growth rate spectrum from Figure 18, initially increasing up to k,p = 0.1 as the cross-phases
approaches ¢ — +7/2 and then decreasing again as the cross-phase passes +7/2 and continues
to rise resulting in a more out of phase E X B fluctuations again.
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Figure 19: Analysis of the base-case results for DIII-D showing (a) the shape of the mode struc-
ture in the flux tube for some selected wavenumbers compared with the shape of the magnetic
field and curvature and (b) the cross-phases between the different perturbations, as obtained from
a weighted average over the mode structure of the electrostatic potential.
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4.2.3.2 HSX

Moving on to the analysis of HSX, the spectrum of the real frequency shows that the instability
is always propagating in the electron diamagnetic direction wye, but several transitions to a
different branch of eigenmode occur. As the magnetic field in HSX is not a max-7 configuration,
these modes are expected to be TEMs. In contrast to DIII-D however, there is no emergence
of the UM and the growth rate does therefore not peak but there is a clear transition around
kyp ~ 0.8 where the modes becomes increasingly unstable with wavenumber. In this case mode
identification is most easily performed by looking at the mode structure along the field line in
Figure 20a, which shows strong correlation between significant changes in mode structure and
the different branches in the spectrum for wgr. Except for the mode at the lowest wavenumber
kyp = 0.3 all mode structures are clear TEMs and only differ in which of the magnetic wells
they peak, with a general trend that as k,p increases the instability becomes more and more
tokamak-like peaking only at the central magnetic well at the outboard side where there is the
most overlap between bad curvature and well sturcture, which are slightly shifted toward the
inboard side (# = =£m), which also explains the “kink” in the growth rate curve near kyp ~ 0.7
where the transition occurs between mode peaking at the in- and outboard sides of the torus.

Returning to the exception at k,p = 0.3, the mode does not seem to favour peaking at the
magnetic wells or bad curvature regions, and is hardly localised anywhere in the geometry
almost satisfying ®/ (®) ~ 1 where (®) is the average electrostatic potential along the entire
field line. This mode is in fact the so-called “Universal Instability” (UI) which is a general
electrostatic plasma instability corresponding to another unstable variant the basic drift wave
that relies only on the existence of a density gradient and is therefore unaffected by trapping
effects, which is traditionally studied in slab geometry [165,176]. The UI is also found to exist
in toroidal geometry, as inferred from tokamak simulations, with typical characteristics besides
its unlocalised mode structure that it occurs at low wavenumbers and low magnetic shear,
propagates in the electron diamagnetic direction, and is driven by parallel Landau resonances of
passing particles [163]. The existence of the Ul in stellarator geometries have only recently been
established in gyrokinetic simulations [177], where they are more strongly anticipated to occur
than in tokamaks as a consequence of the much lower magnetic shear typical for stellarators [43].

Taking a look at the cross-phases in Figure 20b the Ul can indeed by clearly distinguished from
the TEMs by a much weaker coupling to the 67", . fluctuations although there does not seem
to be a destabilising interaction with the 07} fluctuations of either species as expected for the
Landau resonances. Furthermore at k,p = 0.3 the cross-phases would predict a negligibly small
growth rate compared with k,p = 0.4 even though this is not observed in the actual spectrum
of Figure 18.
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Figure 20: Analysis of the base-case results for HSX showing (a) the shape of the mode structure
in the flux tube for some selected wavenumbers compared with the shape of the magnetic field
and curvature and (b) the cross-phases between the different perturbations, as obtained from a
weighted average over the mode structure of the electrostatic potential.
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4.2.3.3 WT7-X

Lastly the modes in W7-X are investigated, which is expected to be stable against classical
TEMs as the magnetic configuration results in the max-J property. From the spectrum of
the real frequency it can be seen that modes propagating in the electron diamagnetic direction
are only found for kyp < 0.4 with the remainder of the modes traversing in the wy; direction,
identifying only a few candidates for potential classical TEMs. The modes in the ion branch of
the spectrum is the so-called ion-driven trapped electron mode (iTEM) identified by Plunk et al
as the extension of the UM to stellarator geometry [93], and is characteristed by a non-resonant
destablisation from ion drift which requires the interaction of the fluctuations with the trapped
electrons to change the propagation direction of the unstable drift wave. Just like with the UM
it can indeed be seen that the wg passes through zero at kyp = 0.1,0.7.

Taking a look at some of the mode structures in Figure 21a it can be seen that with the exception
of the kyp = 0.3 mode which clearly propagates in the electron diamagnetic direction all other
modes show a clear TEM structure and the different branches in wg can again be associated with
the mode structure peaking in a different magnetic well like in HSX. The major differences is
however that these iTEMs cannot peak at the outboard side because of the mismatch between
bad curvature and magnetic well at § = 0, explaining the much lower growth rates of the
instability. The only exception is the k,p = 0.3 mode which is insensitive to the magnetic
geometry and together with its propagation direction in the electron diamagnetic direction is
a typical Ul Typically the UI would be overshadowed by the TEM as a result from the much
stronger resonant instability drive by trapped electrons, and is therefore expected to emerge only
in more peculiar magnetic configurations like in W7-X where such a resonant drive is rendered
impossible [132].

Taking a look at the cross-phases in Figure 21b the UI can clearly be identified by sharp drops
in the cross-phases 07" of both species, although striklingly it is the 67) ; fluctuation which has
an a positive cross-phase as opposed to the 07} . fluctuation based on the fact that the UI is
characterised by a resonance with passing electrons [132,165]. The cross-phases also provide
some insight to the mode at kyp = 0.2 (not shown in Figure 21a, but discussed in more detail
in Section 4.3) which also propagates in the electron diamagnetic direction, but has a hybrid
mode structure in between TEM- and Ul-like. This is reflected by the cross-phases, where the
on cross-phase is seen to drop similar to the kyp = 0.3 mode in both HSX and W7-X which
have clear Ul-like mode structure, but the 67" . cross phase remains similar to those of iTEM
modes at larger wavenumbers, indicating some competition with instability drive from trapped
electrons.

Also interestingly the 67" . cross-phase does not change sign near the transition to iTEM as
observed before in the tomakak case for the UM. However, similar to the tokamak case of
Figure 19b there does not seem to be a change to the stability properties of the cross-phase
from the 67" ; fluctuations as expected, and the zero crossings of the real frequency seems to be
completely linked to the density fluctuations cross-phase being +7 /2.

4.3 Collisional simulations
4.3.1 Changes to the code and realistic collisionality regimes

In order to perform collisional simulations, a collision operator has to be specified for the GENE
code to use. Since the collisions are expected to mainly influence the TEM through collisional
(de)trapping, only the pitch-angle scattering part of the collision operator is accounted for, which
is a common choice for collisional simulations in literature [18,74,75,77], which at least for the
case of electron-ion collisions accurately decribes the full Coulomb collision operator to lowest
order in the mass ratio [20,70]. This means that in the code the “test” part of the collision
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Figure 21: Analysis of the base-case results for W7-X showing (a) the shape of the mode structure
i the flux tube for some selected wavenumbers compared with the shape of the magnetic field
and curvature and (b) the cross-phases between the different perturbations, as obtained from a
weighted average over the mode structure of the electrostatic potential.

operator (see Section 2.3) is modelled as [86, 106]

ss’ Vf)S/ 9 2 9 2 v?
(Coslges Prril = VB (L(900m = 55~ | 5¢ (1= 6) g = (14 8) S-buprs | g

where § = v /v is a proper dimensionless pitch-angle variable, £ the Lorentz scattering operator
as given by Equation (15), and the gyroaveraging procedure does not affect the diffusion in pitch
angle but results in a FLR correction for the perpendicular velocity diffusion term (as alluded to
in Section 2.5). For the “field” part of the collision operator a conservative model operator which
ensures that particles, momentum and energy remain conserved, as a direct evaluation of the
Rosenbluth potentials Equation (12) it typically believed to be too computationally intensive
[87, 88,90, 178], although state-of-the-art is now moving towards exact treatment of the field
particle operator [89,91].

A second concern is the input values of the collision frequency parameter U, which can essen-
tially be set to arbitrary values. To prevent simulating unrealistically low or high collisionality,
the experimental profile data for density and temperature shown in Figure 22 are used as a
reference guide for realistic ranges of the collision frequency parameters, where the dashed
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line corresponds to the radial position of the flux-tube used in the simulations. Using Equa-
tion (81) the collision frequencies in Figure 22 correspond to GENE collision frequency ranges
of'7 logyy (V) ~ [-3.5, —2.5],[—5.0, —2.5], [~3.5, —1.0] for DIII-D, HSX and W7-X respectively
indicating that there is fairly little overlap between the devices for assessing the influence of
collisionality. Furthermore, the collision frequency range for the reactor regime parameters from
Figure la spans [—5, —3.5] showing a clear mismatch between present day experiments and future
reactor conditions. To properly assess the influence of collisionality on the instabilities and facili-
tate a comparison with the perturbative theory calculation of Section 3.5, the collision frequency
will have to be varied through several orders of magnitude. Therefore using the realistic ranges
above as a guide the collision frequency parameter is varied between log,(v.) = [—6.0,—1.0]
with a stepsize of 1.0, thus spanning the full plasma conditions from deep core to edge regions
in any realistic device.

4.3.2 Simulation results

For the results that follow below, only the frequency spectrum and mode structure are discussed
and used to assess the influence of collisions on the instability since the cross-phase diagnostic
did not prove to be extremely reliable tool in the base-case scenario. For completeness, the
changes in the cross-phase with collisionality are presented in Appendix O, where in general the
influence of collisions on the cross-phase is negligible, leading in general to a reduction of the
cross-phase angle with the dn perturbation across all devices and a sudden switch of cross-phase
sign of the T perturbations as collisionality is increased in HSX and W7-X only.

4.3.2.1 DIII-D

In the case of DIII-D, simulations at the highest collision frequency v, = 0.1 proved not to
be feasible as the numerical methods were unstable resulting, in large spectral pile-up of the
perturbations at the largest radial wavenumbers |k,| for all k, in the scan. This could not be
cured by increasing the resolutions or hyperdiffusion further such that only the results up to
U, = 0.01 are retained. At the second highest collision frequency a similar spectral pile-up also
occurred but only at the two largest wavenumbers k,p = 1.9,2.0, as shown in Figure 23, which
are therefore omitted from the analysis.

The results for the frequency and growth rate for the numerically stable simulations are shown
in Figure 24, from which it can be seen there is a general downwards and smooth trend in both
wg, 7 as the collision frequency is increased, with exception of the highest collision frequency of
U = 0.01. A separate run at double the resolutions has been performed to assess that this is not
a numerical effect which matched within 10% showing that the results are indeed converged.
Regarding the 7 = 0.1 simulation as a separate case, there is a slight shift of the zero-crossing of
the real frequency to higher wavenumbers and an even weaker shift in the peak of the growth rate
to smaller wavenumbers, which is line with the theory predictions of the Ubiquitous Mode [175].
As the collision frequency is increased the TEM structure becomes slightly less peaked and
starts to “leak out” of the magnetic well explaining the reduction in growth rates as shown
in Figures 25a and 25b. At the higher wavenumbers where the base-case result changes to an
Ubiquitous Mode the collisions gradually make the mode structure more curvature driven as
shown in Figures 25¢ and 25d, which is expected as the trapped electron instability mechanism
will be reduced by the decreasing fraction of effectively trapped electrons and provides less
competition to the ion curvature drive mechanism. Furthermore the reduction in the trapped
electron fraction also explains the decrease in the growth rate at the high wavenumber part of
the spectrum. The mode structures from Figure 25 also explain why the frequency spectrum

5"The maximum collision frequency is determined at r/a = 0.95 as at the edge of the plasma the density and
temperature drop too rapidly for the collision frequency to vary smoothly.
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Figure 22: Experimental density- and temperature profiles for (a) DIII-D [168], (b) HSX [172]
and (¢) W7-X [170] and the corresponding profile of the 90 ° scattering frequency calculated from
Equation (17). The dashed vertical line corresponds to the radial position of the fluz-tube used
for the simulations and is included as a reference. The data from (a),(c) corresponds to fits to
experimental measurements while (b) corresponds to raw data supplemented with interpolating
splines of second order. All data is reproduced with the permission from respective authors.
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Figure 23: Ballooning representation of the electrostatic potential perturbation for several values
of the binormal wavenumber from the v, = 0.01 simulations, showing the spectral pile-up for
kyp = 1.9,2.0 near 6, = —20. This ballooning representation of the perturbations is closely
related to their representation in Fourier modes, and the ballooning angle 8, is closely related to
the radial wavenumber ky [156], such that ®(6,) can be interpreted as a spectral-intensity-like
quantity. This ballooning representation is however beyond the scope of the thesis to discuss (see
e.g. Footnote 69 and the references therein).
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for = 0.01 stands out, as it corresponds to a different type of instability which is strongly
curvature driven, and also explains the emergence of a new branch at kyp = 1.60 where the
mode structure mirrors its asymmetry w.r.t. 8 = 0.
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Figure 24: Dependence of (a) the real frequency and (b) the growth rate of the instabilities in
DIII-D on the collision frequency, where the lines are colour coded such that dark hues correspond
to a low collisionality and light hues correspond to a high collisionality. The dotted black line
in (a) corresponds the transition between modes traversing in the ion- and electron diamagnetic
directions.
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Figure 25: Changes to the shape of the mode structure of the electrostatic potential along the
field line with collisionality for (a) kyp = 0.20, (b) kyp = 0.50, (c) kyp = 1.40, (d) k,p = 1.80,
where the lines are colour coded such that dark hues correspond to a low collisionality and light
hues correspond to a high collisionality. The cases of (a) and (b) correspond to the TEM regime
of the base-case whereas the cases (¢) and (d) correspond to the UM regime of the base-case.
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4.3.2.2 HSX

For the collisional simulations in HSX and W7-X all results were healthy and no data had to
be disregarded. Starting with HSX, the results for the frequency and growth rate are shown
in Figure 26. In contrast to the DIII-D results the growth spectrum does not monotonically
decrease with increasing collisionality at all wavenumbers. Although this collisional stabilisation
is present at high k,p, there seems to be some destablisation as a result of collisions at low k,p.
From the spectrum of wg it can be seen that the collisions have a significant influence on the
transitions to different branches of the dispersion relation. This is most easily seen for the
transition to the the high wavenumber branch, which occurs for k,p = 1.20 in the collisionless
case but already happens at kyp = 0.70 for the highest collisionalities. More interestingly,
however, is the behaviour at low wavenumber where in the base-case the Ul and transitions
between different TEMs are observed. The addition of collisions is seen to completely change
the observed branches at low kyp, indicating the emergence of a different type of mode compared
to the base-case.

These potential changes in the mode type could explain the observed the destabilisation if the
new mode changes from trapped- to passing particle drive. The changes in the mode structure for
a few cases of interest are shown in Figure 27 where strikingly it can be seen that at low kyp < 0.4
increasing collisionality promotes a change of the mode character from TEM-like to more Ul-like
(see Figure 27a). This confirms the suspicion about the destablisation effect at k,p < 0.4, as
apparently the UI becomes more unstable than the TEM with increased collisionality. However,
as both the wavenumber and collisionality are increased a gradual transition back to TEM
occurs (see Figures 27b and 27c). The destabilisation in the range of 0.4 < k,p < 1.0, where
the collisional simulations transition back to TEM, can be explained from the fact that the new
modes are more strongly peaked at the outboard side with more overlap between unfavourable
curvature and the magnetic well (most clearly illustrated by Figure 27c). In contrast at high
kyp, when the collisionless mode from the base-case also is also located at the outboard side, the
mode peaking decreases with collisionality as seen in Figure 27d, explaining why the collisional
~ curves cross those of the base-case and stabilisation with collisionality is observed again.

A last feature of interest is that the at the largest collisionality . = 0.1 the propagation frequency
of the mode changes to the ion diamagnetic direction and the growth rate starts to plummet
more strongly for kyp 2 1.70. This is explained by the mode structure at higher wavenumbers
which reveals that the two “bumps” seen near § = 0.3 in Figure 27d which are not present at
the lower collisionalities have grown into small sidebands to the central peak, such that there is
a small contribution from the favourable curvature region x > 0.
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Figure 26: Dependence of (a) the real frequency and (b) the growth rate of the instabilities in
HSX on the collision frequency, where the lines are colour coded such that dark hues correspond
to a low collisionality and light hues correspond to a high collisionality. The dotted black line
in (a) corresponds the transition between modes traversing in the ion- and electron diamagnetic
directions.
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Figure 27: Changes to the shape of the mode structure of the electrostatic potential along the
field line with collisionality for (a) kyp = 0.40, (b) kyp = 0.50, (c) kyp = 0.70, (d) kyp = 1.20,
where the lines are colour coded such that dark hues correspond to a low collisionality and light
hues correspond to a high collisionality. The transitions to different branches of the dispersion
relation caused by the collisions are clearly identified by the different shape of the mode structure.
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4.3.2.3 WT7-X

Lastly the simulation results for the mode frequency and growth rate for W7-X are shown in
Figure 28. Similarly as in HSX the growth rate spectra reveals that at low k,p the collisions
have a destabilising influence whereas at high k,p the collisions are stabilising. Much more
interestingly the spectrum of the real frequency reveals that collisions are capable of exciting
instabilities propagating in the electron diamagnetic direction w,, where previously iTEMs were
found. This hints at the possibility of collisions driving the classical TEM, which is expected to
be absent due to maximum-J property of the magnetic configuration, unstable. However, these
modes could equally be the Ul which are also characterised by a negative frequency wg, so a
more elaborate investigation of the mode structure is required is warranted.

The changes to the mode structure for a handful of interesting wavenumbers are shown in
Figure 29. From Figure 29a it can be seen that at k,p = 0.2, where in the base-case the mode
structure is some hybrid form between UI and (i)TEM, the collisions are able to “wash-out”
the remaining TEM feature and result in a pure Ul mode. Furthermore the base-case Ul at
kyp = 0.3 is unaffected by collisions and remains an UI at all collisionalities, indicating that
increasing collisionality favours the Ul at low wavenumber as also observed in HSX. Meanwhile
at intermediate wavenumbers k,p (and at kyp = 0.1) where the base-case mode is an iTEM, the
collisional modes largely have an Ul character which is not strongly influenced by the geometry
and even peaks in region of local magnetic maxima (as seen in Figures 29b to 29d). Unlike at low
kyp the mode structure does not immediately change towards Ul at the slightest collisionality but
occurs only above 7, = 1 x 10™%, which is consistent with theory calculations of UI predicting
that collisions initially stabilise the UI but above a certain collisionality start increasing the
growth rates [179].

Notable exceptions to this transition to UI however can be found at the 7, = 1 x 10™* mode
in Figure 29¢ and 7, = 1 x 107*,1 x 1073 modes in Figure 29d which show signs of peaking
at the magnetic wells near § = +7/2. Since the propagation frequency wg in these cases is
in the electron diamagnetic direction these could be TEMs, however, the peaking of the mode
structure is not as strongly pronounced as for the iTEM case. Looking at the mode structure
for higher wavenumbers provides some insight in the character of these modes as the solution
for 7, = 1 x 1073 is already in its last branch of wg, whereas the solution for 7, = 1 x 1074 still
undergoes a change to a branch propagating in the ion diamagnetic direction at slightly higher
wavenumbers. From Figures 29¢ and 29f it can be seen that the 7, = 1 x 10~* mode solution
is peaked more strongly at the same 6 = +x/2 wells after transitioning to the iTEM branch
whereas the 7, = 1 x 1073 mode solution doesn’t change. Since the solution for 7, = 1 x 1073
is less strongly localised to the well and shows a local increase in its amplitude at 6§ = 0.0
this mode is most likely a hybrid case of UI-TEM where the trapped electrons provide some
additional destabilisation. In contrast, the 7, = 1 x 10~* mode solution has its amplitude
more evidently localised to the well at § = £7/2 and this localisation is further strengthened
after transitioning to iTEM, indicating that this was indeed likely a classical TEM emerging as
a result of collisions spoiling the favourable bounce average drift of the max-J configuration.
More striking in Figures 29e and 29f is however the mode structure at the highest collisionality
Ve = 0.1 which starts to favour the outboard side of the torus (|#] < /2 although still with
little regard to either curvature of the magnetic wells, such that this mysterious mode is neither
UI nor TEM like.
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Figure 29: Changes to the shape of the mode structure of the electrostatic potential along the
field line with collisionality for (a) kyp = 0.40, (b) kyp = 0.50, (c) kyp = 0.70, (d) kyp = 1.20,
where the lines are colour coded such that dark hues correspond to a low collisionality and light
hues correspond to a high collisionality. The transitions to different branches of the dispersion
relation caused by the collisions are clearly identified by the different shape of the mode structure.
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5 Comparison between theory and simulation

The effect of finite collisionality on the stability TEMs has been independently investigated
using analytical theory by means of a perturbative approach in Chapter 3 and simulations by
a gyrokinetic code in Chapter 4. Both methods have given result for the growth rate and have
considered the same set of magnetic geometries. Before moving on to wrap up the thesis, it
would be proper to ask whether there is agreement between the results from these methods.
This is first assessed on a qualitative level in Section 5.1, and then as an ultimate test on a
quantitative level in Section 5.2

5.1 Qualitative comparison of growth rates

The qualitative comparison is straightforward as it can be performed visually by comparing the
trends of the growth rate from the perturbative approach Figure 15 with those from simulations
Figures 24, 26 and 28, which is further facilitated by the scaling laws. The perturbative calcula-
tion predicts that at extremely low collisionality DIII-D is most unstable, followed by HSX which
has low growth rates at low wavenumbers but becomes more unstable as k,p increases until the
growth rates are comparable to DIII-D, and lastly that the growth rates in W7-X remain small
for all wavenumbers which is in decent agreement with the base case simulation results of Fig-
ure 18. From the scaling laws of Figure 15a it is found that at initially at low collisionality the
growth rates in DIII-D are unaffected by collisionality, but start to decrease at high collisionality
which is confirmed by the collisional simulation results of Figure 24. Meanwhile the scaling laws
for HSX Figure 15b predict that the high wavenumber modes are largely unaffected by colli-
sions until the dissipative effect of collisions is strong enough to decrease the growth rate, while
at lower wavenumbers the growth rates increase with collisionality, as is also in line with the
collisional simulation results of Figure 26. For W7-X the scaling laws of Figure 15¢ predict that
the modes below k,p = 1.0 are destablised by collisions up to a maximum value after which the
growth rates decrease again but remain larger than their collisionless counterpart. In contrast
the growth rate of the modes above k,p = 1.0 are initially not affected by collisions at low colli-
sionality, then somewhat destabilised at intermediate collisionality but eventually get stabilised
by strong dissipation at high collisionality. These observations are mostly in agreement with
the collisional simulation results of Figure 28, except for the high wavenumbers at intermediate
collisionality. Thus it be ascertained that there is least a decent qualitative agreement between
the trends in growth rates from both methods. This raises the question if, besides just qualita-
tive agreement, there is also quantitative agreement between the calculations, which could make
the perturbative approach whose calculations are relatively cheap enough to be performed on
a home computer system an attractive alternative to the gyrokinetic simulations which require
super computers.

5.2 Quantitative comparison of growth rates

To facilitate a quantitative comparison between these methods, however, the different normali-
sations which are used have to be matched to reach a common basis of reference. The collision
frequency is most easily matched by translating the GENE values to the physical collision fre-
quency P to get a handful of discrete points along the logarithmic v¢/ wf? Y® axis used in the
perturbative calculation. Comparing the growth rates is a little more intricate, as the GENE
results use a fixed reference normalisation of ¢s/a and stay within the same O(0.1 — 1.0) range,
whereas the perturbative results are normalised to (wg) which changes with wavenumber and
span a handful of order of magnitudes. A comparison of the relative changes in the growth rate,
which would be attractive to consider since it is normalisation independent, is thus not feasible
as these diverge for the perturbative calculation. Therefore the absolute change of the growth
rates expressed in the fixed GENE units of ¢s/a are compared instead, which also removes the
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hidden dependence of the perturbative growth rates on k,p. The translation factors for convert-
ing between these normalisations are given in Appendix M.3, and the resulting comparison of
growth rates is presented in Figure 30.

It can be seen that the quantitative comparison between the solutions is rather poor, which is
somewhat to be expected given the numerous approximations that went into simplified pertur-
bative calculation. Especially the fundamental approximation that the shift in frequency is small
dw/wp < 1 which justifies the use of the perturbative approach is quickly violated as already
clear from Figure 14 where both the real and imaginary part of the frequency shift are of O(1)
in a large part of parameter space. What determines the validity of the perturbative approach is
that the total frequency shift in both real and imaginary should be small, for which the absolute
value |dw| can be taken as a decent proxy. In Appendix P it is shown that that the magnitude
of the frequency shift typically only stays below the 30% mark at low wavenumber (k,p < 0.1
for DIII-D and kyp < 0.5 for HSX/W7-X) or at very high collisionality log; (0% /wPt¥®) > 0.5.
Furthermore the perturbative calculation inconsistently assumes the instability is an TEM with
a constant amplitude of the electrostatic potential along the field line, whereas the GENE sim-
ulations much more realistically result in a TEM mode structure which peaks in the magnetic
wells and allows for transitions to different modes like the Ul and UM, whose instability mech-
anism cannot be described by trapped electron drift resonances and collisional (de)trapping at
all in case of Ul or only partially in case of UM. Another potential source for discrepancy is that
the GENE simulations take into account the velocity space details of the realistic Fokker-Planck
collision operator, whereas the perturbative approach uses the simplified BGK operator.
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6 Conclusion and outlook

In this thesis the influence of collisionality on TEMs is investigated in both tokamak and stel-
larator geometries using both analytical theory and numerical simulations. A concise overview
of the main results is presented in Section 6.1, after which the limitations on the present research
and ideas for future research are discussed in Section 6.2.

6.1 Summary of results

In summary, this thesis set out to assess what influence of collisions may have on onset of the
TEMs instability which is the dominant source of turbulent electron transport in present day
experiments [7,94]. This is investigated through both analytical theoretically and numerical
simulations.

For the theory part an approximate perturbative calculation of the trapped electron response has
been formulated which extends the existing literature results applicable only in extreme limits
of collision frequency to an arbitrary collisionality regime and predicts that above a certain limit
TEMSs would be stabilised by collisions as the drift resonance is avoided regardless of geometry.
Additionally the calculations predicts differences between geometries, with DIII-D experiencing
pure stabilisation but HSX and W7-X experiencing destabilisation at low wavenumbers and
stabilisation at high wavenumbers.

From the simulations it is found that the dominant instability in DIII-D are TEMs which
are strictly stabilised by collisions. In HSX the growth rates around found to increase at low
wavenumbers and intermediate wavenumbers, which is mostly due to a transition of the mode
to a more dangerous TEM peaking at the outboard side. At high wavenumbers, however, the
amplitude of this mode is quenched w.r.t. its collisionless counterpart such that growth rates
decrease with collisionality similar to DIII-D. Most interesting are the W7-X results, where the
collisionless resonant TEMs are prohibited by the max-7 property of the magnetic field and
an iTEM occurs instead. For W7-X the collisions seem to excite a transition towards the UlI,
which is practically insensitive to the existence of trapped particles or the details of the magnetic
geometry. An exception however seems to occur at 0.8 < k,p < 1.20 where for a collisionality of
U, = 1x10~* a mode with TEM like signatures occurs, however, with the limited and unreliable
available data on the cross-phases it is not possible to determine that this mode is indeed strictly
driven by the trapped electrons and does not correspond to a collisional iTEM variant whose
real frequency is shifted downwards to the electron diamagnetic direction.

Although there is decent qualitative agreement between both methods, they have a poor quan-
titative match which can be attributed to the many approximations and simplifications made to
keep the theory analytically tractable, whereas the simulations are completely general and can
be performed up to an arbitrary level of desired detail. Note that the simulations presented in
this thesis constitute the first (to the best of the author’s knowledge) collision frequency scan for
electrostatic growth rates in W7-X, with previous collisional simulations consisting of a driving
gradient scan at a fixed value of 7, = 0.057 which reflects plasma conditions at the edge rather
than the core where transport is more dangerous.

6.2 Outlook

The work in this thesis indicates that the main role of collisions on the TEM is to quench its
growth rates, as intuitively would be expected based on the reduction of the effective fraction
of trapped particles, a feature both present in simulations and theory. Of particular interest
was whether collisions could result in the emergence of TEMs in W7-X which is stable against
collisionless TEMs, but collisions could spoil the favourable average electron precession drift as
a result of momentum decorrelation along the trajectory of trapped particles which “resets” the
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memory of the magnetic geometry that electrons build up over their orbit. The perturbative
calculation indeed predicts increasing (but still small) growth rates whereas the simulations
show that the main role of collisions is to facilitate a transition towards the Universal Instability
which is caused by passing particles instead. Such mode transitions occur as a consequence of the
disparate influence collisions have on the different instabilities and are much more prominent
in stellarators than tokamaks, where as a result of the more complex 3D magnetic geometry
typically a significant number of plasma instabilities can exist compared with the handful of
instabilities found in tokamaks [16, 144].

Limitations on parameter regime

In the work quite some level of simplification has been introduced for both the theory and
simulations which allowed to zoom in on TEMs. Most severe is the limitation to density gradient
drive only, which is a poor reflection of the realistic plasma profiles of Figures la and 22,
especially for tokamaks where the temperature profile is significantly steeper than the density
profile. However given the discussion of subdominant instabilities above, this simplification is
necessary as the inclusion of temperature gradients could make the simulations prone towards
the ITG/ETG instability making it difficult to asses how collisions influence TEMs. In view of
the max-J stability criterion for TEM however the electron temperature gradient is relevant,
as detailed analysis of the energy exchange between electrons and the perturbed electric field
shows that above a gradient length ratio of 7. = 2/3 the trapped electrons could provide energy
to the instability and contribute to the growth rate [95,126]. However, in the limit of the iTEM
which has been observed in the simulations the electrons have been shown to exert a stabilising
influence for any 7. > 0 (correponding to usual peaked n, T profiles) [93]. Additionally the role
of magnetic fluctuations has been neglected by invoking the electrostatic approximation, which
is justified by the fact that typical fluctuation levels satisfy edg/T, > [|6BL||/Bo > |0B)|/Bo
such that magnetic instabilities are subdominant at low 3 [109]. Furthermore the growth rates of
collisionless TEMs are known to be insensitive to 5 unlike the ITG instability which undergoes
stabilisation with increasing pressure gradient [156], and since the collision operator has no
reference to the magnetic field it may be postulated that this does not change for collisional
TEMs. The growth rate of magnetic fluctuations however increases with S such they may
become the dominant instability at a 8 of a few % [125]. This is however a relevant regime for
stellarators which can operate at much higher 8 than tokamaks which are pressure limited by
the onset of MHD instabilities [43,44]. However gyrokinetic flux-tube simulations at finite /3
are difficult to perform since the magnetic geometry has to be consistently changed with g8 to
account for the influence of the plasma diamagnetic effect on the magnetic equilibrium [180].

Compatibility of flux-tube approach with non-axisymmmetric geometries

Another intricacy involved in the simulation is the use of flux-tube concept for stellarators. As
a result of the axisymmetry of tokamaks a single flux-tube spanning a single poloidal turn is
sufficient to sample the full geometry as all field lines on a flux surface are equivalent and the
geometry repeats itself after a poloidal turn [16]. This is not true in stellarators where each
field line on a flux surface corresponds to slightly different flux-tube which result in different
growth rates and fluxes corresponding to the same flux surface and some suitable averaging over
flux-tubes would be required [43,139]. With how costly stellarator simulations are this is not
feasible and it is therefore common practice to simulate only the most unstable flux-tube [95,155]
as done in this thesis. Additionally the boundary condition used assumes periodicity in the
turbulence structure between the end-points of the flux-tube (see Appendix N) which is not true
in stellarators. However a detailed investigation by Martin et al implementing more “stellarator
friendly” boundary conditions show that the linear results are rather insensitive to the choice
of boundary condition provided that the flux-tube spans at least a full poloidal turn, although
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non-linear simulations could benefit from lower resolution requirements [153].

Inconclusive evidence for absolute stability of W7-X against collisional TEMs

A major limitation of the simulation results is that only the most unstable eigenmode is found
as a result of the explicit time integration of the GKE, such that any initialised perturbation
which can excite all instabilities will ultimately be dominated by the solution with the largest
growth rate leading to convergence of the results. No insight about stable or subdominant®®
perturbations can be gained, such that it cannot be said that W7-X is absolutely stable to TEMs
even in face of collisions. For mainly illustrative purposes and as a brief preliminary exploration,
GENE has also been run with an eigenvalue setting® to find some of the subdominant modes in
W7-X. This has been done for kyp = 0.50 in the collisionless case and with a collision frequency
of 7. = 1 x107® and 1 x 1073, resulting in the frequency spectra of Figure 31. This shows
that in the collisionless case the instabilities concentrate in the iTEM region with positive wg as
expected from the max-7 propery of the configuration, but as the collision frequency is increased
the spectrum gradually shifts towards negative values of wg indicating that TEMs could exist
as a subdominant instability next to the UI. This does provide some additional support that
the mode found at 0.8 < kyp < 1.20 for 7. = 1 x 10~* could plausibly be a TEM. A thorough
confirmation, however, would require additional simulations dedicated to this parameter region
with a finer stepsize in the collision frequency and the implementation of additional diagnostics
which can separate the contributions from trapped and passing particles to the instability drive as
opposed to the poor proxy indicators of the 07}, 67, fluctuation cross-phase available for present
simulations. Furthermore future simulations might also investigate the effect of including energy
scattering in the collision operator, which have been shown to provide additional stabilisation
to TEMs in tokamak [76].

Improvements of the perturbative approach

Some comments with regard to the theoretical work in this thesis are also due. The results
presented in Chapter 3 concern a perturbative approach of the trapped electron response with
quite some approximations. The discrepancy with the numerical simulations is quite large and
several reasons for this have been highlighted in Chapter 5. Future work could improve the
discrepancy between these two methods by two reasonable paths. First the simulations could
repeated with a BGK operator at the same collision frequencies to assess whether the abstraction
of the full kinetic details of the Fokker-Planck collision operator Equation (11) has a significant
results on the growth rates, and if so compare with the perturbative calculation again. A
more computationally friendly approach for improvement would be to lift the very unrealistic
flute mode approximation for the electrostatic potential gE(l) R (250 used for the perturbative
calculation to highlight the differences in geometry. The mode structure solutions from GENE
show that TEMs are characterised by an elecrostatic potential profile which peaks in regions of
low magnetic fields and bad curvature. Therefore as a significant improvement the GENE results

58These are perturbations with a positive growth rate which are smaller than the growth rate of the dominant
instability, which will eventually “fade out” from the simulations as a result of floating point number truncation.

59For the initial value setting, the GKE is explicitly evolved by means of direct time integration which can be
used to solve the GKE both linearly and non-linearly. As far as the linear physics is concerned, the gyrokinetic
equation can be cast in the form % = L[g] where L is a linear operator which can be represented as a matrix,
such that by assuming Fourier modes with a time dependence of exp(iwt) the linearised GKE takes the form of an
eigenvalue problem whose eigenvalues correspond to the complex mode frequencies and whose eigenveigenvectors
correspond to to the spatial structure of the perturbations, such that the linearised GKE can also be solved as an
eigenvalue problem [181]. A direct solution to the eigenvalue problem would require the construction and inversion
of the linear operator matrix which is extremely computationally extensive, and rather GENE uses an iterative
method based on trial functions for the perturbations such that only matrix-vector products have to be computed
and as a result a subset of eigenvalues is computed instead of the full spectrum, which has the advantage that

one can zoom in on the region of interest of eigenvalues corresponding to a positive growth rate [16].
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Figure 31: FEigenvalue spectrum of the 25 most unstable eigenmodes of the linearised GKFE at
binormal wavenumber kyp = 0.50 for W7-X in the collisionless case, and two collisional cases
corresponding to low and intermediate values of U, considered for the simulations of Chapter 4.
The red encircled eigenvalues correspond to the most unstable eigenvalue at each value of U, and
coincides with the results of Figure 28.

for the mode structure could be used as an additional input for the perturbative calculation,
which affects both the electron response and field line normalising integral in Equation (79) as
well as the average value of the perpendicular wavenumber Equation (77) used in the lowest order
solution (wg). This would however mean that costly gyrokinetic simulations have to be run on a
super computer to generate input for a relatively cheap calculation which can be performed on
a personal computer, which defeats the purpose of using analytical theory to make predictions
about turbulence. As a hybrid option, a “proxy function” for the mode structure é(l) depending
only on the fixed geometry input (B, ) could be used to empirically account for the peaking
of the mode in magnetic wells and bad curvature regions, which currently being investigated as
an option for developing a proxy of the critical gradients below which the linear instabilities do
not occur [182,183].

Alternative theoretical approaches

However the largest restriction on the analytical approach is without a doubt the fact that the
trapped electron response is accounted for perturbatively, while being the most important in-
stability drive for TEMs. Indeed the resulting frequency shift dw far exceeds the leading order
frequency wp accounting only for adiabatic electrons and kinetic ions. Nevertheless the pertur-
bative approach takes into account the full kinetic details of the electrons, which is significantly
more accurate than ¢ models from early literature which take into account the non-adiabatic
nature of electrons in an ad-hoc way as i—’; = % exp(—id) where 6 > 0 accounts for the phase
delay between electron density- and potential fluctuations [85,184-186]. Here § is used as a
proxy for any effect which prevents the electrons from establishing equilibrium along the field

line such as collisions, trapping or drift-resonances [69, 187,188]. In Appendix E.2 it is shown
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that including the non-adiabaticity of electrons in this way to basic drift wave model leads to
an instability whose growth rate depends on 4.

Two alternative analytical methods for finding the TEM growth rate were considered which
treat the trapped electron response on equal footing with the remainder of the GKE. First
a thermodynamic description of plasma turbulence was considered based on the free energy
budget of the perturbations. This free energy consists of an entropy-like term which measures
the energy stored in the perturbation of the distribution function and an internal energy term
which measures the kinetic energy of the perturbed E x B drift [189-191], and for plasma
turbulence takes on a similar role as the kinetic energy does in fluid turbulence [8,192]. What is
special about the free energy is conserved by the E X B non-linearity such that it can be used to
to analyse plasma turbulence in both linear and non-linear phases [191,193-195]. The work done
on free energy can be found in Appendix Q which first extends the derivation of the evolution
equation for the free energy using the conventions of reference [111] to an non-uniform plasma
in an inhomogeneous magnetic field, and then applies the resulting equation to the approximate
solutions for the ion and electron kinetic response derived in Section 3.1 which describe the
linear TEM eigenmode to determine how the collisions influence the sign of the growth rate.
However this strategy resulted in a paradox-esque situation where the sign of the growth rate
can only be determined if the growth rate is a priori known. As a second alternative, the use
of a variational approach was considered. Variational approaches are extremely powerful and
ubiquitous in physics spanning classical mechanics [196], general relativity [197] and quantum
mechanics [198]. Within fusion, the variational principle is the working principle of the VMEC
code used to calculate 3D magnetic equilibria [142,199] and stellarator coil optimisation [200].
The variational approach has also been applied to gyrokinetics in the past, with the focus on
finding the mode frequency at the limit of marginal stability in absence of collisions [126, 182],
and in the non-resonant fluid limit also to find the growth rate [175,201]. Some preliminary work
on an attempt to extent the validity of the variational approach to find the gyrokinetic growth
rates can be found in Appendix R, which is complicated by the inclusion of both growth rate
and collisions which require a complex variant of the “classical” real variational principle [202].
This creates a problem, where the resulting Euler-Lagrange equations are not guaranteed to be
consistent with the original quasi-neutrality condition they attempt to solve, which is a known
issue in variational formulation of dissipative quantum mechanics [203]. This matter has not
been succesfully resolved during the course of this thesis and might be considered for continuation
in future work.

Bridging linear stability analysis to turbulent transport

Finally to make the circle complete with Chapter 1, the need for investigating the role of collisions
was motivated based on Equation (1) which necessitates a sufficiently large density, temperature
and energy confinement time for fusion to be viable as an energy source, the latter of which
is limited by the turbulent transport. The turbulent transport fluxes are due to advection
of the fluctuating particle density and energy by the equally fluctuating E X B drift and is
therefore non-linear in the perturbations [71, 72, 75], such that the transport fluxes are not
properly resolved by the simulations. The relation between linear instabilities and the turbulent
transport is non-trivial as typically the modes with largest growth do not correspond to the
modes which contain the most transport [204]. In terms of Fourier modes the E X B drift can
be expressed as a convolution [191]

(VB - Vgs)k, = —55 B+ (K X [k —K1]) Jo(K1ps)dws, Gute, 1,

L

which is responsible for “shuffling” energy between modes at different spatial scales [192], result-
ing in the eventual saturation of turbulence by drawing energy away from the growing modes at
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a similar rate as the energy injection by the linear driving term [16,68,74]. Plasma turbulence
however belongs to so-called “weak turbulence” which means that growth rates of instabilities
are sufficiently small such that properties of linear instabilities can fully develop before they
will interact non-linearly [128,205]. This leads to the development of so-called mixing-length
estimates for the diffusion coefficients D ~ ~/ k:f_ which allow to estimate transport fluxes based
on linear properties by quasi-linear models as [144, 206]

0,Q} o {Vn, VT} x <Z§> (82)
k 1

where (k] ) is the weighted average of the perpendicular wavenumber over the mode structure $
and g is the growth rate at the wavenumber k, which gives the best method for determining the
turbulent transport with the available data of linear simulations. Such quasi-linear estimates
however ultimately fail to predict the actual saturated levels of turbulence and thus do not
accurately describe the absolute levels of transport [164]. Nevertheless, a quasi-linear model can
always be matched to a particular non-linear simulation to give the correct level of transport,
and then be used to “extrapolate” the fluxes using only linear data from simulations with new
parameters [18,207,208]. In the past, however, poor matches between changes to the quasi-
linear estimates and non-linear simulations of heat and particle fluxes with collisionality have
have been observed [73,75]. By supplementing the simple quasi-linear model of Equation (82)
with additional physics-based weighting terms, it has in general been found that quasi-linear
estimates better approximate the heat- and particle fluxes from simulations over an extended
parameter regime [144,209-211].

The eventual failure of quasi-linear models when the physicals parameters are changed signifi-
cantly during the “extroplation” can be attributed to the complexity of the non-linear interac-
tions which is typically not accounted for. The non-linear evolution of turbulence is described by
a phase where energy injection from the most unstable instability into another mode can create
a secondary instability, and if this secondary instability results in a density gradient which is
aligned with the equilibrium gradients, the initial driving factor is enhanced and may feed novel
energy into previously unstable or subdominant modes resulting in tertiary instability etc. [212].
As it is the intricate balance between this cycle of energy injection and redistribution to other
modes which determines the saturated steady-state, non-linear simulations are ultimately re-
quired in the future to determine whether collisions not only reduce TEM growth rates but also
TEM associated transport in DIII-D and HSX, and whether W7-X remains non-linearly stable
against TEMs and to find out how severe the transport associated by the UI.
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A Instability mechanism of the ITG mode

To investigate the effects of a temperature gradient on the potential instability of a microper-
turbation, consider again the situation of the drift wave, but with a background temperature
gradient VT instead of a density gradient. To account for the inhomogeneous magnetic field,
the ions are given a drift velocity which depends on the temperature, which is taken to be in
the y direction, but the electrons are taken to respond adiabatically.

A wave-like plasma perturbation dz of guiding centers will now not cause a density perturbation,
but a temperature perturbation as particles are effectively displaced towards a region of different
background temperature. By analogy with the drift wave case of Section 2.1.1 this temperature
perturbation is 67" = —5x(y)%. Since the electrons are taken to respond adiabatically, they will
quickly equilibrate these temperature differences along the field line, which leaves the displaced
ions at their original temperature. If the drift velocity would be constant then the ion drift would
not lead to an accumulation of charge since the background density is taken to be uniform. If
however the drift velocity depends on the temperature (as is the case for the magnetic drift),

then there will be an imbalance between the in- and out fluxes of ions, as shown in Figure A.la.

The resulting charge density is easiest calculated from charge conservation % +V.J =0, taking
J = +engvgi(T(x,y))ey for the ion current, resulting in

dp dvg; 0T dvg; @déaj(y)

ot~ AT gy T TG A dy

If a small time increment &t is considered in which the temperature perturbation can be con-
sidered constant® it follows analogolously to the trapped particle case of Section 2.1.2 that the
potential perturbation will be 7/2 out of phase with the temperature perturbation, which results
in an E X B drift E X B « _&gf;:z(y)ez in phase with the initial guiding center perturbation
0x(y)), thus enhancing its amplitude as shown in Figure A.1b. As the ion magnetic drift de-
pends on the ion temperature, and the amplitude of the temperature perturbation is directly
proportional to the (ion) temperature gradient, this instability is called the ion temperature

gradient mode.

z X
A |
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Figure A.1: Schematic mechanism of the ion temperature gradient mode showing (a) how the
temperature dependent magnetic drift results in charge density and (b) the waveforms of all
perturbed quantities along with the effect of the E X B drift on the initial displacement.

59Even if this assumption is not made, the electrostatic potential ¢ o p will still have the waveform as %

since a time integration of dz(y,t) = A(¢)sin(ky) only affects the amplitude, i.e. be +m/2 out of phase with the
initial temperature perturbation which will result in the same conclusion.
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B Details of the derivation for the collision operator

In the derivations that follow, the theory presented in Chapter 3 of [20] is closely followed.

B.1 Derivation of Fokker-Planck equation for the collision operator

The net effect of all binary Coulomb collisions with particles of species b on the distribution of
species a will be statistical, as for each collision pair the relative velocity u will be randomly
picked from the two distribution functions. If P,,(v, Av) is the probability that a collision with
a particle of species b changes the velocity of a particle of species a to v — v + Av within an
interaction time At then the distribution function will evolve as

folx + vAt v, t + At) = /fa(:v, v — Av,t)Py(v — Av, Av)d® Av

where  + vAt in the argument of the distribution function accounts for streaming of the
trajectories, f, X P, gives the density of particles that will have their velocity changed from
v — Av — v and a trace over all possible velocity changes is performed. As the main effect
of Coulomb collisions up to lowest are small angle deflections, it follows that [|Av|/ {||v|]) ~
|Av||/vre < 1 such that a Taylor expansion of the integrand is justified

fa(x + VAL v, t + At) %/fa(m,v,t)Pab(v, Av)d>Av — /A'v Vo[ fa(@,v,t) Py (v, Av)]d> Av

+ ;/AUT : (VUV;r [fa(m,v,t)Pab(v,Av)]) -Avd®Av 4+ O(Av?)

where V, is the gradient operator w.r.t. velocity coordinates, T denotes the transpose and
VnyT represents the Hessian operator. Since P, is a proper probability it satisfies [ Pypd?Av =
1 and since the velocity changes Awv are per definition random, the Taylor expansion can be
written more elegantly in component form as
A A ~_ O Avgy] + L& A Ay
f(l(w +vAt, v, 1+ t) - fa(wvvvt) ~ _871)].6 fa(a:,v,t) < Uk> ] + im |:fa($,’0,t) < Uk ’Ul> :|
where the order of integration over Av and derivative w.r.t. v have been interchanged, the
Einstein summation convention has been implied and (- - -} = [(- ) Pupd3 Av encapsulates the
net statistical effect of the collisions. Dividing both sides by At and taking the limit of At — 0
the LHS simply becomes a partial derivative w.r.t. time as a result of collisions and the RHS is
aptly called the collision operator

Ofa , ) Avy, \ BE Avp A\ @
rye = =1 —a a\L, U, AL a\&, U, TToAsL
< ot )wl Cor =l =50 [f (@, t)< At > ] * dugon | 1@V o
(B.1)

Since in the limit of 6t — 0 the streaming of the distribution function vanishes, this means that
the collision operator of Equation (B.1) describes collisions locally at fixed position  and thus
does not introduce spatial correlations between the distribution function f, at different positions.
This feature makes the collision operator problem tractable. On the RHS of Equation (B.1) the
first term describes a net drag force on the distribution function and the second term describes
a diffusive effect, and hence the collision operator has the form of Fokker-Planck equation (up
to the order of neglected terms).

B.2 Calculation of the statistical effect

For a binary Coulomb interaction, the Lagrangian £ can be mapped to that of the motion of an
effective particle with the reduced mass m, moving in a static Coulomb field®' with an additional

51This field is static in the sense that mathematically it appears to originate from a virtual particle at the
origin that is unaffected by the motion of the effective particle of reduced mass m, around it.

106



constant related to the kinetic energy from the motion of the centre of mass

Ma + 1M gy 1o w2 9aqb

L= - —
2 2" dmeg||r]|

where R = (mqxq+mpxp)/(me+my) is the centre of mass, my = mgmp/(mg+mp), 1 = g —xp
is the particle separation, a, b refer to the species, ¢ is the vacuum permittivity and m, ¢ denote
the mass and charge respectively. If species b is taken as the “target” particle, then the velocity
of an incident “test” particle undergoes the small changes®?

m 2

my’ \ 2megmg ) 2r2ud
cos
Av, ~—Jadb ¢ (B.2)
2megmg  ur
sin
sz ~o 1010 anb ¢

2megmg  ur

where the initial relative velocity u = 7 = v, — vp is aligned with the x direction of a coordinate
system before the collision event, and ¢ denotes the deflection angle in the yz plane.

Several factors introduce a statistical effect of such collisions; the distribution of target particles
fp will results in different relative velocities with the test particle, the spatial distribution of both
particles gives different interparticle distances r = ||r||, and the perpendicular deflection angle
¢ is arbitrary. Therefore the net statistical effect of collisions involves an average of the test
particle velocity changes Equation (B.2) over the quasi-phase volume d®Q spun by the velocities
of species b and the spatial volume occupied by the effective particle of the reduced mass moving
in the static Coulomb field. As the relative distance r effectively takes on the role of an impact
parameter and the effective particle moves with a velocity u, the volume spun by this effective
particle as it moves during the interaction is dV = rdrde¢uAt, resulting in a net statistical
effect of

(- '>ab = /( ) X fb(mb,’vb,t)ru(va,vb)Atd?’vbdrdqb.

where f is the distribution function of target particles of species b and the dependencies on the
other integration variables has been made explicit for transparency. Substituting Equation (B.2)

gives
Aug \* 1 Ma, qaqv dr [%7
=——1

< At > 2 < - > <27T60ma) / / d¢/ bed Uy
Avy ab i qaqb 27 , -

<At> (27T60ma) /dT/ smgbd¢/fbd vy = 0
sz o QaQb 2 ; -

<At> _<27T607na>/dr/0 Cos¢d¢/fbd vp = 0

where the y, z components vanish physically as a result of symmetry in the deflection process as
each ¢ is equally likely. The issue lies in evaluating the integral over impact parameters r for the
x component as it is divergent for small lower bounds and large upper bounds. These bounds
are fortunately naturally constraint; as a result of the Debye shielding the Coulomb fields of a
target particle will approximately vanish beyond the Debye length Ap and in case of repulsive

52These correspond to lowest order expansions of cosa, — 1 ~ af/? and sin a, = a, in the deflection angle
ax = qaqy/(2meorm,u?) of the relative velocity from the z-axis. Note that o is roughly the ratio of the potential
energy to kinetic energy of a pair interaction such that o, < 1 is consistent with the weak coupling approximation
in Section 2.2.
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interactions there is a distance of closest approach 7., set by energy conservation. In case of
an attractive interaction energy conservation does not place a lower bound on the integral, but
the validity of the approximation of small deflections does as for small r the interaction will be
strong enough to cause significant deviation of the test particle trajectory. Taking 7, = req in
those cases as well yields the Coulomb logarithm% In A = fr’(\:aD dr /r such that

Av, ab Lab Mg 1 3
=— 1+ — — frd
<At> 47T<+mb /usz ve
Av, ab [ Av, ab 0
At O\ At B
where L™ = (g,qp/maq€0)? In A is a measure of the interaction strength between species a and b.
The Coulomb logarithm is closely related to the number of charged particles within the Debye

sphere and is thus typically In A > 1 for most plasmas of interest [30]. Equivalently the unique
quadratic terms in Equation (B.1) evaluate to

A\« | 4 Ma e / / fyd
2At K myp 2mTegmyg b= b
ab
Av? Av2\®  Lab
Y _ z 3
<mm> <ZM> / fod™oy (B.4)

AvgAv, abi AvyAv, ab /Ay Av, abio
2At S\ 2At O\ 2At N

where all cross-terms vanish again due to symmetry considerations, and the squared terms
in the y and z directions are equal as a result of the rotational invariance in the yz plane.

(B.3)

The <2 At> term no longer contains a diverging integral, however its relative magnitude w.r.t.

the perpendicular terms can be estimated by taking the same [r.,, Ap] integration boundaries
for which the dominant small angle deflections occur, taking a typical effective particle where
Tea ~ GaQp/ (4megmyv2., ) with the thermal velocity vr, a measure of the average relative velocity
u, and taking r., < Ap since the Coulomb logarithm In A > 1, such that

(Av2/280)" 1 o}, [ fudbue
<Av§/2At>ab InA [ fd3op
~———

o(1)

Thus as InA > 1 for any plasma, the contribution from (Av2/ 2At>ab to the diffusion terms
is negligible, especially so for fusion plasmas. The disappearance of the divergent integral over
impact parameters also justifies cutting off the Taylor series at second order, as the next order
correction would result in <A”’“§#> terms in Equation (B.1) which would in turn be 1/In A

smaller than the diffusive terms.

The above calculation was done under the assumption that the initial relative velocity is aligned
with the x direction of a collision coordinate system. As this coordinate system is unique for

53The lower bound has been based on classical principle of energy conservation. However quantum effects also
pose a lower bound, as the particles involved in the collision effectively become indistinguishable if they approach
each other within the thermal de Broglie wavelength Ar. The correct lower bound for the integral should thus
be minreq, Ar [5]. As this correction is typically important for electrons, it resolves the ambiguity of the lower
bound for the attractive interactions.
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each collision, the results should be mapped to an arbitrary “laboratory” coordinate system
which is identical for all particles. This mapping proceeds then as follows for the linear term

<Avk>ab B <e,c . Afu>ab B <ek - (exAvg + eyAvy, + e, Av,) >ab
At N N

At At
er - ex\ ab Lab (B:5)
k * €ExAUg mg U 3
_ Sk CeBU N L (g e [l
< At > 47 ( * mb> u? Jodvy

where Equation (B.3) was used in the second step and in the last step it was used that the
aligned collision coordinate system is characterised by e, = u/u. With a bit more effort the
quadratic term is similarly mapped as

2At 2At
ab
- < (er - ey)(er - ey)Avy + (ex - €2)(e; - 6z)AU§>

<AfukAvl >ab B <ek - (exAvg + eyAvy + e, Av,) e - (exAvy + eyAvy + e, Av,) >ab

2At

ab
B (ek ce;— (ex-ex)(er- ew))sz _ Lab 3

where Equation (B.4) was used, the Av? term was neglected in the second step, ez = u/u was
again used in the last step and the tensor

w2y — upuy

Un = — (B.7)

has been introduced, with d;; denoting the Kronecker delta.

B.3 Rosenbluth and Landau forms of the collision operator

From Equations (B.5) and (B.6) it follows that the net statistical effect of collisions is determined
by integrals over the relative velocity and the distribution function of target particles (aside
from a multiplicative constant). These integrals can be written compactly in terms of so-called
Rosenbluth potentials

wp(v) = —4i 1@,) fb(v')dgv'

) u(v,
Uy(v) = —;T/u(v,v’)fb(v’)d?’v'

(B.8)

where for future notational convenience primed velocities refer to the velocities of species b and
unprimed velocities refer to species a. Since the relative speed is u = /37 (v; — v%)? it follows

by changing the order of integration over primed velocities and derivation w.r.t. unprimed
velocities that Equation (B.5) can be written as

Auvy, ab_ ab ma\ Opp
(a) = () o (9

and that Equation (B.6) can be written as

Avg Ao \* L 9Py
< 2A¢ > =-L Ovov, (B.10)
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The physical meaning of the Rosenbluth potentials follows by an analogy with electrostat-
ics, where the Poisson equation V2® = —p/ey leads to an electrostatic potential ®(x) =

ﬁ i Hi (_oc;),”d?’:n’ , therefore comparison with Equation (B.8) gives that the first Rosenbluth
potential is the solution to the Poisson equation

Vaen = fo (B.11)
where the derivatives are not taken w.r.t. spatial but velocity coordinates, i.e. V2 = > (%22.
i

Thus the target particle distribution f; acts as a source for ¢, hence the name potential.
Meanwhile the Laplacian of the second Rosenbluth potential gives

1
Vi = Z 87r/8 2 fo(v d? ':Z_&F/Ujjfbd%'
j
u? —u? 1 1
_WZ/ ud L fpd® /:—M/ufbdg’v':%
j

such that ¢p in turn acts as a source term for v, and the two potentials are consequently related
such that the effective drag force and diffusion force on the test particle distribution are not
independent.

(B.12)

In terms of the Rosenbluth potentials the Fokker-Planck equation for the collision operator
Equation (B.1) becomes

r 2
Cus(fur fi) =102 |(1 4 My O O (M’fﬂ

81}k L my 8’Uk 81]1 61]]491)[
0 o 39% &y Yy Dfa
_rab Y aN Y0 YJa
=L avk (1 + mb)avk “ 8vk (Z 8vl a (‘)vk(‘)vl c%l (B‘13)
N——
L =V

_gab 9 [madpy, PPy Ofa
vy, | my, Ovg " © Qurdv Ouy

where summation over repeated indices have been suppressed for notational convenience unless
this would lead to confusion or explicitly needed. This is the form of the collision operator for
a general inverse-square force first derived by Rosenbluth et al [105].

The issue of Coulomb collisions has historically first been investigated by Landau who derived
a more symmetric expression of the collision operator, which is more transparent in its depen-
dence on f,. Landau’s form of the collision operator can be obtained from Equation (B.13) by
substituting the derivatives of the Rosenbluth potentials. The tensor Uy, Equation (B.7) has
the property that its divergence

BUM . Quk . 8Ukl
El: o N Z vy
such that g—fz can be rewritten as
-7 = )d = — d
vy 4rm f (' /Z

(‘9 p 1 a ’ ,
/Z( Uklfb )] Ui fgg;’ )>d3v :_&T;/Ukl fgf}v )dSU

/
l
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where the first term to the integral vanishes as it yields a boundary term and a proper distribution
function obeys f — 0 as ||v]| — oco. Using this expression for g—ﬁ and the regular expression

for i~ %’I; such that the tensor Uy is a common prefactor to both terms in Equation (B.13), the

COHlblOIl operator is written as

Labmaa/Ukl (fb(v') 0fa(v)  fa(v) 8fb(v')> B’ (B.14)
I

Cab(faa fb) =

8T Ou mg Oy my  Ov

which is the symmetric version of the collision operator obtained by Landau.

B.4 Collision with a Maxwellian distribution

A case of interest that is still analytically tractable is the collision operator for test particles with
an arbitrary distribution function f, with target particles from a Maxwellian distribution fas.
In that case the Rosenbluth form of the collision operator Equation (B.13) simplifies significantly.
Because the Maxwellian distribution is isotropic the Rosenbluth potentials Equation (B.8) will
inherit this property and thus depend only on the speed of the test particle v = ||v||. Conse-
quently the velocity derivatives of the Rosenbluth potentials in Equation (B.13) are determined
by
dopp  , Ov ; Uk

(‘)T)k —@baT}k = %;

821% i 0 , Ov //Ulvk
dundu  Our (%avl) by + by, Wi

(B.15)

where a prime denotes the derivative w.r.t. to v and the tensor Wy,

W 0%v V2605 — VR
kl pu— pu—
Ov;Ovy, v3

is the test particle velocity equivalent to the tensor Uy; for the relative velocity. Consequently
by analogy W}, will have the same relations to v as Uy; has to u, repeated below for convenience

zk:Wkk = %, zl: a(ngkl = —%, Zl:Wklvl = 0.

Substituting Equation (B.15) for the Rosenbluth potentials gives the collision operator as

o My f U Vg afa
w0 _ n VYK
Cab(faanb) =L v |:mb fa kﬂ’bb d)b v? 8’Ul:| (B 16)
o (i Ofa 0 [ [ma  fo_ 10t |
B abi abi rJa
=—1L Jor <Wkl 1/’1)) +L Ovx {vk [mb b " v Qv ]}

where in the second step the terms explicitly containing v, were split and the chain rule was
used to write % = g{) . %. The term in curly brackets of Equation (B.16) takes on the form
of a divergence in velocity coordinates which is most conveniently expressed in spherical veloc-
ity coordinates (v, 0, ¢) since the term in square brackets depends only on v, simplifying the

divergence to a single term

V, - (vA®)) = %(% (BA®)). (B.17)

The first term in Equation (B.16) in round brackets can be expanded by the product rule as
9 Ofa 9 Ofa 3fa 9 Afa
i - = (W, 22
vy, < 1/4;) vy, ( ) vht wb 3% ~ Ou " ou v
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where the last term vanishes due to ), Wy v, = 0. The surviving term can also be conveniently
expressed in terms of vector operators in an orthogonal velocity coordinate system by explicitly
writing out the tensor contraction

0 v25kl — VgV 8fa . 0 1 8fa 0 Vi Bfa
2 g 2 <v3 avl> 3 (m,) 2 |5 2"

l

V’U'(%V’Ufa) U’vaa

Vo (H Vo)1)

Using the expression of divergence and gradient in a spherical coordinate system gives

0 ofa\ 1 1 0 (.  0f, 1 8%f\ 2
or (W’dml) = <smeae (S““’ae) g apr )~ ot (B.18)

where L£{---} is the called the Lorentz scattering operator.

In Equation (B.18) a factor of two has been introduced when introducing the Loretnz scattering
operator, which is a convenient normalisation inspired the physical processes in play. According
to Equations (B.9) and (B.10) the derivatives of the Rosenbluth potentials are related to the
(generally anisotropic) drag and diffusion coefficients of a test particle. If for simplicity one
considers a coordinate system where the initial velocity is aligned with the x direction, that is
v = v) ez it follows from Equation (B.15) that the drag vector and diffusion tensor are given in
a Cartesian coordinate system as

1
A ab a
< Uk> :_Lab(l_’_mi)(pg 0

At my 0
" O 0
Avp Ay \ U
y-(f 4
0 0 /v

As typically drag is associated with momentum losses of the test particle due to collisions this

ab
motivates the introduction of the slowing down frequency v such that <AA”t’C> = —ov? it

follows by comparison that this frequency is given by

/
pab = Lo (1 + m“) ) (B.19)
my ) v

Similarly the velocity diffusion is associated with energy gain and losses of the test particle due

to collisions such that the diffusion tensor can be written as <%Atvl>ab = %I/kl where vy is
a collision frequency tensor accounting for the generally anisotropic rates of energy exchange.
By comparison with the example above it follows that there are essentially two energy exchange
rates since the two perpendicular directions are equivalent, which identifies the two unique
frequencies of the collision frequency tensor vy as

2Lab
vt = =5 (B.20)
2Lab
vy = 2 (B.21)
v

giving respectfully the rate of parallel diffusion and perpendicular diffusion.
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Then finally using Equations (B.17) and (B.18) to simplify Equation (B.16) gives the collision
operator in terms of these three fundamental test particle collision frequencies as

Cab(fmeb) - l/D ﬁ{fa} + *2% [US <7na abfa + 11/|’Uaafa>] . (B.22)

Note that the Lorentz-operator as defined by Equation (B.18) describes diffusion on a v =constant
surface as it only changes the directional distribution of test particle velocities such that the first
term of Equation (B.22) is energy conserving and will drive isotropisation of the test particle
distribution f,. This part of the collision operator describes pitch-angle scattering as it effec-
tively changes the ratio of perpendicular to parallel velocity. The remaining two terms give the
net effect of energy scattering as a result from competition between drag and diffusion forces on
the test particles since they involve changes in v.

All that is left to do is an explicit calculation of the derivatives of the Rosenbluth potentials
to determine the test particle collision frequencies of Equations (B.19) to (B.21). This is done
easiest from the Laplacian interpretation of these potentials Equations (B.11) and (B.12). For
a Maxwellian target particle distribution Equation (B.11) becomes

1d dey 1 3 v?
V% = —=— (v2> = v)=n < > ex <—
= 31 1o Jan(v) = np o p o2

where isotropy allows the conversion of partial derivatives to full derivatives and the thermal
velocity vy, = 1/2Tp/mp has been used. Integrating Equation (B.11) once over the velocity
domain [0, v] will give the required derivative ¢} for the slowing down frequency Equation (B.19),
where the integration is easiest performed in terms of the normalised velocity y = o/vrp

Zb o 42 ex
L 2 2 p
(Pb_7T3/2U2/0 y*exp(—y?) dy = 4m2 [\F/ d + / exp (- y]

= nbz (p(xp) — xpd (1)) = 2:5%6(;(%)

drrv
(B.23)

where 0 is introduced as integration variable for book keeping purposes and xp = v/vgy is a con-
venient normalised velocity. The first integral was evaluated using the fundamental theorem of
calculus, the second integral is the definition of the error function ¢(x) = 2/\/7 fox exp(—fz) d¢,
and the Chandrasekhar function® G(z) is introduced in the last step defined by

¢(z) — x4/ (z)
212 '

By similar means the required derivative of v, for the deflection frequency Equation (B.21) can
be obtained from Equation (B.12), if Equation (B.23) is first integrated once more to obtain
©p(v). This involves the integral of the Chandrasekhar function, which can be obtained using

integration by parts as
' 1
/G §)d¢ = /¢ 2§§¢ 7S e 5 (96 —¢¢/ —/ 0" df——M

Then the isotropy requirement reduces Equation (B.12) to

1 d d T
Vi = <02wb> =gy = —2 /0 G(y)dy = —%ﬁb(%)

v2do dv 2wy

G(z) = (B.24)

54Note that multiple definitions of the Chandrasekhar function exist in literature, most dealing with astro-
physical radiation topics. In the literature on collisions G(z) is called the Chandrasehkar function because it is
related to his other work on the friction coefficient due to gravity for celestial bodies moving through background
matter, which involves a similar integral over a Maxwellian distribution [213].

113



where v = vy was used in the last step to favour the reintroduction of a velocity factor as
the Laplacian depends explicitly on v. The derivative ¢ then follows by integrating over the
domain [0, v] one last time

2 Tp Ty 2
nbUTb gy | 1o _ 1N
y— / yydy = ———5 | J¥ ¢(y)0 /0 $v)5  dy .
== exp(—?) (B25)
2
_ Ty 1 2y _ ™ B
— - T (Jabo(on) - 3Glan)a}) = — 2 (6(ar) — Glar)

where integration by parts was used on the second step, in the third step the remaining integral
was solved by noting that it is identical to the integral in Equation (B.23), and x, = v/vpy
was used for cancellation. As a final ingredient for the second derivative v} is required for the
parallel diffusion frequency Equation (B.20) which is obtained straightforwardly by taking the
derivative of Equation (B.25)

(== (g + Sl 26 Gl

87T’UTb be Tp 47 v

(B.26)

where the derivative of Equation (B.24) has been explicitly expanded using the quotient rule,
and the derivatives of the error function cancel since ¢ () = —4x/\/7 exp(—2?) = —2z¢' ().

Now the test particle collision frequencies of Equations (B.19) to (B.21) are readily evaluated by
substituting Equations (B.23), (B.25) and (B.26) for the derivatives of the Rosenbluth potentials

as
Lab _ b <1 n mb) To 2G(z1)
a

(B.27)

xp) — G(x
yab _ﬁabw
a
where z, = v/vr, is a second normalised velocity variable and the common prefactor % sets
a basic test particle collision frequency scale determined solely by the plasma parameters of the
colliding species

2L%n, n 2

~ab b b Gadqb

v 8mv3 4rvd <e m ) A
Ta Ta \¢0"Ma

which is closely related to the typical momentum loss frequency 7* associated with complete
momentum decorrelation® by the numerical prefactor 7% = 7%3,/7 /4.

B.5 A rigorous proof that the equilibrium distribution is Maxwellian

As a bonus, by substituting the result for the test particle collision frequencies Equation (B.27)
back in the result for the collision operator with a Maxwellian Equation (B.22), it can rigor-
ously be proven that the Maxwellian distribution is the equilibrium solution with vanishing
self-collisions, that is Cuq(fa?, fava) = 0if fa? = fure. Demanding that both terms in Equa-
tion (B.22) vanish independently, £{f5?} = 0 requires f;? to be isotropic in velocity space such

55In other words cumulative small angle deflections leading up to a net 90° scattering of the initial velocity.
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that f;7(v) = fal(v) only. In order for the second term to vanish as well, the distribution
function should obey

d vSyaa( ) foa +U4V‘m(v)d o’ =0
dv “ I dv

where b — a was substituted and the partial derivatives have been replaced by total deriva-
tives. Demanding that the resulting integration constant is zero, it follows that the equilibrium
distribution obeys the differential equation

1 dfy? L v2%(v) 2v

foaqu Vﬁ‘“(v)v vTa

where Equation (B.27) was substituted for the collision frequencies. Integrating w.r.t. velocity

gives

eq 2

ln( 2}@)) = —UT

a (O) vTa
ergo if fo?(v) is properly normalised such that [ fi?(v)d3v = n, it follows that f5? will be the
Maxwellian distribution function. It should be noted that this is the centralised Maxwellian
without an average flow g = [ fuvddv/ S frrdv, however from the formulation of the collision
operator either in terms of Rosenbluth potentials Equation (B.13) or the Landau form Equa-
tion (B.14) it follows that C,y is Gallilean invariant as the velocity v only enters as a derivative
or as the relative velocity. Thus one can always transform to a co-moving frame v — v — q
where this average flow would vanish, without affecting the collision operator and thus obtain-
ing a centralised Maxwellian as equilibrium solution in the co-moving frame. Conversely, the
Gallilean invariance means that in a ”lab” frame the equilibrium distribution will then be a
shifted Maxwellian.

C Intermediate steps in the derivation of the gyrokinetic equa-
tion

C.1 Order of magnitude estimates

For a general order of magnitude estimate of the different terms in Equation (22) the derivatives
of the distribution function will be estimated by considering the scale over which the distribution

function will vary significantly. For perturbations with frequency w this means 88’;“ ~ wfs, while

the restriction that the distribution be 27 periodic in the gyrophase gives % ~ fs/m. As the
average energy of particles in the plasma is the thermal energy, a significant variation in the
distribution will occur only if the energy Changes by an amount similar to the average such that
afs ~ fs/Ts. Lastly, the convective derivative R- Vg fs can be estimated by recalling that the
1sobars are flux surfaces, so the density (to which fs is proportional) will vary significantly over
the distance L, only perpendicular to the field. Consequently, it are the cross field drifts that
matter for the convective derivative which are also small compared to the thermal velocity such
that R- VRgfs ~ fsdvrs/L,. Plugging in these order of magnitude estimates and dividing by
Qs gives

UTs w QS¢ 1 Cs(fs
R RN
52 ~0.3 5fs

where the scalings Equation (19) have been used on the left-hand side, and on the right-hand
side the collision frequency has been estimated as v ~ w in line with the scope of the project
to consider the influence of a non-negligible collisionality. Thus %{; is unbalanced, such that to

lowest order the distribution function has to be independent on the gyrophase.
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C.2 The equilibrium solution

This invites an expansion of the distribution function as fs = fos + 0 f where the next order
correction d f is due to turbulence, and may contain a dependence on the gyrophase. The lowest
order solution is then obtained by considering the turbulence-free equilibrium situation where

¢=0
8f()s
ot

where the same order of magnitude estimate gives aggs ~ Cs(fos, fos)- The evolution of the
equilibrium is very slow compared to the gyrokinetic timescales and formally occurs on a time
Teq ~ O(1/8%w) [111]. Consequently the equilibrium can be taken as frozen and is then solved
by Cs(fos) =~ 0, which in Appendix B.5 is shown to be solved by the Maxwellian distribution
function

+R oo V rfos = Cs(fos) (C.1)

Mg 3/2 msv2
=0 (gerizn) o (amion) 2

where the density is stationary, but the temperature is allowed to have a weak time dependence
occurring on 7.4 to allow for the equilibration process between ion- and electron temperatures%S.
Still in the turbulence free situation, there will be a next order correction to Fjss due to role of
the guiding center drifts in Equation (C.1) which is purely due to the magnetic geometry and is
the source of neoclassical transport [69]. As this correction will add to the total fluctuation level,
which is typically dominated by the turbulent part, and a description of neoclassical transport

is beyond the scope of this thesis it will be omitted.

C.3 Perturbation of the distribution function

To next order in the distribution function § f is determined by including the role of turbulence,
which has two effects®’. First the particles will gain potential energy next to kinetic energy such
that the Maxwellian changes as

3/2 2
My mv® /2 + qs¢ qs® qs®
Ms = Ns <27FT05 ) €xp ( Tos > MO0s €XP ( Tos MOs Tos

where functional dependencies are suppressed, F)sos denotes the unperturbed equilibrium Maxwellian
given by Equation (C.2), and the scaling Equation (20) was used in the last step. This addi-
tional correction to the distribution function is the usual Boltzmann factor which accounts for
the shielding of electric fields due to fast motion of particles along the field line. From now
one, whenever the terms Maxwellian and equilibrium distribution are used they will refer Fysos
exclusively and the zero subscript will be omitted. Secondly, there will also be a kinetic response
gs to the perturbed field which is largely due to the slow magnetic drifts of the guiding centers
and the additional E X B that arises from the perturbed electric field. Consequently the total

perturbed distribution will be § fs = g5 — C’:;L?FMS.

Substitution this decomposition back into the kinetic equation Equation (22) yields

O0F s dgs . 0¢ OF s 0gs d9s
. F s s s Ao Qs = sF s s .
5 o, TRVR(Fi+g:) +a \ar Tar) "% Cs(Fus +9s) (C.3)

ot

56Formally Cs(fos) = 0 requires both the collision operator for self interactions Css and the collision operator
for exchange interactions C,,s to vanish, and the proof in Appendix B.5 only concerns the solution for Css = 0.
Nevertheless using the Landau form of the collision operator Equation (B.14) it can be shown that Csy o
—(Ts0 — Tsro) if a Maxwellian Equation (C.2) distribution is used for both species [114].

5"Note that these are very handwaving arguments to introduce the adiabatic and kinetic responses that con-
stitute J f, nevertheless they make for the physically correct picture that would otherwise require arduous amount
of algebra to derive, which is not the goal of this chapter meant to sketch the essential theoretical elements that
will be used later. For the formal derivation the interested reader is referred to [112] for the linear- and [214]
non-linear case.
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68 A similar order of

magnitude estimate of these different terms can be made, where the short scale nature of the
turbulence has to be taken into account such that g5 varies on the gyroradius scale which makes
the relative contribution of the two convective terms

where the adiabatic response drops out since it is not of kinetic nature

R' V RYs -~ 5Ungs/pS
R' VrFus 5UTsFMs/Ln

~1

and meanwhile the typical average particle energies will be influenced by the presence of the
E X B drift, such that the new typical energy
1
§m3 (v%s + v%) ~ Tos(1 + 52) ~ T,
where the scaling Equation (19) has been used, is not significantly affected such that the relative
weight of the two energy terms is

9gs
agE ~ gS/TOS
ngs Fst/TgS

which reveals that that again the %‘{; term containing the fast dynamics is unbalanced and
must vanish. Consequently the kinetic response can also be expanded as gs ~ gos + g1s Where
the leading order part is gyrophase independent and by construction gis/gos ~ 9.

For the collision operator, the bilinearity property of Equation (11) in the distribution functions
fa, [ can be used to expand the collision operator as

CS(FMS + gs) = CS(FM57 FMS) + Cs(Qs; FMS) + CS(FMS798) + 08(98798)

where the first part contains the equilibrium contribution, the second and third part are linear
in the perturbation and the last part is non-linear in the perturbations.

Subtracting the equilibrium contribution Equation (C.1) from Equation (C.3) and retaining only
the leading order contribution in ¢ to each term gives

% 8FWMS
ot|, oF

agls
=00

8gOs

Q
o1 +

+ <R - R’¢O> : VRFMS + R : VRQOS + s = CS(FM87905) + 05(9057 FMS)

The remaining convective derivative of the equilibrium can be simplified by realising that the
equilibrium gradient is still only perpendicular to the field lines, and the presence of the fluc-
tuating electric field results in an additional E x B drift of the guiding center, such that

R - R¢:0 = E x B/B? (this can be made rigorous using the expression for <R>R in Ap-
pendix D).

The only dependence on the fast gyrophase dynamics is now in aa%s, the particle position x and

the guiding center drift R. Because the timescale of the perturbations satisfies w/Qs ~ ¢, these
fast dynamics cannot influence the instability properties such as the phase difference between
density and potential fluctuations, and can be removed by applying an average over the gyration

1
(...>R:% o dw

68 Although it is true the adiabatic response is essentially a fluid-like response mechanism, it is not true that a
brute force substitution of §f into Equation (22) makes all terms involving the adiabatic response vanish. This
is however a consequence of the handwaving way with which the adiabatic response has been introduced, as an
actual direct approach requires a transformation of derivatives at constant particle position to constant guiding
center position, but results in the same equation for g [67].
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where the guiding center R is kept fixed during the integration so only the direction of the
gyroradius vector p varies due to gyration. Applying this transform then gives

9gos E x B 0¢ OFvs 1
( ) T = (M)

VrFy, + (R) -V 7@
ot B2 >R REMs + R R90s+Qs< ot
where the linear part of the collision operator has been collapsed into C*(gs) and the gyrophase
dependent part of g1 drops out due to periodicity in 9, such that a distinction between ggs and
g1s is no longer required and consequently omitted.

C.4 Gyroaveraging procedure of the perturbations

Using Equation (28) to characterise the electrostatic potential perturbation its spatial variation
then follows as

VS(x) VS(x)

Vo =¢(x,t) | VIng +i ~i bz, ). (C.4)
OWLn) 01 /6La)~O(1/p)

If one interprets VS(x)/d as a wavevector k, then Equation (C.4) is the familiar result as if ¢
were expanded as a Fourier series in space, with g% being the corresponding Fourier coefficient.
The scaling k| /k1 ~ ¢ Equation (19) implies that the wavevector can be approximated® by its
perpendicular component k; ~ V.S/§. Using Equation (C.4) the gyroaverage of the E X B
drift can be calculated as

(Vo) o = exp(—iwt) { ik SR + pa) exp (i(S‘RW>> >R

0

<
~ exp(—iwt) <ikl [J)(R) +Pps- V‘ZB} oxp <Z(S(f) TP kl)) >R

~¢(R) exp (z( 5 Wt)> (ikLexp(ikL - ps)) g

where the gradient must be evaluated at the particle position = R + p as this determines the
local electric field that a particle experiences, and this has subsequently been expanded around R
in the second step. In the final step the scalings k| ps ~ O(1) and p/L,, ~ § from Equation (19)
have been used to neglect the variation of qg on the gyroradius scale. The gyroaverage of the
phase factor can be calculated by realising that at the guiding center k is fixed and p only
changes direction during gyration such that

, 12 ) .
(exp(ikL - ps)) g = 271/ exp(iky psin(¥)) dv = Jo(kLps) (C.5)
0
where Jj is the Bessel function of zeroth order. Consequently the gyroaveraged electric field is
(B)p = — (Vo) ~ —ikLo(R,t) Jo(kLps)
—_——
—E(Ry)

Completely analogous to the gyroaverage of the gradient, it can be straightforwardly shown that
9¢
ot
59This leads to some subtlety on flux surfaces where the rotational transform is non-rational and a single

field line essentially traces out the complete flux surface, which creates an inconsistency as k| ~ 0 implies that

S(x) must be constant on the full flux surface and consequently also ki = 0. This issue is remedied by the

so-called ballooning transform [215,216], which forms an equivalent description to Fourier modes for drift-waves
in a torus [132,217]. This is however beyond the scope of the present thesis to discuss.

> = —iwd(R,t)Jo(kLps)-
z/ R
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by first evaluating the derivative and then performing the expansion from particle position to
guiding center position in the exponential phase-factor.

Substituting these results into Equation (25) and collecting all terms involving gs on the left-
hand side gives

0 . R,t
% + (vjep + vE + vas) - VRYgs — <CSL(93)>R = —iwJod(R, t)%qu(ﬂo)FMs —vE - VRFus
S
(C.6)
where the derivative of the Maxwellian w.r.t. energy follows straightforward as % = —Fys/Ts

from Equation (23).

Because density and temperature are flux functions, the convective derivative™ of Fj;, follows
as

. kJ_ X €ep 3FM5
—vE - VRFys =igp(R, t)Jy 5 Vi 30
:ZJO QS¢(R7 t) WZ;FMS
TOS

where Equation (23) and Equation (27) have been used for the definitions of Fjs, vg, and the

frequency w’, is defined by
E 3
oy (140 [ 7= ] )
S

T, (ki X ep) - Vip dInn,

Wxs =

T4 B dy
_dlnTS/dlnnS
=", A

The physical interpretation of these frequencies and the Bessel function is provided in the main
text in Section 2.3.

Similar to the derivatives of the electrostatic potential ¢, the derivatives of the kinetic response g
appearing on the right-hand side of Equation (29) are easy to evaluate using its WKB expansion
Equation (31) as

09s

5 = —iwgs(R)
VS(R Vs
Vros =gs(R,t) | Ving, +i 5() ~i 6(x) gs(R,1).
v ————
W) o1/8La1~0(1/p)

D Derivation of the gyroaveraged guiding center velocity

Starting from the definition of the guiding center R from Equation (21) the guiding center
velocity is found by expanding the derivative

dR Ep XV e XV ep XV,

— = — — Q D.1

dt \’U,/ [9) [9) + 02 ( )
7 N—— N’ N’

13 11 W

""The distinction between particle and guiding center position does not matter for this derivative as the pressure
varies on the macroscopic length scales L, = |-V Inn|| ™" and Ly = ||~V InT| ™" which are comparable to the
plasma radius see Figure 1b.
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where v = 7 is used and the dot denotes derivative w.r.t. time. The gyro-average (---)p =
% $---dd of Equation (D.1) is best evaluated term by term. Term 4 is straightforward to
average using the velocity decomposition v = vep + v, where v, constitutes the gyromotion,
giving

<’U>R = <UHeb>R + <’UJ_>R = v”eb(R) +0 (D.2)

as the parallel velocity remains constant during gyroaveraging, but the direction of the perpen-
dicular velocity oscillates poloidally.

Term 447 is simplified by substitution Newton’s equation of motion for a charged particle in an

electromagnetic field
ep XU <eb q >
=(—x—(FE B
< q >R q X m( +v X B) n

_ <eb; E>R+<eb X (v X ep)) g

where the definition of the gyrofrequency €2 = % and magnetic field B = Bep were used in

the last step. For the electrostatic perturbations under consideration the electric field can be
written as the gradient of the electrostatic potential E = —V ¢, and the magnetic force term can
be simplified using the vector triple product relation a X (b X ¢) = (a - ¢) b— (a - b) ¢, resulting
in

<ebf>2<@>R:_<W>R+<“L>R:—Z’((g)) X (Vo)g +0. (D.3)

Terms 44 and iv deal with the time derivative of the magnetic field direction and strength
respectively. Since the perturbations under consideration are electrostatic, they do not alter the
equilibrium magnetic field which is static as a result from quasi-neutrality (%—If = 0). Therefore
the only change in time a particle experiences from the magnetic is due its own motion through

the non-uniform magnetic field, i.e. the time derivative is just the convective derivative & —

(v- V). “

Term 47 can be solved by realising that the direction of € is constrained perpendicular to ep in
order to preserve the length of the unit vector, since ey - €p = %d(egf") = %%1 = 0. Splitting
the convective derivative as (v - V)ep = v)V|ep +v1 - V1 ep will simplify the gyroaveraging
procedure.

The parallel derivative vV ep represents the change of the direction of the magnetic field as
the particle moves along the field line, which as a result of the rotational transform ¢ of the
helical magnetic field is slowly twisting in the poloidal plane while moving along the field line.
Consequently, the relevant cross product [UHV”eb] X v = [UHVHeb] X (vHeb) since the gyration
takes place in the poloidal plane as well. It is custom to write Ve, = ep - Ve, = K since this
quantity represents the curvature of the magnetic field lines.

The perpendicular derivative v - V | ep is also a component of €, and therefore constrained
perpendicular to the magnetic field, however unlike the parallel derivative vV ep it does not
have a clear physical interpretation related to the twisting of the field line. Nevertheless, the
gyroaveraging operation can be performed by realising that Vep is a tensor containing the
geometry information of how the direction of the magnetic field changes locally through space,
and is therefore a fixed quantity for a given magnetic configuration at the guiding centre R.

However, v is the velocity associated with the gyromotion which continually changes direction

2
depending on the gyro-angle ¥). Since the magnetic moment p = n;%l is an adiabatic invariant of

the motion, and the magnetic field strength cannot change abruptly along the helical trajectory
of the particle during a single gyration (% < ||[VInB||"") the magnitude of v, remains constant
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during a gyration. Consequently during a single gyration v, () - V| ep is scanning different
components of the Jacobian matrix of the magnetic geometry (Vep). Since after half a rotation
the perpendicular velocity is in counter phase with itself v, (¢ + 7) = —v_ (¢}) all the selected
components of the Jacobian matrix during a gyration cancel out’*. Consequently, after some
effort the gyroaverage of term ¢ follows as

2 2
€y xv\  [UkXE€ (vi(V)-Vi)ep X v _U||“(R)Xeb(R)
(3 >R_< 0 >R+< e w0

Since the mass and charge of a given particle are constants, term ¢v can be reduced to X
% (v - V) B where the first factor is the gyroradius vector p indicating the position of the particle
on the gyration ring around the guiding center. Since for the gyroaveraging procedure the guiding
center is kept fixed, the gyromotion can conveniently be described in a local Cartesian coordinate
system {e1, ez, ep} with its origin at R [6], such that the gyration is described by

ep Xv
Q

p= 91()2) (sin() ey + cos(¥)eq)

v = v ep + v (cos(¥)er — sin(V)ez)

which has the benefit that the unit vectors remain constant during gyroaveraging. Expanding
term ¢v in this local Cartesian coordinate system gives

ep X v 1 v . . . 2
a *B (v-V)B =g (U” sin(9) V| B + vy sin(¥) cos(9) Ve, B — v sin(d) VezB)
+£—Eez (v” cos(9)V B + vy cos(1)?Ve, B — v sin(d)) COS(ﬂ)VeQB) .

The result of gyroaveraging is then readily obtained as

@xv 1w va Y .y In B(R) + v In B(R) (D.5)
Q B r 20R) T 20(R) 2V ™ '

which is a direct consequence of the 7/2 phase difference between the components of p and v ;
the dot product leads to mixing of the components of p and v, which are in phase and result
in a non-vanishing average over a gyration. As the local Cartesian coordinate system is defined
by e1 X e2 = ep, Equation (D.5) can be generalised to an arbitrary coordinate system as

ep Xxv 1 _ ep(R) v?
< Q xB('v~V)B>R_ O(R) x?iva(R). (D.6)

Combining Equations (D.2) to (D.6) gives the desired result for the gyroaveraged guiding center
velocity

: o er X (Vo)p  ep 2 UE_
<R>R =v|ep + — 75 + 0 X | vjKk+ TVIHB

where the evaluation of the magnetic field at the guiding center has been suppressed since that
is implied by the gyroaveraging procedure.

"'This argument neglects the cross product with v which cannot be reduced to a cross product with just the
gyrophase independent v|ep, since vi - Vi ep could also lie in the radial direction. Nevertheless, when v is
horizontal and the horizontal components of the Jacobian matrix are selected, the cross product with v, will
select the vertical component, which is /2 out of phase with its horizontal component. Consequently the average
over a gyration of the cross product with v, also vanishes since Ve is independent of gyrophase
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E Derivation of dispersion relation for the basic drift wave

The dispersion relation for the basic drift wave mechanism can be derived fairly easily from the
macroscopic MHD fluid equations for particle conservation and momentum balance, and what
follows the procedure in [5,12] will be closely followed. The MHD mass balance is given by [3]

ong
ot

+ V- (nsus) =0 (E.1)

where ng is the species density, and us is the macroscopic fluid velocity, which is equivalent to
the average velocity in kinetic theory us = [ fsd®v/ns. The MHD momentum balance is given
by [3]

0
msns <8t +us - V) Us = (sNs (E +us X B) — Vps —mgng ZVSS/ (us - us’) (EQ)

where mg, g5 are the species mass and charge respectively, E, B, ps = nsT is the species pressure
and T the species temperature, and v,y is the net collision frequency for momentum exchange
between species s and s'.

In the drift wave mechanism described in Section 2.1.1, it is the fast parallel motion of the
electrons parallel to the field that is crucial for the generation of the electric field as a result
of the much smaller inertia compared to ions. Thus neglecting the electron inertia and the
collisions since they are not included in the basic drift wave mechanism, the parallel component
of Equation (E.2) for electrons reduces to

0~ encV o — Vpe (E.3)

where the electrostatic approximation E = —V ¢ was used. In the basic drift wave mechanism

the temperature is uniform, the equilibrium density is taken to have a gradient perpendicular

to the magnetic field, and in absence of a density perturbation there is no electrostatic potential

¢ such that the parallel momentum balance reduces to 0 = 0 in equilibrium. In the presence

of perturbations n. — ng + dn and ¢ # 0, and assuming these perturbations to be small

dn/ng ~ ep/T. ~ 6 < 1 Equation (E.3) can be solved perturbatively by neglecting § terms as
one ep

- E.4
o T (E4)

where V| n. = VT, = 0 were used. Note that Equation (E.4) is simply the linearisation of the
Boltzmann relation for electrons in equilibrium [218], which corresponds with the assumption
that electrons respond adiabatically to equilibrate density differences.

Meanwhile the ions are dominated by their relatively large inertia, and will respond kinetically
to the density perturbation. As a result from the electric field the ions will be affected by the
E x B drift, which for a typical Maxwellian velocity distribution will be the mean velocity
obtained from averaging over the distribution”. Consequently Equation (E.1) for the ions takes
the form

8774‘
ot

X VO V¢> —0 (E.5)

—I—V-(nZ Iz

"In light of the theory presented Section 2.3 this is not completely true, since the kinetic response of the
ions results in a distribution f; = fars + faa,s + gi. Although for the first two terms which are of Maxwellian
form it holds that u; = vg, the kinetic response function can also have a non-vanishing average parallel velocity.
Nevertheless if the perturbations satisfy w/kj > v, the parallel motion of ions during a period of the oscillation
will be negligible and on the timescale of the perturbation one can take u; ~ vg [5]
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where B is just the magnitude of the magnetic field and e, = B/ B is the unit vector in the direc-
tion of the magnetic field. Assuming all perturbations to be of the form f = f exp(ik - © — wt)
for amplitude f , wavevector k and frequency w, Equation (E.5) can also be solved perturbatively.
Just as before using n; = ng+dén;, e¢p/T; ~ én;/ng ~ &, and neglecting §2 effects, Equation (E.5)
becomes

k k
won; = eb; 19 - Vng — eb; - knogop
=0
which is easily solved for the density perturbation as dn; = (e”xf%q&.

As a final ingredient, demanding the perturbations to maintain quasi-neutrality such that no
macroscopically large electric fields will form along the magnetic field, results in

ey, X k)-Vn e
(2 o )6 =0

which should hold regardless of the form of the potential perturbation such that the frequency
of the perturbation is found as

w:j;e(eb;k)-vmno, (E.6)
i.e. the frequency is purely real corresponding to a stable travelling rather than an instability.
Since the frequency was obtained with the same assumptions as the basic drift wave mechanism,
namely adiabatic electrons and ions influenced by the E X B drift, it must be the drift wave

frequency.

E.1 Translation to toroidal geometry

In the slab geometry the density gradient was taken to be in the x direction, which corresponds to
the radial ¢ direction in toroidal geometry, and a comparison with Equation (30) shows that the
wavefrequency is the electron diamagnetic frequency wy.. Continuing the translation from slab
to toroidal geometry, the wavevector in Equation (E.6) can be taken as k as the cross product
would make any parallel component vanish, and the Clebsch representation of the magnetic field
Equation (5) gives a natural choice for the perpendicular wavevector as k| = ko Va + ky, V1),
for which Equation (E.6) gives

T. (kL X ep) dlnn, T.., dlnn,

e — T _ ) = —ka

e T T B Voo T Zef T

where the circular shift property of the scalar triple product, the definition of Clebsch coordinates
B = V¢ X Va and e, = B/B have been used.

(E.7)

The fact that the perturbations move in the electron diamagnetic direction stems mathemat-
ically from Equation (E.4), namely that the perturbed electron density has exactly the same
waveform as the potential perturbation (and by enforcing quasi neutrality so must the ion den-
sity). Physically it stems from the fact that the electrons quickly re-establish their density to
the background density and thereby leave the ions behind at the perturbed density, so the wave
will travel in the same direction along the field lines as the electrons do, with the phase speed

E.2 Extension to 70 model

If the non-adiabatic nature of the electrons is accounted for by means of an i model, such that
the electron density perturbation becomes

dne edp ;5 e .
o ie =~ Te (1 Z(S)
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for phase delay of § < 1, then the quasi-neutrality condition is changed to

(eb X k) . Vno . e _
B (1 z5)n0Te $p=0

where the density perturbation for ions is the same as before. Factoring ng, e, T, out of the brack-
ets to enforce Equation (E.6) as the definition for w,. gives the new solution to the dispersion
relation as

w

Wee 1—146 R 1410

where § < 1 was again used in the last step. The drift wave frequency now acquires an imaginary
part which corresponds to a growth rate of v = § X wye leading to instability as a result of the
non-adiabatic response of electrons provided that § > 0 and the density perturbation will lag
the potential perturbation, i.e. the electrons cannot immediately establish equilibrium along the
field line on the timescale of the perturbations. In the more general case where the phase delay
is not small and the exp(—id) phase factor cannot be expanded it is straightforward to show
that the solution to the dispersion relation is given by

= exp(id) (E.8)

*€e

such that the non-adiabatic electron response leads to both a shift in the propagation frequency
away from wy. and a growth rate.

F Relaxation property of the BGK collision operator

In the absence of spatial gradients and electromagnetic fields™ (i.e. a homogeneous, unmag-
netised and quasi-neutral plasma) the kinetic equation Equation (10) reduces to the simple
form

9fs
ot

= C,. (F.1)

By taking velocity moments of Equation (F.1) evolution equations for the density, mean velocity
and temperature of species s are obtained

% (ng) = / Cyd3v
d

a (nsqs) = /USCSdS'Us (FQ)

g <3Ts +n8q§> = /ngSd?’vs
ot \'mg

where the definition of the velocity moments of fy from Equation (40) have been used. By using
the BGK model Equation (38) for the collision operator Cj it follows from the standard velocity
moments of the shifted Maxwellian

[utrido.=n [ Miploto,=na [eainido = (Saa) @)

S

"3 This is an idealisation that directly reduces the problem to an as simple as possible form. In actuality, spatial
gradients can be allowed provided that they are sufficiently weak (i.e. long gradient lengths L) and the presence
of magnetic field can also be allowed provided that is sufficiently strong, such that there is again a strong timescale
separation vrs/Lv Ve < vs < Q, and the kinetic equation can be approximately reduced to Equation (F.1).

124



that all of the right-hand sides of Equation (F.2) vanish, which is a consequence of the conserva-
tive nature of the BGK model. This means that Equation (F.2) represent a set of conservation
equations for the particle, momentum and energy densities, which can be reduced to

ans:o (9qs:o 8T5:0

ot ot ot
by substituting one equation into the next, and shows that the density, mean velocity and
temperature are all individually all stationary (i.e. constant in time). As furthermore the
plasma is taken to be homogeneous the the velocity of moments of fs, which in general are a
function of space and time since fq(x,v,t), are all just constants ngs, gos, Tps, and therefore the
equivalent Maxwellian Equation (39) is also constant My, = M|[fs(v,t)] = M (nos, gos, Tos)-

By explicitly writing out the BGK model in Equation (F.1) and plugging in the above results
for the constant velocity moments gives
of(vt) 1

8t = _Trel’s (fs(v7t) - MDS)

where because of the assumed spatial homogeneity the distribution function fs can only be a
function of time and velocity, for which can rather trivially be solved by means of substitution
to the new variable Afs(v,t) = fs(v,t) — Mys in the reduced kinetic equation, resulting in

fs(v,t) = fs(v,0) exp(—nt ) + nos (2;”7505)3/2 exp(—%_ofos)z) (1 - exp(—n:lﬂs)) (F.4)

el,s

where My, has been written out explicitly. From Equation (F.4) it can be seen that as t — oo
the distribution function tends to fs — My, regardless of the initial distribution fs(v,0) and
that the distribution function looses its initial character exponentially with an e-folding time

Trel,s-

G Details of derivation for interspecies BGK model

G.1 Constraints to the interspecies BGK model

The derivations of this section closely mirrors the one in [117,123], without assuming the collision
frequencies v19, 21 to be identical to respect the appearance of mass ratio in Equation (18).
The general strategy for determining the “hybrid” velocity moments of the equivalent Maxwellian
My appearing in the interspecies BGK collision model is best discussed step-by-step. First
the exchange of particles, momentum and energy from one species to the other are calculated
and the corresponding conservation requirements are set up in Appendix G.1.1. Then the
process of relaxation towards a common equilibrium is discussed in Appendix G.1.2. Then
lastly the postulates for the “hybrid” velocity moments are introduced in Appendix G.1.3 and
their corresponding solutions from the constraints are obtained.

G.1.1 Conservation requirements

The exchanges of particles, momentum and energy as a result of the interspecies collisions follow
from taking velocity moments of Equation (42), where the velocity moments of My are the same
as for M but with all species labels s in Equation (F.3) replaced by ss’ and the velocity moments
of fs remain defined by Equation (40). Since any elastic scattering of particles cannot change the
total number of particles, the “hybrid” densities can immediately be determined by requiring
the vanishing of the zeroth velocity moment of Equation (42), resulting in

3
/Css’,BGKd Vs = —Vsg/ (nss - nss’)

125



where in the case s = s’ the result that self-collision conserve particles is recovered. Thus the
“hybrid” densities are simply the particle density of each species ngs which reflects the fact that
since vg¢ are constant collision rates there is no preferential group of particles that only scatter
among themselves but not with the other species. Consequently double species labels on the
density are redundant and will be dropped.

Net exchanges of momentum and energy between two species are however possible such that
C,s is not required to conserve momentum and energy. The resulting flows of momentum and
energy from species s’ to s follow as

3
/ms'vscss’d Vs = — Vgg/Ns (qss - qss')

mgv? 3
/ ; = Css’dgvs = — Vgg'Ms <2 [

(G.1)

Tss — Tss’] + % [q.ss *Qss — (g’ - qss'])
where again in the case s = s’ the momentum and energy conservation of self-collisions is recov-
ered. Since the collisions between ions and electrons are however elastic, the total momentum
and energy in the system have to be conserved such that the total momentum lost by one species
has to be gained by the other, which puts constraints on the “hybrid” moments in terms of the
known moments of the distribution of each species. Conservation of total momentum and energy
of the two species system follows from summing Equation (G.1) over both species which leads
to

> /msvscss’dgvs = 0= —vigmimi (q11 — q12) — v21n2m2 (g22 — g21) (G.2)
(s,8")=1,2
mev? 3
> [t =0
(s,8")=1,2 (GB)
3 m 3 m
= vi2n <2 [T — Tha) + 71 [q%l - q%2]> — V21n2 <2 [Toy — To1] + 72 [q%z - q%l])

These conservation requirements on the total momentum and energy in the system however
gives only four equations to determine the eight unknown “hybrid” moments, such that addi-
tional constraints are required to uniquely determine all “hybrid” moments. These additional
constraints come from a relaxation problem, which is worked out below

G.1.2 Relaxation towards common equilibrium

The continuous exchange of momentum and energy between the electrons and ions will eventually
lead to an equilibrium situation where both species have the same temperature and mean velocity
, such that on a statistical level momentum- and energy exchange between ion and electrons
will cease [124]. To focus on the essential details of this process (slow time change to the
distribution function as a result of collisions) the same simplification of a homogeneous plasma
void of electromagnetic fields as in Appendix F is considered. Using Equation (G.1) the evolution
equations for particle, momentum and energy density Equation (F.2) follow as

0

ot (ns) =0
0
= (nsqss) = — Z Vss'Ms (@ss — Qss’)
ot o S2) (G.4)
0 3 3
a (TnsTSS + nsq§3> = - /%2) Vss! g (ms [Tss - Tss’] + [qzs - qzs/]> .
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These evolution equations can similarly be reduced by substituting each equation in the next to
give pure evolution equations for just the density, mean flow and temperature of species s
ons 0qss

ot =0 ot agis = —Vsg ([Tss —Tsor] = % [@ss — qu']2> (G.5)
such that the evolution of the observables of interest of the distribution function are obtained.
The difficulty in solving Equation (G.5) is that the evolution equations for Ts and g are coupled
because of reshuffling of energy between deterministic part related to gs and thermal part related
to random motion. The main role of interspecies collisions will be to equilibrate the electrons
with the ions and vice versa by exchanging energy and momentum until a common temperature
and mean flow velocity are reached

= sy (qu - qss')

lim qi1 = lim g22 = oo lim TH = lim TQQ = Too- (GG)
t—o00 t—00 t—o0 t—00

To be a true equilibrium, the microscopic dynamics of ions and electrons which will continue to
exchange momentum and energy on a single-particle level should no longer affect the macroscopic
statistical properties of the electrons and ions on the collective level, such that the equilibrium
must be steady-state. Therefore ag—‘;" =0 and %Lt‘x’ = 0, i.e. the moments of the distribution

function should over time relax.

Enforcing steady-state on Equation (G.5) then places constraints on the long time behaviour of
the “hybrid” moments

lim Qss’ — oo lim Ty — Too (G7)
t—o0 t—o0

which means that the equivalent Maxwellians describing the scattering of each species among
themselves and with each other will relax to the same distribution

lim Mss[fs] = lim M,y [fsu fs’] = Ms,oo
t—o00 t—o00

which makes sense as the statisical information of the distribution functions fs, fs, which in turn
determine the statistical properties of My, are identical in the relaxed state. Equation (G.6)
and Equation (G.7) can be compactly written as

}i}m dss’ — doo V(S, 8/) € {17 2} ® {17 2} (GS)
Jim Ty — Tog V(s,s') € {1,2} ® {1,2} (G.9)
— 00

which only gives information on the limiting time behaviour of the “hybrid” moments such that
these cannot be used in conjunction to Equations (G.2) and (G.3) which have to be satisfied
instantaneously and all reduce to zero in this relaxed state.

G.1.3 Form of the “hybrid” moments

The workaround to this issue which allows to use the relaxation problem as additional constraints
to the conservation requirements is to decompose the “hybrid” moments in terms of the mo-
ments of the distribution of the two species (see Footnote 32 for motivation of this decomposition)

g12 = 11911 + a12q22 G.10) Tio = B11Ti1 + Pr12Te + Aqi1 + Bqi1 - g22 + Cgs

(G.11)

g21 = 021411 + 022422 To1 = BorT11 + BooToo + Dgiy + Equi - g22 + Fa3s
Because all time dependence in Equations (G.10) and (G.11) is relinquished to the time depen-
dence of the temperature and mean velocity of each species and the coefficients are constant, the
conservation requirements and relexation constraints can be applied to determine what these
coeflicients should be to reflect the proper physics and not be some arbitrary model parameter.

127



G.1.3.1 Solution for the “hybrid” mean velocities

The four «;; coefficients are determined from momentum conservation Equation (G.2) and the
velocity relaxation Equation (G.8). The steady-state requirement of the relaxation problem
directly places a constraint on the «;;’s since

tll>r£10 q12 = (11 + 012)G0 — oo
must hold for arbitrary qoo. Taking the same limit for g21 gives two constraint equations
ajp oz =1, agt+axp=1 (G.12)
Meanwhile the momentum conservation requirement Equation (G.2) becomes
(nimiviz [1 — an1] — navarmaaor) qua + (navaime [1 — azs] — nivigmiaiz) gz2 = 0

which should be satisfied instantaneously for any gi1, g22 such that the constant coefficients in
front of the mean flow velocities should vanish. However, using the earlier determined constraint
on the o;;’s Equation (G.12) this only produces one unique additional constraint coupling the
two “hybrid” velocities qi12, g21

Q21 M1Mmivi2 (G.13)
Q12 M2Mmalal

which leaves one of the «;;’s as a free model parameter, which is taken to be aqs.

G.1.3.2 Solution for the “hybrid” temperatures

The four §;; coefficients and six Roman coefficients A-F are determined from energy conservation
Equation (G.3) and the temperature relaxation Equation (G.9). Proceeding similarly as above,
the steady-state requirement of the relaxation problem gives

tlggo Tia = (B + B12)Too + (A + B+ C)qae — To

which must hold for arbitrary geo,7o.. Taking the same limit for T5; yields the four constraint
equations

Pri+pPrz2=1 o+ Pr=1

(G.14)
A+B+C=0 D+E+F=0

Meanwhile the energy conservation requirement Equation (G.3) becomes

3 1
3 (n1v12 [1 — Bi1] — noverBor) Ti1 + 3 (minviz [1 — of,] — manovaia3; — 3n1vi2A — 3ngva1 D) @i, +

3 1
3 (naver [1 — Bag] — nivizfi) Toz + 3 (manavar [1— a3y] — miniviaaty — 3n1v12C — 3ngvai F) @35+
1
—5 (3n1v12B + 3ngve1 B + 2minivisaiant + 2manavaraie1e2) qi1 - g2z = 0

which should be statisfied instantaneously for any 711, 752, 11, g22 such the coefficients in front
of every temperature and combination of flow velocity must vanish, yielding five additional
constraint equations, which can be solved independently as Equation (G.14) decouples the 3;;’s
from A-F. The constraint equations for the f3;;’s are isomorphic to the constraints for the a;;’s
such that only on additional constraint on the 3;;’s follows from energy conservation

Ba1 _ vz

= 1
Bz nova (G-15)
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which leaves (19 as a free model parameter.

The three remaining constraint on the Roman coefficents A-F are however coupled to the con-
straints on the «;;’s such that these are not independent. Substituting the constraints on the
a;’s then gives constraints equations on A-F' in terms of the free parameter a2

nimirv
3 (mv12A + nav1 D) =arzgminivi <2 — Q12 [1 + 1112}>
na2Mmal21

nimyv
3 (7111/120 + 77,21/21F) =Q12M1N1 V12 <2 — (12 [1 + 1112:|> (G.lﬁ)
namal21

nimiv
3 (nv12B + nova1 E) = — 2a19minivin <2 — a9 [1 + 1112])
namala1

which can be reduced to the “eyeballing solution”

B E

A=C=—-——, D=F=——

2’ 2
which is also a consistent solution to the relation constraint Equation (G.14), as each constraint
in Equation (G.16) has the same right-hand side such that they are degenerate. This means
that out of the six Roman coefficients A-F' only two are unique and Equation (G.16) can be

used to eliminate one of them which yields a third free model parameter

D aaminivia n1mivi2 n1v21
e 1 - G.17
A A 3nove iz | L+ noMmalia] nala1 ( )

which is chosen to be coefficient A.

G.2 Coupling of interspecies BGK model to exchange model

The fact that the BGK collision rates vy are free model parameters can cleverly be used to
determine some of the remaining undetermined coefficients for the “hybrid” velocity moments
Equations (G.10) and (G.11). This is because the undetermined parameters essentially are given
the status of a free model parameter as well, but by substituting the results for the o;j, 8;;, A—F
from Appendix G.1 into Equation (G.1) it follows that the resulting exchange of momentum
and energy from e.g. species 2 to 1 are given by

/m1U1012d3U1 = —vignimi (q11 — q12) = —nimiaieriz (@1 — g22) (G.18)

myv? 3 m
/ ; 1 012d3'01 = —V19n1 (2 [Tn — T12] + 71 [q%l — q%ﬂ)

m 3A
= —niv12f12 [Tn - T22] + nivi2 (71 [Q11 - Q22]2> X <m1 + Ot%2> — nimiviaQi2 (Q11 - Q22)
(G.19)

Equation (G.18) shows that the actual momentum transform is determined by a2 X 12 such
that it is impossible for both a;s, 15 to take on arbitrary values as the actual rate of momentum
transfer between ions and electrons is determined by the details of their Coulomb interaction.
Similarly Equation (G.19) shows that the energy flow has three channels of energy flow: transfer
of thermal energy between the species, changes in the component of the relative velocity that
species 1 carry and direct energy changes as a consequence from momentum transfer between the
species. These channels have an energy flow propotional to the products vq9 X 12, 12 X A, V13 X
a2, whereas the actual rate of energy transfer between ions and electrons is also determined
by the details of their Coulomb interaction. Therefore the model parameters a2, 812, A cannot
truly be free as they will have to be adapted to the choice of v12 to give the proper momentum
and energy transfers.
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G.2.1 Net exchange model for Coulomb collisions

The physical transfer of momentum and energy from the ions to the electrons due to collisions
are semi-phenomonologically modelled as [3]

d __
a (nemGQe) = - meneVgL (Qe - ‘;h) (G2O)
W) =7 (U~ 1) (G21)

where Uy = %nsTs + %nsmsqg is the total energy density of species s and @,@ denote the
effective exchange frequency of momentum and energy respectively. In fusion plasmas the mean
flow is typically due to a toroidal rotation of the plasma that is externally induced to increase
the macroscopic plasma stability [219]. In tokamaks this rotation speed can be a fraction of
the ion thermal speed, but in stellarators it is typically inhibited [43]. Consequently the energy
density is dominated by its thermal part such that U; ~ %anj, which makes the coefficients A-F
redundant. It might be objected that this would violate energy conservation since according to
Equation (G.17) A = 0 does not imply that D = 0 as well, however in view of the inevitable
linearisation of the BGK model which follows , the quadratic contributions in q to the “hybrid”
temperature would be neglected anyway since these are O(§2) [123]. Furthermore the fact that
rotational velocities do not exceed only a fraction of the slowest ion thermal velocity is completely
consistent with the linearisation of q[f]/vras =~ 0 from Section 2.5. By changing the species
labels e — 4, i — e in Equations (G.20) and (G.21) completely analogous equations for the
transfer of momentum and energy from electrons to ions are obtained, and conservation of the
combined momentum and energy of electrons and ions fixes the relation between the exchange
frequencies as

E (nemeQe + nzmzq'L) =0= mefgg = mi@
d

a(Ue‘FUi):O—)@:ern

(G.22)

where quasi-neutrality ne ~ n; has been used.

G.2.2 Matching of BGK to physical net exchange model

To match the BGK model to the exchange model a convention about the species labels will
have to be adopted, and therefore the electrons are taken as species 1 and the ions as species 2.
Comparing Equation (G.18) to Equation (G.20) then gives the undetermined aqa coefficient as

oy

19 = L (G23)
V12

Similarly comparing the momentum flow from electrons to ions to the exchange model would give
a match forao; = 17 /o1 such that ratio of the two ay; coefficients follows from Equation (G.22)
as

Q21 VV1i2 | Mel12

12 I/ggljgl m;21

which is consistent with the constraint Equation (G.13) under the same quasi-neutrality as-
sumption.

For a consistent comparison of the energy exchange model Equation (G.21) with the energy flow
from the BGK model Equation (G.19), the quadratic terms in the flow velocity will have to be
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neglected in the latter, which would happen in linearisation anyway. Thus by retaining only the
the first heat transfer term in Equation (G.19) the free parameter f;2 is fixed as

V@?’L

= et G.24
B2 . ( )

and a similar analysis for the energy flow from electrons to ions gives a match for B = l;';l
such that the ratio of the two 3;; coefficients follows from Equation (G.22) as

B vilvia | Va2

Bz vvy v

which is consistent with the constraint Equation (G.15) under the same quasi-neutrality as-
sumption.

This method seems dubious at first as Equations (G.23) and (G.24) now express a previously
free model parameter in the ratio between a seemingly phenomenological exchange rate and
an equally free model parameter. The exchange model is however only semi-phenomological
as the exchange frequencies can be determined from first principles, which involves averaging
over the changes in velocity of individual test-electrons due to collisions with ions and is the
natural extension to how the test particle collision frequencies Equation (16) are determined.
The details of this calculation is rather lengthy and therefore deferred to Appendix H, which
results in a coupling of the exchange frequencies to the rigorously physically interpretable 90°
scattering frequency of electrons on ions as

N Mo —— m .

Ve = 251/;@ = Qiygge (G.25)
which again shows that energy transfer is slower than momentum transfer by the mass ratio.
Furthermore Equation (G.25) allows to express a2 in terms of f12 as

P12 = 2 0y
mg

which was not previously possible from the constraints on the interspecies BGK model. Within
the framework of the linearisation to come this eliminates another coefficient of the “hybrid”
moments for the interspecies BGK model such that all “hybrid moments” may be expressed in
terms of 312, which is in turn fixed through Equation (G.24) by any choice for the collision rate
v12 which is the conventional free parameter of the single-species BGK model. Consequently
when linearised around gs/vrs < 1 the two-species BGK model is completely determined in
terms of the four arbitrary collision rates v,y only.

G.3 Linearisation of the interspecies BGK model

With the “hybrid” velocity moments for the equivalent Maxwellian M,y of the scattered particles
finally determined in terms of the known velocity moments of the ion and electron distribution
functions the model can be subsequently linearised for its intended application of performing
linear stability analysis on the GKE Equation (25).

G.3.1 Linearisation of the interspecies collision operator

Using the decomposition Equations (G.10) and (G.11), the solutions for the coefficients given
in Appendices G.1 and G.2 and the linearised solution for the functionals Equation (40) (corre-
sponding to linearised velocity moments of fs) of each species determined in Section 2.5.1, the
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“hybrid” moments follow as

e e
qi12 ~0 g21 ~0
1% 1%
Tio =p12T; + (1 — Br12)Te To1 ~B1a—2Te + (1 — 51212) T
21 V21

where species 1 is taken to be the electrons and species 2 is taken to be the ions. The issue
with the coupled arbitrariness of 512 to the free choice of the collision rate v1o can be closed by
introducing the temperature ratio 7 = Tp; /Tpe such that the “hybrid” temperatures for scattered
electrons can be written in terms of the electron temperature, and vice versa for the ions

T

Tio=T,(1+ B2 (r—1)) T21=Ti<1+ﬁ211_7>-

Under typical fusion reactor conditions the temperature ratio satisfies 7 ~ 1, see Figure 1b, such
that the “hybrid” Maxwellians can be expanded around 7 = 1 such that the linearised BGK
operator for e.g. electron-ion collisions becomes

ep mevg 3 s 0
CeiBak = —Vi20ge + V12512 (T — 1) Fare | 1+ — 5| =C ok + Ceipax (G.26)
To) | 2T. ~ 2 ! |

which consists of a fluctuating part ng', pcx that is linear in the perturbations gs,¢ and an
equilibrium Cgi’ pax part that only contains the Maxwellian Fjz.. As this part is unrelated to
the fluctuations that are intended to be studied with Equation (G.26) its role is first investigated

in detail below by taking the equilibrium limit of g, » — 0.

G.3.2 Understanding the equilibrium contribution

The effect of the leading order equilibrium part of the linearised BGK operator for electron-ion
collisions

mev?: 3
Co par = v12b12 (T — 1) Faze ( 5T 2) : (G.27)

becomes clear by taking its moments velocity moments. The zeroth velocity moment follows as

3/2 2 2
m MeV MeV 3
[ tanue =t tma (5 ) fom(-557) (57 - 3) o

= viof2 (T — 1) neo\/QE /OOO Vi exp(—u) (M - 2) du

= 1/12612 (7‘ — 1) n60\/27? <F(5/2) — ;)F(3/2)> =0

where spherical velocity coordinates are used to exploit the isotropy of the Maxwellian, p =
mev? /2T, has been introduced to map the remaining integral onto gamma functions, and the
last step follows from the recursive property of the gamma function I'(n 4+ 1) = nI'(n). As the
zeroth velocity moment vanishes, Equation (G.27) is particle conserving.

The first velocity moment of Equation (G.27) [C%m.ved3ve = 0 as the integrand is anti-
symmetric, such that in equilibrium there is no momentum exchange with the ions. As the
ions are also taken to be given by a Maxwellian distribution without mean velocity, this is
consistent with the exchange model Equation (G.20). This could be expected as the Maxwellian
Equation (23) is taken to have zero mean velocity for both ions and electrons, such that the
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electrons and ion do not cary any net macroscopic momentum and this neatly shows that there
is no spurious macroscopic momentum generated for the electrons (and hence also not for ions
to conserve total momentum).

Meanwhile the second velocity moment of Equation (G.27) is given by

Mmev? . m, m 3/2 mev? mev? 3 .
CQ eedd _ -1 e e / _ TteVe €% _ v Qdd
/ i g Ve = V1212 (T ) Mo 2 \2nTo exp 2Ty Moo D) Ved Ve

T ) exp(—p) (1= | du

2T
=v12f12 (T — 1)ne—=| T'(7/2) —=T'(5/2)
ﬁ —— ——
=15/7/8 =3/7/4

3TeO

2

= 12012 (T — 1) neo

N W
=

= 12012 (T — 1) ne

upon using Equation (G.24) and 7 = Tjp/T¢o it follows that the energy exchange resulting from
Equation (G.27) is exactly the energy exchange model Equation (G.21). The fact that the
BGK model is consistent with the exchange model should not be completely surprising as the
BGK model is fitted to match the exchange model and the exchange frequencies are rigorously
calculated by averaging the energy and momentum exchanges over the Maxwellian distribution.

Furthermore, if the electron Maxwellian is given by Equation (23), repeated here for convenience

me 3/2 mev?
A

then it follows that in equilibrium

dF e Me 3/2 mevg mev? 3\ dT.o
= —_— — - =) —/T G.28
ac e (27T0€(¢,t) P\ 2ty ) \ 2T~ 2) Tt /Teo (G-28)
where for flux functions P(v,t) the convective part of the total time derivative % = %—f +

&g—fz will vanish if averaged over some suitable intermediate time interval since to have proper
particle confinement the magnetic geometry is constructed to make the average radial drifts
vanish™. If the energy exchange model Equation (G.21) is substituted for ddeo, where for the
equilibrium Maxwellian the energy density is exactly U; = %nojToj because there is no mean

flow, Equation (G.28) becomes

— Py (e~ 3) (o~ Ti) /T = G (@.20)
Oe

where the last step follows by substitution of Equation (G.24) and definition 7 = T;y/T.o. That

is Equation (G.29) is essentially the kinetic equation’ for the equilibrium Maxwellian, and the

purpose of the equilibrium part of the BGK operator Equation (G.27) is to slowly equilibrate

the electron temperature to the ion temperature over time as it will completely vanish when

7 = 1, which was alluded to in Section 2.3 when the Maxwellian Equation (23) was introduced.

"Rather in the context of Appendix C.2 this radial drift would lead to a small deviation from the Maxwellian
resulting in neoclassical transport, but this has been omitted throughout the thesis.

"Not in the sense of a direct comparison with Equation (10) which is valid in a general situation, but rather in
the sense of Equation (C.2) taking into account the previous comment about omitting the neoclassical correction
or averaging over a suitable intermediate time window.
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G.3.3 Simplifying the fluctuating contribution

As the equilibrium can be considered as “frozen” on the timescale of the perturbations, for the
purpose of linear stability the contribution from C’gi, par to Equation (G.26) can be neglected
such that the BGK model is completely determined by its fluctuating part ng‘ pax- There
is however an inbalance between these terms as both gs/Fyrs ~ e¢/Tep ~ 0 ’<< 1 but the
second term is still multiplied by 7 — 1 which tends to zero when 7 =~ 1 and consequently will be
significantly smaller. Therefore combining the above statements then leads to the total linearised
BGK operator for electron-ion collisions as

mev? 3

2T, - 2] ~ —V129e

20
CeiBGK = —Vi2ge + V12012 (T — 1) FMeTO [
é!

which eliminates 812 completely from the collision operator, such that it is merely described by
its free parameter collision rate vq12. This analysis has focused on the electron-ion term since
it contains the somewhat annoying (512 parameter which has to be determined from the choice
of v12 and the energy exchange frequency v, but is straightforward to show that for the ion-
electron collisions effectively the labels e — 4,12 — 21 and 7 — 1/7 are changed in all formulas
above such that analogously the lowest order contribution to the linearised BGK operator for

ion-electrons collisions is just Cie Bax = —1219;-

H Calculation of the macroscopic exchange frequencies

In the derivations that follow, the integral strategy from Chapter 9.7 of [3] is closely followed,
but has been reformulated in terms of the theory of binary collisions from Appendix B and
extended to the more general case where the mean velocities are not aligned with one of the
coordinate axes.

H.1 The momentum exchange frequency

The net change in the macroscopic momentum density of electrons due to binary collisions with
ions is simply a suitable average of the microscopic momentum gained by a test-electron from
collisions with the population of target-ions over the electron distribution function

d Me (Ve + AVe) — MeVe “
7(nemeQe) :/< ( ) > fedg've

dt At
_ A(meve) (H.1)

At
Lez’ .
= 1+ 2 m, // 2t fidBvedo;
Am m; usd

where Equation (B.5) has been used for the statistical change in the velocity of a test-electron
due to collisions with all the ions. Calculating Equation (H.1) in general for arbitrary distribu-
tion is not feasible, therefore the ions and electrons are assumed to have a shifted Maxwellian
distribution to allow for a macroscopic flow of ions and electrons such that there is a non-zero
macroscopic momentum. In line with the observation that the toroidal plasma rotation is typ-
ically only a fraction of the ion thermal velocity at most the mean velocities are ordered as
llas||/vrs < 1 for both species. Additionally in accordance with the typical reactor conditions
the temperature difference between ion and electrons is assumed to be small such that

L_m = g < 1

(Te + Tz) / 2 TO
where Ty is a measure for the average temperature in the plasma and the electron and ion
temperature follow from this definition as T, = Ty + AT/2 and T; = Ty — AT/2. With these
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assumption the distribution function for ions and electrons can be expanded to first order in
gs/vrs, AT /Ty resulting in

3/2 2 2
Mg MgV AT [mgv; 3 MsVs * Qs
~ _ 1428 [TV 2, TMsUs s
fs(vs) % s (27TT0> eXp( 2T, ) % < 2T, [ o, 2| T T

where the the plus sign holds for electrons and the minus sign for ions.

Because the integration in Equation (H.1) involves the relative velocity w and the individual
velocities of both species it is best handled with a change of coordinates that reflects the form
of the integrand. This is facilitated by the coordinate transform (ve,v;) — (V,u) determined
by

m;

Ve =V + — u \74 :meve + m;v;
Me i me +m; (H.2)
v, =V - ——u =V, — v;
i e U =Ve — V;

where V is the centre of mass velocity and w is the relative velocity. To correctly transform
the velocity volume element d3v.d?v, — |det J ‘d3ud3V the determinant of the 6 x 6 Jacobian
matrix J is required. Fortunately this can be done in an elegant way by realising there is
no mixiﬁg of components in the coordinate transformation Equation (H.2), consequently the
Jacobian matrix J will be very sparse and can be arranged to have a block-diagonal structure
of three 2 x 2 matrices for each direction and the determinant is simply det J = J,J,J, where

Ve, v ] om
Jk:det(ve’k’wzdet[ me*,;{g”’]:—l k=x19,z2
G(Vk,uk) 1 et

is identical for each 2 x 2 sub-matrix due to absence of component mixing and is a simple
multiplicative factor because the transforms Equation (H.2) are linear. As a last prepratory
before calculating the integral the product of distribution functions f.f; is also written as a
function of w, V

memi \*? - mevl +ma\ (| Ve g+ mivi-gi | mevg —mivi AT
2 2Th Th 2Ty 2Th

3/2 2 2
Mem; (m; +me)V My V - (meqe + miq;)
el T T The) ¥ _ 1
) eXp( 2T, > eXp( 27T, ) < + T, +

fefi =nen; (

mst - (ge — q;) N g (me —my;)V? N Am,V - u N uZm*%
T 2T, 275 2Ty 2T,
3/2 2 2
MeM; (m; +me)V Myl
= S Nt el _ F(V
et ((QWT0)2> eXp( 2T} ) exp( 2T) > Vo)

(H.3)

where only terms to first order in gs/vrs,dT /Ty are retained and the reduced mass my, =
m;me/(m; + me) has been introduced.

The resulting integral [[ % f.fid*ud®V can now easily be carried out by substituting Equa-
 mau?

270
the only non-vanishing contribution to the integral over d3u comes from the expansion terms in

. 2
F(u,V) that are also anti-symmetric in w. Similarly the prefactor exp(—%) is sym-

tion (H.3) and realising that the prefactor u%exp( ) is anti-symmetric in u, such that

metric in V', such that the only non-vanishing contribution to the integral over d>V comes from
the expansion terms in F'(u, V') that are also symmetric in V. There is only one term in the
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expansion F'(u, V') which satisfies both symmetry requirements, such that the integral simplifies
to

3/2 )
ﬂ 13,13y, _ ) metn; mz —|— me) Vv m*u Myl (Qe _ qz) 3 .3
/ u3fefzd ud’V = NeNy ( o TO > // eXp( exp 2T0 T d°ud’V

which factors itself into a V' dependent integral and a u dependent integral that can be evaluated
separately in spherical velocity coordinates

d3V = V?sin©dV de dd d3u — u?sin @ du df do

The integral over d3V is the most straightforward

21w poo ; V2 2T 3/2 poo
exp —M V2sin©dV dO dd =4r [ ——2 W2exp (—W2) dw
2T, ;
o Jo Jo 0 Me + My 0

oMy \*/? Ty
=4r <m€+ml> / \/gexp —(me+mi>

—I(3/2)=/7/2

where in the first step the information over angle is performed and a change of variables W =
v/ (me +m;)/2ToV has been performed, and in the second step another change of variables
¢ = W? is performed to map the integral onto a standard Gamma function.

The integral over d3u requires some more effort to work out since it also depends on the direction
of u, which can be accounted for by expanding u and g ; in their Cartesian components

o0 myu

o % eXP( m*u ) du x fo fo sin 0 (sin 0 cos ey + sin @ sin pey, + cosbe) X ([ge.e — Giz] SINO COS P + [Gey — Giy] SINOsin G + [ge > — ¢i,2] cos 0) dO dp

which can be straightforward integrated over ¢ to cancel out the majority of the terms

oo iy
= / exp(n)dn ><7r/ sin 0 ([qe@ — Gz €x sin? 6 + [Gey — Giy) €y sin? 6 + Qe — Giz] €22 cos? 9)
0 0

=I(1)=1

1 4
= 77/1 ([Qe,;t - Qi,x] em(l - a2) + [QE,y - qi,y] ey(l - 042) + [Qe,z - Qi,z] ez2a2) da = ? (qe - q'i)

where the new variables 7 = m,u?/2T, a = cosf have been introduced to reduce the integrals
to elementary forms.

Combining the factorised integrals over w and V' then gives the rate of change in macroscopic
electron momentum density as

d L MeM; 3/2 21Ty 32 yr
14 ellte = 1 - e elly - - —dq;) - H4
dt (nemege) s < +ml>m X Tetti <(27TT0)2) 8 <me+mi> *3 (9e — ). (H4)

Comparing Equation (H.4) with the phenomological form of the exchange model Equation (G.20)
then gives the effective momentum exchange frequency between ions and electrons as

i =3 \M T, )™ 3 InA = 5 H.5
e 3 ( * mz> i <27rT0> 3 \eogme ”3/2”%8 n Vg0 (H.5)

where the mass ratio expansion m./m; < 1 has been performed, the definition of L given
below Equation (B.3) and Equation (17) for the definition of the 90° scattering frequency have
been used.
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H.2 The energy exchange frequency

The calculation of the energy exchange frequency proceeds much analogous to the calculation
of the momentum exchange frequency. Departing from averaging the change in test-electron
energy due to collisions with the target-ion population

d = Me (Ve + Ave)? /2 — mv2/2 « 3
dtUe_/< At fed“ve

A(mevg /2)
At

H.G)
Ave Ave (
/feme've'< > dgve+/feme<(2At) > d3
= _Li 1+ Me Mme //'Ue : fzfed3vedgvz + Lme // fzfedgvedgvz

A7 m; u3

where Equations (B.5) and (B.6) have been used for the statistical changes in electron velocity.
Equation (H.6) shows the test-electron energy can either change by direct momentum transfer

resulting in a power P = % - ve and indirect velocity diffusion.

2

When transforming to the new velocity variables (ve, v;) — (V,u) these different contributions
partially cancel leaving only

d L
“U=— 1+ —2) m, fed3ud?
dtU 47r< + >m// 3 ff ud’V

which is a consequence of the fact that the small velocity deflection in binary Coulomb collisions
conserve both the centre of mass velocity V' and the magnitude of the relative velocity HuH2
such that only the direction of w w.r.t. V' can change in a collisions [3].

Substituting Equation (H.3) and considering the symmetry requirement that only expansion
terms in F'(u, V') that are odd in both u, V' will give a non-vanishing contribution to the integral
leaves again only a single integral to evaluate

3/2 2 2
3 3 o ) MeTn; V U i (ml + me) V _m*u myu - VAT 3 3
// 3 flfed ud’V = nen; <(27TT0)2> // 5 exp( o exp ST, T2 d’ud’V

which can again be done in spherical velocity coordinates for both V', u but results in a more
involved angular as the direction of both u, V' will have to be accounted for. Nevertheless using
spherical facilitates to factorise the integral into an angular (direction) part, and two magnitude
(speed) parts. The latter can be cast in the form of gamma functions

00 /2 00 5/2
A (mi + me) V2 oy \? |1 / 32 3VT [ 2T
_ dv = [ —— - =
/0 v eXp( 2Ty v m; +me 2 Jo ¢ el 8 \mi+me
(S ——

=I'(5/2)=3/7/4

/oom*ATuex _mas? du:g Ooex (—n)d _ AT
o 12 P\ T T J, CPVPYT g

=I(1)=1
by using & = (m; + me) V2/2Ty,n = meu? /2Ty again. The angular part is more involved
2” Joo Jo (cos?(@ — @) [1 — cos? 0 — cos® ©] + cos? © cos? 6 [1 + cos?(P — ¢)] + 3 cos(® — ¢) sin(26) sin(20)) sin O sin © dO df AP d¢

1
= 272 // (1 — cos® 6 — cos® © + 3 cos® f cos® 9)sm931n®d0d@—27r/ / (1-a®—B%+3a?8%) dadB = —— 6
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which is calculated by first carrying out the integral over ®,¢ by expanding cos(® — ¢) into
elementary trigonometric functions, and then transforming the remaining integral over 6,©
with the substitutions a = cos#, 8 = cos ©. Combining the above integrals then gives the rate
of change in macroscopic electron energy density as

d L MeM; 3/2 AT To 52 {6y2
-, Ye — 1 - e ell; .
dtU 47 ( +ml>m X et ((27TT0)2) X3\f8 <ml+me> x 3

(H.7)

To compare Equation (H.7) with the phenomological form of the exchange model, the small
mean flow assumption |gs||/vrs < 1 is made such that U; ~ 2n;T; and the effective energy
exchange frequency follows as

2L 3/2 on; 2\ 1 :
Ve = nz( e, ) Me o 2N < ¢ > A = %V&Z}e (H.8)

et 3 2Ty m; 3 \eome) w203, m; m;

where again the mass ratio expansion m./m; < 1 is performed and Equation (17) for the
definition of the 90° scattering frequency have been used. A comparison of Equation (H.8) with
Equation (H.5) shows that the exchange frequencies are related by

Ven —_ % m

1%
el m; [

I Explicit calculation of the ion velocity integral

Departing from the ion velocity integral on the right-hand side of Equation (56) and substitut-
ing for the temperature dependent diamagnetic velocity Equation (30) splitting for its energy
dependent and independent parts results in the following integrals

Wi Wdi vie 1 3/2 v? 1, 2
(1—)/<1+—i>< . ) exp<—5>J0 <kJ_ > &,
w w w s (O Q
v? 3 Wi vie 1 \*? v? v 2
—niwe | (= =S ) [T+ =2 —i— —— ) Jo (k15" ) dPv;
e [ (52) (-2 -5) (5) o) 0 () o

where all velocity independent factors have been taken out of the integral and the thermal veloc-
ity vy = /2T;0/m; was used for compressed notation of the Maxwellian. This notation further
facilitates the use of normalised cylindrical velocity coordinates d3v; — v%i dv x| dz d:c” where

T = v Jvri,x1 = vy Jup; since the Bessel function depends only on the perpendicular speed
and the magnetic drift velocity splits in a contribution from parallel and perpendicular motion,
resulting in

we 2 [ [ wai(zi, ) ve(xL, ) o | 2 2
(1 - )ﬁ/oo /0 (1+ —i - exp(—xH +37J_)J0 (kipriry)” w1 dry d)

w w
2 Rl e 3 Wdi(T1L,T R CaN
_in*iﬁ/ / (x2|+x2l—2> <1—|— (w ) -1 (w |)>exp(—m%+xi>J0(kJ_pTixJ_)2xlde_d:c|
oo 0

where the integral over the gyrophase just gives a 27 prefactor as by construction the kinetic
response ¢; is gyrophase independent and the dependence of collision frequency and drift fre-
quency is made explicit. Upon using the “vacuum plasma” approximation for the magnetic drift
frequency, the integrals over perpendicular and parallel direction become factorisable into the
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following standard integrals

/ Z ¢ exp(—¢%) d¢ = /0 T2 exp(—0)dC = T (n 4 1/2)
| exp(-€)entac)?a - ;exp<—a22> I (‘fj
/ " exp(~€)€ (a8 de = S exp (“;) [‘;211 a;) F1- S0 (“;)]

where I'(n) is the Gamma function and I,, denotes the modified Bessel function of order n and
a > 0. In terms of these standard integrals the constant and drift terms of the velocity integral
evaluate to

0o oo . i , ) i ,
/ / 1% eXp(_wﬁ + IB%_)J() (kJ_pTixJ_)Q T dm'J_ d.’EH = \é% exp <_( J‘/Z)T ) >IO (( J_/;T ) )
o / / (x” + > x exp(—af + xJ_)JO (kiprizy)?z) dz) da) =

Wdzf [(lﬂpﬂ) (kLpTz >+ kLPTz) Vo ((kiPTi)2>]
2

2

/ / <x—i—xj_ > X exp xH—FxJ_)Jg k‘LpszL) r) dr) dz) =

(kJ_PTz) fexp( J_PTz > [h ( kipri) ) 1 ((hpﬂ)zﬂ
2
wdl/ / <x”+:ﬂ > <|2+

ﬁex —M 1— M I (kLpri)® _(kJ_PTi)Q (kJ_,OTi)Q_§ 7 M
g P 2 9 0 9 B) 5 5 | 11 5

For the ion-electron frequency the velocity dependence oc (vr;/v;)? is prevents factorisation of
the parallel and perpendicular velocity integrals. Nevertheless as it turns it the double integral
over both velocity components evaluates to a more generalised hypergeometric function ,Fj

5 ) X exp( $ﬁ + J?%_) Jo (kJ_pTZ‘.TJ_)z T d.%J_ dxH =

T e (—€?) exp(—¢?) $ (a8)*d¢d¢ = /7 x oF: 12 172, o
o p p 52 + C2 0 - 21472 1 3/25
such that the two remaining integrals involving the collision frequency become

v > 1 2 2 2 1/2 1/2, 2

~Ze 3
/ / ) 22+ 22 z? (a: +al - ) X exp(—xﬁ + “72L>J0 (kipriz,) e, dz, do) =

ex (kipri)® N2
Jr P( : 2 )Io ((kuzm) > 35 [1{2 ég’_(lﬁpﬂy}

where 7'¢ = vi¢(vr;) = Ze - \/ me/miv/Tio/Teo by using Equation (18). Multiplying the above
integrals by the common 2 / \f prefactor and adding them leads to Equation (59).
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J Effects of finite temperature gradient on leading order disper-
sion relation solution

The role of finite temperature gradient will enter the solution to the leading order dispersion
relation Equation (60) through the ion gradient length scale ratio n; = dg‘f" / % = L,/Lr
(presuming the density gradient is non-zero). As the solution for wg in absence of temperature
gradient Equation (61) is found to be rather insensitive to the temperature ratio, the role of finite
n; is investigated at a fixed temperature of 7 = 1.0. The three contributions to Equation (60)
are plotted versus k| pr; for various ion gradient length ratios 7; in Figure J.1.

Unlike the temperature ratio 7 is can be seen that the temperature gradient has a significant
influence on the solution to the dipersion relation Dg(w, k|, qg) = 0. Increasing 7; results in a
downward shift of the mode frequency compared to the pure density gradient case (1; = 0) until
above a certain critical value of 7; the mode frequency starts to propagates in the ion diamagnetic
direction (wp/wse < 0). This behaviour is more closely investigated by slowly varying 7;, from
which it is found that this transition occurs near k, ppr; =~ 2 for a critical temperature gradient of
Nierit = 1.64. This is as result of the opposite signs that the integrals Si, Sy have (see Figure 11).
For temperature gradients above critical the wavelength window where the mode frequency
changes sign becomes wider and the frequency becomes ever directed in the ion diamagnetic
direction. This change of sign of the mode frequency to the ion diamagnetic direction is indicative
of the mode being an ITG rather than a TEM [76,96,220]. Even though treating the electrons
adiabatically is appropriate for ITGs [36], the obtained solution Dg(wo, k J_,QAS) = 0 does not
accurately describe the ITG instability as a resonance with ion drift or longitudinal motion (in
case of slab ITG) is not possible with the wg;/w < 1,vr;/k| < w assumptions [83].

As a result of the frequency crossing through zero as the temperature gradient is increased,
the approximation of small collision frequency and small drift break down, which is seen from
the discontinuity and divergence in the two bottom plots of Figure J.1 which coincide with the
wavenumber (k| pr;)irans for which the mode changes from TEM to ITG. In the vicinity of
this transition region the solutions have to be discarded, but in the remaining regions where
wp is either strongly in the ion diamagnetic region or electron diamagnetic region they provide
proper solutions. Most interestingly it can be seen that a finite temperature gradient spoils
the stabilising influence collisions have in the pure density gradient case, with the growth rate
becoming positive. This already occurs for temperature gradients below the critical value for
TEM—ITG transition and is determined similarly by the opposite signs of the integrals S3, Sg
which lead to a threshold temperature gradient for instability of 7; ipres &~ 0.75. At temperature
gradients above the TEM—ITG transition there is however a competing effect in the growth
rate, as 7; enters Im[wg] through the ratio (S35 + 1;56)/(S1 + 7:S4) which changes its sign twice
as 1; is increased, such that collisions always have a damping effect in the ITG regime.

K Marginal stability evaluation of collisionless TEM

The method presented here is inspired by the one presented in [221] where the pole of the
integrand occurs at zero along the real line rather than shifted at x,.s.

Allowing for a small imaginary part 6y in the denominator of the trapped electron response,
2 _ 52
the integral over particle energies in the collisionless limit becomes fooo dx %

be explicitly split in its real and imaginary parts by expanding the denominator

[Taw ) [Ty om0l T, S epln) )
0 wo — Wae + 107y 0 (wo - @) + ((5"}/)2 0 (WO - Tde) + (5’7)2

which can
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Figure J.1: Contributions to the leading order dispersion relation Do(w, k. ,®) = 0 for a tem-
perature ratio of T =1 (a) the lowest order (real) frequency in absence of ion drift and collisions,
(b) the shift in (real) frequency due to correction from ion drift, and (c) the growth rate due to
correction from collisions for various temperature gradient ratios n; = ||V InT;||/||V Inn;||. Note
that the axis in (b),(c) have been scaled by a factor of 10 and the curves for n; = 0.0 correspond
to those of Figure 12.
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The behaviour of these integrals can then be investigated separately in the limit of marginal
stability. Starting with the real part, it is most convenient to break up the integration interval
in three regions around the resonance s

/'eres—(S% d (wo _ @) m2 exp(_$2) /‘$res+5$ (wo _ Tde) 1.2 eXp(—:L'Q) /OO (wo _ @) x2 eXp(_xQ)
xr
0 T T

— 5 dz — 5 dz — 5
(WO - (.Ude) + (5’7 res -z (WO - wde) + 6’7 7‘es+61' (WO - wde) + 57

where dz > 0 is in principle arbitrary. In the outer two integrals the resonance is avoided and
the limit of marginal stability can safely be applied by simply setting dy = 0 directly in the
integrand. Meanwhile if the width of the central region around z,.s is taken to be small by
letting the arbitrary parameter dz/z,s < 1 then the part from the Maxwellian function will
hardly vary in the integration interval compared to the variation in (wy — Wge) such that such
that the central integral can be approximated by

/IEMHM dx (wo _ Tde) $2 exp(—:UQ) ~2 eXP(_ﬂU2 /MSJFM dx (wo _ Tde)
Tres—02 (wo — @ae)? + 672 e " Japes—sz (o — Wae)” + 072
:x%es exp(—12,,) /xres+6x " (22,, — 2?)
Wl vreomdr (22, —2?)? + 225

Wde

where Equations (67) and (68) where substituted for wge,wp respectively. Now as the integration
interval becomes increasingly small around x,.s the integrand will ever closer become antisym-
metric around . such that the integral becomes asymptotically zero”®. Consequently in the
simulataneoous limit dx,dy — 0 the real part of the integral reduces to

00 =\ 4.2 2 Tres—0T 2 2 00 2 2
lim (lim/ g W0 = W) 2 exp(—a )> o= [hm/ dxgcm)(f]”)+/ i & exe(=2?)
0 0 "

—\2 2 2 2 2
dx0 \ 5710 (WO — wde) + (57)2 w?;e 5z]0 Tres — X resOx Tres — X

x? exp(—acQ)
2 2
Tres—T

where the term in square bracket defines the Cauchy Principal Value P of the integral [ dz

The procedure for the imaginary part of Equation (K.1) is much the same, with the slight
subtlety that in the limit of marginal stability the d prefactor makes the integral vanishingly
small except near x,.s where the integral will diverge as 1/67. Consequently the procedure for
the integrand used in the central regime above is in fact appropriate for the full integration
range as in the limit of marginal stability it is only the narrow region near z,¢s; that will give a
finite contribution to the complete integral

& dyx? exp(—z? 5y 00 dz

/ dz — 2( ) 5 ~ 7T\/Zres eXp(Zres)/ 3 572 (KQ)
0 (Ld() — (.Ude) + ((5'7) 2wde 0 (Zres - Z) + =2
wde

where the change of variables z = 22 was made. This change of variables facilitates the use of

standard integrals as it reduces the definition of arctan function such that

oo
arctan | £=2zes
/ - dz — <57/ w§e> _r sgn 7757 -+ arctan _Fres
— = =
0 (Zres — 2)2 + 5; 5 5y /wl 2 wl 6y/wl
wde
0

e

where sgn is the signum function defined such that sgn(z > 0) = +1,sgn(z < 0) = —1,sgn(z =
0) = 0. In the limit of marginal stability this integral simply reduced to 7 which shows the

"®More precisely, the smaller dz the better the integrand is approximated by an arbitrary truncation of its
Taylor expansion around z,.s which is straightforward to integrate around the interval z,.s + dz. Only the even
terms give a non-vanishing contributions to the integral and result in a polynomial in 6z2"**/§+?" (n > 1) which
vanishes in the limit that éz — 0 even if v — 0 as well.
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calls® —— in Equation (K.2) effectively acts a Dirac delta function to sift out
(zres—2)2+(87/wT,
the resonance in the limit of §yv — 0. This is not surprising since this “magic” factor is the
Lorentzian/Cauchy distribution £ representing a probability density function with the property
that [ £d¢ = 1, where the factor v/ w;*lpe acts as the characteristic width of the distribution. It
is a common property of many distribution functions that they reduce to a Dirac delta function
as their width is taken as infinitesimally small provided that they peak at a single well defined
point [222], which is satisfied by the Lorentzian.

1
factor =

Putting these results back together into Equation (K.1) then gives the collisionless resonant
integral in the limit of marginal stability

o0 2 2 o0 2 .2
lim dz m = ;”P {/ dz xexp(:l;)} - z% / \22 exp(—2)0(z — 2zres)
0 Wie

3710 Jo wo — Wae + 10y wl
if the latter integral is transformed back from z = x? to z and @ is absorbed into the principal
value Equation (69) is recovered.

L. Validation of the domain splitting approximation

L.1 Validity of the approximation

The domain splitting approximation makes use of the qualitatively different dependence on the
particle speed of the electron-ion collision frequency ve(r) o 1/x3 and electron drift frequency
Wge X &2 to split the integral over particle speed as

/°° da :U2exp(—:c2) :/mcmdx $2€Xp(—l‘2) +/°° da x2exp(—x2)
Zeut Zeut Zerit

wo — Wge + v wo — Wge + v Wo — Wge + ive
—_— ~————

Ve > W | |wge|>vet

~ /xmt dz L exp(.—mlz) [1 + 7@ } + /Oo dx 7$2 exp(;:n?) [1 - iyel} .
Tout wo + 1w wo + 1w Terit wo — Wde wo — Wde
where the critical speed is defined as the speed where the magnitude of both frequencies will be
equal 7(Zerit) = |Wae(Terit)| with the absolute value taking care of the sign of wge, as collision
frequencies are strictly positive. Treating the drift/collision frequency as a small correction helps
to not complete discard part of the physics in either regime and helps to make a more smooth
“connection” between the dissipative and collisionless regimes as integrands would change in a
rather discrete way between regimes if the denominators were only expanded to zeroth order.
Nevertheless close to Zgpi; where D¢ ~ |ge| and this approximation is not justifiable and likely
to fail. To investigate this the approximate integrands just above and below regime transition
are compared to the exact integrand at regime transition

x2 exp(—zQ) ‘rgrit eXp(_‘rgrit) 1
w%_rdf—i_il;e)i - , UJE , ) T+E(iT1) exact for x = Terit
I~ exp\—T ~ xc?"it exp fxcm.t 1+§(2i1) . . Tppit— L 1
prw= sl o E3E approximation for 0 < e (L.1)
2 exp(—xQ) z2 . exp(—zfm.t) 1—€(iE1)¢ e

— ~ - = ] 1 —Lerit
o fit o (L approximation for 0 < Tt & 1

where all factors are approximated by their value at critical speed since they vary smoothly
over the regime transition in contrast to the actual integrands themselves. In Equation (L.1)
the parameter £ = v(Z¢rit) /wo = |Wae(Terit)|/wo is introduced and the different sign conventions
account for the sign of Wge(xcri¢) with the top signs corresponding to wWge(zerit) > 0.
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Figure L.1: Comparison of the behaviour of different integrands near regime transition at Xerit
as a function of normalised critical frequency &, showing for the case when Wge(Terit) > 0 the (a)

real and (b) imaginary parts, and for the case when Wie(xerit) < 0 (¢) real and (d) imaginary
parts.

The quality of the approximation is then visually assessable by comparing how well the ap-
proximate £ functions match the exact £ function, which is shown in Figure L.1 for both signs
of Wae(Terit). It can be seen that the approximations for the integrand in both regimes are a
decent match except when £ = +1, which exactly corresponds to resonance at the critical speed
Wae(zerit) = wo. Furthermore it can be seen that the largest discrepancy due to resonance comes
form the approximation in the collisionless regime, which is because the resonance is amplified
by the domain splitting regime since it enters as 1/(1 4 ¢)? which strongly increases its locality
compared to the exact case where the inclusion of i, in the denominator smoothens out the
resonance by increasing its width but decreases its amplitude. For either case it also follows that
at the opposite side of the resonance (different sign of £) the approximations in both regimes
decently match the exact integrand. Consequently near the transition region the domain split-

ting approximation will be a decent tool provided that the transition will not occur near the
resonance (if it exists).

L.2 Verification of the threshold collision frequency

The threshold frequency prediction Equation (76) is still based on the domain splitting approx-
imation of Equation (74) rather than the exact denominator. Based on the verification of this
approximation above it should be expected that this prediction decently holds, but as the ap-
proximation is shown to break down near resonance it is of interest to investigate how well the
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prediction holds in general. Fortunately this can be verified by means of numerically integrat-

2 2
. 00 wox exp(fa: ) .
ing fzcut dz T for various speed parameters Z,.s,x, such that both cases where z,

and z,.s are well separated (and the domain splitting approximation will decently hold), and
cases where x,, ~ s (and the domain splitting approximation is not accurate) are excluded.
Since both parameters represent a normalised speed they are scanned over within the range
|y res| < 5, covering both resonant and non-resonant cases as well as configurations with a
standard density profile where w,. > 0 and configurations with off-centre density peak where
wie < 0. In order to numerically capture the resonance, an artificially small 1 x 10~% imaginary
part is added to the denominator, which has been tested to correctly reproduce the expected
result from the Sokhotski-Plemelj theorem in the absence of collisions while not affecting the
outcome of the integral when a finite collision parameter z, of at least 1 x 10~ is included. The
results are shown in Figure L.2 where a real /imaginary valued x,.s correspond to cases the res-
onance can/cannot occur, while positive/negative values of z, correspond to centred/off-centre
density profiles. It can immediately be seen that whether or not a resonance is possible has a
large influence on the trapped electron response with both real and imaginary parts being much
larger in the resonant case. Furthermore reversal of the density gradient gives a sign change in z,,
and essentially produces complex conjugation of dw as seen from the symmetry in Figures L.2a
and L.2b and asymmetry in Figures L.2c and L.2d around z, = 0, which is a consequence of
the way the collision frequency enters the GKE by using a simplified BGK operator. However,
as wy is effectively taken out of this integral to provide normalisation, such sign changes in the
imaginary part would ultimately cancel in the actual frequency shift Equation (65) which is
normalised by 1/wp. The condition for the threshold collision frequency |z,| > |Zres| to avoid
a resonance is neatly reproduced in Figures L.2a and L.2c where the magnitude of the integral
quickly fades outside of the threshold region corresponding to the diagonal. However, perhaps
more importantly it seems that in the case of a resonance the growth rate is actually worsened
by the introduction of a small collision freqeuncy below the threshold of Equation (76), as seen
by the spreading of the contours in Figure L.2c.
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Figure L.2: Results of numerical integration over the particle energy for various Tyes, Ty, pa-
rameters, showing (a) the real part of the integral in case of resonance, (b) the real part of the
integral for the off-resonant case, (c) the imaginary part of the integral in case of resonance, and
(d) the imaginary part of the integral in the off-resonant case. Notice the disparity in contour
levels for both real and imaginary parts showing the importance of resonance.
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M Normalisations procedures of the numerical methods

M.1 Normalisations used in GENE

The normalisation procedure of GENE is two-fold where first the independent variables are nor-
malised by selecting appropriate reference scales, and then the remaining independent variables
are normalised [158,162]. There are several layers to the reference values where first fundamental
reference values for the mass and charge are chosen, defined by the particle species. Next a set
of reference scales are determined by the macroscopic plasma equilibrium such as the density,
temperature, magnetic field strength and an equilibrium length scale L.y (which is typically
the major/minor radius). Based on the combination of fundamental and equilibrium reference
scales a set of reference scales related to the gyromotion are created

Tret % Cref

Qref = Pref = Q
Myef Myef ref

Cref =

where in the typical case of a plasma consisting of a single ion species myet = My, Tref = Te such
that cyer is simply the ion sound speed, and consequently p,.; is simply the ion gyroradius at
sound speed. The independent quantities are then normalised as follows [16]

- ~ u ~ t
= Z=2z v = == t=—
Pref Pref I UTs TOs/Bref Lref/cref

Y x Y|

Y=

where quantities in tildes refer to normalised quantities, the parallel z direction does not require
normalisation as it measures the poloidal angle along the field line (see explanation of flux tube
in Appendix N), and the velocity dimensions are normalised per species’” such that a single
velocity grid for both species can be used.

Next with the independent variables normalised and dimensionless, the remainder of the GKE
is then suitably normalised by making the dependent variables dimensionless as well, which for
electrostatic turbulence means [16]

~ ) N no Pref =~ T, Pref
Fys = TSFMS gs = ngs = ¢ = refd)i
Urs Upg Lyet € Lot

where perturbed quantities are intrinsically normalised to the already dimensionless pyef/ Lyet
factor to incorporate the § <« 1 ordering parameter for perturbations. Meanwhile the the
important derivatives of the magnetic field which determine the curvature and VB drifts and
plasma profiles that determine the driving factors are normalised according to
OB L.t0B OB L0B 0B 1 0B

0  Biet 0xr 0y Bt 0y 0z  Byet Ox
Lyt dnos ~ Lyef dTos

Tref dx

w. =
" Bref dx

and the Jacobian which maps the volume elements in (z,y, z) space to a 3D volume in the torus
is normalised according to J = LyetJ.

wr = —

When these normalisations are applied to the GKE three natural dimensionless quantities ap-

pear’®

4 2
8= NrefTref g = e* In ALyefnes ~D . BrefEO
- D2 /9. c— T = 5 o — -
Bref/QMO 32 \/Q?TTrzefﬁg MeyrefTref

""This essentially entails an additional normalisation step of the species mass and temperature in terms of the
reference quantities myer,Trer, such that e.g. the thermal velocity vrs is first made dimensionless through terms
of crep and the velocity grid is then normalised to the dimensionless thermal velocity.

"For modern convenience these have been converted into SI units. GENE, much like the literature on plasma
turbulence, still uses CGS units such that the actual dimensionless quantities are 8 = 87mmemf/Bfef, Ve =
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which give respectively the ratio between plasma pressure to magnetic pressure, the collision
frequency normalised to the time unit L,ef/cref and the ratio of Debye length to prer. These
three quantities influence the simulations in terms of the equations that are solved as they are
effectively applied weights to the normalised terms of the GKE. A non-zero 8 will switch on
electromagnetic perturbations, a non-zero Ap takes into account deviations from quasi-neutrality
within the the flux tube (by retaining V2?¢ terms), and a non-zero v, will take the collision
operator into account.

In particular the value of v, will be tweaked to explore the influence of collisionality. For the
interpretation of results it is most useful to map the input collision frequency to a sensible
physical collision frequency. This connection is given by [157]

. N; T £ 3/2 Myef . Cref ~ Cref
Dol = 4— ( re) e A~ 1TV Av, = M.1
Nref \ Le Me ¢ Lot ¢ Lot ( )

where the last step follows for the typical single ion species case with myef = m;, Tref = Te and
quasi-neutrality ng; & nge = Nref, With A being the ion species mass number. In particular
if the reference density, temperature and length scale are expressed in 10'%m~—3, keV and m
respectively, the numerical value of v, follows as

0_5 nref[lol 3]Lref[m]
T2 [keV]

ref

v, = 2.303 08 x InA

which can be used to straightforward obtain a realistic values of v, from pressure profiles.

M.2 Normalisations used for integrating the perturbative frequency shift

The normalised frequency shift is calculated according to Equation (79) which is repeated below
for convenience

wi;) - ﬁ (To) <::)*De> /1/Bmaz d)\ Z /g;m do <wzj> i{pwtie 4gre

w()‘) Wxe Wxke Wxe

2dl

¢‘ Leg ffw)

M.2)

As the GIST code is used to “feed” the geometry info to the integral to calculate all electron
bounce quantities, and GIST is coupled to GENE, most of the normalisations from Appendix M.1
have to be directly applied. A few things require additional care however. For all integrals along
the field line the proper integration variable is the arc length along the magnetic field dl. Rather
in the flux tube, the parallel field coordinate is taken to be the poloidal angle df. As the field
lines are helical, a variation in the poloidal angle directly relates to a variation in the length
along the magnetic field according to [46]

= \/§B$ (M.3)

where /g is the Jacobian that maps the 3D volume element in a torus to the (1, a, #) coordinates
dV = \/gdydadf, B is the local value of the magnetic field strength along the field line and
¢ is the rotational transform of the field (which in terms of the flux-tube coordiantes is 1/qp).
Consequently all integrals along the field line have to be transformed to integrals over the

met In ALrefnref/Q?’/QTfef, Ap = /B2, /4w Myesnrer. This distinction matters little as regardless of the system
of units, simulations are performed using 8 = )CD = 0 and introducing convenient renormalisations for Lyef.nyef, Tyef
of 1m,1x 10" m~3, 1keV respectively based on typical fusion plasma parameters. With these renormalisations of
the reference values for v.., the dimensionless collision frequency has the same numerical prefactor of 2.303 x 107°
in both CGS and SI units.
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poloidal angle which spans on poloidal turn § € [—7,7]. The Jacobian which is provided by
GIST code is however the Jacobian for how the volume span by flux tube coordinates (z,v, 2)
changes to a physical 3D volume element in the torus, which by using Equation (N.7) means
that the “Jacobian” from GIST is actually™ Jfux-tube — /Boy/g = jGIST/Lref with By the
magnetic field strength on axis. Consequently the arc length element is given in terms of GIST
parameters as

Bref
dé M.4
BO (M)

——
=dl

dl

_ B Lyt _ >
= B, jaisT qod0 = Lyerqo B

where B=B / Bret is the normalised magnetic field in GENE units and a dimensionless arclength
dl is identified.

With Equation (M.4) the most painful part of the normalisation process is complete, as the
remainder of the normalisations are quite straightforward. The frequency ratio wp/wye already
has a normalised expression Equation (61) which is expressed in terms of functions of k&, pp;.
There are two translations which have to be made to Equation (61) to make it compatible
with GENE/GIST normalisations. First the perpendicular wavenumber should be properly
averaged along the field line according to Equation (78) with k; given by Equation (77). As the
wavenumbers are inherently normalised to the p,.s this means the averaging procedure actually
calculates <(l<: J_pref)2>, whereas the (wo/wye) and (I'g) are functions of (ki pr;)2. The function
argument is straightforwardly translated as

27q’i07n1ref

(k1pri) = (KLpret) (M.5)

Tretm;
where the translation factor reduces to v/27 in the standard case of single ion species plasma.
For the integral to determine the average wavenumber Equation (78) however the electrostatic
potential has to be normalised®, where the obvious choice for normalisation from the discussion
of quasi-neutrality condition Section 2.4 where the dimensionless potential ® = e¢/To was used,
which immediately corresponds to the GENE units as the electron temperature is taken as the

reference scale such that dA) = eq@/ Ter- For the remaining frequency ratios an explicit expression
of the electron diamagnetic frequency is required, which from Equation (E.7) is given in terms
of Clebsch coordinates as

T. . dlnn, T. . dlnn, T -
— L = _ k = k M.6
e T TN T gy Bo' Yz eBoLyupre uPrer) W (M6)
Is
=wle™

where again the translation from (¢, «) Clebsch coordinates to (x,y) flux-tube coordinates has
been made, and a basic diamagnetic drift frequency with dimension of Hz corresponding the
diamagnetic drift for «, = k?y = 1 naturally defines itself. It is this basic diamagnetic drift
frequency that provides the most sensible normalisation for the collision frequency as it removes
any intrinsic scaling on the driving gradient strength and spatial extent of the perturbations.
Consequently the collision frequency term in Equation (M.2) is normalised as

Ve(x) et 1 Uscan

Wxe wf?ys l‘gkichn :E3kyoin

"The normalisation follows from dimensional analysis of the volume element dV = v/9dy da df which shows
that Bo\/g has the dimension of m and is the actual Jacobian J which is normalised by L, in the GENE
normalisation of Appendix M.1.

89Technically the electrostatic completely cancels out from all equations as a result of the “flute-mode” ap-
proximation, but for future improvements a variation of the electrostatic potential along the field line can be
considered and the normalisation issue becomes relevant again.
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where Ugean is the dimensionless collision frequency which is varied in Section 3.5.

For the remaining frequency ratio between the precession frequency and the diamagnetic fre-
quency is most sensible if the precession frequency is explicitly written out. For this exercise it is
most convenient to express the precession frequency in Clebsch coordinates Equation (71) since
the bounce average drifts in (1, o) are related to the derivatives of the second adiabatic invariant
J. Starting from its definition Equation (7) and using pitch-angle coordinates it follows that
J = fab v2mE+/1 — ABdl. Taking its derivative at constant v, u, o gives the bounce time 7

<§’g>¢,“,a \/;/mdwr\/ﬁ mgg
“\ae [ (T ) Ve [ s

where the proper energy dependence of the pitch-angle A = p/FE has to be accounted for. At
the same time its derivative w.r.t. the Clebsch coordinates while holding the other variables
constant follow similarly as

mE [ —A\GE N mE [ —A\28 .
< )EW V 2 \/l—AB <aa>Ew V 2 \/1—)\B

Consequently the a component of the precession drift then follows as

8j> B kaEf—Ag—g/\/l —ABdl
W) ppe € [dl/v/1-)\B

which takes precisely the form of a bounce average in pitch-angle coordinates, and similarly for
the 1) component by replacing the indices 1) <+ o. As only ky, = 0 modes are considered in the
the calculation, the o component of the drift is the only one that matters such that the ratio
Wae /wxe follows ag®!

Wi kyE [ -N3E/V1-)B dl/wphy% s _E [=2B/V1—XB dl/w~
- *€ Y n

n — 7Lre
wee €By [dI/VT—AB . [dl/VI-AB

where again the translation between Clebsch-coordinates and flux-tube coordinates Equation (N.7)

kovas - Va = —% ( (M.7)
ety

has been made, and the explicit expression for w*ey Equation (M.6) is substituted. As the mag-
netic field is normalised to Bier it follows that the pitch angle must be normalised according to
A=A / Bres which follows either from dimensional analysis of A = p/E or the fact that the prod-
uct AB = 1 has to keep defining the bounce points even in normalised units, and correspondingly
the ratio is given in dimensionless units as provided by GIST

Wae _ 2[ Aé’B/\h—AdeZ/~
Wwn,
Wie [di/v1-)B

where the definition of the normalised velocity = v/vr. and the normalisation of the magnetic
gradient according to Appendix M.1 are used and the dimensional factor to translate di — dl
simply cancels as it appears in both the numerator and denominator. For exactly the same
reason, making the bounce average of the potential dimensionless results only in a prefactor

related to normalisation of the potential 5 — Tret/ qu which is cancelled by the same prefactor
that will appear in the denominator of Equation (M.2).

811n case that a radial wave number would be included it is fairly straightforwa}"d to show by the same process
that this would result in an additional term where with aB replaced by (kz/ky)%—f

Oz
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wo

This leaves two normalisations left undetermined which are closely related to each other. First
the “effective well length” normalisation follows directly from the normalisations that have been
introduced so far

. /lz[w} di . /lz[w]/Lref dl —
ef flw] — —————= —7 Lref —F—————= = Lyeflefflw
= ) w) VI=AB hwl/Let V1 — AB Jtl

where the integration boundaries naturally define the dimensionless bounce point locations
l12[w]. This is not surprising since Ly f[w) represents the physical length of an electron or-
bit along a fraction of the field line which can be comparable to macroscopic plasma scales
unless the particles are deeply trapped. The remaining normalisation concerns the energy cut-
off in the integration xe = /¢ /wpe(N\)T which because of the choice to normalise the collision
frequency w.r.t. wphy is no longer free to be normalised at will. Rather it would be more
correct to use the proper bounce frequency for each magnetic well w and particles trapped with
the same pitch angle A will have a different bounce frequency in a wide and compressed well

with the same depth. Consequently wye[w]T (\) = 27v7,/ fllf[ﬁlj] \/ldlﬁ 2mvre/ Legflw) and the

collisional cut-off is given by Zcyr = v/ UscanG[w](A) where the function Glw](\) is given by

Glw](\) = GOl B Lot s \/m»f Tt Bret | - (M.8)
wie[w](A) 2701/2T, /e Lo o2 By ¢/l .

which follows by explicitly writing out wPhys Equation (M.6) along with pref = crer/Sher and
the thermal electron velocity. In the typical case of a single ion plasma where m..s = m; and
Tret = Te this weighing function g, to the cut-off velocity will be very small such that it would
be appropriate to set®? Biet/Bp =~ 1 as order unity factors would not significantly affect x., or
the total end result.

After a lengthy process this then leads to the dimensionless integral

2 <w*06>— <w0 >/1/Bmm Z/ x exp( ) I /y§d~l
vm (L) Wre/ J1/Bmas 1 5) ) VPecanG w](/\ < wg > L2 328 /\/1- Bl | i 5ogan efflwl B
Wre [di/V/1-ABxwn L ki
where the “flute-mode” approximation is invoked to get rid of the terms involving the elec-
trostatic potential and all functions of k) pp; are evaluated at (k| p;) v/27. The numerical
integration is performed using a hybrid of python/MATLAB, since MATLAB turned out to
possess the most robust “black box” numerical integration method for handling the resonance
at low collisionality, whereas Python is used to load in the geometry, identify the different wells
and corresponding bounce points along with the gyroaverages, and performs the final integration
over pitch angle.

M.3 Matching of the GENE and perturbative frequency normalisations

For fair comparison between the solutions for the two numerical methods the collision frequency
and growth rates have to be expressed in the same basis. The values of the GENE collision

82There are strict reasons inherent to the GENE normalisation why one cannot set the reference magnetic field
strength equal to the magnetic field strength on axis [159]. However as the magnetic field is generated by coils some
distance from the plasma a simple o 1/r estimate for the magnetic field strength shows that Bo/Byes = 1+07/Ro
where Ry is the major radius and dr is the deviation of the reference position from the magnetic axis, which can
be at most the plasma minor radius at the edges. As the aspect ratio a/Ry is typically small for most devices, it
follows that Bo/Bretr = 1 will not be a severe approximation given that the other contribution factors to xcy: are
small or O(1) themselves.
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frequency 7. are straightforward expressed in terms of Dgcan by using Equation (M.1), which
only requires to ratio of (¢yet/ Lyet)/ wES | Using Equation (M.6) it follows that

2
Cref/Lref . Cref/Lref . Bocrefmref
wf?ys Te/eBOLrefpref Te Bret

(M.9)

where the gyroradius was expressed in terms of the reference speed and reference gyrofrequency.
Consequently the GENE collision frequency can be mapped to the perturbative collision fre-
quency by

5/2
. ng Tref Myef BO ~ BO
17 =4 v ~ 171V Ap,
sean Nref < T, > me ¢ ref CBref

where cef was expressed in terms of the reference mass and temperature in Equation (M.9)
and the last step corresponds to the usual case of a single ion species plasma simulation where
Tret = Tey Myet = M.

To convert the growth rates from the perturbative calculation to the GENE normalisation,
(wp) has to be expressed in terms of cyef/Lyef. Rather what the leading order solution of the
perturbative calculation gives is wy/wye, however as a result of flux surfaces being isobars and
kyprer being a fixed quantity in the flux-tube the diamagnetic frequency is fortunately constant
along the field line such that (wo/wse) = (wo) /wxe, and the normalised solution for the leading
order dispersion relation for the average perpendicular wavenumber Equation (M.5) can be used.
From Equation (M.6) it then follows that the growth rates are also translated by the ratio of
(cs/a)/wb®® according to

~ o o |: Cref/Lref :| Y o TrefBO
Vperturb = - - ~
<w0> Wxe <w0/w*e> Cref/Lref TeBref(kypref)wn <w0/w*e

where Equations (M.6) and (M.9) have been used and in the usual case of single ion species the
temperature ratio disappears.

) YGENE
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N Mathetmatical details of the flux-tube geomtetry

Note: due to historic reasons the notation for the Clebsch representation in this section deviates
from notations elsewhere in the thesis, such that «, have different meaning, and the safety
factor ¢ is used rather than rotational transform ¢. To be consistent & = —«/¢ and ¥ = x where
tildes indicate the notation used within this section. This section is largely based on [68] unless
otherwise stated.

N.1 Choice and implications of coordinates

The flux tube geometry is able to minimise the required simulation volume to resolve plasma
microturbulence by considering a box whose sizes are (slightly larger than) the correlation length
of the turbulent eddies perpendicular to the magnetic field (typically the gyroradius), which
wraps around the field line for one or several poloidal revolution (such that kL ~ 1) as well.
Then the turbulence statistics outside of this box will be the identical to the those within the
box and the simulation results become practically insensitive to the box size.

The flux tube formalism is based on the Clebsch representation of the magnetic field as B =
Va x Vi with ¢ denoting the poloidal flux and a = ¢ — ¢(1)6 the field line label, with ¢, 0 the
toroidal and poloidal Boozer angle (as usual, no change in definition), and ¢(¢) = 1/¢(¢)) the
safety factor. Because from the Clebsch representation it follows that B - Va = B - Vi = 0
such that «, are constant on a particular field line, this naturally gives ¥, « as choices for the
perpenedicular coordinates of the flux-tube. Within the flux tube then v is a radial coordinate
since the enclosed magnetic flux will increase with further distance from the magnetic axis.
This leaves « is the so-called binormal coordinate, as it is a second dimension perpendicular to
the magnetic field line. Only a third coordinate z has to be chosen to represent the distance
along the field line. Although the arc length along the field line would be the most intuitive
choice, it is more convenient to use the poloidal Boozer angle®® z = 6, and as a result the
actual physical length scale of the parallel direction will enter through the normalisation of the
metric [154]. Since the Boozer coordinates (1, (, ) themselves are non-orthogonal®*, the flux
tube coordinates (v, «, z) form a non-mutually orthogonal curvilinear coordinate system as well.
Therefore that the information of the metric tensor g(1, o, ) mapping (1, a, z) to physical lab
frame (in which the volume and shape of the torus are defined) is of importance. Specifically the
value of the Jacobian J (1), a, z) = [(Va X V) - V2]~ which maps the volume of the flux tube
to the physical volume that is wrapped along of the field line in the torus has a large influence.
As a consequence of J (1, a, z) the rectangular volume of the flux tube geometry is transformed
into a sheared and curved box inside the torus which is embedded in the fixed lab frame (see
Figure 16). In principle other choices of the third coordinate z can be made, but each choice will
affect the explicit form of the metric tensor g and the Jacobian J, but the choice of the poloidal
Boozer angle is most convenient as it directly links the flux tube coordinates (¥, o, z) to MHD
equilibria configurations of the magnetic field [139] and makes the Fourier modes closely related
to the ballooning mode formalism [68].

With the formalities and intricacies of the coordinate system out of the way, the flux tube

83Note that with this choice z is not a strictly parallel coordinate like ey since B - V2/||B||||Vz| # 1, but the
fact that B - Vz # 0 means that Vz has a finite projection onto the magnetic field line, and can thus be used
to parameterise the distance along the field as the other coordinates are strictly perpendicular to B. Note that
changes in 6 indeed correspond to changes of the arc length along the magnetic field through Equation (M.3), and
it is only the variation of the Jacobian and the magnetic field strength with @ which spoils a direct correspondence
between 6 and the parallel direction.

84This is what leads to the different representations of the magnetic field in its usual contravariant/Clebsch
form in fluxes and covariant form in terms of currents [45,47].
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formalism can be constructed. The idea is to take a volume that is enclosed by
ag—Aa<a<lat+Aay Po—AY <P <P +AY —2z <2< 2 (N.1)

which describes a box with area Ay A« centred around a magnetic field line described by v, «p,
which is then extended 2zp along the field. Since the perpendicular correlation length is much
smaller than the equilibrium length scales of density and temperature profiles, the turbulence
can be considered to be locally driven as the gradients do not vary over the correlation length.
Within this approximation the equilibrium quantities can then be expanded to lowest order
around the central field line as

dn dT
nwno-i-@w wo(w—wo) T~ TO"‘@w wo(w_wo)

making use of the flux surface property that B - Vp = 0 such that the pressure profile depends
only on the flux surface label ¢). A similar approximation is also applied to the metric tensor g,
as the coordinates are defined on the equilibrium magnetic field which also varies on the same
equilibrium scale according to the MHD force balance 5 X B = Vp, such that all geometric
quantities are independent of ¥, &« and only depend on their local value along the field line [153].
Specifically this means that throughout the full flux tube

g(waaaz) %g(wOaQOaz) J(waaa Z) ~ J(w(JvaOaz)

and as a consequence the transformed spatial differential operators expressed in («, ), z) coor-
dinates (which involve the elements of the metric tensor) have no explicit dependence on «, 1)
anymore, which leads to a reduction in the number of computational operations that have to be
performed in the simulation.

N.2 Boundary conditions

As the flux tube does not simulate the full torus where natural/physical boundary conditions
would arise (e.g. pressure vanishing at the edge), a set of suitable boundary conditions for the
flux tube have to be implemented. These boundary conditions should be chosen such that this
reduction in simulation domain has a negligible influence on the results®®. As the flux tube is
based on the idea of turbulence correlation length, such that the turbulence statistics at 1) +2Ay
are identical to those at ¢, motivating the use of periodic boundary conditions®® in 1 and for
completely analogous reasons periodic boundary conditions in «. This periodicity and the fact
that the differential operators do not explicitly depend on «, ) make the decomposition of all
turbulent quantities A in terms of a Fourier series attractive

A, a, z,t) Z Z (z,t) exp <z27m(w2;zfo) +z’27rma2_Azo>. (N.2)

n=—00 M=—00

Although Equation (N.2) implies plane waves in (1, «), the actual waves inside the torus can
be highly distorted due to the shearing of the flux tube volume.

More complicated is the parallel boundary condition. Since the parallel length of the box is also
taken to be longer than the parallel correlation length, a parallel periodic boundary condition can
also be used. However, there is a two-fold subtlety about this periodicity. First if periodicity
were to be enforced in within the flux tube coordinates, it is implied that A(g, g, +20) =

85For instance this means that fixed boundary conditions like for the full torus should be avoided, as they can
unphysically prevent fluxes of heat and particles out of the simulation box.

86Furthermore such periodic boundary conditions would prevent the accumulation of heat and particles which
could alter the fixed gradients in the local approach [16].
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A, (6, ¢),

Ao, g, —20), and as 2z is an integer number of poloidal revolutions this would imply that all
field lines ”bite their own tail” after an integer number of poloidal revolutions, i.e. that every
field line has a rational gg. Secondly, since the magnetic field line is twisting in real space during
a poloidal revolution, the physical turbulence structures which are elongated along the field line
do also twist in real space, and it is the periodicity in the turbulence structures that should be
enforced (as beyond a parallel correlation length, the turbulence properties along the field line
will be the same). Therefore the parallel boundary condition should be applied using physical
(1, ¢, 0) coordinates, as the turbulent eddies in the (1, () plane®” should be identical after an
integer number of poloidal revolutions as this returns to the same (¢, () plane in the torus. As
a consequence thus, the parallel periodic boundary condition for N,, € N poloidal revolutions of
the flux tube becomes

A, a(0,¢),2(0)) = A(Y,a(0 4+ 2N, ¢), 2(0 + 2N,)) . (N.3)

To enforce the boundary condition Equation (N.3), the safety factor can also be expanded
as g =~ qo + %‘1#:% (» — 1) just like the equilibrium quantities n,T" since the geometry of
the equilibrium magnetic field line hardly changes within the extend of the flux tube. As

a consequence the radial and poloidal coordinate get mixed in the Fourier representation of
Equation (N.2)

s 5 Voo, (=G f-fy . dg 0o
z(0) 22 A, m(0,t) exp <227m AU + 127 26& z27rmq0m zme@ (v — o) 5Aa
Y — 1y dq 2A) . ¢—¢C . 0 — 0o
A 2 2 = — 2
n_g,oom_g,oo nm(0,1) exp(z T TN { dl/i (6 — 0)2Aa +i2m 550 2mmgo

where in the second line all factors of ¥ — 1y have been gathered in favour to apply the
boundary condition Equation (N.3), since the boundary condition is taken at constant ¥,(. A
similar expansion of at a poloidal angle of 6 + 27N, gives

A, a(0 + 21Ny, C), 2(0 + 27N, , t) =

S0 % A m(0 + 27Ny, t) exp (iQTrgZﬁf’ {n mdw (60— 6o) gﬁ:ﬁ 77de,27er§2§} + i2mm S0

)
244

; o 4 N
oo 2w Ao (0 + 2N, t) exp <127r 2A¢0 [n - dq o (0 —0) ma] + i2rm$H R0 — i2mmgo YRR — i2mmao ;Aof’)

where a shift index n’ = n — dn was introduced in the last line with
on=m—2rN,——. (N.4)
o

After this effort, the boundary condition Equation (N.3) can then be straightforwardly applied by
comparing the expressions for A(¢, «(6,(),2(0,t) and A(v, a(0+27N, (), z(0+27 N, t): because
the start point (¢, ¢, #) was identical the coefficients in front of each of the ¢ — g, ¢ — o, 6 —6p
terms in the exponential should be identical. This leads to the following condition

A 2nN
Apn(0,1) = Ay snm(0 + 27N, t) exp (—127rmqg A ) (N.5)
a

with dn given by Equation (N.4). Essentially this means that Fourier modes in the 1 direction
become coupled at the parallel ends of the flux tube, even though they are decoupled within the
interior (at least as long as the E X B non-linearity is not in play). The physical reason for this
coupling is that as a result of shearing of the cross section of the flux tube in the torus through

87Since 1 is a radial coordinate, and ¢ the Boozer toroidal angle, this plane characterises a slice going around
the torus the long way which extends from the magnetic axis to the edge and thus samples full physical eddies in
the plasma except for poloidal asymmetries.
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the metric elements g(z) gets distorted, and a matching of these surfaces (as implied by the

parallel boundary coﬂdition) requires a shift in the binormal coordinate « that depends on the
radial ¢ coordinate [16]. Such shifts in physical space then correspond to an shift ”the other way
around” in Fourier space, as the index én is shifted, essentially the wavenumber ky, = n27/2A
in the 1 direction is shifted.

The most important consequence of the parallel boundary condition is that the box sizes of the
flux tube in the two perpendicular directions are constraint by the S—q of the central field line.

This is because the index shift dn must be an integer, such that Equation (N.4) requires that
2n———¢€Z (N.6)

since both m, N,, are already integers. Another indirect consequence of the parallel boundary
condition Equation (N.5) is that even for a linear simulation in which the Fourier modes are
decoupled in the interior of the flux tube, an envelope of k; modes (corresponding to different
n’s in Equation (N.2)) is always required even for a single k, mode (corresponding to different
m’s in Equation (N.2)). This then gives the very pragmatic way of handling the constraint on
the box sizes Equation (N.6) to minimise the simulation volume: the wave-number k, of the
mode determines the minimum resolution in the binormal direction through 2Aamin = 27/kq
to resolve at least one period of the eddy in the binormal direction, and Equation (N.6) then
determines the box size in the radial direction 2At, with the minimum box size corresponding
to an index shift of |dn| = 1, leading to a minimum radial box size of

2ACVmin

277‘3—3}

2A7#min =

N.3 Transformation to practical coordinates

In principle the above method completes the characterisation of the flux tube, but it is not the
most practical description. The range of (a,,z) describing the flux-tube do not enclose the
origin and more importantly the two perpendicular coordinates have different dimensions, which
makes normalisation bothersome. As plasma microturbulence is characterised by k; p ~ 1 and
the ion gyroradius is used in the normalisation of length scales, it makes sense to transform to new
perpendicular coordinates (z,y) which have the normal dimension of m. These normalisation-
friendly are
40 7o

(¥ —1o) y=—(a—a) (N.7)

~ Boro qo

with By the magnetic field strength at the magnetic axis and rg the distance from the magnetic
axis to the central field line of the flux-tube (characterised by («g,%)). As the poloidal flux
scales as ¥ ~ Bp01r2 with r the distance from the magnetic axis, it can be seen that x is a
physical radial coordinate by expanding ¥ — g for r = rg + or

q0 2 qOB 1 or
x ~ %Bpol ([To + r]” — 7’(2)> = Tfoér <2 + 7“0)

as at the magnetic axis the magnetic field is purely toroidal the gy makes the prefactor unity
as a result of Equation (4). Together with the small perpendicular extent of the box such that
or/ro < 1 it follows that z is the radial deviation from the central field line within the flux
tube. Similarly for the y coordinate the factor ro transfer the deviation in binormal coordinate
a — g to an arc length since « is an angle, which in the limit of small da deviations from «q are
straightline segments. The additional appearance of the safety factor gy in the y coordinate is
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to facilitate normalisation of the the constraint on box sizes due to parallel boundary condition
Equation (N.6). Equation (N.7) implies physical box sizes of L, = 2Ax = qp2A/Byro and
L, = ro2Aa/qo, such that Equation (N.6) in terms of the new coordinates becomes

dg Borg Ly  dqroLy

T =2rn———€7Z N.8
dip qg L, dz qo Ly ( )

where the derivative of the safety factor has also been changed to the new radial coordinate x.
The quantity %’az:O% = § is intrinsically dimensionless and is known as the global magnetic
shear (since the derivative at = 0 is equivalent to a radial derivative at r = rg), indicating how
the twisting of the magnetic field changes through the torus. Equation (N.8) is an implementa-
tion friendly way of determining the radial box-size L, since the shear § is one of the equilibrium
MHD quantities of the central field line available from the GIST interface. Similarly also the
position of the flux within the torus given by zy can be obtained from the GIST file, as the field
line is characterised by the normalised enclosed flux so = ¥ /9edge = 7“8 /a? of its flux surface.

In these new physical coordinates, the perpendicular periodic boundary conditions don’t change
such that Equation (N.2) can be recast as

o0

Ax,y,z,t) = Z Z flkzky (z,t) exp(ikzx + ikyy) (N.9)

ke=—00 ky=—00

where the wave numbers k, = n27/L,, k, = m2m/L, are related to the n,m indices of Equa-
tion (N.2), and the shift condition Equation (N.4) translates to a shift in k;. Within these
new coordinates the equilibrium quantities n,T" can then be extended in the radial direction as
opposed to the flux label v

dn dr
nAnY (r—ro) T%TO‘F@ (r—mo)

r=rQ r=rQ

which has the benefit that radial profile derivatives are easily obtained from e.g. experimen-

tal measurements, and that the gradient lengths d(lir;" are straightforward to normalise to the

machine size.

O Cross-phase data for the collisional simulations

The dependence of the weighted average cross-phase data on wavenumber and collision frequency
for the collisional simulation for DIII-D, HSX and W7-X are shown in Figures O.1 to 0.3
respectively. The axes have been fixed to [—m, +7] to include all possible phases and make
direct comparison between plots possible.
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Figure O.1: Cross-phases between the electrostatic potential and (a) density, (b) parallel ion
temperature, (c) perpendicular ion temperature, (d) parallel electron temperature and (e) per-
pendicular electron temperature perturbations in DIII-D.
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P Validity limits of the perturbative calculation

The validity of the perturbative approach extends only to small frequency shifts, which can
be most consistently assessed by the absolute value of the complex frequency shift |[dw| =
V/Re[dw]? + Im[6w]? which weights the real and imaginary parts equally. Taken [dw|/ (wo) =
10799 ~ 0.3 as a generous measure for the validity range of small perturbations, it can be seen
from Figure P.1 that this the perturbations over a large range of parameter space are larger
than acceptable to justify the perturbative approach. Note that the absolute frequency shift in
HSX and W7-X are near identical, which can be explained by the similar shape of the contours
for real and imaginary parts of the frequency shift of Figure 14 where the fact that Re[dw/ (wo)]
is typically smaller in HSX than in W7-X is compensated in the absolute value by the fact that

Im[dw/ (wo)] is larger in HSX than in W7-X in the absolute value.
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Figure P.1: Absolute value of the normalised complex frequency shift as a function of the bi-
normal wavenumber and collision frequency in (a) DIII-D, (b) HSX and (c) W7-X, where the
dotted line indicates the 30% mark within which the perturbative approach is justified.
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Q Work on free energy description of TEMs

An alternative toolbox to describe microinstabilities is the so-called free energy that is stored in
the perturbations, which will increase/decrease in time as the perturbations are destabilised/-
damped respectively. This framework is based on a statistical thermodynamic description of the
plasma, and starts from the gyroaveraged Hamiltonian [190]

e? e
H= %mlﬂ +q{p)r — 238(1 <<¢>§z - <¢2>R) =Ho+q(d)g — 235(1 (<¢>3% B <¢2>R> Q1)

where Hj is simply the unperturbed particle energy. From the Hamiltonian the total energy
of the plasma can be constructed by integrating the single particle Hamiltonian over the dis-
tribution function in phase space £ = Y _ [ dSAH f,, where d5A = d3vd3z. By splitting the
distribution in its equilibrium and perturbed part fs = Fiss + 6 fs and subsequently linearising
this gives the total plasma energy as [190]

2

E=) / d®A [HOFMS + Hobd fs + %FMS(ng — ()R- (Q.2)

As the first term to Equation (Q.2) is simply the total kinetic energy of the plasma in equilibrium,
the free energy of the perturbations is then subsequently defined as the difference &€ = E —
oo f dSAHyF)s, and consists of two contributions the kinetic energy of the perturbed particles
which as a result of lack of equilibrium will establish itself as entropy and the energy stored
within the electric field given by the second and third term of Equation (Q.2) respectively [189].

Note that the free energy £ is defined in real-space using the potential ¢ rather than its Fourier
components gg This is because the free energy is a so-called non-linear invariant of the GKE,
which is conserved by the convective E X B non-linearity [193,194]. This is because in terms of
Fourier modes the neglected E X B non-linearity becomes a convolution in wavenumber-space,
given by [191]

1 L
WE - Vgs)k, =~ 53 > B (K x [k —K\]) Jo(K ps)Ows, G e e, (Q3)

K

which can only shuffle (free) energy between Fourier modes rather than create/dissipate it and
is responsible for eventual saturation of turbulence [192]. This is much in analogy with fluid
turbulence, where the kinetic energy mu?/2 is also a non-linear invariant of the Navier-Stokes
equations as it is conserved by the w - Vu non-linearity [8,192,193]. Just as in fluid turbulence
where the evolution equation of kinetic energy follows by multiplying the Navier-Stokes equation
with w and averaging over space [223], the evolution for the free energy in plasma follows by
multiplying the GKE Equation (25) with factors that are preserved by the non-linearity, which
are®® the kinetic response T,gs/Fars and the electrostatic potential perturbation gs (¢) r and
integrating over phase-space (where the additional prefactors make sure that the free energy &
has the proper dimension).

88This is because in a formal formulation of gyrokinetics the advective non-linearity can be expressed as a
Poisson bracket {(¢),gs} [67] which has the property that it will vanish when multiplied by any commuting
quantity and integrated over space [111,190]. This does leave room for some discrepancy about the adiabatic
response in literature [109], where the adiabatic response as used in this thesis is the particle adiabatic response
related to the particle distribution function while in free-energy literature the guiding-center adiabatic response
is considered based on both the energy form in the Hamiltonian Equation (Q.1) and the appearance of (¢)p
in the Poisson bracket. This does create an inconsistency in evolution equations of free energy, as the adiabatic
response of the distribution function is also taken as —gs (¢) R /TsoFns which alters the form of Poisson’s equation
Equation (37), and results in a single evolution equation for both free energy forms [189,190,193,195]. If the
adiabatic response of the distribution function is however properly kept as —qs¢/TsoFus the same derivation
results in two separate evolution equations for the free energy quantities as also obtained by [111] which consider
a uniform equilibrium magnetic field and kinetic profiles.
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Q.1 Derivation of free energy evolution equations

As the E X B non-linearity conserves the free energy &, the linearised gyrokinetic equation
Equation (34) can be used to derive the evolution equations for the free energy, provided that
the result is summed over all wavenumbers such that the neglected influence of the non-linearity
is effectively “washed out”®?. Rather than multiplying the GKE with T,gs/Fass and g, (¢) R to
derive the evolution equation for the free energy, the linearised GKE Equation (34) is multiplied
by Tsgs"/Fars and ¢sJod* instead and taking the real part of the phase space integral [191,195].
Doing so would only result in the free energy associated with one particular species, so to get
the total free energy one finally has to sum over all species, just like with the total plasma
energy Equation (Q.2). Physically this is motivated with the foresight that &y is an entropy-
like quantity and the total entropy of a system that is divisible in subsystems is the the sum of
individual entropies [224].

Since the free energy is quadratic in the perturbations (as will be clear shortly) this equivalence
between treating the total free energy £ and the combined free energy per Fourier mode k, $ki
is due to Parseval’s theorem [193]. Consequently the integration over phase 5pace and spatial
averaging can be replaced by [---dSA/ [d3z = [[---dPvd3z — S, JTC e, Bodly 4
since the wavevector only accounts for the cross-field variations as a result of the WKB formahsm
for the perturbations Equation (28). Since however k ~ k_ , the distinction between k and k.
will henceforth be suppressed for notational convenience, unless it is particularly illuminating
to do so.

Q.1.1 Derivation of entropy evolution equation

Starting with the entropy-like quantity, multiplying Equation (34) with Tsgs*/Fass, adding the
integrals/summations and taking the real part gives

A%k

i, Gk Ik . . Isk A
ZZRQ [/dSU/B > UHVHgsk T FS’ z(wk —wdﬁ)gs,k —Ts};7 Ck: =
PR Ms Ms

_ZZRe[/dS/B ?;J’“%ka( *TS)FMS]

which is best expanded on a term-by-term basis. Starting with the parallel dynamics term on
the left-hand side of Equation (Q.4), and splitting the integration over position and velocity
variables gives

dl T Ts di
Re [/d% By U||gskV||gs k] = Re [/d?”vm 595k V95, k:]

If pitch-angle velocity coordinates are used for the velocity integral, then as a result of the
Jacobian d3v — Y~ __, mv?B/+/1 — AB dvdA the 1/B factor will cancel such that the integration
along the field line can be performed using integration by parts [195]

=40 o0 R e S R ok *
/ dl G5 1.V 9s.k = |Gk ‘ —/ Al Gs V)95 = — (/ dlgs,kVHgs,k)

89Mathematically this follows from a summation of Equation (Q.3) over wavenumbers k, such that the double
sum Y, >, , will repeat every possible (k, k') pair and will vanishes as the cross-product is reversed in the outer
sum. Physically this is because the E X B non-linearity only exchanges free energy between different modes such
that an inclusion of Equation (Q.3) to the linearised GKE Equation (34) would result in an additional source/sink
in the evolution equation for the free energy for each Fourier mode 2 dt , but all these internal sources/ sinks cancel
when adding up the free energy stored in each Fourier mode to get the evolution total free energy a S =Dk 865 S
similarly to how in Classical Mechanics all internal forces between particles cancel and the dynamics of a multibody

system is given by Newton’s equation of motion for the centre of mass acted upon only by the external forces [108].

(Q4)
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where the boundary term vanishes since | = £o00 correspond to the points where a field-line will
bite its own tail®® As this integral is the opposite of its own complex conjugate it must be purely
imaginary, and consequently its real part vanishes.

Moving on to the second term on the left-hand side of Equation (Q.4), the procedure of simpli-
fying the integral is more straightforward

dl T, dl T,
Re[/d3 / g:kiwk—wcls)gs ]:_’Yk:/dg /

by using the complex frequency w = wg + 7y, and the fact that | g57k|2 € R along with all other
equilibrium quantities including the magnetic drift frequency.

The term involving the collision operator cannot be simplified by exploiting a splitting in re-
al/imaginary parts without specifying a collision operator so it will be left as is. Moving on
to the right-hand side of Equation (Q.4) there is only a a single term, however it cannot be
straightforwardly simplified like the other terms above by identifying its real and imaginary
parts since those depend on the phase between gy, q?)k This phase cannot be arbitrary however
as the (charge) density perturbations are directly linked to perturbations in the electrostatic po-
tential through the quasi-neutrality condtion Equation (37). Therefore by explicitly including
the sum over species this time the first term from the angular brackets can be rewritten as

. dl ~ ok . dl ~ ok
ZRG [Zwk/B¢kQS/dgvgs,kJ0] = Re |iwg Etﬁkz (QS/dsvgs,kJ0>]
o [ oS 2
Wk | Bk LT Ok

where the quasi-neutrality condition eliminates the kinetic response and leaves wg as the only
complex value under the Rel- - -| operator. The remaining term on the left-hand side involving
the diamagnetic frequency w!, cannot be rewritten in a similar way, as unlike wy, it cannot be
evacuated from the velocity integral because of its velocity dependence, and it thus cannot be
cast in terms of the quasi-neutrality condition. The imaginary unit ¢ can however be removed
from this expression by using Re[i¢] = Im[¢*] which holds for any ¢ € C, which will be more
advantageous for identifying its physical significance.

= Re

Compiling all of the above intermediate results and substituting them back in Equation (Q.4)
then leads to the “evolution” equation

TR/ ([ At o)
o [ s eonaia] Tl e,

where all terms involving the growth rate have been collected on the left-hand side.

(Q.5)

90 Alternatively, rather than imposing periodic boundary conditions, the the contribution of this integral to the
total free energy will vanish as long as |§s,k |2 remains bounded, as the free energy formally involves a normalisation
along the field line / $ dl /B [195].
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Q.1.2 Derivation of field energy evolution equation

Moving on to the field energy-like quantity, multiplying Equation (34) with ¢sJogs, adding the
integrals/summations and taking the real parts gives

dl n ~ Tx . ~ 7% A
Z Z Re {/ d*v / B 45Tk VG5 ke — dsTody (Wi — Wa,s) s,k — qsJod Ck} =
k

—ZRe [/ d3o / zquo¢kT Joow (wr — wl,) FMs}

Working again on a term-by-term basis, the parallel dynamics term on the left-hand side of
Equation (Q.6) cannot be simplified like before with the entropy evolution equation because
it involves a mixing between qgk, gs which cannot be rewritten in terms of the quasi-neutrality
condition to eliminate the unknown phase. Specifically if the same trick of integration by parts
along the field line would be performed than one would obtain

(Q6)

o0 l=+00 o0 o0 A
| T = il - [ @iy = [ agevid @)

where the boundary vanishes again because they correspond to the points where the field line
bites its own tail. Unlike before, the "new” integral obtained by integration by parts is not the
complex conjugate of the "old” integral, and thus the parallel dynamics will contribute to the
evolution of the free energy since it must have a real part. Equation (Q.7) will be useful later
when the resulting evolutions are interpreted as it shows one can swap the derivative between
qZ; and g5 at the cost of a minus sign. The second term on the left-hand side (drift frequency
wg — wgs term) will also involve the phase between the perturbations, however just like with
the diamagnetic frequency term above wy — wl;, this can be partially recast in terms of the
quasi-neutrality condition since wy, is independent of velocity

. dl L dinag? | -
ZS:RG |:/d3v/BQSJ0¢kzwkgs,k:| Re Zwk/ ¢quS/d vJogs k:] = —’YkZ/ BB T.

where Equation (37) is used once more. The same simplification cannot be made for the drift
frequency term however because of the dependence of the magnetic drift velocity Equation (27)
on particle velocity, and is therefore also left as is.

2

Also much like before the term involving the collision operator cannot be simplified without first
specifying a specific form of the collision operator, such that all that is left to simplify is the
left-hand side term of Equation (Q.6). Fortunately, since side of the GKE is proportional to br
rather than gy the phase between the perturbations is not involved for the remaining and the
simplification procedure is straightforward

dl dl
ZRe [/d3 i J0|¢> 2 (w — wT,) FMS] ZRe [zwk/ (4 o 2 /d%JOFMs} +0

where the contribution from the diamagnetic drift vanishes as all terms are purely real valued.
The remaining integral over the square of the Bessel function has been encountered before during
the perturbative calculation in Section 3.3 and by using the integrals from Equation (I.1) it

follows that [ d3vJgFus = nsly <W exp —W = n4los using the same shorthand
notation as in Section 3.3 but with the index s added as a reminder that the argument of the
modified Bessel and exponential functions should be taken with the thermal gyroradius of each

species.
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Compiling all of these intermediate results and substituting them back in Equation (Q.6) then
leads to the “evolution” equation

dl S4s dl S A
Zf}/kZ/ 2 q 1_P05) :ZRQ ZQS/B/d30J0¢ka
k s
dl 3 7 x . ~
_ZRG ZQS/B/d vJ0¢k (U”V“ +7’st) Js.k
k s

where all terms involving the growth have again been collected on the left-hand side.

(Q38)

Q.2 Interpretation of free energy evolution equations

Just as with the derivation of the free energy evolution equations, their interpretation is best
done independently and on a term-by-term basis.

Q.2.1 Interpretation of the entropy evolution equation

The term on the left-hand side of Equation (Q.5) is best interpreted by not consdidering the
kinetic and adiabatic responses separately, but by considering the total perturbation to the
distribution function of the distribution function Equation (24) in Fourier space instead. By
doing so the integrand along the field line can be written as

Ts R 213 ans 2 / TS ~
d _ 15 2 — 2
/ F s |gS,k| v Ts |¢k| F

which follows by writing gs x = 5Afs,k + qs F’ Msdgk /Ts and performing the velocity integrals over
the Maxwellian. When performing the sum over species the latter two terms will cancel as
they reduce to the quasi-neutrality condition ) gs6ns = 0. Consequently the left-hand side
of Equation (Q.5) can be interpreted as a time derivative of the amplitude in perturbation in

distribution function
0 dl T,
a3 3 s
v=— E E — | d°v
S k ot ks / B / 2F s

Z’YkZ/dl/

which follows from recalling that the perturbations have an exp(—iwgt) time dependence with a

2 3 n 3 3 n > 3
7 ‘ d v—l—qb};qs/éf&kd v—l—gbkqs/df&kd v

s,k‘

- 2
complex mode frequency wy = wp k + 7% such that the squared amplitude ‘5 s, k’ has a growth

rate of 27,. This defines the first free energy quantity sy, whose physical significance is related
to the continuous extension of the Gibbs entropy to phase-space Ss = — [ fsIn fsdBvd3z [111].
By inserting fs = Fis + 0 fs and expanding the entropy for 6 fs/Firs < 1

2
- //(FMS +0fs) (P + 0 )d°A ~ —//(FMS +6f) [IH(FMs) + 1«%]; - ;%
s Ms

- FarsIn(Fae)dSA + [ 6 fsIn(Fazs)dSA + 5fsd6A+1 01 dSA
v J Joraensg [ geea)

—//FMS ln(FMS)dGA—l// 01 d®A = Sy + 655
2 FMs

where the perturbations must satisfy [ & fsd3x to have a zero net contribution to the number
of particles in the system, it follows that £ = — > Ts6S; is in fact the energy stored in the
fluctuation entropy (as already hinted to by the names of the sections).

+0 (53)] d%A
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The identification of £5; as entropy also helps to identify the second term on the right-hand of
Equation (Q.5), since in absence of equilibrium profile gradients w!, = 0 and Equation (Q.5)

reduces to
0 dl Ts ., A
7 L 05k =D Re |3 |5 [ dvp i <ck>R]

which is the extension of Boltzmann’s H-theorem for the perturbation to the distribution func-
tion, and consequently this represents irreversible dissipation of the perturbations by parti-
cle collisions such that collisions have a damping effect on the growth rate (as Esy is positive
definite) [8]. This is most readily seen by substituting the linearised BGK collision operator

Equation (46) such that the term on the right-hand side — ), Re [ZS i % [ dBovs L |§57k]2}

Fars
is negative definite, but the same property also holds for more advanced collision operators used

in gyrokinetic simulation codes [87-90].

Lastly the first term on the right-hand side of Equation (Q.5) must contains the role of the
plasma gradients through the diamagnetic frequency Equation (30) and must represent the
driving factors of the instability to balance the dissipation provided by collisions. According to
the simple waveform model of drift waves from Section 2.1 it are the density and temperature
gradients that are responsible for driving the perturbations unstable if there is an unfavourable
phase-shift between the potential perturbations and the density /temperature perturbations. As
the temperature and density perturbations follow from velocity moments of gs, the phase-shift
in the potential perturbation can be incorporated as ¢ = <Z;’ kei(k'm_‘”kt_%’k), which affects
the actual amplitude of the Fourier amplitude ¢ = ¢ k exp(—ipg) which is defined on an
expansion of the perturbation in an e!**~wkt) hagis. With such a phase-shift the first term on
the right-hand side of Equation (Q.5) becomes

S| San [ i [ @ostin] =55 [ [ o s
k s k s
=3 > (/ % /dgv‘ﬁk‘@s,ﬂwg%) sin(s k)
k s

and consequently a phase shift of ¢, € (0, 7) results in a destabilising influence with a maximum
destabilisation for 7/2, while a phase shift of g € (—m,0) results in a stabilising influence and
in the special case that the perturbations are completely in phase the basic collisionless drift
wave from Section 2.1.1 is recovered. A novelty from the free energy formalism is that the
different species can exert a different influence on the growth rate, while the basic models from
from Section 2.1 only highlighted the main instability driving mechanism.

Q.2.2 Interpretation of field energy evolution equaiton

Completely analogous to the interpretation of Equation (Q.5) the term on the left-hand side

.2
of Equation (Q.8) identifies the growth of a free-energy quantity €45 = %"QST?E‘ k’ (1-To)

which is quadratic the perturbations and also positive definite since 0 < I'y < 1. The second
free energy quantity &, is essentially the gyrokinetic generalisation of the kinetic energy due to
the E x B flow [190,191]. This can be seen by an analogy with the fluid model®! of the plasma

9IThe extension to the kinetic picture is straightforward, with the total kinetic energy being

~m ’U2 . . . . . . . . . . . .
> 5 fsd3vsd3x. In the limit in which the fluid picture holds, collisionality is sufficiently large to establish
equilibrium such that the distribution function fs — Fas(v — uwg) becomes a shifted Maxwellian around the
E X B velocity. The integral then results in a thermal component and a bulk component as a result of the mean

flow ug, the latter which is being used here.
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where both electrons and ions will move with a bulk flow velocity which has a kinetic energy of

11 2%
Z/ nsmsuEd?’m—Z/ nsmsBQHebelnqSH d3m~2/ nqs <pT >

Lg,1.

where the last step follows from writing the magnetic field strength in terms of the gyrofrequency
of a thermal particle B = mgvrs/qsprs, the fact that ep is a unit vector and an characteristic
perpendicular length scale of the electrostatic potential fluctuations has been introduced similar
to Lys, LTs. To compare this fluid picture with £, the appropriate long wavelength limit for the
fluctuations k| p < 1 has to be taken, for which I'ps =~ 1 — (kLPTs)Q /2 + O((kLprs)*) resulting
in

(kLst)Q
2

dl ngq?
1 S
klplTr?—ﬂ) gd)’ Z /

which by identifying the wavenumber as the inverse correlation length of the fluctuations k£, ~
1/Ly, 1 completely matches the fluid picture. Consequently £, represents the energy stored in
the fluctuating electric field in a gyrokinetic way.

The second term on the right-hand side of Equation (Q.8) requires some more effort to identify,
but fortunately the tricky part has already been done in Appendix Q.1. The drift term can be
rewritten by recalling that the magnetic drift frequency is defined as wgs = k1 - vg4s such that

dl
ZRG qu/ /d UJo¢k U”V” —|—zwds Js k] = ZRG qu/ /d ’Ugsk UHVH +1k, - 'Uds) J0¢k

where Equation (Q.7) is used to rewrite the parallel dynamics in favour of a derivative of gﬁ and
the complex conjugation of the drift term is allowed as it does not alter the real part of the
integral. Now recalling that in Fourier space ik, is equivalent to V| in real-space it follows
that the second term on the right-hand side of Equation (Q.8) is the Fourier analogue to the
J - E Joule heating that the gyroaverage perturbed electric field exerts on the plasma“? which
can either draw away energy from the electric field or provide energy to it corresponding to a
stabilising /destabilising effect on the growth rate respectively.

The first term on the right-hand side of Equation (Q.8) does not have a straightforward inter-
pretation by rewriting it and making an analogy with a familiar branch of physics. Rather if the
collisions are interpreted as pitch-angle scattering, then the net result of a collision will be to
“reset” the particle gyration and have it continue on a new orbit with a displaced gyrocenter, as
a change in v, affects the gyroradius such that the average particle position during a gyration
will be shifted w.r.t. the situation before the collision. As a particle effectively only feels the
gyroaverage of the potential over its orbit, this scattering will result in a change of its potential
energy qs (¢) g. Therefore )", Re {ZS gs [ % i d3vJ0<;A5",;(jk} can be interpreted as “potential en-
ergy scattering”, which can either withdraws energy from the particles which has to be deposited
in the perturbed electric field corresponding to growth or vice versa instill energy to the particles
corresponding to damping. In the simple case of a BGK operator, and proposing a similar phase
shift o, 1 between the electrostatic potential and density/temperature perturbations this term
becomes

ZRe
k

i [\
qu/B/dngocf)ka

= —ZZQS/%/d?)’UVsJO‘ng“QS,kCOS(SDS,k)
kE s

92This is by considering the current carried by each species in a statistically as js = J qsvs fs, which vanishes
for both the Maxwellian due to isotropy and the adiabatic response when integrating over the gyrophase [67].
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which seems to predict that for the most unstable perturbations with a phase shift close to 7/2
this “potential energy scattering” would have little effect on the field free energy &4, a feature
which has also been observed in simulations by Navarro et al using a realistic collision operator
instead [194].

The two evolution equations for the free energy quantities ¢, €4 Equations (Q.5) and (Q.8) are
not independent, after all both free energy quantities are proportional to |¢k]2. Furthermore
in the limit of a “monochromatic” perturbation which is characterised by just a single k, the
sums in Equations (Q.5) and (Q.8) would disappear giving two equations for the growth rate
of the same perturbations, which would have to be consistent. This is not a feature caused
by neglecting the E X B non-linearity in the derivation since Equation (Q.3) vanishes if the
perturbation is “monochromatic” [111], showing that there are no unaccounted sources/sinks for
both free energy forms in the “monochromatic” limit. Therefore the free energy should strictly
be interpreted as the total & = &s¢ + &y, which together with the identification of &y as the
perturbation entropy and £y as the “internal” energy of the perturbed electric field reveals that
E=U—>,Ts0S; is essentially the Helmholtz free energy of the perturbations [191].

Q.3 Application to TEMs

In the “monochromatic” limit discussed above, the free energy framework can be found to obtain
the growth rate of TEMs. The rationale for this approach is that each evolution equation for
the free energy of each Fourier mode takes the form of

OEk. (51,0} i
— 5 = 2k jos.0) = [Sources/sinks]y (s )

however in the “monochromatic” limit the E X B non-linearity cannot reshuffle energy between
different Fourier modes, such that the sources and sinks will simply given by the corresponding
Fourier component from the right-hand sides of Equations (Q.5) and (Q.8). As both contribu-
tions to the Helmholtz free energy are strictly positive & (57,43 > 0 this means that the net sign
of the sources/sinks determines whether the instability will be unstable (7, > 0) or damped
(v < 0). As in the “monochromatic” limit the perturbation consists of only a single Fourier
mode, the subscript on the wavenumber will be omitted from now on.

This method has been used in the past to determine the maximum growth rates of linear
eigenmodes [125,191,195] but using a different definition of the adiabatic response which leads
to an evolution for the free energy that does not include the J - E or potential energy scattering
work (see explanation under Footnote 88). Furthermore, free energy transfer has been used to
assess that max-J configurations are stable against TEMs [95, 126], but this assessment only
considers the collisionless case and the J - E work. It is therefore interesting to see if (even
qualitatively) it could be assessed how collisions affect the growth rate of TEMs using this
method.

To evaluate the sources and sinks of Equations (Q.5) and (Q.8) for TEMs, the approximate
solutions for the kinetic responses of ions and electrons Equations (48) and (51) in the TEM
are used again, and the simplified BGK collision operator (Ck)p = —vsgs is employed. The
process is mostly a straightforward substitution of these expressions in the right-hand sides of
Equations (Q.5) and (Q.8), and determining which factors are real/imaginary which can be done
on a per-species basis. For example, starting with the ions direct substitution of Equation (48)
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in the gradient drive term of Equation (Q.5) gives

dl Tl e2 / dl| - 5 (w—wh) Wk
ey £ LYYl Iy Bolm |22 2Ry,
/ w Wdi + 1Y 0 Mz T, ] B vim w — wgj + 1y 0 Mi

(Q9)
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where gg is extracted from the velocity integral since it only depends on position and the fraction
of all frequencies is the only non-real valued term, which has been explicitly expanded with a
complex mode frequency w = wpg + 7 in the last step by multiplying with the conjugate of the
denominator. Doing similarly for the dissipation term with a BGK operator gives

w3 oot [

which shares much a similar structure of the integrand, such that both contributions can be
neatly combined to give the total change in entropy due to ions

<855f> / dl
at ions

The procedure for the electron is much the same, but has a slight subtlety. The approximate
solution for the electron kinetic response Equation (51) describes the response of trapped par-
ticles and vanishes in regions of velocity space corresponding to passing particles. This is best

handled by using pitch-angle coordinates for velocity space such that e.g. the gradient drive
term becomes

dl
/ / ) % JodJoFare
w Wde + Ve

2 1/Bmin i~ T (w — wT
—Im 27r6—/ d)\Z/ dv(i
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where Equation (64) has been used to revert the order of integration and turn all remaining

field line depending quantities into bounce averages. A comparison with Equation (Q.9) shows
that the electron and ion gradient drive terms are isomorphic, by replacing all quantities that
depend on the position along the field line with their bounce average, using pitch-angle velocity
coordinates and replacing the integral along the field line with the “effective well” length. It is
straightforward to show that this isomorphism between ion and electron free energy sources/sinks
also carries over to the other terms, such that the total change in entropy due to electrons
becomes

T (T  — 2 T
OEs 1/Bmm oyl (Wl — wae) — ve (]w| - wa*e>
Zoof = 27r— dv v?
electrons Veut

ot /Bm w — Wae + ive|?

=12
Job| FateLeggpu-

(Q.11)

The sources/sinks for the field energy &4 largely follow in a largely analogous way by direct
substitution of the approximate solutions for §;,g. in the right-hand side of Equation (Q.8),
except for the parallel J - E work which requires some careful deliberation. The free energy
evolution equations are derived for the most general case of the linearised GKE and is exact,
whereas the approximate solutions for ¢;, g. are obtained by asymptotic limits for the parallel
dynamics term in the GKE based on the frequency ordering Equation (47). For the ions this
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simply means that the vV term can be completely neglected such with regard to the free
energy Jy £ =~ 0. Direct substitution of Equation (48) in Equation (Q.8) then gives the field
energy source/sink for the ions

A / AP
at wons a

For the electrons however the vV term actually dominates and the approximate solution
Equation (51) is obtained by taking the bounce average of the GKE to filter out the parallel
dynamics, and only describes the trapped electrons (as described in Section 3.1.2). The passing
electrons, which would only enter through the small correction g.1 to the kinetic response can
however carry a substantial parallel current which cannot be neglected. This can be accounted
for by solving the GKE “iteratively”, that is using Equation (49) to obtain an expression for
the parallel dynamics from passing electrons v V| ge,1 in terms of the approximate solution
Equation (51) describing trapped electrons. With this “iterative” approach the J - E work due
to electrons becomes

N T R R e
AT A -2
z/dl/d3 - — wy )(w+we)J0¢*JO¢FMe " Re [i;/cg/d?’”‘é‘ Jg (w—wl) FME}

— Wde + e
where the first term will vanish for passing electrons because of the bounce average, but the
second term contains contributions from both passing and trapped electrons. For the potential
energy scattering however, this distinction between passing and trapped electrons does not
matter and retaining only the approximate solution Equation (51) is sufficient. Working out
the Rel- - - | operator by expanding the complex frequency fraction for each term like before then
gives the total field energy source/sink for electrons as

2 T —— (5 _ T
9E 2 £1/Bmin o U (|w\ + YV — wy wR> + Yge (wde — Wy )
<¢> =— 27r6/ Ay / dv A 2 Fyre
ot electrons T, 1/Bmax w(X) Veut ’w — Wqe + ZVe’
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Veut

1/Bmaz w()\)
(Q.13)

where the term is again the isomorphic electron equivalent to the ion term from Equation (Q.12),
and the second term which is absent for the ions describes the non-negligible J) £} work. One
would expect this additional term to be mainly due to passing electrons rather than trapped
electrons which at first sight also give a contribution. Rather by explicitly splitting the velocity
integral of the first term in a passing and trapped contribution it follows that

S [ a*|d| i — 2 Ay dv‘,](ﬂb’ V FateLog u] =
Veut
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where the subscript P has been used to indicate the passing particle region®® and the trapped
particle particles have been described by pitch-angle coordinates as usual. The term in the curly

93Using e.g. pitch-angle velocity coordinates these would be characterised by v € [0,00), A € [0,1/Bmas) and
the integral along the field line would wind completely around the torus. However to keep the notation compact
this has not been written out explicitly.
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brackets is essentially the extension of the usual definition of the variance of ngzAS along the orbit
of a trapped electron. In case the perturbations are relatively elongated compared w.r.t. the
effective well length k Lcsr[w] < 1 then a trapped particle will hardly experience changes to the
electrostatic potential along its orbit and the contribution from trapped electrons will approach
zero such that the J E) work is largely due to passing particles as expected. One intricacy is
that the J) B work is proportional to the growth —v, which means that it will exert a stabilising
influence to unstable modes and vice versa. Both of these observations match the result from
Manas et al [76] who separately looked to contributions from parallel and perpendicular electron
dynamics to the TEM growth rate in simulations and found that the parallel dynamics were
uniformly stabilising and concentrated in the passing particle region of velocity space.

With all four sources/sinks to the total Helmholtz free energy & = Es¢ + &4 identified, the
growth rate can be determined by adding the evolution equations Equations (Q.5) and (Q.8) in
an attempt to find the growth rate of TEMs

oE dl 3, |W\ — WRW; )+7V + (W — wh) 9
ot w — wa; + v
2
62 1/Bmin o) <’w| — WRW ) +7V +’Y<wde2_wz; ) 9 -2
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Te I/Bma:c w(}\) Veut |w — Wde + ZV@‘

/%l/F)d?’v‘qB(ZJgFMﬁ%/I;ZZ" dAZ/W dv{‘Joqb‘ )M(Q}UQFMeLeff,[w]
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where Equations (Q.10) to (Q.13) were substituted and the all terms with the same denominator
were brought together. There is one major problem with Equation (Q.14): it is impossible to
determine the right-hand side without knowing the growth rate ! This means that the free
energy transfer cannot be used to assess the growth rate based on the rationale that the free
energy itself £ is always positive such that the sign of the source/sinks can be used to determine
the growth rate. Ideally, Equation (Q.14) could be rewritten in the form v(2€ 4+ G) = F where G
contains all term on the right-hand side which are proportional to v such that the growth could
still be determined, however the terms in G are not strictly positive such that whether there will
be an instability would no longer depend just on the sign of F.

Nevertheless some rudimentary qualitative information about the influence of collisions on TEMs
can be extracted from Equation (Q.14). Reasoning similarly as for the JjEj term which has
a stabilising influence on instabilities, by assuming the growth rate to be v > 0 the collisions
will have a directly stabilising effect from both the yv2 and 2vg|w|? terms in Equation (Q.14)
regardless of the real frequency. The real frequency is however crucial in determining the sign
of the 21/Swa terms, Wthh is independent of the growth rate, such that collisions exert a
destabilising effect if wgwl, > 0, which in absence of temperture gradients is exactly the same
criterion as for the colllslonless TEM resonance. As the electron collision frequency is typically
higher than the ion collision frequency, this means that collisions could further destabilise an
already resonant TEM. However this analysis only allows to assess the qualitative effects of
each term involving the collision frequency, the net effect of collisions will be determined by the
imbalance among them which is impossible to assess.

R Preliminary work on the variational principle for growth rates

The basis of all variational principles rely on the calculus of variations, which is first briefly
outlined in Appendix R.1 before diving into its application towards finding the generally complex
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mode frequency for gyrokinetic instabilities, with in particular TEMs in Appendix R.2. After
deriving the corresponding Euler-Lagrange equations their consistency issue is highlighted and
some first steps towards their resolvement are taken in Appendix R.3.

R.1 Introduction to variational principle

The following exerpt is based on the classical textbook on the subject by Gelfand and Fomin [225]
on the subject.

Calculus of variations concerns itself with finding extrema of a functional S[y], where most
functionals encountered in physics take the form

b
Sly] = / L(z,y,y')dx (R.1)

a
where 3 = %. Such a funtional S[y] can be considered as “a function of the function y(x)”,
or formally it expresses a mapping of some curve y(z) to the set of real numbers. Much of
functional analysis follows by analogy with the analysis of “normal” functions f(z). In particular
of importance in optimisation problems is to find where Equation (R.1) has an extremum. For
a regular function f(x) this happens when its variation df = 0, and the subsequent analogue
for functionals is that the variation §S = 0. Consider two curves y(x) and g(z) = y(x) + h(x)
with h(z) such that y(z) and §(x) are “neighbouring curves” in function space®® with the same

end-points such that h(a) = h(b) = 0. Then the difference in S[y] between the two curves is

b
oL oL
AS[y] =S[gl — Syl = | —h ——1h'dz + O(h*, bl (W)?
) = 17 = Slu) = | G ohCa) + Gon da o OB (1))
where a Taylor expansion of the integrand is made and the first part linear in h(z),h'(z) is
referred to as the variation 4S. Integrating the latter by parts gives

broc  d (0L OF v=b
st = | [ay T (ayﬂ M) do+ 5|
~———

=0

where the boundary term vanishes since the two curves g(x), y(x) have the same end points. For
the functional S[y] to have an extremum for the curve y(x) its variation must vanish §S[y] =0
for any arbitrary choice of h(x), which can only happen if

oc_d (ocy _

oy dx\oy )
which is referred to as the Euler-Lagrange (EL) equation for the functional Equation (R.1),whose
integrand £ is then referred to as the Lagrangian density (or just Lagrangian depending on the

field of application). The EL equation is readily generalised for a functional S[y1,ya2,- - ,yn]
depending on multiple curves as

oL d (0L
=2l Z=)V=0 fori=1.2.--- . N. R.2

/
oy
Additional generalisations such as non-fixed end point problems, functionals depending on higher
order derivatives, etc can be found in [225], but Equation (R.2) is already more than sufficient
for its application to gyrokinetics.

94This can be defined by means of a suitable norm depending on the type of functional. For the common
example of Equation (R.1) where the functional depends both on y and its derivative, this means that the
absolute deviation of the curve and their slopes have to stay within some prescribed bound for which S[y| is
continuous.
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R.2 Quadratic form functional for TEMs

As the main difficulty of the trapped electron mode is that the qausi-neutrality condition is in an
equation in both the mode structure qAﬁ and its integral because of the bounce averaging (called
a Fredholm equation in mathematics). As the main interest is not so much the mode structure
but rather the complex mode frequency, in particular its imaginary part giving the instability
growth rates. This problem can be circumvented by multipyling the quasi-neutrality condition,
in the form of Equation (54) with the approximate solutions for the kinetic responses g, g; of
electrons and ions substituted, with g%* and integrating over the field line [43,93], resulting in%

2dl dl w — wT N
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2 Fw
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where pitch-angle velocity coordinates for the trapped electrons are used for the velocity integra-
tion and the trick of Equation (64) has been used to change the order of integration over pitch
angle and field line. Equation (R.3) is the so called quadratic form and has the benefit that it
depends on integrals of the absolute magnitude of ¢ which are always positive and real-valued,
and the mode frequency w which is constant w.r.t. all integrals. Although it is still not possible
to solve Equation (R.3) for the mode structure and the mode frequency w, one could make an
educated guess for the mode structure and calculate what the corresponding mode frequency
would be. In general the resulting guess of the mode frequency will be off from the “true”
mode frequency wgy belonging to the “true” electrostatic potential ég. The idea is now that if
Equation (R.3) can be recast into a functional S[w, $] = 0 and the variational principle can be
used to find stationary solutions 05w, ¢E] = 0, then the guess for the mode frequency will be a
close proxy to the actual frequency of the TEM. Because Equation (R.3) is quadratic in qS but
"linear” in w this technique will be a double-edged sword as it means any error 5¢ d) qﬁo
made in the initial guess for the mode structure will propagate as §2 into the error for the guess
of the mode frequency dw = w — wyp, such that the proxy for the TEM frequency will be either
very good if & < 1 or very poor if § > 1. In the latter case of course the EL equations will
not be valid as the assumption in their derivation was that the deviations are small such that
AS[y] is accurately given by its linear variation 0S[y] and the quadratic and higher corrections
are negligible.

To be suitable for the variational principle the functional S|w, ¢] has to be written in the form
of Equation (R.1) with a single integration variable. This can be achieved by sacrificing the
symmetry in the trap electron obtained by reversing the order of the pitch-angle and field line
integrals, such that the instruction of multiplying the quasi-neutrality by (;AS and integrating along
the field line not further simplified than by introducing pitch-angle coordinates for d3v,, leading
to the functional

. . 1/B(1) - .
Sl = ¢ [f<w,z>\¢)2/3<z> - { [, s Ani }¢*/B<z>

9 Note that is essentially the same as the last step of the perturbative calculation of Section 3.2 except that
the electron response is treated in a non-perturbative way from the get-go.
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are defined for convenient shorthand notation and S [w,QAﬁ] is here liberally interpreted as a
general functional which maps the ”curve” of qg(l) to a complex number, with the special case
of S[w, ] = 0 corresponding to the solution of Equation (R.3). Thus the Lagrangian density to
use for the variational principle is then recognised as

. L 1/B(1) — .
Llw.d,1) = fw. 1) &/ B(D) - / 9w, MDA/ B()

l/Bmam

which depends on both qg and its complex conjugate. Such a situation also typically occurs
in the variational formulation of quantum-mechanics where both the wavefunction v and its
complex conjugate enter the Lagrangian density and they are treated as independent variables
for the variations of the EL equations which lead to the Schrodinger equation for ¢ and *
respectively [198,203,226]. This is essentially because the wavefunction is a complex number
which can be represented by two independent real numbers; either its real and imaginary parts or
more physically relevant its phase and magnitdue which can be constructed from combinations
of v and %*. The same also applies to the Fourier coeflicent-like electrostatic potential gZ;, such
that actually S|w, b, qg*] = [ L(w, b, *, 1) dI which leads to the following system of EL equations

oc 0 oL 0 oL

Ow O D

as a result of applying Equation (R.2) to a Lagrangian density which does not depend on
any derivative. Technically Equation (R.2) is derived for a real-valued functional which maps
a collection of curves along the real line to a real-valued number, but this can be naturally
extended to functionals which map a curve in the complex plane to a complex number resulting
in the same set of (complex) EL equations [202]. Although the derivatives of £ w.r.t. ¢,w are
straightforward to obtain, the derivative w.r.t. QAS is less obvious because of the bounce averaging.
Here the quadratic form of this term in Equation (R.3) provides a clever way of calculating the
derivative by (re)writing it as

1/Bmin l2[w] dl /B(l) 1/B(1) .
1/Bmag d)‘Zw(A)( ¢¢ fl /71 AB(l) 9§dlf1 d)‘ ¢ /71 B fﬁdlfyB d)‘ )¢ %ﬁ)\B

where L.y, has been written out explicitly in the first line, and the two steps below follow
reversing the order of integration between A and [ again by means of Equation (64), applying
the definition of the bounce average Equation (52) once to the product of éLe ff[w) and once to
the complex conjugate instead and recognising that during any of the integrals the pitch angle

never exceeds AB > 1 such that qb = gf)* The fact that these integrals are similar is of course

because ‘gzﬁ‘ Legsw) € R and must therefore equal its own conjugate. Consequently this means
there are two equivalent Lagrangian densities £1, Lo

o o 1/B(1) — .
La(w,,6%1) = F(w, ) 6/B(1) - / gl A Dddr G /B)
l/Bmaz
o o 1/B() —
La(w,,6%1) = F(w, ) 6/B(1) - / s A D AN/ BO)
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which lead to exactly the same functional Sw, gZ;, ngb*], such that for the EL equations one has the
freedom to pick which Lagrangian density to use for the derivatives?® such that the EL equations
for the variational principle are

OL _ fw, /B — /g(w,A,Z)é*dA/B =0 (R.5a)
¢
Flw,)$/B — / A Déd\ /B =0 (R.5b)
oL _ 9f(w,l) l) 0g(w, \, 1)
=T /a¢ d\¢*/B =0 (R.5¢)

where the boundaries of the pitch-angle integration have been suppressed.

R.3 The consistency issue of the Euler-Lagrange equations

All EL equations of Equation (R.5) take the form of (---) /B = 0 which have to be satisfied
everywhere along the field line where the magnetic field strength remains finite, such that all EL
equations can only be satisfied by (--+) = 0. Interestingly the EL equation Equation (R.5b) for
variation w.r.t. ¢* reduces exactly to the quasi-neutrality equation for TEMs (Equation (54))
after substituting Equation (R. 4) despite the general interpretation of S|w, b, * | as a general
mapping of some complex curve ¢( ) to a complex number which may be other than zero if the
electrostatic potential does not satisfy quasi-neutrality. One is tempted to interpret this result
that the extrema of S thus correspond to solutions to the quasi-neutrality condition. This is
however problematic as a comparison between Equations (R.5a) and (R.5b) shows that ¢ and
¢* should satisfy exactly the same equation which can only be true if ¢ = &* because both 1,9
are complex-valued. Mathematically this would strictly limit the WKB amplitude functions qb
to be real-valued since the conjugate should satisfy Im[¢*] = —Im[¢]. Physically however the
interpretation that the extrema of the functional correspond to solutions of the quasi-neutrality
breaks down, since the electrostatic potential is real-valued such that

(@, 1) = ($(@,1)" = §" (@) exp(—i(S (@) /6 — w*))

by invoking Equation (28) for the electrostatic potential, which shows that quS* corresponds to
a “mirror image” of $ which is going in the opposite direction with a corresponding vector
k¥ =V¢/ip - —k, and oscillation frequency wj, — —wpr but the same growth rate 7 = .
Consequently this would introduce sign change to the appropriate diamagnetic frequency w, and
magnetic drift frequency wgs as well such that the corresponding quasi-neutrality condltlon for
#* would be described by functions f* (w, 1), g"(w, A, 1) other than the ones from Equation (R.4)
which appear in Equation (R.5a).

This prevents a consistent interpretation of extrema of S [w,qg, 45*] as solutions to the quasi-
neutrality condition since qg* would no longer be the conjugate of gZ; which solves the quasi-
neutrality condition. This problem does not occur in the “normal” variational principle of the
Schrédinger equation because the corresponding Lagrangian density is real-valued and so the
corresponding EL equations are each other’s complex conjugate?” and a consistent interpretation

9This is because one could formulate the EL equations once by expressing S [w,(;AS, q@*] in £1 and once by
expressing S in L2 which does not introduce an additional term to the EL equations since L2 still does not
depend on any derivative and arrive at % =0= %

9TFormally speaking, in the quantum mechanics the formulation is in terms Hilbert spaces where (!, ) are
used instead and the EL equations are each other’s adjoint in the respective Hilbert space because the Lagrangian
density is a Hermittian operator with real eigenvalues corresponding to energy E of the quantum system [226].
In terms of the TEM problem, the ”eigenvalue” would be the frequency w which is complex and the Lagrangian
density is not Hermitian because of the reasons argued above.
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as ¢* and 1) is possible [203]. This problem also does not arise in previous applications of the
variational principle to TEMs [126, 182] which are done in the collisionless limit (v — o) at
marginal stability (v | 0) such that the functions f(w,!), g(w, A, 1) become real-valued again and
all the sign changes to the frequencies would neatly cancel, such that the EL equations for qg*
and gZS become each others complex conjugate and a consistent intepretation of gZ;* as the complex
conjugate is possible again.

In an attempt to remedy this issue, the constraint that S [w,d;] = 0 is satisfied for proper
solutions to the quasi-neutrality condition. A similar approach is used in Reference [201] to
use the variational approach for the growth rate in the fluid limit of kinetic-ballooning modes,
where the fact that S = 0 results in an two equations for the real and imaginary part which
could be solved independently. With the quasi-neutrality expressed in the quadratic form of
Equation (R.3) where only |gZ>|2 and ‘5}2 taking the real and imaginary part are straightforward,
resulting in the two equations

1/Bmin _
P+ oG = Rele il + [ AN Refwn A w5

/Bmaw w()\)

dl l/qu;n =12
0= yflm[h(w, l)]l¢>|2§ + 7/1/ dA D Im[G(w, A, [w])]‘cb‘ Leyul

—oT 2
where temporarily G(w, A, [w]) = fvit dv, w—;de[fl:]iil/e 2WUTELOFM6 has been used for short hand-

notation. Focussing on the latter, and reverting the order of integration between pitch-angle
and arc length yields

b rmin(o, ][] 5 + § [ armmlgw.n 0155 a1 /5 = ¢ (m[h(w, DI+ [ Ayl mé) 55 =0

~

which can be satisfied only if either ¢* = 0 or Im[h(w, )] + J dMIm[g(w, A\, 1)]¢ = 0. The first
solution would however imply é = 0 = ¢ and corresponds to the trivial solution of no turbulence,

such that the second equation provides the proper constraint. As assessed in Appendix R.2 there
=2
is some freedom in how ’cf)‘ Ly 1s converted from a sum over wells to an integral along the arc

length of the field line which leads to two equivalent Lagrangian densities corresponding to the
same functional S; Completely analogous as shown above where the choice was made to convert
=k A =K

¢ Lesfp), the condition of Im[h(w,1)]¢™ + [ dAIm[g(w, A\, 1)]¢ = 0 would be obtained instead if
&Leff[w] were converted, which is just the complex conjugate of the previous constraint. This

should be expected since the fact that quS and 45* are each others complex conjugates have been
extensively used to arrive at the constraints.

This constraint can now be applied to the EL equations of Equation (R.5) by complex expanding
the functions f = Re[f] + ¢ Im[f] and similarly for g, where from Equation (R.4) it follows that
Im|[f] = — Im[h], which results in

oL i Ai* — a

s = el (w.0)§"/B - /Re[g(w,)\,l)]qﬁ d\/B =0 (R.6a)

o ) ~

5 = el DJ6/ B - /Re[g(w, MDIGdA /B = 0 (R.6b)
gi _ 3Re[gu()w,l)] ‘CZBF/B B / aRe[g;Z’)\’l)]qu)\qg*/B —0 (R.6¢)
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as a result of the linearity of the integral and derivative operators. At a first glance Equa-
tions (R.6a) and (R.6b) still imply that ¢ = ¢* must solve the quasi-neutrality condition.
However, since only Re[f], Re[ | instead of f, g appear these new constrainted EL equations now
do satsify the equations for ¢ and ¢* are each others complex conjugate such that ¢* can be
consistently interpreted as the conjugate of gi). This gives a first improvement which is necessary
to be able to extent the variational principle for TEMs to be applicable to their growth rates
and without neglecting collisions, however the issues with Equation (R.5) are not completely
resolved yet. It remains to be shown in future work that the new EL equations of Equation (R.6)
can still be interpreted as the quasi-neutrality condition for qg and (5* as the imaginary imagi-
nation about f,¢g is lost. Once this has been established some effort can be put to interpreting
what physics Equation (R.6¢) represents, e.g. could it already give a simpler equation than the
original quasi-neutrality condition for finding an analytical expression for the growth rate?, and
then finally the variational machinery could be put to work by using trial functions qg for the
potential and see how well the resulting real frequency and growth rates do correspond to the
results of simulations to see if the variational method would correspond to a cheaper but good
alternative to gyrokinetic simulations.
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