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Abstract

Plasma turbulence in nuclear fusion devices is caused by micro-instabilities and leads to transport largely
exceeding neoclassical predictions. To increase confinement control, the relation between the magnetic
configuration and turbulence needs to be further understood. Both poloidal and toroidal localization
of instabilities has been observed in recent global gyrokinetic simulations and Doppler reflectometry
experiments performed on plasmas in the TJ-II stellarator. The poloidal localization changed when two
magnetic configurations with completely different rotational transforms were compared. A qualitative
agreement between simulations and experiment was found only for the high rotational transform case,
hence the relation between the rotational transform and the localization of instabilities was not yet well
understood. This thesis aims to enhance the understanding of the interplay between the localization of
instabilities and the rotational transform by investigating two yet unexplored magnetic configurations
using Doppler reflectometry and the global gyrokinetic simulation code EUTERPE. The experimental
results show that the intensities of the density fluctuation spectra are different for two poloidally separated
regions. The intensities in the spectra gradually shift with respect to each other when the rotational
transform is increased. The simulation results show a clear poloidal localization of instabilities which, in
sharp contrast to the experiments, is not affected by a change of the rotational transform alone. The radial
electric field influenced the localization of instabilities the most. A possible source of this discrepancy is
the translation of the simulated modenumbers to the experimentally measured wavenumbers, which was
found to depend on the rotational transform through the local magnetic flux surface curvature.
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Chapter 1

Introduction

For years, fossil fuels have dominated the energy mix, by being a cheap and reliable source of energy. As
a large fraction of the total world population is now entering the middle-class market, the demand for
energy is higher than ever. The living standard of people will grow even further and the population is
expected to grow to 11 billion by 2100 [1]. However, concerns about energy depletion and global warming
due to large-scale emission of greenhouse gasses have increased, making fossil fuels a less attractive option
[2]. The energy sector is under great pressure to provide enough energy now and satisfy the demand for
more energy in the future, all while cutting its footprint [3]. This seems to be an impossible problem to
solve when using the tools of the past. All eyes are looking towards technology for a solution.

Over the last 50 years, many technological solutions have been proposed that promise to provide
clean and green energy. Currently, solar photovoltaics, windmills and hydropower seem to be competitive
energy sources [4, 5]; competitive enough to provide an alternative for energy production based on oil and
gas. For the short term, these alternative energy sources could be the driving force behind the energy
transition. However, some challenges remain unsolved. For instance, the intermittent nature of sun and
wind energy call for large scale energy storage, which remains problematic with current technological
means. Furthermore, for geographical reasons, hydropower might not be an option for some countries.
Therefore, energy sources need to be clean, stable, abundant and independent of geography. A technology
that is safe, clean, stable and independent of geography is nuclear fusion, the process powering our sun
[6].

1.1 Magnetic confinement fusion

According to Einsteins famous E = mc2 law, when two atoms fuse and a mass deficit occurs during the
reaction, energy is delivered. The following is a fusion reaction between a deuterium 2

1D and tritium 3
1T

atom [7]:

2
1D +3

1 T −→4
2 He+1

0 n+ 17.6 MeV, (1.1.1)

where an alpha-particle 4
2He and a neutron 1

0n are created, releasing 17.6 MeV of energy. Compared to
an ordinary burn-reaction of carbon-based molecules which releases energy on the order of only eV s, a
fusion reaction provides a virtually unlimited amount of energy using nothing but abundantly available
hydrogen-isotopes [6], without producing any greenhouse gasses.

The main difference between an ordinary burn-reaction and a fusion reaction is that the latter takes
place at much higher temperatures. This is related to the dependency of the reaction-rate of Deuterium-
Tritium with the temperature T . The highest reaction-rate is found for T ≈ 10-20 keV, which roughly
translates to 100-200 million degrees Kelvin [3]. The conditions under which fusion happens are therefore
extreme. At these temperatures, the mixture of Deuterium and Tritium atoms are not a gas anymore,
but form a plasma. Often described as the ‘fourth state of matter’, a plasma is a hot gas of ionized
particles [7]. The interaction between the charged particles such as electrons and ions makes the physics
of plasmas very rich.

If the nuclear fusion process could be harnessed, it would have all the benefits of a reliable, safe and
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magnetic confinement fusion

clean energy source, that provides a long term and truly sustainable alternative to the current way of
producing energy. However, realizing a device that could produce energy from nuclear fusion is afflicted
with many technological challenges. For one, the plasma needs to be heated to 100-200 million degrees
Kelvin, requiring massive amounts of energy. Secondly, once the plasma is created, the materials need
to withstand large heatloads, but even then, no material can withstand to be in direct contact with a
100-200 million degree Kelvin plasma. To prevent major damage, the plasma that is created cannot and
may not touch the reactor walls to prevent major damage. Finally, the amount of energy produced in the
fusion reactions must be more than what is radiated away by the plasma. This is the Lawson criterion,
that takes the following form:

nτET > C, (1.1.2)

with n the plasma density, τE the energy confinement time (i.e. how long the energy needs to be main-
tained in order to meet fusion conditions) and temperature T . C is a critical value that reflects the
radiative losses and is a function of T [8]. With the reactor operating temperature typically fixed at
T ≈ 10 keV, the radiation loss rate C is fixed. The Lawson criterion states that the energy production
from the fusion process can be increased by increasing the density n or the energy confinement time τE .
Since pressure is proportional to the product of density and temperature due to the ideal gas law, the
energy confinement time τE is often strived to be in the order of seconds. This makes the fusion process
relatively stable in time and the plasma with a pressure p of a few bars manageable [3].

Confinement of fusion plasmas is possible in specially designed fusion reactors that use electromagnets
to shape and steer the plasma. This is magnetic confinement fusion [7]. Two major designs exist: the
tokamak and the stellarator. An example of the latter is depicted in figure 1.1.1. The first devices that
could confine plasmas had a stellarator design. The concept was introduced by Spitzer et al. [9] in 1951
and the first model was built in 1953. After the initial excitement, larger models followed, but due to
practical problems the concept was put on the back burner. Meanwhile, the first tokamak T-1 with a
torus-like shape was built in 1958 by Russian scientists [10]. Around 1965-68, the Russians reported
that their tokamak T-3 had reached temperatures high enough for fusion to occur. This meant that the
tokamak concept was pursued in many labs. Current fusion research is still largely focused on tokamaks
[11]. The largest problem in the tokamak design is that a magnetically confined plasma can only be kept
when plasma current is being driven by a external solenoid [3]. This means that the fusion process is
not steady-state. Furthermore, it has been observed that major disruptions of the plasma can occur.
Moveover, the advantages of stellarators over tokamaks are numerous. For example, stellarators do not
need a current drive to create a so-called ‘poloidal field’ of the confining magnetic field. This means they
can operate steady-state and do not have major disruptions like in the tokamaks [3]. However, it comes
at the cost of a more complicated geometry.

Figure 1.1.1: Side view of the stellarator geometry, with the magnetic coil system and the plasma. This example
belongs to the TJ-II stellarator located in the CIEMAT institute in Madrid, Spain. Adapted from
[12].
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turbulence: an issue in fluids and fusion plasmas

The magnetic confinement of the plasma in any modern stellarator type fusion reactor is achieved
through a set of coils, creating magnetic fields in the poloidal θ and toroidal φ direction (as indicated in
figure 1.1.1). Transport of particles and heat is fastest along the field lines [3]. The course of magnetic
field lines is determined by the combination of these two fields and is helical. In stellarators, the amount
of poloidal turns per toroidal turn of a field line is called the rotational transform ι = ι

2π and formally
defined as:

ι

2π
=
dΨ

dΦ
, (1.1.3)

with the flux of field lines in the poloidal and toroidal direction given by Ψ and Φ, respectively [13].
Furthermore, surfaces that enclose a constant amount of poloidal flux Ψ are called magnetic flux surfaces,
with all field lines lying on them [7]. These surfaces have a closed, tube-like shape and are nested within
each other in the toroidal direction. An example of a poloidal cross-section at the toroidal angle φ = 67.1◦

is depicted in figure 1.1.2.

Figure 1.1.2: Cross-section of TJ-II perpendicular to the magnetic axis at toroidal angle φ = 67.1◦ from the
TRUBA ray-tracing program showing the reactor vessel and magnetic flux surfaces. R⊥ is the
radial and z is the vertical coordinate. Figure axes adapted from [12].

Figure 1.1.2 shows the nested character of the magnetic flux surfaces. In stellarators, the topology
of the magnetic flux surfaces of figure 1.1.2 is unique for each toroidal angle φ in figure 1.1.1, but the
rotational transform ι of field lines on the same flux surface remains constant.

1.2 Turbulence: an issue in fluids and fusion plasmas

The neoclassical theory describes the transport of particles in fusion reactors, taking into account the
effect of the field geometry. Experimental results show that neoclassical predictions of cross-field trans-
port are largely exceeded. This so called ‘anomalous transport’ is attributed to plasma turbulence [14].
Although turbulence is more often described than it is defined, it is possible to mention some charac-
teristic properties of turbulent flows in neutral fluids or fusion plasmas. First of all, turbulence in fluid
motion is related to the viscosity of the fluid. In fluid motion where viscous damping is not strong enough
to damp small instabilities, eventually the flow will make a transition from laminar to fully turbulent
[15]. A schematic overview of the turbulence structure of a neutral fluid as a function of the Reynolds
number is given in figure 1.2.1. This description of turbulence is also relevant for fusion plasmas, as their
viscosity is typically very low. Secondly, in the sequence of events leading to a fully developed turbulent
flow in a neutral fluid or plasma, instabilities are amplified chaotically. Small changes in the instabilities
will lead to a completely different outcome, i.e. deterministic chaos, making the description of the flow
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turbulence: an issue in fluids and fusion plasmas

complicated [15]. Additionally, the growth of the instabilities shows random behavior and takes place
over a whole range of time and length scales.

Figure 1.2.1: Turbulent structure of a neutral fluid as a function of the Reynolds number Re = U0L
ν

, with U0 the
flow speed, L a characteristic length of the system and ν the kinematic viscosity. Figure courtesy
of Prof. Dr. U. Stroth [16].

In a state of turbulence, quantities fluctuate randomly over time. From figure 1.2.1, it becomes clear
that even though the fluid is fully turbulent, the flow velocity can still be described by an average value
u. Turbulent eddies have various length-scales L and corresponding wavenumbers k ∼ 1/L. This leads
to the description of the phenomenon of energy cascades. A large eddy will break up due to inertial
forces, leading its energy to be cascaded down into a smaller eddy. The smaller eddy also breaks up,
etc., such that from the injection scale of the energy, there is an energy cascade to smaller length scales.
This is called the direct cascade. The opposite is also possible, namely that smaller eddies combine and
increase in size. This is called the inverse cascade. Fusion experiments have also measured cascade-like
spectra. This result is summarized in wavenumber spectra shown in figure 1.2.2.

(a) 2D (b) 3D

Figure 1.2.2: Schematic respresentation of the energy spectra for 2D and 3D turbulence. Figure courtesy of Dr.
T. Happel [17].

Turbulence studies have been investigating driving and damping mechanisms. Experiments and
simulations show that small scale-instabilities can tap into sources of free energy like strong gradients in
the particle density or temperature [18]. Furthermore, sheared plasma flows have been found to locally
suppress turbulence, since the sheared flows tear the larger sized turbulent eddies that are responsible
for energy and particle transport apart, as depicted in figure 1.2.3.
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Figure 1.2.3: Mechanism of shearing on turbulent eddies. Adapted from [17].

The interplay between the turbulence drivers, sheared flows and reactor geometry is not yet fully
understood. In recent experiments performed in the TEXTOR (2012) [19], TORE SUPRA (2018) [20]
and ASDEX Upgrade (2019) [21] tokamaks, the perpendicular plasma rotation velocity was found to be
different for two poloidally separated regions. This has also been observed in stellarators. In Doppler re-
flectometry experiments and global gyrokinetic simulations (EUTERPE) performed recently on plasmas
in the TJ-II stellarator, poloidal localization of density fluctuations has been observed [22, 23]. When
measurements were performed in two poloidally separated plasma regions, it was found that the density
fluctuation wavenumber spectra and perpendicular flow velocities were different. Furthermore, the mea-
sured spectra changed when the rotational transform ι was changed. This result is depicted in figure 1.2.4.

(a) ι= 1.65, ρ = 0.74− 0.82. (b) ι= 2.2, ρ = 0.76− 0.86.

Figure 1.2.4: Amplitude of measured density fluctuation signal S[dB] as a function of wavenumber k⊥ measured
perpendicular to the magnetic axis, for DRS measurements two different ι configurations. The
data is reproduced with permission from Estrada et al. [22]. Red and blue points correspond to
two poloidally separated regions.

When the experimental results were compared to gyrokinetic simulations performed with the EU-
TERPE code, both simulation and experiment showed a dependence of the poloidal asymmetry on the
magnetic configuration. For the case that ι = 2.2, there is an agreement of results, but not so when ι =
1.65. It is therefore unclear how the magnetic configuration, or more specifically, the rotational trans-
form ι, affects the poloidal localization of instabilities. Understanding the relation between the rotational
transform ι and turbulence localization could help finding improved operation modes and optimal mag-
netic field geometries that suffer to a lesser degree from confinement loss. The goal of this thesis is
to investigate the effects of the rotational transform on the poloidal turbulence localization
in TJ-II plasmas using Doppler reflectometry and the global gyrokinetic simulation code
EUTERPE.
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1.3 Scope of this thesis

This thesis will focus on answering the following research questions:

1. What is the effect of the rotational transform ι on the turbulence wavenumber spec-
tra S(k⊥) and perpendicular plasma flow profiles u⊥(ρ) measured at two poloidally
separated regions in TJ-II plasmas?

2. Based on linear simulations from the (global) gyrokinetic code EUTERPE, what is
the behavior of electrostatic micro-instabilities in the experimentally studied config-
urations?

The project has been carried out in collaboration with the CIEMAT institute where the Doppler
Reflectometry System (DRS) has been used. The research questions were answered by studying the
results from experiments and simulations for four configurations in TJ-II with rotational transforms ι
between 1.65 and 2.2. Because of the current COVID-19 crisis, travel restrictions were imposed and the
start-up of the TJ-II reactor was postponed. Therefore, performing new measurements was not possible
and measurement data from an earlier experimental campaign was analyzed from a distance. Further-
more, the linear version of the global gyrokinetic code EUTERPE was available on the MareNostrum 4
supercomputer in Barcelona [24]. Simulation were performed in EUTERPE to check what underlying
physics had an effect on the poloidal localization of instabilities.

This thesis is structured as follows: firstly, the theoretical background of plasma turbulence is treated
in chapter 2. It includes electrostatic micro-instabilities in fusion plasmas, as well as the gyrokinetic
equations and the numerical scheme of EUTERPE that solves them. The theory behind the experimental
method of Doppler reflectometry is also discussed. Secondly, the method presented in chapter 3 comprises
the TJ-II stellarator, the TJ-II Doppler reflectometry set-up and the global gyrokinetic code EUTERPE.
The results with accompanying discussion will be presented in chapter 4. Results from the experiments
and simulations will be presented separately, before a comparison between them is made. Lastly, the
conclusions and recommendations will be given in chapters 5 and 6.
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Chapter 2

Theoretical background

This chapter opens with the theoretical background of electrostatic micro-instabilities in fusion plasmas
and their relation to turbulence studies in section 2.1. Subsequently, the gyrokinetic model that describes
such instabilities and its implementation in EUTERPE will be discussed in section 2.2. The theory
behind the Lagrangian particle-in-cell method used in EUTERPE to solve the gyrokinetic equations
will be covered in detail in section 2.3. Finally, we will switch our focus to the physics behind Doppler
reflectometry in section 2.4, an experimental method to characterize turbulence in fusion plasmas.

2.1 Electrostatic micro-instabilities

When a plasma is created within a fusion reactor, an equilibrium is formed for quantities such as the
particle density n, the temperature T or the electric potential ϕ. Among other things, these depend on
the heating methods and magnetic field geometry. Inevitably, perturbations in the equilibrium quantities
will occur, causing the equilibrium quantities to fluctuate [7]. When these perturbation grow, it is called
an instability. These instabilities usually have length-scales comparable to one ion Larmor radius, hence
their name ‘micro-instabilities’ [25]. Micro-instabilities can propagate through the plasma and interact
with other instabilities. They use free energy sources such as gradients in density ∇n and temperature
∇T to grow. When this happens, the plasma can locally be considered to be in a state of turbulence.
Understanding why some reactor geometries lead to micro-instabilities, which mechanisms drive them
and how they can be suppressed is the main goal of fusion plasma turbulence studies [7].

Micro-instabilities can be characterized by their source of free energy and the particle species that
is being driven unstable. Usually, the other particle species plays a role in stabilizing the instability
[25]. Assuming an electrostatic situation, i.e. no fluctuations in the magnetic field, three types of micro-
instabilities are commonly present in fusion reactors (including TJ-II), namely 1. Ion Temperature
Gradient modes (ITGs), 2. Electron Temperature Gradient modes (ETGs) and 3. Trapped Electron
Modes (TEMs). These types of modes can be understood as ‘drift wave instabilities’ [25]. We will first
describe a stable drift wave, before the details of the three types of unstable drift waves will be explained.

We start from an equilibrium situation where the density profile n0(ρ) and gradient ∇n0(ρ) are both
constant in time. When both n0(ρ) and ∇n0(ρ) are perturbed in the radial direction, the situation as
depicted in figure 2.1.1 is obtained. Electrons will move to counteract the perturbation, by filling up
regions of lower electron density. The electrons are assumed to be adiabatic [25], which means that
they respond on the same time-scale as the perturbation. Ions however are assumed to move only slowly
because of their relatively high mass. The movement of electrons is virtually unimpeded and fast parallel
to the magnetic field lines, while perpendicular to the field lines the movement is slow. Therefore, in
the poloidal cross-section an imbalance might exists between regions with many electrons and regions
with few electrons. The perturbation introduces a time- and poloidal dependence in the density as:
n(ρ, θ, t) = n0(ρ) + n1(ρ, θ, t) and also in its gradient ∇n(ρ, θ, t) = ∇n0(ρ) +∇n1(ρ, θ, t). This creates a
potential ϕ that follows the Boltzmann relation:

ϕ =
n1
n0

T

e
. (2.1.1)
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electrostatic micro-instabilities

From the gradient in ϕ, an electric field ~E springs up:

~E = −∇ϕ, (2.1.2)

which points in the radial direction. Together with the background magnetic field ~B shown in bold
in figure 2.1.1, this creates an ~E × ~B-drift in the positive and negative ρ direction. The maximum of
the ~E × ~B-drift is shifted π/2 with respect to the maximum in the potential ϕ through the gradient in

equation 2.1.2. The ~E × ~B-drift causes charge to move in the radial direction, but always with a π/2
phase difference compared to the original density perturbation. Therefore, the perturbation does not
grow, but instead, it creates a drift wave that travels in the poloidal direction.

Figure 2.1.1: Stable drift wave mechanism, with (ρ, θ, φ) the radial, poloidal and toroidal coordinates respec-
tively. Figure courtesy of J.H.E. Proll[25].

Regarding the three types of unstable drift waves that can exist in fusion plasmas (such as in TJ-II),
we will first explain the Trapped Electron Mode (TEM) and then the Ion Temperature Gradient (ITG)
mode and Electron Temperature Gradient (ETG) mode. For the TEM, the perturbed density still takes
the same form: n(ρ, θ, t) = n0(ρ) + n1(ρ, θ, t). Furthermore, the particles will still travel along the field
lines, thus mainly in the toroidal direction. However, two differences exist with respect to the previous
explanation of the stable drift wave, namely: 1. ions and electrons are both treated kinetically (i.e. the
ions and electrons react on the same timescale to a perturbation) and 2. an additional particle drift
mechanism is present in the poloidal direction (e.g. the magnetic curvature drift). For particles with a
high enough ratio of parallel to perpendicular velocity to not be trapped by the magnetic field (i.e. pass-
ing particles) this poloidal drift will average out after many toroidal turns. The electrons will namely
experience many different magnetic curvatures. However, particles that are trapped by the magnetic
field will travel through the same regions of magnetic curvature over and over again, such that they
experience a net poloidal drift. The direction of this drift is opposite for electrons and ions.

The effect is that charge separation of the electrons and ions will occur. This in turn creates a poten-
tial ϕ and an electric field ~E. With a background magnetic field ~B present, the resulting ~E × ~B-drift is
located at the same location as the initial density perturbation. Hence, the perturbation will grow and
the drift wave is unstable. Trapped particles can be taken out of orbit by collisions, which means that
collisions can have a stabilizing effect on trapped-particle modes such as TEMs.

Regarding the ITG and the ETG modes, their workings are analogous, but the role of the particle
species (electron and ions) is flipped. We will first discuss the ITG, then come back shortly to the ETG. In
the ITG, ions are treated kinetically, the response of the electrons is neglected and a perturbed ion tem-
perature Ti(ρ, θ, t) = Ti,0(ρ) +Ti,1(ρ, θ, t) with perturbed gradient ∇Ti(ρ, θ, t) = ∇Ti,0(ρ) +∇Ti,1(ρ, θ, t)
is assumed. This situation is depicted in figure 2.1.3. With respect to figures 2.1.1 and 2.1.2, the
perturbed density gradient ∇n axis has changed to the perturbed temperature ∇T . If we assume a
temperature-proportional drift velocity vd(T ) to be present, then vd(T ) will be high in regions of high T .
If vd(T ) is assumed to point in negative poloidal direction, then ions will drift only to one side in figure
2.1.3. Because of the velocity difference between regions of high T and low T , a potential ϕ is created
as depicted with red + and − signs in figure 2.1.3. The resulting electric field ~E is also displayed with
black lines, points along the poloidal direction and changes sign between the minima and maxima of ∇Ti.
The location of the maximum ~E × ~B-drift is exactly at the location of the temperature perturbation

TU/e 8



electrostatic micro-instabilities

∇Ti,1(ρ, θ), thus particle drift towards regions of higher T will be driven further and the perturbation is
enhanced. This is the underlying mechanism of the unstable ITG mode.

Figure 2.1.2: Trapped-particle mode, with (ρ, θ, φ) the radial, poloidal and toroidal coordinates respectively. Fig-
ure courtesy of J.H.E. Proll[25].

The Electron Temperature Gradient (ETG) mode is completely analogous to the ITG mode, with
the difference that now electrons are treated kinetically and the ion response is neglected. Since the
electrons are much lighter than the ions, the the particle response is much faster than in the ITG case.
This makes the dynamics of ETGs much faster and smaller than ITGs, resulting in higher growth rates
and higher wavenumbers [25]. The difference in the time and length scales is a factor of

√
me/mi.

Figure 2.1.3: Ion Temperature Gradient (ITG) mode, with (ρ, θ, φ) the radial, poloidal and toroidal coordinates
respectively. Figure courtesy of J.H.E. Proll[25].

Lastly, in the ITG and ETG explanation the density gradient ∇n was left out of the equation.
However, if ∇n is non-zero, the drift wave as shown in figure 2.1.1 will be present and change the
location of the maximum ~E × ~B-drift with respect to the location of the perturbation. This stabilizes
the mode. The threshold for stabilization is well captured in the factor ηe,i = ∇ln(Te,i)/∇ln(n) < 2/3
(for slab geometry), for electrons e and ions i. We conclude this section with an overview in figure 2.1.4
of the typical growth rates γ, perpendicular wavenumbers k⊥ and (de)stabilization mechanisms of the

three different micro-instabilities. The normalized wavenumber k⊥ρe = k⊥
√
meTe
eB is also depicted, which

is an effective way to refer to the length scales of the ITG, TEM and ETG. Since ETGs are driven by
electrons, the length scale is of the order of the electron scale, i.e. k⊥ρe ∼ O(1) or k⊥ρi ≈ 40 for Te ∼ Ti.
However, ITGs and TEMs are of the order of the ion scale, i.e. k⊥ρi ∼ O(1).
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Figure 2.1.4: Overview of properties of electrostatic micro-instabilities, with k⊥ρs = k⊥ρe = k⊥
√
meTe
eB

the
normalized wavenumber, with ρs the drift parameter. Figure after [26].
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2.2 The gyrokinetic model

For many situations in neutral fluids, making predictions of the behavior of turbulence and energy trans-
fer is not trivial [15]. In plasmas, the situation is even more complicated: the fluid consists of two particle
species (electrons and ions) that are both charged and can thus interact electromagnetically with each
other and the surrounding electric and magnetic fields. Furthermore, the fluctuations exist in more than
one system quantity (e.g. n, T and ϕ). Lastly, there are multiple types of micro-instabilities, each with
their own energy injection scale and spectral cascades [12, 27]. This makes the Kolmogorov framework
of figure 1.2.2 used for neutral fluids insufficient. However, a theoretical description of plasma turbulence
is still possible using a kinetic description of particles. This is done by combining the so-called Vlasov-
equation with the Maxwell equations [11]. They provide the basis of the gyrokinetic model which will
be covered in detail in this section.

The gyrokinetic equations stem from the plasma kinetic equation. This is a generalization of Boltz-
mann’s equation, which includes electromagnetic interactions. It describes the probability density func-
tion fa for particles of a certain species a [28]:

∂fa(~x, ~u, t)

∂t
+ ~u · ∇fa +

( q
m

)
a

(
~E +

~u× ~B

c

)
· ∂fa
∂~u

= −Ca[fa], (2.2.1)

with ~x the position, ~u the velocity, q the charge and m the mass of the particles of species a. c de-
notes the speed of light in a vacuum, while ~E and ~B are the electric and magnetic field respectively.
The ~u × ~B Lorentz term in equation describes the gyromotion of the particles. Ca[fa] describes the
collisions in the plasma and depends on the probability density function fa [28]. For hot plasmas, the
collisions are negligible with respect to the third term in equation 2.2.1, the Lorentz term. Therefore,
Ca[fa] ≈ 0 such that equation 2.2.1 becomes the Vlasov-equation. Together with the Maxwell equa-
tions and the quasi-neutrality condition eni + ene ≈ 0, with e the elementary charge, this forms a 6
dimensional set of equations that can describe the plasma state. With this set of equations, we seek to
describe the time-evolution of perturbations in the plasma and evaluate whether they lead to instabilities.

Since any particle is now described in 6 dimensions, the set of equations is computationally expensive
to solve. The gyrokinetic framework seeks to reduce the dimensionality of the problem by applying a
certain ordering of physical quantities. This gyrokinetic ordering is [25, 18]:

eaϕ̃

kbTa
∼ ρa

L
∼ ω

Ωa
∼
k‖

k⊥
∼ δna

n0
� 1, (2.2.2)

with ea the elementary charge, ϕ̃ the perturbation in the electrostatic potential, considered comparatively
low with respect to the particle thermal energy kbTa, with kb the Boltzmann constant and Ta the particle
temperature. ρa is the Larmor radius of the particle gyromotion, given by:

ρa =
maua
eaB

=

√
2eamaTa
eaB

, (2.2.3)

which is assumed to be small compared to the characteristic length L of the perturbation. Furthermore,
the gyrokinetic ordering assumes that the frequencies of the instabilities ω are low compared to the
gyrofrequency Ωa of the particles given by:

Ωa =
eaB

ma
. (2.2.4)

Moreover, the component of the wave vector parallel to the magnetic axis k‖ is considered smaller
than the perpendicular components k⊥, i.e. fluctuations vary much more perpendicular to the magnetic
field than along the field line. Lastly, the density perturbation δna is considered small as compared to n0
the equilibrium density. Before the dimensionality of the Vlasov-Maxwell set of equations can be reduced,
the Vlasov-form of equation 2.2.1 is first transformed from Cartesian to guiding-centre coordinates, of
which the details are available in [29, 28]. Then, the Vlasov-equation in guiding-centre coordinates is
averaged over the gyromotion of the particles to obtain the gyro-averaged kinetic equation [23]:

∂fa
∂t

+ ~̇R
∂fa

∂ ~R
+ v̇‖

∂fa
∂v‖

= 0, (2.2.5)
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the lagrangian particle-in-cell method

where v‖ is the gyrocenter velocity in the direction parallel to the magnetic field lines. fa is the proba-
bility distribution function of particle species a, which in our work are electrons and ions.

The gyrokinetic model is the theoretical framework in which turbulence simulations are performed in
EUTERPE [30, 31, 32, 33]. The so-called ‘delta f ’ method is applied to equation 2.2.5, which assumes
that fa can be written as [11]:

fa(~R, v‖, µ, t) = fa,0(~R, v‖, µ) + fa,1(~R, v‖, µ, t) (2.2.6)

where fa,0 is the time-independent or unperturbed part and fa,1 term is the time-dependent or perturbed
part of the probability distribution function fa. The magnetic moment per unit mass is µ and is a constant
of motion. The delta f method assumes that along the trajectories, the variation of fa,0 is neglected,
which is valid for regions with small gradients [11]. The equilibrium function is thus fa,0, for which a

local Maxwellian is used in EUTERPE (details available in [18]). Furthermore, one can decompose ~̇R
and v̇‖ into an unperturbed and perturbed part, labelled with index 0 and 1 respectively [23]:

~̇R = ~̇R0 + ~̇R1, (2.2.7)

v̇‖ = v̇‖0 + v̇‖1. (2.2.8)

Then, using equations 2.2.6 and 2.2.8, equation 2.2.5 can be rewritten as:

∂fa,1
∂t

+ ~̇R0
∂fa,1

∂ ~R
+ v̇‖,0

∂fa,1
∂v‖

= − ~̇R1
∂fa,0

∂ ~R
− v̇‖,1

∂fa,0
∂v‖

, (2.2.9)

where we assumed the magnitude of the perturbations to be small such that linearization was possible.

Using the electrostatic approximation, the ~̇R0, ~̇R1, v̇‖0 and v̇‖1 terms are [23]:

~̇R0 = v‖~b+
µB + v2‖

B∗a‖Ωa
~b×∇B +

v2‖

B∗a‖Ωa
(∇× ~B)⊥ −

∇φLW ×~b
B∗a‖

, (2.2.10)

~̇R1 = −∇{φ} ×
~b

B∗a‖
, (2.2.11)

v̇‖0 = −µ

[
~b+

v‖

B∗a‖Ωa
(∇× ~B)⊥

]
· ∇B − qa

ma

[
~b+

v‖(~b×∇B + (∇× ~B)⊥)

B∗a‖Ωa

]
· ∇φLW , (2.2.12)

v̇‖1 = − qa
ma

[
~b+

v‖(~b×∇B + (∇× ~B)⊥)

B∗a‖Ωa

]
· ∇{φ}, (2.2.13)

where ~b = ~B/B is a unit vector pointing in the direction of the magnetic field and B∗a‖ = ~b( ~B +
mav‖
qa
∇×~b). In this set of equations, the long-wavelength approximation is represented by ∇φLW , which

in this works is calculated by the neoclassical code DKES [34, 35] and measured by Doppler reflectometry
experiments. The brackets {} denote a gyro-averaging operation which is explained in detail in [36], but
in essence means that one integrates over the particle position on the Larmor orbit. For particle codes,
it amounts to averaging the quantity by using only a small number of points on the gyroring [23].

To solve the system of gyrokinetic equations in EUTERPE, the Lagrangian-PIC scheme is used. This
numerical scheme will be covered in more detail in section 2.3.

2.3 The Lagrangian particle-in-cell method

The gyrokinetic equations outlined in section 2.2 are generally solved numerically. A numerical scheme
that is commonly used is the Lagrangian particle-in-cell (PIC) method [37]. The PIC scheme is used
in global gyrokinetic codes such as ORB5 [18] and EUTERPE [30, 31, 32, 33]. In the Lagrangian-PIC
scheme, markers are introduced on a 3-dimensional real space grid [37, 30]. These markers comprise
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many particles of the same species in one, i.e. they are super-particles of ten-thousands of electrons (or
ions) [37]. The total charge of each marker is assigned to the nearest grid point [33]. In our work, we
assume an electrostatic situation, such that the Poisson equation can be solved on the grid points to
obtain the potential ϕ from the density na and charge qa of the particle species a = e, i [28]:

−∇2ϕ = 4π
∑
a=e,i

naqa

∫
fa(~x, ~u, t)d~u, (2.3.1)

In this step, the value of the potential ϕ is thus obtained on the grid points only [30]. Then, equations
of motion are solved for the markers and the markers are moved one step. The charge of the markers
is again assigned to the grid points and the loop is repeated. Meanwhile, the distribution function f is
sampled along the trajectories of the markers [37].

The biggest advantage of the Lagrangian PIC method is that it is generally easier to adapt to com-
plicated reactor geometries such as stellarators than, for instance, Eulerian schemes [31]. This is because
Lagrangian PIC codes use the so-called global approach. There are two levels of globality, namely: 1.
to take the full-flux surface into account, but limit the simulation to a certain radial region and 2. to
take the full-flux surface and full radial domain into account. The latter is the fully global approach
used in EUTERPE. Eulerian codes however, make use of a local approach, where the simulation domain
is reduced to a flux tube along a given magnetic field line [11]. For tokamaks, where the geometry is
axisymmetric, one flux tube that follows a field line and makes one poloidal turn will sample the full
magnetic geometry of the flux surface. For stellarators however, there is no axisymmtry, which means
that the local approach has a drawback. One flux tube does not sample the full flux surface, but only
a limited region. Moreover, in stellarators the magnetic quantities within a flux surface depend on the
location. This means that many flux tubes would be required to represent the full flux surface. Another
drawback of the local approach is that the temperature T and temperature gradient ∇T profiles are
not consistent with each other [18], while in global codes variations in these profiles can be described
accurately [11]. For stellarator geometry, the global approach is thus favored.

The main drawback of the Lagrangian PIC method is marker sampling noise [38, 11]. This effect can
be reduced by increasing the amount of markers, but this is computationally expensive [37]. Another
way to reduce marker sampling noise and at the same time save computational time is the so-called
δf method introduced in section 2.2. In this method, the distribution function f is split into a time-
independent (equilibrium) part f0, described by a local Maxwellian, and a time-dependent (perturbed)
part f1, otherwise known as δf . Then, since f0 is time-independent, it can be solved analytically. The
δf part is discretized in the usual way and sampled along the trajectories of the markers. This reduces
both the computational time and marker sampling noise.

Regarding particle collisions, it used to be difficult to include them in Langragian PIC codes. The
main reason was that the velocities of particles were not readily available like they were in Eulerian codes
and semi-Lagrangian codes [11]. This meant that the velocity dependence of markers had to be statis-
tically sampled, leading to sampling errors and long computation times. However, modern Lagrangian
PIC use a Monte-Carlo approach where random kicks are given to the markers each time they move one
step. On the statistical averaged level the distribution function f evolves like collisions would have taken
place [11].

2.4 Doppler reflectometry

Introduced in 2001 by Hirsch et al. [39], Doppler reflectometry has made name in the scientific com-
munity as being a versatile and affordable diagnostic technique in the study of turbulence in fusion
plasmas. It relies on the backscattering of electromagnetic waves on the cut-off layer in the plasma and
is used to measure density fluctuations. This can be used to characterize the structure of turbulence in
fusion reactors. The current section will describe wave propagation in a plasma and outline measure-
ment possibilities of Doppler reflectometry, which includes perpendicular flow velocity profiles u⊥(ρ) and
perpendicular wavenumber spectra of the density fluctuations S(k⊥).
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In a fusion plasma, charged particles such as electrons and ions are affected by electromagnetic fields.
These particles can interact with each other and the fields. This creates the possibility for electromagnetic
waves to exist and propagate through the hot plasma [12]. Different types of waves can propagate through
the plasma depending on the refractive index N . The dispersion relation for wave propagation in the
plasma is given by:

ki =
ω

c
N = k0N, (2.4.1)

with ki the wavenumber and ω the frequency of the incident wave, c the speed of light in a vacuum
and k0 is the vacuum wavenumber. Reflectometry makes use of the fact that wave propagation is only
possible for N > 0, while wave reflection occurs when N = 0. The refractive index N is a function
of the frequency of the incident wave ω, the electron plasma frequency ωp and the electron cyclotron
frequency ωc. The electron plasma frequency ωp determines how fast a plasma can respond to a change
in electromagnetic fields and is given by [40]:

ωp =

√
ne2

ε0me
, (2.4.2)

with n the particle density, e the elementary charge, ε0 the vacuum permittivity and me the electron
mass. The electron cyclotron frequency ωc is the characteristic frequency with which the electrons gyrate
in the plasma [7]:

ωc =
eB

me
, (2.4.3)

with B the magnetic field strength. A reflectometer usually launches a wave in a plane perpendicular
to the background magnetic field (i.e. ~k ⊥ ~B), which penetrates the plasma with an angle of incidence

θ0. The electric field ~E of the wave determines the ‘propagation mode’, which can be either ‘ordinary’
(O-mode) if ~E ‖ ~B or ‘extraordinary’ (X-mode) if ~E ⊥ ~B. The X-mode refractive index NX is given by
[12]:

N2
X = (1−

ω2
p

ω2

ω2 − ω2
p

ω2 − ω2
p − ω2

c

). (2.4.4)

Setting NX = 0, one obtains ω = 1
2 (
√
ω2
c + 4ω2

p+ωc). As will be explained in section 3.2, the Doppler

reflecometry system installed in TJ-II uses X-mode propagation.

When the incident wave penetrates the plasma surface under an angle θ0 instead of perpendicu-
lar to the cut-off surface layer, the wavenumber ki of equation 2.4.1 is represented by a vector ~ki =
ω/c(0, sin θ0, cos θ0) [41]. If one assumes that -1st order scattering (Bragg backscattering) is dominant,

then the probed turbulence wavenumber ~k = −2~ki. Since the geometry of the TJ-II magnetic field is
complicated, the ray-tracing code TRUBA is used to calculate ~ki and the location of the cutoff layer
(x, y, z) [42]. The probed turbulence wavenumber ~k is usually broken down into (k⊥, k‖, kr), i.e. the
wavenumber in the direction perpendicular and parallel to the magnetic field lines, and the wavenumber
in the radial direction. When the turbulence propagates in the plasma with a velocity ~u, the reflectometry
signal that is received from the plasma is Doppler shifted with a frequency ωD [41]:

ωD = ~u · ~k = u⊥k⊥ + u‖k‖ + urkr. (2.4.5)

The Doppler shift in the received signal can be used to calculate the perpendicular velocity u⊥. This
can be done if the antenna of the reflectometer is designed such that it is perpendicular to the magnetic
field[17], which means that k‖ � k⊥. Furthermore, if one assumes that the plasma turbulence does not
move radially outward in a confined region, then ur � u⊥[12]. This means that equation 2.4.5 can be
approximated by:

ωD ≈ u⊥k⊥, (2.4.6)

or:
u⊥ ≈ ωD/k⊥, (2.4.7)
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with the perpendicular velocity u⊥ the propagation velocity of the turbulent wave. Thus, perpendicular
velocity profiles u⊥(ρ) can be measured with Doppler reflectometry. u⊥ can be further broken down into

two contributions, namely an ~E × ~B contribution vE×B and a phase velocity contribution vph[41], or:

u⊥ = vE×B + vph, (2.4.8)

where vph is usually considered to be much smaller than vE×B , but as it cannot be measured directly,
simulations should point out whether vph is small enough to be neglected. The term vE×B can be written
as[12]:

vE×B = Er/|B|, (2.4.9)

with Er the radial electric field and B the magnetic field strength. Then, from equation 2.4.9 it becomes
clear that the radial electric field Er ≈ u⊥|B| if vph � vE×B . Lastly, Doppler reflectometry can be used
to measure the density fluctuation amplitude S for different perpendicular wavenumbers k⊥ = 2ki, with
ki the wavenumber of the incident wave, resulting in perpendicular wavenumber spectra S(k⊥) [22]. In
practice, ki can be varied by altering the frequency ω or the incidence angle θ0 of the wave. Changing
θ0 can be done in by changing the beam angle at the Doppler reflectometer output, as first published in
2004 by Hennequin et al. [43]. The effect can again be calculated by the ray-tracing code TRUBA [42].
This is further explained in section 3.2.
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Chapter 3

Method

The method is split into three parts: first, we will describe the plasma device TJ-II that is the focus of
our experiments and simulations in section 3.1. Then, in section 3.2 we will outline our experimental
method to study instabilities in TJ-II plasmas: the TJ-II Doppler Reflectometry System. Lastly, we will
outline the set-up, simulation scenarios and data analysis methods used in the global gyrokinetic code
EUTERPE in section 3.3.

3.1 The TJ-II stellarator

TJ-II is a heliac type stellarator with 4 periods [44]. This experimental plasma device is located in the
CIEMAT institute in Madrid, Spain. The goal of the research program behind TJ-II is to support the
development of the stellarator line together with W7-X and LHD [45]. The device was built in the 1990’s
and had its first plasma in 1997 [17]. The TJ-II geometry is depicted in figure 1.1.1 with a top-view
depicted in figure 3.1.1. The ratio of currents through the different coils determines the topology of the
magnetic field. The reactor has high magnetic configuration flexibility, e.g. the rotational transform can
be widely varied. The device parameters are listed in table 3.1.1.

Figure 3.1.1: (a) Top view of TJ-II with cartesian coordinate system (x, y, z) and major radius R indicated at
toroidal angles φ = 20◦ and 70◦, of which the poloidal cross-sections are shown in (b) and (c)
respectively. Magnetic flux surfaces are indicated in grey, while the circular coil is marked with a
red cross. Adapted from [12].
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TJ-II parameters
Major radius R 1.5 m

Average minor radius a 0.22 m
Field periods N 4

Toroidal field coils Nφ 32
Vertical field coils NZ 4

Helical coils NH 1
Circular coils NC 1

Discharge duration 250 ms
Magnetic field B0 ≤ 1.2 T

Electron Cyclotron Heating power PECH ≤ 600 kW
Electron density ne ≤ 1.75 · 1019 m−3 (ECH)

Rotational transform ι 0.9-2.2

Table 3.1.1

3.2 The TJ-II Doppler reflectometer setup

The Doppler Reflectometry System (DRS) was installed in TJ-II in the 2008-2009 campaign [41] and is
based on the TJ-II frequency hopping reflectometer system of 2004 [46]. The probing waves propagate
in X-mode and their frequency can be varied in the Q-band (33-50 GHz) with less than a millisecond
switching time. In frequency hopping mode, the DRS can make two radial scans of density fluctuations
within one discharge. The TJ-II DRS has two channels that share the same transmission lines and an-
tenna system, acting as two independent reflectometers [22]. Two radial scans with different frequency
steps can therefore be made parallel, e.g. useful for radial correlation measurements of density fluctua-
tions [47]. Furthermore, the DRS uses a heterodyne detection technique for each channel, with a probing
wave comprising a GHz carrier wave mixed with a GHz reference wave. This probing wave is transmitted
to the plasma and gets reflected. The transmitted and received signal are run through an IQ-detection
system that can generate in-phase I and quadrature Q output signals with I = A sin(φ), Q = A cos(φ)
and φ the phase. These signals can be combined to obtain the complex amplitude signal Aexp(iφ). With
this technique, amplitude and phase measurements can be made.

Figure 3.2.1: (a) Top view of one period of TJ-II the toroidal location φ = 67.1◦ of the DRS, measuring in the
perpendicular plane R⊥ of the magnetic field ~B that is tilted at an angle of 26◦ with respect to
the central coil. (b) poloidal cross-section of the reactor vessel and magnetic flux surfaces in the
plane perpendicular to B at φ = 67.1◦. The antenna and steerable mirror system of the DRS are
clearly visible. Figure courtesy of J. Pinzón [12].
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A steerable ellipsoidal mirror is used to change the launching angle of the DRS beam. The mirror can
be adjusted on a shot-to-shot basis. The toroidal location of the DRS and its perpendicular alignment
with ~B is shown in figures 3.2.1a. As mentioned in section 2.4, this ensures that predominantly k⊥ is
measured, rather than k‖. In figure 3.2.1b, the DRS with the steerable mirror is shown in the poloidal
cross-section at the toroidal angle φ = 67.1◦. In the poloidal cross-section, all measurements performed
on the left are labelled region 1 and on the right region 2.

3.2.1 Experimental scenarios

The purpose of the experimental part of this thesis is to investigate the effect of the rotational transform ι
on the wavenumber spectrum S(k⊥) of density fluctuations, the perpendicular flow velocity profile u⊥(ρ)
and the radial electric field profile Er(ρ) measured in two poloidally separated regions in the plasma. As
these quantities were already explored in the ‘standard’ and ‘high iota’ magnetic configurations with ι =
1.65 and ι = 2.2 respectively, two configurations with ι = 1.8 and ι = 1.9 in between the two extremes
were chosen. The ι-profiles of the four aforementioned configurations are depicted in figure 3.2.2.

Figure 3.2.2: Rotational transform ι as a function of normalized minor radius ρ in four magnetic configurations.
The value of ι remains largely flat as a function of ρ. For ρ = 1 (i.e the plasma edge), ι = 1.65,
1.8, 1.9 and 2.2.

As mentioned in the introduction, due to the COVID-19 crisis it was impossible to visit the CIEMAT
institute in Madrid, Spain and the experimental campaign of the TJ-II reactor came to a stand-still. This
meant that no new data was obtained with the DRS, but instead, two previously obtained data sets were
used. These comprised plasma discharges 49987-50007 and 50235-50266. The used digital infrastructure
and data analysis method will be described subsection 3.2.2.

3.2.2 Data analysis

From the raw data obtained with the DRS, the following steps were taken. First of all, the line-averaged
density of the fusion plasma as a function of time was evaluated for all plasma discharges. Only discharges
with a stable plateau phase during DRS measurements were kept. An example is depicted in figure 3.2.3.
Second of all, the density n(ρ) and temperature T (ρ) profiles were determined from other experimental
data sources by Teresa Estrada. These comprise the plasma scenarios and are displayed and described
in subsection 4.1. Third of all, the positions (x, y, z) and ρ of the cutoff layers (i.e. where the DRS is
measuring in the plasma) as well as the perpendicular wavenumbers k⊥ were calculated by the ray-tracing
code TRUBA [42]. The density profile n(ρ) and magnetic geometry were needed as an input. The latter
was calculated by the magnetohydrodynamic (MHD) code VMEC [48]. A typical ray-tracing result in
TRUBA is schematically depicted in figure 3.2.4. It shows a central ray, which can be considered to start
from the origin of the mirror, with two parallel rays. The central ray determines the location of (x, y, z),
ρ and k⊥, while the two parallel rays determine the error margins.
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Figure 3.2.3: Line averaged density ne as a function of time for a representative plasma discharge number
(black curve). It clearly has a plateau from 1090 to 1190 ms. Also, the DRS frequency steps of
channel 1 and 2 are shown in blue and red respectively. Two times 10 sequential frequency steps
of 5 ms each (measurement + switching time) were made.

Figure 3.2.4: Poloidal cross-section of TJ-II at φ = 67.1◦ from the TRUBA ray-tracing program showing the
reactor vessel and magnetic flux surfaces. Three beams are inserted under an angle. The central
beam determining the location of the cutoff layer, the two others the error margins. Figure axes
adapted from [12].

The parameter space that is spanned by the resulting k⊥ and ρ values determines which types of
modes depicted in figure 2.1.4 can be measured. Therefore, the relation between k⊥ and ρ will be
presented in subsection 4.2.1. Fourth of all, for one plasma discharge (i.e. one mirror angle), the Doppler
shift for every frequency step is clearly visible in the spectrogram of the received density fluctuation
signal. An example of the spectrogram measured in one channel while performing a radial scan (i.e.
frequency hopping) during one plasma discharge is depicted in figure 3.2.5.
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Figure 3.2.5: Spectrogram of the channel 2 output signal of the TJ-II Doppler reflectometry system during the
plateau phase of plasma discharge 50002. Two times 10 sequential frequency steps of 5 ms each
(measurement + switching time) were made. The negative frequency Doppler shifts are clearly
visible for the first six frequency steps.

This figure clearly shows two times 10 sequential frequency steps of 5 ms each (measurement +
switching time). Every DRS frequency and mirror angle therefore amounts to one 5 ms time-step of the
received density fluctuation signal. The Doppler shift fD and the amplitude S for each time-step is then
fitted using a Gaussian function. This can be done for all time-steps where the signal quality is high
enough. An example is given in figure 3.2.6.

Figure 3.2.6: Example of Gaussian fit of Doppler shifted reflectometry spectrum, obtaining fD = ωD/2π and
S(fD).

From the fitted Doppler shift fD, the perpendicular flow velocity u⊥ can be calculated through
equation 2.4.7. Combined with the normalized minor radius ρ calculated by TRUBA, a profile u⊥(ρ)
is obtained. Through equation 2.4.9, the radial electric field profile Er(ρ) is then obtained from u⊥(ρ).
The wavenumber spectra S(k⊥) are made by combining the fitted amplitude S and width of the Doppler
peak with the calculated k⊥ of TRUBA.
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3.3 EUTERPE

EUTERPE is a global gyrokinetic code used to calculate the stability of drift waves. It was specifically
developed for 3D (stellarator) magnetic geometry as calculated by the MHD equilibrium code VMEC
[30]. This section aims to outline the coordinate systems used in EUTERPE in section 3.3.1, then discuss
the simulation scenarios, data analysis and Fourier mode filtering in section 3.3.2.

3.3.1 Set-up and coordinate systems

The simulation domain in EUTERPE comprised one period of TJ-II, i.e. a quarter of the total toroidal
angle φ, for reasons of symmetry. Markers were initially distributed equally over the full domain. To
reduce the computational time, we have chosen to further divide this domain into 128 sub-domains in
the φ direction using vertical cuts in the Z direction (see figure 3.1.1). One computational processor was
assigned to each sub-domain. Communication between the sub-domains was possible such that markers
could freely be transferred from one sub-domain to another in the φ direction. To further reduce com-
putational time, we also applied domain cloning [49], where every sub-domain was typically cloned 6 or
12 times. The simulated perturbed quantities were summed over the clones in each charge assignment
step of the Particle-In-Cell method.

During the EUTERPE simulations, two coordinate systems were used. The first is the PEST1 mag-
netic coordinate system (s, θ, φ) [50] as used by the magnetohydrodynamic (MHD) code VMEC [48]. It

uses the radial coordinate s for the labelling of magnetic flux surfaces, where s =
√
ψ/ψedge =

√
ψ̄,

with ψ the toroidal flux [23, 18]. The poloidal and toroidal angles are denoted by θ and φ respectively.
The advantage of the PEST1 coordinate system is that the expression for ∇ϕ (i.e. the gradient of the
potential) is compact and therefore saves computational time. However, the coordinates that are used
internally in EUTERPE are cylindrical coordinates (R,φ, Z) (as displayed in figure 3.1.1), which simpli-
fies the computation of the gyro-averaged potential ϕ. The two coordinate systems (s, θ, φ) and (R,φ, Z)
can be translated via the common coordinate, i.e. the toroidal angle φ [51]. All coordinates are used in
the representation of simulation results. However, usually the normalized minor radius ρ = r/a =

√
s is

preferred over s, with r a radial coordinate and a the average minor radius as listed in table 3.1.1. In the
radial direction, the simulation domain was limited to ρ > 0.5 to concentrate only on the radial regions
experimentally measurable by the DRS.

3.3.2 Simulation scenarios and data analysis

Since it was unclear what physical mechanisms caused the experimental results found by Estrada et al.
[22] presented in the introduction, linear simulations in EUTERPE were performed in this project. The
purpose of these simulations was first to isolate whether changing the density n and T profiles, radial
electric field profiles Er or rotational transform ι could have an effect on the experimentally measured
results. Note that to isolate one effect, all other conditions were fixed, even if that lead to a combination
of n, T , Er and ι that did not exist in the experimental scenarios. When presenting the results, it will be
clearly indicated what input parameters are used to avoid confusion. Lastly, scenarios that matched the
experimental conditions as closely as possible were simulated, to make a comparison between simulation
and experiment.

Firstly, the n(ρ) and T (ρ) profiles used are presented in figure 4.1.1. It comprises profiles measured
in three magnetic configurations with rotational transforms ι = 1.65, 1.8 and 1.9. The first profile was
used in the publications by Estrada et al. [22] and Sánchez et al. [23], while the latter two were newly
determined for this project. Secondly, the radial electric field profiles Er(ρ) were calculated by dr. J.L.
Velasco using the neoclassical code DKES with measured n and T profiles [35]. The resulting Er(ρ) are
displayed in figure 4.3.6. Thirdly, the rotational transform ι was changed in EUTERPE by switching
the magnetic configuration input files. The used configurations had a rotational transform ι = 1.65, 1.8,
1.9 and 2.2 respectively.

The EUTERPE simulations were run on the MareNostrum 4 supercomputer in Barcelona. During
these simulations, the amplitude of the perturbed potential ϕ̃ was evolved over time t in the 128 vertical
cuts. The output was given in (R,Z) and (ρ, θ) coordinates for all poloidal and toroidal modenumbers
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(m,n) within the modefilter. Mode filtering was applied to reduce noise and filter out physically non-
relevant modes to save computational time [51, 18, 30]. In this project, we aimed to filter out k‖ � 1
and all k⊥ not measurable by the DRS. To this end, two filters were used simultaneously: a square
filter with a width (δm, δn) = (127, 232) and a radius dependent filter following the ι profile. The latter
only allowed modes m = ιn±∆m with a filter width ∆m = 20. The center of the observation window
(m0, n0) = (160, 290) was set using a phase factor:

φ(s, θ, φ, t) = Re
(
φ̃(s, θ, φ, t)exp(i(m0θ + n0φ))

)
. (3.3.1)

The resulting filter is depicted in figure 3.3.1.

Figure 3.3.1: Example of radius dependent Fourier filter following the ι = 1.8 profile applied in EUTERPE
simulations for one specific value of the normalized minor radius ρ, with m and n the poloidal and
toroidal mode numbers respectively. The center of the observation window was set to: (m0, n0) =
(160, 290) with a width of ∆m = 20. The black and blue lines give the center and limits of the
filter respectively.

The filtered output of the simulations was analyzed with synthetic diagnostics in Matlab, which
were customized to fit our needs. These programs can generate physically meaningful quantities from
the raw data that EUTERPE provides. For instance, in order to study the localization of instabilities,
we will plot the amplitude of the perturbed potential |ϕ̃| perturbed density |ñ| in the DRS measuring
plane. This allows one to observe where the amplitude of instabilities are high and where they are
low. Furthermore, to see how fast instabilities are growing in a simulation, |ϕ̃| and |ñ| can plotted as a
function of time and then fitted. Lastly, spectral properties of the simulated instabilities can be displayed
by the Fourier spectrum of the perturbed potential |ϕ̃|. However, these quantities are not one-to-one
similar to those measured experimentally. For example, the |ñ| from gyrokinetic simulations is not the
same as the amplitude of density fluctuations S measured by the DRS. In other words, in section 4, the
nomenclature used to describe experimentally measured or simulated results will be different in subtle
ways. The comparison between experiment and simulation will be discussed extensively in section 4.4.
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Chapter 4

Results and discussion

4.1 Plasma scenarios

This subsection describes the density n and temperature T as a function of the normalized minor radius
ρ = r/a, with r the minor radius and a the average radius of the plasma. The n(ρ) and T (ρ) profiles
have been obtained from experimental data by Teresa Estrada. These profiles form the basis of the three
different plasma scenarios investigated in the experimental and simulation results. First of all, the n(ρ)
profiles will be used to calculate the cut-off positions of the probing waves of the Doppler Reflectometry
System (DRS) in the ray-tracing code TRUBA [42]. Secondly, the n(ρ) and T (ρ) profiles will be used as
an input to the neoclassical code DKES [35] to calculate the radial electric field Er(ρ). Lastly, the n(ρ),
T (ρ) and Er(ρ) profiles will be used as an input to run simulations in EUTERPE.
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Figure 4.1.1: Profiles obtained from experiments and used in the simulations. The solid lines represent the
magnetic configuration with rotational transform ι = 1.65, the dotted lines ι = 1.8 and the dashed
lines ι = 1.9. The heating method/power was the same in all three cases. Colors red and blue are
used separate between electron (e) or ion (i) profiles.
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In all configurations, the plasma in the TJ-II device was created using Electron Cyclotron Heating
(ECH) with 500 kW of power deposited on the position of the magnetic axis, i.e. on-axis heating. This
resulted in discharges with a line-averaged electron density ne as a function of time t as depicted in
figure 3.2.3. The DRS measurements were performed at the plateau of the discharge. Quasi-neutrality
was assumed, such that ne ≈ ni = n. From this plateau phase, figure 4.1.1 shows the n(ρ) and T (ρ)
profiles indicated by the three magnetic configuration they were measured in, with rotational transforms
ι = 1.65, 1.8 and 1.9, and the shotnumber from which the data was obtained. Furthermore, subfigures
are used to show the gradients of these profiles: ∇n, ∇T and their ratio η = ∇T/∇n. These can be used
in combination with figure 2.1.4 to discern the type of instabilities that could possibly be present given
the plasma conditions.

First of all, Ion Temperature Gradient (ITG) modes need a strong ion temperature gradient ∇Ti.
This is only present for the profile of ι = 1.65 near ρ = 1, whereas the profiles of ι = 1.8 and 1.9
have a nearly zero ∇Ti. Furthermore, the ratio electron over ion temperature Te/Ti should be larger
than 1. Figure 4.1.2 shows that this is the case for all three profiles. However, the presence of a
gradient in density ∇n acts as a stabilization mechanism to the ITG. This is present for all three profiles,
although it is strongest for the ι = 1.8 and 1.9 configurations. In conclusion, ITGs are not expected
in the configurations presented here. Second of all, Trapped Electron Modes (TEMs) are destabilized
by gradients in the electron temperature ∇Te and density ∇n, and a ratio Te/Ti > 1. All of these
requirements are met for all three profiles. This means that TEMs are expected in all three plasma
scenarios, given the profiles of figure 4.1.1. Third of all, Electron Temperature Gradient (ETG) modes
are similar to ITGs, in the way that both need a temperature gradient to be drive. Only, for the ETG
it is the gradient in electron temperature ∇Te. This is largely present in the edge region (ρ > 0.9) of
all three profiles. However, ETGs are stabilized by a ratio Te/Ti � 1, which is the case for ρ < 0.9.
From these profiles, it is thus expected that roughly for ρ < 0.9, ETG are stabilized, whereas in the
edge region ρ > 0.9, ETGs might be destabilized, but this remains to assess beforehand. Simulations in
EUTERPE could provide clarification here. Furthermore, the DRS does not measure in that region and
the wavenumber k⊥ associated to ETGs is out of the DRS measuring range, so we do not expect the
DRS measurements to be influenced by ETGs.

Figure 4.1.2: Ratio of electron over ion temperature Te/Ti for the three plasma scenarios presented in figure
4.1.1. The solid line represents the configuration with rotational transform ι = 1.65, the dotted
line ι = 1.8 and the dashed line ι = 1.9.

TU/e 24



experimental results

4.2 Experimental results

The first research question brought forward in the introduction of this thesis was:

• What is the effect of the rotational transform ι on the turbulence wavenumber spec-
tra S(k⊥) and perpendicular plasma flow profiles u⊥(ρ) measured at two poloidally
separated regions in TJ-II plasmas?

The experimental results presented in this subsection aim to give answer to this question by focusing
on perpendicular plasma flow profiles u⊥(ρ) and density fluctuation wavenumber spectra S(k⊥) in two
yet unexplored magnetic configurations, namely with the rotational transform ι = 1.8 and ι = 1.9. From
u⊥(ρ), the radial electric field Er(ρ) is calculated, which will be used for referencing purposes in subsec-
tion 4.3 on the simulation results. However, before these results are presented, first a characterization of
the measured perpendicular wavenumber k⊥ as a function of the Doppler Reflectometry System mirror
angle and measuring position ρ is made for both configurations ι = 1.8 and 1.9. Furthermore, the effect
of the phase velocity vph of density fluctuations over the flux surface is investigated to check how large
its influence is on the measured u⊥.

At the end of the current section, the results will be placed in a larger framework, using previously
published density fluctuation wavenumber spectra S(k⊥) of the ι = 1.65 and 2.2 configurations by Estrada
et al.[22].

4.2.1 Perpendicular flow velocity and radial electric field profiles

This subsection aims to present the results of Doppler Reflectometry System (DRS) measurements of
the perpendicular flow velocity u⊥ as a function of the normalized minor radius ρ, and derived from
that, the radial electric field Er(ρ). The goal is to check whether DRS measurements in two poloidally
separated regions give different results, what we call ‘poloidal asymmetries’. Furthermore, we want to
check whether the rotational transform ι affects these poloidal asymmetries. All results in this subsection
concern two magnetic configurations, where the rotational transform ι= 1.8 and 1.9. In order to get
accurate results, first the measuring range of the DRS in terms of ρ and the perpendicular wavenumber
k⊥ will be established. Lastly, in order to test whether the phase velocity of density fluctuations vph over
the flux surface can be safely neglected in u⊥ = vExB + vph (equation 2.4.7), with vExB the E ×B-drift
velocity, we investigate the relation between u⊥ and k⊥.

(a) ι= 1.8. (b) ι= 1.9.

Figure 4.2.1: Perpendicular wavenumber k⊥ as a function of normalized minor radius ρ, for DRS measurements
in the ι = 1.8 configuration (shots 49987-50007) and ι = 1.9 configuration (shots 50235-50266).
Red points correspond to region 1, blue points to region 2. Series of measuring points corresponding
to one DRS mirror angle show a linearly decreasing k⊥ for increasing ρ. For ρ < 0.5, the
uncertainty of measuring points in the ρ direction becomes significantly larger than ρ > 0.5, which
means data points for ρ < 0.5 are not valid.
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With the goal of measuring the amplitude of density fluctuations S for different wavenumbers k⊥,
it is important to establish the relation k⊥ as a function of ρ for the various mirror angles used by the
Doppler Reflectometry System (DRS). For the ι = 1.8 and 1.9 configuration, the radius-wavenumber
space covered by the DRS is depicted in figures 4.2.1a and 4.2.1b respectively. Red and blue points
indicate measurements in poloidal regions 1 and 2 respectively. Every series of measuring points of the
same color, i.e. an almost linearly decreasing k⊥ with increasing ρ, represents a stepped frequency f
measurement at one mirror angle θ. The values of k⊥ and ρ were calculated using the ray-tracing code
TRUBA, with the magnetic configurations belonging to ι = 1.8 and 1.9 and their corresponding n(ρ)
used as an input. From figures 4.2.1a and 4.2.1b it becomes clear that when ρ decreases, the value of k⊥
becomes larger. Furthermore, when the mirror angle of the DRS is changed away from almost normal
incidence, the value of the measured k⊥ increases. This is because for a curved set of nested flux surfaces
(or: cut-off layers), the angle of incidence with respect to the normal of the cut-off layer becomes larger
when the wave penetrates deeper into the plasma or when the mirror angle is changed away from normal
incidence (see figure 3.2.4). For larger incidence angles, the -1st order Bragg backscattering favors smaller
wavelengths λ, or larger wavenumbers k⊥ = 2π

λ . Eventually, for ρ < 0.5, the angle with respect to the
cut-off layer becomes so large and the gradient in the density n so low that the uncertainty in ρ becomes
significant. This means that the localization of measuring points is unreliable.

Figure 4.2.2: Perpendicular flow velocity u⊥ as a function of the perpendicular wavenumber k⊥, for DRS mea-
surements in the ι = 1.8 configuration (shots 49987-50007). Red points correspond to region 1,
blue points to region 2. Subfigure (a) shows that over the full range of ρ = 0 − 1, u⊥ has some
dependency on k⊥, especially at low k⊥. Subfigure (b) shows for ρ = 0.6− 0.7, both region 1 and
region 2 points have some dependency of u⊥ on k⊥ for all k⊥. For ρ = 0.75 − 1, subfigure (d)
shows that this dependency is also present in region 1 points for k⊥ < 4 cm−1, but not so for
region 2, although the uncertainty in u⊥ remains significant. Subfigure (c) however shows that
for ρ = 0.7− 0.75, u⊥ does not depend significantly on k⊥ for both region 1 and region 2 points.
This means that vph in the relation u⊥ = vE×B + vph might be significant in both region 1 and 2,
but only for ρ < 0.7 and k⊥ < 4 cm−1.
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Figure 4.2.3: Perpendicular flow velocity u⊥ as a function of the perpendicular wavenumber k⊥, for DRS mea-
surements in the ι = 1.9 configuration (shots 50235-50266). Red points correspond to region 1,
blue points to region 2. Subfigure (a) shows that over the full range of ρ = 0 − 1, u⊥ has some
dependency on k⊥, especially at low k⊥. Subfigure (b) show for ρ = 0.6−0.7, region 1 points show
no clear dependency of u⊥ on k⊥ when k⊥ > 4 cm−1, whereas region 2 points show a significant
relation between u⊥ on k⊥ for all k⊥. Subfigures (c-d) show that this behavior is not limited to
ρ < 0.7. This means that vph in the relation u⊥ = vE×B + vph might be significant in region 2,
whereas in region 1 vph � vE×B. This is a sign of poloidal asymmetry.

Figure 4.2.2 shows for various ranges of the normalized minor radius ρ, how the perpendicular flow ve-
locity u⊥ depends on the perpendicular wavenumber k⊥. The goal is to check whether the phase velocity
of density fluctuations vph over the flux surface can be safely neglected in the equation u⊥ = vE×B +vph,
with vE×B the E × B-drift velocity. If vph is only small, then u⊥ can be directly calculated from the
later measured values of E and B. Figure 4.2.2 shows that for ρ = 0.6− 0.7, u⊥ depends significantly on
k⊥, especially in poloidal region 1. Furthermore, when ρ = 0.75− 1, a dependence is found for low k⊥.
This means that in the ι = 1.8 configuration, the influence of vph on u⊥ cannot be ruled out for ρ < 0.7
and low values of k⊥.

In figure 4.2.3 the dependence of u⊥ on k⊥ is more pronounced for ρ = 0.6− 0.7 for poloidal region
2 than regon 1. For ρ = 0.7− 0.75 and ρ = 0.75− 1, region 2 shows a large dependence on k⊥, whereas
region 1 points are largely flat for k⊥ > 4 cm−1. This implies that in the ι = 1.9 configuration, the
measured u⊥ of region 1 points can be affected by vph for k⊥ < 4 cm−1, but this effect is much stronger
for region 2 points.

Figures 4.2.4a and 4.2.4b show the measured u⊥ as a function of ρ in the two poloidal regions in
the ι = 1.8 and ι = 1.9 configuration respectively. Only data points with k⊥ > 4 cm−1 were considered
to remove the dependence of u⊥ on k⊥ as much as possible. First of all, it is clear that the values of
u⊥ are not the same in the two poloidal regions in both configurations. This is what we call a poloidal
asymmetry. Second of all, whereas the region 1 points flatten off for ρ > 0.8, region 2 points rise sharply
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to a peak located at ρ = 0.8 in figure 4.2.4a and ρ = 0.75 in figure 4.2.4b. The velocity shearing is
therefore expected to be largest in region 2. Due to a lack of region 2 data points for ρ > 0.85, it is not
possible to investigate whether the measured u⊥(ρ) flattens. The uncertainties in ρ are significant for
both regions when ρ < 0.7, which limits the radial range that is reliable. Nevertheless, comparing figures
4.2.4a and 4.2.4b with each other, the peak values per region are roughly the same, namely u⊥ = 3 km/s
for region 1 and u⊥ = 5 km/s for region 2. However, the radial location of the peak changes slightly
towards lower ρ in the ι configuration.

(a) ι= 1.8. (b) ι= 1.9.

Figure 4.2.4: Perpendicular flow velocity uperp as a function of normalized minor radius ρ, for DRS measure-
ments in the configurations with ι = 1.8 (shots 49987-50007) and ι = 1.9 (shots 50235-50266).
Only data points with k⊥ > 4 cm−1 were considered to remove the dependence of u⊥ on k⊥ as
much as possible. Red points correspond to region 1, blue points to region 2. In subfigure (a),
both regions show a similar shape and sign of u⊥(ρ), but whereas region 2 points rise sharply to
a peak value of u⊥ around ρ = 0.8, region 1 points remain relatively flat for ρ > 0.7. In subfigure
(b), whereas region 1 points show an increase and decrease of u⊥ centered around ρ = 0.76, u⊥
of region 2 points increases over the full domain of ρ. Because of the absence of data points, it is
unclear whether u⊥ of region 2 points decreases for ρ > 0.8.

(a) ι= 1.8. (b) ι= 1.9.

Figure 4.2.5: Radial electric field Er as a function of normalized minor radius ρ, for DRS measurements in the
configurations with rotational transform ι = 1.8 (shots 49987-50007) and ι = 1.9 (shots 50235-
50266). Only data points with k⊥ > 4 cm−1 were considered to remove the dependence of u⊥ on
k⊥ as much as possible. Red points correspond to region 1, blue points to region 2. In subfigure
(a), region 1 points show a relatively flat profile over the full range of ρ, whereas region 2 points
show a peak value of u⊥ at ρ = 0.8 that is significantly larger than that of region 1. In subfigure
(b), region 1 points show a relatively flat profile over the full range of ρ, whereas region 2 points
show a strong increase of u⊥ for increasing ρ. It is unclear whether this increase flattens off for
ρ > 0.8, since no data points are available there.
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When the Er(ρ) profiles are calculated using the data from figures 4.2.4a and 4.2.4b, figures 4.2.5a
and 4.2.5b are obtained. Only data points with k⊥ > 4 cm−1 were considered to remove the dependence
of u⊥ on k⊥ as much as possible. The Er(ρ) profiles show behavior similar to the u⊥(ρ) profiles, with
poloidal region 2 points having larger Er values than region 1 points for ρ > 0.65. In both regions, Er(ρ)
is positive for all ρ. When comparing the ι = 1.8 and ι = 1.9 configuration, one finds that Er(ρ) in
region 1 remains relatively constant with a peak at Er = 3 kV/m and the peak of region 2 points stays at
Er = 4 kV/m. Furthermore, the uncertainty in Er decreases for region 2 points when ι is changed from
1.8 to 1.9. The uncertainty in ρ remains relatively large for ρ < 0.7. The gradient in Er(ρ) is highest for
region 2 in both configurations, but its radial position changes from ρ = 0.8 to ρ = 0.75 when comparing
figures 4.2.5a to 4.2.5b.

4.2.2 Perpendicular wavenumber spectra

This subsection aims to investigate the spectral properties of density fluctuations as measured by the
Doppler Reflectometry System (DRS) in four magnetic configurations, with rotational transforms ι =
1.65, 1.8, 1.9 and 2.2. The relevant quantity is the perpendicular wavenumber spectrum of the density
fluctuations S(k⊥). In a publication by Estrada et al. [22], S(k⊥) spectra were explored for two configu-
rations with rotational transforms ι = 1.65 and 2.2. When S(k⊥) was measured in poloidal regions 1 and
2, it was found that poloidal region 1 has higher S values than region 2; a so-called ‘poloidal asymmetry’.
When ι was changed from 1.65 to 2.2, the asymmetry in S(k⊥) between regions 1 and 2 reversed. For
two configurations with rotational transforms ι in-between the previous two configurations, namely ι =
1.8 and 1.9, the S(k⊥) spectra were not yet explored. To get a better understanding of how the reversal
of the poloidal asymmetry changes with ι, these two new configurations are now explored.

Figure 4.2.6: Wavenumber spectrum of the density fluctuations S as a function of k⊥, for DRS measurements
between ρ = 0.7 − 1 in the ι = 1.8 configuration (shots 49987-50007). Red points correspond to
region 1, blue points to region 2. Cascades are clearly visible for both regions and are fitted with
the function S(k⊥) = β + α log k⊥ to obtain values for the spectral indices α. Two ranges of k⊥
were used, namely from 1 to 6 cm−1 (solid lines) and 7 to 11 cm−1 (dashed lines). The region 1
fit for k⊥ = 1− 6 cm−1 stays above the region 2 fit, whereas in the range k⊥ = 7− 11 cm−1, this
is the other way around, although the uncertainty in α2 for both regions 1 and 2 are large enough
to make the opposite also possible. Overall, a strong poloidal asymmetry is not observed.

Figure 4.2.6 shows the wavenumber spectrum S(k⊥) of the measured density fluctuations in the ι =
1.8 configuration for ρ = 0.7− 1. Measuring points of poloidal regions 1 and 2 are presented in red and
blue. Amplitudes are largest for low k⊥, with the spectrum showing a clear ‘knee’ at k⊥ = 6.5 cm−1
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at the location where the direct and inverse cascades meet. The spectrum is fitted in two parts using
the fitting function S(k⊥) = β + α log k⊥. The obtained spectral indices α are a measure of the slopes
and also listed in the figure. The region 1 points have a higher amplitude for k⊥ < 6.5 cm−1 than
region 2, but the spectral index α1 is similar for both regions (i.e. within the uncertainty margins). For
k⊥ > 6.5 cm−1, data points of regions 1 and 2 largely overlap and the spectral index α2 shows no clear
deviation.

Figure 4.2.7: Wavenumber spectrum of the density fluctuations S as a function of k⊥, for DRS measurements
between ρ = 0.7 − 1 in the ι = 1.9 configuration (shots 50235-50266). Red points correspond
to region 1, blue points to region 2. Cascades are clearly visible for both regions and are fitted
with the function S(k⊥) = β + α log k⊥ to obtain values for the spectral indices α. Two ranges
of k⊥ were used, namely from 1 to 6 cm−1 (solid lines) and 7 to 11 cm−1 (dashed lines). In
the k⊥ = 1 − 6 cm−1 range, region 1 and region 2 points have a similar value for α1 (within
the uncertainty margins), whereas in the range k⊥ = 7 − 11 cm−1, region 1 points show a larger
negative value for α2 than the region 1 points, but with higher uncertainty. Overall, a strong
poloidal asymmetry is not observed.

The density fluctuation spectrum for the ι = 1.9 configuration for ρ = 0.7 − 1.0 is shown in figure
4.2.7. The figure shows that regions 1 and 2 have similar spectral indices α1 for wavenumbers smaller
than the knee at k⊥ = 6.5 cm−1. The spread in data points of region 1 for k⊥ < 8 cm−1 is larger than
for points for region 2. Moreover, from figure 4.2.7 it becomes clear that for k⊥ > 6.5 cm−1 the spectral
indices α2 are different for regions 1 and 2. Figures 4.2.6 and 4.2.7 are cropped and depicted again in
figure 4.2.8 to compare them directly with each other and previously published results by Estrada et al.
[22], showing the spectra in ι = 1.65 and ι = 2.2 configuration (obtained under similar heating conditions).

Figure 4.2.8 shows that the region 1 points have a higher amplitude than region 2 points in the ι
= 1.65 configuration, but that the region 2 points gradually move with respect to the region 1 points
throughout the ι = 1.8, 1.9 and 2.2 configurations. On this abstract level, configurations ι = 1.8 and ι =
1.9 seem to show largely similar spectra, which is supported also quantitatively by the spectral indices
α1 and α2 being similar (within uncertainty margins). As was discussed already by Estrada et al.[22],
the fact that the poloidal asymmetry changes when the rotational transform ι is increased, means that
a systematic bias favoring one poloidal region over the other can be ruled out.
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(a) ι= 1.65, ρ = 0.74− 0.82. (b) ι= 1.8, ρ = 0.7− 1.0.

(c) ι= 1.9, ρ = 0.7− 1.0. (d) ι= 2.2, ρ = 0.76− 0.86.

Figure 4.2.8: Amplitude of measured density fluctuation signal S[dB] as a function of k⊥cm−1, for DRS mea-
surements four different ι configurations. The data of subfigures (a) and (d) showing the ι =
1.65 and 2.2 configurations is reproduced with permission from Estrada et al.[22]. Red points
correspond to poloidal region 1, blue points to poloidal region 2. Cascades are clearly visible for
both regions in all subfigures (a-d) and are fitted with the function S(k⊥) = β+α log k⊥ to obtain
values for the spectral indices α. Two ranges of k⊥ were used, namely from 1 to 6 cm−1 (solid
lines) and 7 to 11 cm−1 (dashed lines). Subfigures (a) and (b) shows similar spectral indices α1

for region 2 points. The same is true for subfigures (c) and (d). However, no clear trend is visible
in the spectral indices α1 of region 1 from subfigure (a) to (d). Regarding the intersection of the
fits of α1 with the S-axis, for region 2 it stays at a constant value of S ≈ 5 dB, while for region 1
the intersection value decreases gradually when ι is increased. Subfigure (b) is an exception. The
spectral indices α2 of region 1 and region 2 increase towards zero throughout subfigures (a-d).

To come back to the first research question brought forward in the introduction of this thesis:

• What is the effect of the rotational transform ι on the turbulence wavenumber spec-
tra S(k⊥) and perpendicular plasma flow profiles u⊥(ρ) measured at two poloidally
separated regions in TJ-II plasmas?

The experimental results show that for the rotational transform ι = 1.8 and 1.9 configurations, the
perpendicular flow velocity profile u⊥(ρ) was roughly comparable, although significant differences were
found between poloidal regions 1 and 2. Such poloidal asymmetries were also observed in wavenumber
spectra of density fluctuations S(k⊥). The spectra measured in the two new configurations demonstrate
that the inversion in the asymmetry in the configuration with ι = 2.2 as compared to that measured in
the configuration with ι = 1.65 occurs gradually as ι increases. While spectral indices α1 for region 2
showed no clear trend when ι was increased, α1 for region 1 increased in the transition from ι = 1.8 to
1.9. A more or less smooth transition of the fitted spectral index α2 was observed for region 2, while α2

for region 1 stayed at a constant level. The exact trend and underlying physics remain unclear.
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4.3 Simulation results

To explore the physics behind the experimental results, the second research question of this thesis is now
brought up, which is:

• Based on linear simulations from the (global) gyrokinetic code EUTERPE, what is
the behavior of electrostatic micro-instabilities in the experimentally studied config-
urations?

This question aims to compare simulations directly with experimental results. One remark is that
the performed simulations are linear, while we know that the nature of turbulence is intrinsically non-
linear. This means that amplitudes of the simulated instabilities do not saturate and full turbulence
spectra can thus not be obtained. This limits the comparison we can make between simulations and
experiment. However, non-linear global Lagrangian particle-in-cell simulations of instabilities in TJ-
II remain challenging because they are computationally expensive and have high levels of numerical
instabilities. Still, insight can be obtained from the linear simulation results about the physics of the
effect of the rotational transform ι on the poloidal localization of instabilities. As was outlined in
sections 1 and 3, another reason for doing simulations is that the effect of certain parameters on the
spatial and spectral properties of electrostatic micro-instabilities can be isolated, which is not possible in
the experiment. For this reason, the simulation results are split up into four parts, to test the effects of
changing 1. the n and T profiles, 2. the radial electric field Er and 3. the rotational transform ι. After
that, the simulations will be compared to the experimental results, compensating for geometrical effects
as much as possible.

4.3.1 Influence of density and temperature profiles

The profiles used in the Doppler Reflectometry System (DRS) experiments were presented in figure 4.1.1.
It was discussed that density n and temperature T profiles largely determine which types of electrostatic
micro-instabilities can be expected. However, simulations were needed to further investigate which types
of modes are actually present in the outer region of the plasma. But, as was outlined in section 3,
simulations performed in EUTERPE can also provide information on the radial and poloidal localization
and spectral properties of electrostatic micro-instabilities in TJ-II configurations.

With the purpose of investigating the influence of the density n and temperature T profiles on the
spatial and spectral properties of electrostatic micro-instabilities in TJ-II, a EUTERPE simulation was
run. The simulation scenario used the n and T profiles corresponding to the configuration with rotational
transform ι = 1.8. As an output, the EUTERPE simulation gave the amplitude of the perturbed density
|ñ| in 128 vertical cuts of one quarter of the TJ-II device. Using a script written by Edilberto Sánchez,
these results were translated to and displayed in the Doppler Reflectometry System (DRS) measurement
plane of TJ-II. The result is depicted in figure 4.3.1.

Figure 4.3.1 shows a cross-section of the beanshaped plasma in TJ-II at the DRS measuring plane.
The reactor coordinates are the minor radius perpendicular to the magnetic axis in the DRS plane R⊥D
and the vertical Z. Black curves following the plasma shape are plotted for a normalized minor radius
ρ = r/a = 0.25, 0.65, 0.75, 0.85 and 1.00. Here, r is the minor radius and a is the average radius of
the plasma. Furthermore, the full poloidal angle is divided into ten equal pieces with green lines. The
thick green line defines the θ = 0 angle, where θ increases in the counter-clockwise direction. Thus,
the consecutive green lines indicate θ = 1

5π, 2
5π, 3

5π, etc. The points where the DRS has measured in
the experiments have been marked in red and green for poloidal regions 1 and 2 respectively. Lastly,
the plasma shape is filled with the color indicating the amplitude of the perturbed density |ñ| that is
simulated by EUTERPE.

From figure 4.3.1, it is clear that the highest amplitudes of the perturbed density |ñ| are concentrated
on the right side, i.e. R⊥D > 0.1 m. The high amplitude area is not present in poloidal regions 1 nor 2,
but when the two regions are compared, region 1 has a near-zero amplitude, whereas for the amplitude
in region 2 this is not the case. This is what we call a ‘poloidal asymmetry’ in the localization of the
perturbed density |ñ|.
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The next thing that is apparent in the radial direction, is that a clear separation between an inner
and outer region is present at ρ ≈ 0.8. This could be due to density and temperature gradients, ∇n(ρ)
and ∇T (ρ), as were shown in figure 4.1.1. When we looked at the perturbed potential ϕ̃ instead of the
perturbed density ñ, we found equivalent results. When the same simulation was repeated with another
set of n and T profiles, it was found that although the highest amplitudes were still located at the right
side of the figure and covered most of the whole vertical range Z, the radial separation had disappeared.
Another perspective is of use here, namely the normalized amplitude of the perturbed potential |ϕ̃|
integrated over all poloidal modes m as a function of ρ, as is depicted in figure 4.3.2.

Figure 4.3.1: The amplitude of the perturbed density |ñ| integrated over all poloidal modes m in the Doppler
Reflectometry System (DRS) measuring plane, in a simulation scenario using the ι = 1.8 con-
figuration, with corresponding density n and temperature T profiles, with collisions, without Er.
R⊥D is the coordinate perpendicular to the magnetic axis in the Doppler plane, Z is the vertical
direction in the vacuum vessel and the DRS measuring points of regions 1 and 2 are depicted in
red and green respectively. The thick green line indicates a constant poloidal angle θ = 0, with
consecutive green lines labeling θ = 1

5
π, 2

5
π, etc.

Figure 4.3.2: The normalized amplitude of the perturbed potential |ϕ̃| as a function of the normalized minor
radius ρ = r/a, with r the minor radius and a the average plasma radius, in a simulation scenario
using the ι = 1.8 configuration, with corresponding density n and temperature T profiles, with
collisions, without Er. |ϕ̃|(ρ) is a superposition of all poloidal modes m = 33 to 287 in the φ = 0
toroidal cut plane. The figure shows a clear dip at ρ ≈ 0.85 separating an inner and outer region;
possible reasons for a high amplitude in the outer region (rho > 0.90) are given in the text.
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In figure 4.3.1, a clear separation between an inner and outer region at ρ ≈ 0.8 was observed. Figure
4.3.2 presents the normalized perturbed potential |ϕ̃| integrated over all simulated poloidal modenumbers
m as a function of ρ to cover this observation in more detail. It is clear that at the inner region peaks
at ρ ∼ 0.82 and the outer region at ρ ∼ 0.91, with a shallow dip in between. In another simulation with
different set of density n and temperature T profiles, the separation was not clearly observed, but the
radial localization of the peaks changed slightly.

In all cases, the observed peaks of the inner region (ρ < 0.90) correspond to the points ρ where
the gradients ∇n and ∇T are strongest (see figure 4.1.1). The handling of particles or markers at the
border of the simulation domain ρ = 1 might also influence the amplitude of the outer region (ρ > 0.90).
This could introduce a high level of noise, resulting in large mode amplitudes. This could be further
investigated by setting the border of the simulation domain at a lower value of ρ, for instance exactly at
the dip observed in figure 4.3.2, but for reasons of time this was not done yet. Furthermore, since this
figure presents an amplitude that integrates multiple poloidal modes m, it is impossible to tell which
poloidal mode m is responsible for the large amplitude. This is why the amplitude |ϕ̃| is split out over
the poloidal modes m in figure 4.3.4. But first, the poloidal localization of high amplitude areas in figure
4.3.1 is explored in more detail in figure 4.3.3 to better understand how it is influenced by the chosen n
and T profiles.

Figure 4.3.3: The amplitude of the perturbed potential |ϕ̃|(θ, φ) on a full flux surface (ρ = 0.82), with θ and φ the
poloidal and toroidal angle respectively, in a simulation scenario using the ι = 1.8 configuration,
with corresponding density n and temperature T profiles, with collisions, without Er. |ϕ̃|(θ, φ) is a
superposition of all poloidal modes m = 33 to 287. The white dashed line is a field line that follows
ι through (θ, φ) = (0, 0). High and low amplitude regions are bands in the direction of the field line.
The high amplitude of |φ| is concentrated in one thick band at a slightly lower θ than the depicted
field line (corresponding to the high amplitude area in subfigure 4.3.1 at (R⊥D, Z) = (0.18, 0.26)).

Figure 4.3.3 shows the amplitude of the perturbed density |ñ| as a function of poloidal and toroidal
angles θ and φ, keeping a fixed value of ρ = 0.82. The figure thus shows the full flux surface. Figure
4.3.3 shows that the highest amplitude area of |ñ| is localized in a narrow band at a lower poloidal angle
θ than the plotted white dashed line, which is a field line that follows ι through (θ, φ) = (0, 0). When
this analysis was repeated for a simulation with another set of density n and temperature T profiles,
it was found that the high amplitude of |ñ| was spread out around the plotted field line in small ar-
eas. But overall, regardless of the n and T profiles used, the poloidal localization of medium amplitude
(light blue colored) areas lie in a broad band around the plotted field line and do not change significantly.

This implies that a change of n and T profiles alone does not significantly affect the poloidal local-
ization of instabilities. However, it is still of interest to check which poloidal modenumber m dominates
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the picture and whether the type of micro-instability (e.g. ITG, TEM, ETG, etc.) has changed when
changing the n and T profiles. This analysis is performed using figure 4.3.4.

Figure 4.3.4: The normalized amplitude of the perturbed potential |ϕ̃| as a function of poloidal mode number
m and normalized minor radius ρ > 0.5, in a simulation scenario using the ι = 1.8 configura-
tion, with corresponding density n and temperature T profiles, with collisions, without Er. High
amplitudes of |ϕ̃| are observed for m = 180 − 260 and ρ > 0.78, with a clear separation in mode
structure for ρ greater and smaller than 0.88.

Figure 4.3.4 shows the normalized amplitude of the perturbed potential |ϕ̃| as a function of ρ and
poloidal modenumber m at a toroidal angle φ = 0◦. The spectrum is centred around m = 160. Regarding
the radial localization of modes, the same discussion as presented for figure 4.3.2 still holds. However,
a new finding is that figure 4.3.4 shows that the highest amplitudes are found for modenumbers m > 200.

This can be used to identify the type of instability (ITG, TEM or ETG) that could be present. Ac-
cording to figure 2.1.4, perpendicular wavenumbers k⊥ are needed instead of the poloidal modenumbers
m presented here. The conversion of m to k⊥ comprises of steps. Firstly, one should calculate the
poloidal wavenumber kθ = m|∇θ|, with ∇θ the variation of the poloidal angle θ over the flux surface.
Secondly, the poloidal wavenumber kθ should be converted to the perpendicular wavenumber k⊥ as mea-
sured by the DRS. The full scale of this problem and an effort to solve it will be presented in subsection
4.4. If this is solved, it would be possible to determine what types of micro-instabilities (ITG, TEM,
ETG) could occur and are most strongest present given the associated wavenumbers k⊥. Moreover, it
would be possible to make a quantitative comparison between different simulation scenarios using the
k⊥ values of the highest amplitude modes, which are a measure of the injection scales. However, since
this is not possible yet, another type of quantitative analysis that focuses on the growth rate γ of the
highest amplitude modes is made in figure 4.3.5.

In the discussion of figures 4.3.1 and 4.3.2, it was mentioned that a change of density n and temper-
ature T profiles also affects the absolute amplitude of the perturbed potential |ϕ̃|. To make this more
quantitative, we ran two simulations using the same magnetic configuration with a rotational transform
ι = 1.8, but switched the n and T profiles from the ones belonging to the configuration with ι = 1.8
to the ones from the configuration with ι = 1.65. The growth rate γ and oscillation frequency ω of the
fastest growing mode m of each of the two simulations was extracted. The logarithmically plotted real
part of the perturbed potential |ϕ̃| as a function of time t(1/Ω) is depicted in figure 4.3.5. For the blue
curve, the obtained fitting parameters are γ = 1.1± 0.1 · 106 s−1 and ω = 5.2± 0.1 · 105 s−1, while for
the red curve, they are γ = 8.6± 0.5 · 105 s−1 and ω = 2.1± 0.5 · 105 s−1.

This means that the simulation using the n and T profiles belonging to the ι = 1.8 configuration
leads to the fastest growth and oscillation frequency. This is most likely due to the larger gradients ∇n
and ∇T of profiles belonging to the configuration with ι = 1.8 than the configuration with ι = 1.65,
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as can be observed in figure 4.1.1. Furthermore, figure 2.1.4 shows that Te/Ti � 1 is a destabilization
mechanism for Trapped Electron Modes (TEM). As depicted in figure 4.1.2, the ratio electron over ion
temperature Te/Ti is much larger for the configuration with ι = 1.8 than the configuration with ι =
1.65 for ρ < 0.9, so this could mean that TEM type modes are more strongly present when the n and T
profiles of the configuration with ι = 1.8 are used. This in turn, could lead to the higher growth γ and
oscillation frequency ω observed in figure 4.3.5.

Figure 4.3.5: Effect of change of density n and temperature T profiles on the real part of the perturbed potential
amplitude Re(|ϕ̃|) of the fastest growing modes at ρ = 0.82 as a function of time t1/Ω, with Ω
the gyrofrequency. The magnetic configuration was held fixed (ι = 1.8, with collisions, without
Er). The blue and red curves belong to the n and T profiles of ι= 1.8 and 1.65 respectively. The
blue curve grows faster and has a higher oscillation frequency than the red curve. To quantify
this, both curves were fitted with the function y(t) = exp(γt)(A cosωt + B sinωt) to obtain an
exponential growth rate γ and oscillation frequency ω. Blue curve: γ = 1.1± 0.1 · 106 s−1 and
ω = 5.2± 0.1 · 105 s−1. Red curve: γ = 8.6± 0.5 · 105 s−1 and ω = 2.1± 0.5 · 105 s−1.

It should be pointed out that the uncertainty in ω remains rather large for the red curve, as the
simulation time t was only short and the amount of oscillation period fitting only small. To obtain
more reliable results, the simulation time should be increased. Furthermore, it is technically possible to
translate the modenumbers m = 225 and m = 212 of the fastest growing modes of these simulations
to a k⊥ value. This would correspond with the location of the ‘knee’ of the cascades presented in the
experimental results, but as pointed out earlier, the translation is not trivial and will be explored in
section 4.4. Moreover, because the radial electric field Er is switched off, the simulation conditions do
not closely match the experimental ones. This will be further explored in subsection 4.3.2.
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4.3.2 Influence of radial electric field profiles

In reality, a radial electric field Er such as presented in figure 4.2.5 is always present in all stellarator
geometries including TJ-II. Until now, the simulation scenarios did not include Er, but the aim of
this subsection is to investigate the effect Er on the localization and spectral properties of simulated
instabilities. We do this by switching Er on and off, by increasing its strength and by changing its sign.
As a start, the various Er profiles used in the simulations will be presented in figure 4.3.6.

Figure 4.3.6: Er(ρ) profiles obtained from the neoclassical code DKES [35] using n and T profiles of figure
4.1.1 as an input. A rescaling was applied on two profiles to make the peaks match with DRS
measurements of Er(ρ) in region 1, as presented in figures 4.2.5a and 4.2.5b. All profiles are
positive in the simulation domain (ρ > 0.5), except for the outer region (ρ > 0.9). The profiles
belonging to ι = 1.8 and 1.9 have the largest slopes at ρ = 0.88, whereas the profile belonging to ι
= 1.65 gradually decreases towards the edge of the simulation domain at ρ = 1.

Figure 4.3.6 shows the radial electric field profiles Er(ρ) calculated by dr. J.L. Velasco. This was
done with the neoclassical code DKES [35], using the density n and temperature T profiles of figure
4.1.1 as an input. These profiles will be used in the results of the current subsection. There are three
magnetic configurations ι = 1.65, 1.8 and 1.9 for which Er(ρ) profiles were calculated. Two of those
profiles were later rescaled with a constant factor to better match the data points of poloidal region 1
of figures 4.2.5a and 4.2.5b in the ι = 1.8 and 1.9 configuration. Because of the rescaling, these profiles
are weaker than their originals, while the shape of the profiles remains conserved. From henceforth, the
three original Er(ρ) profiles will be called strong while the two re-scaled versions will be called weak.

Figure 4.3.6 shows that the sign of all five profiles is mainly positive over the full simulation domain
(rho > 0.5), although for the edge (ρ > 0.95) all profiles are slightly negative. The sign of Er(ρ) is of

importance, since it determines the direction of the ~vE×B drift velocity. When ~B points in the toroidal

direction φ̂ and ~E in the radial direction r̂, then ~vE×B =
~E× ~B
B2 points in the poloidal direction θ̂. More-

over, all profiles have a large negative gradient between ρ ≈ 0.85− 0.90, while the profiles of ι = 1.8 and
1.9 also have a positive gradient for ρ ≈ 0.5 − 0.7. As was mentioned in the discussion around figure
1.2.3, a gradient in Er(ρ) may lead to shearing. Therefore, in the rest of the result section we will use
the term ‘shear’ to indicate the gradient in Er(ρ).

Two effects of Er(ρ) on the amplitude of the perturbed density |ñ| can be explored in figure 4.3.7, the
first being the effect of switching Er on, the latter being the effect of changing the sign of Er. Subfigures
4.3.7b and 4.3.7c show that when Er is switched on, high amplitude areas become localized in narrow
bands and a clear separation at ρ = 0.85 between inner and outer region becomes visible. Moreover,
whereas in subfigure 4.3.7a there is only a small amplitude in poloidal region 2 (green markers), high
amplitude areas move poloidally into region 2 in subfigures 4.3.7b and 4.3.7c. With respect to the case
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in subfigure 4.3.7b where Er is positive, high amplitude areas shift poloidally when the sign of Er is
flipped in subfigure 4.3.7c. The effect of changing the strength of Er (positive and negative) was also
explored, but the figures are not depicted here since no noteworthy qualitative changes were found. The
separation between inner and outer region is more clearly depicted in the ‘radial’ perspective of figure
4.3.8 and the physical mechanism behind it will be discussed below figure 4.3.9. The poloidal localization
will further explored in figure 4.3.10.

(a) Er switched off. (b) Positive weak Er.

(c) Negative weak Er.

Figure 4.3.7: Subfigures (a-c) show the effect of switching on and changing the sign of the radial electric field Er
on the amplitude of the perturbed density |ñ| in the DRS measuring plane, where the configuration
is kept constant (ι = 1.8 with corresponding n and T profiles, with collisions). R⊥D is the radius
perpendicular to the magnetic axis in the Doppler plane, Z is the vertical direction in the vacuum
vessel and the DRS measuring points of poloidal regions 1 and 2 are depicted in red and green
respectively. The thick green line indicates a constant poloidal angle θ = 0, with consecutive green
lines labeling θ = 1

5
π, 2

5
π,etc. Subfigures (b-c) show that switching on Er creates a clear radial

separation at ρ = 0.85 between inner and outer region. Furthermore, the presence of Er seems to
force high amplitude areas into narrow bands. Lastly, the poloidal localization changes when the
sign of Er is switched, as can be seen when comparing subfigures (b-c).

Figure 4.3.8 gives the radial perspective on the effect of switching on and changing the sign of the
radial electric field Er. The main observed effect is that the presence of Er mitigates the amplitude of
the perturbed potential |ϕ̃| strongly at ρ = 0.85, almost bringing the amplitude to zero as can be seen by
comparing subfigures 4.3.8a to 4.3.8b. The width of the peak at ρ = 0.82 is also reduced. When changing
the sign of Er in subfigure 4.3.8c, this effect is even stronger and also the outer region ρ > 0.9 is more
strongly suppressed. However, when the effect of increasing Er was explored (not depicted here), it was
found to be relatively small. The peaks at ρ = 0.82 and 0.91 did not change position nor amplitude.
Note that the amplitudes of |ϕ̃| are normalized, which means that only relative changes can be observed
in figure 4.3.8. Even if normalization were turned off, one could not conclude whether the inner region
has become more unstable or the outer region more suppressed in absolute terms because the absolute
amplitude depends on the simulation time in linear simulations.
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The physical mechanism that damps the amplitude in these subfigures is most likely related to the
gradient in Er that causes a shear in the perpendicular flow velocity profile u⊥ = vE×B + vph, with
vE×B the E×B-drift velocity and vph the phase velocity of density fluctuations on the flux surface. The
observed dip in subfigures 4.3.8b and 4.3.8c at ρ = 0.85 namely coincides with the position where this
shear is largest. This is further explored in figure 4.3.9. Logically, a stronger Er should lead to stronger
shearing, so a larger reduction of |ϕ̃|. However, this is not completely in line with our findings, since we
found that further increasing Er from the weak to strong scenario only reduced |ϕ̃| slightly. This could
be explained by the observation that in the weak Er scenario, |ϕ̃| was already near zero (see subfigures
4.3.8b and 4.3.8c) such that it could not be further reduced.

(a) Er switched off. (b) Positive Weak Er.

(c) Negative weak Er.

Figure 4.3.8: Subfigures (a-c) show the effect of switching on and changing the sign of the radial electric field
Er on the normalized amplitude of the perturbed potential |ϕ̃|(ρ), where the configuration is kept
constant (ι = 1.8 with corresponding n and T profiles, with collisions). |ϕ̃|(ρ) is the integrated
amplitude of all poloidal modes m = 33 to 287 in the φ = 0 toroidal cut plane. Where in subfigure
(a) there is a gap at ρ ≈ 0.85 between the inner and outer region, subfigures (b) shows that
switching on Er deepens this gap even more. Subfigure (c) shows that changing the sign of Er
strongly reduces the amplitude in the region ρ > 0.9 as compared to subfigures (a-b). However,
the radial location ρ of the maxima and minima of |ϕ̃| is not significantly affected by a change of
Er.

Regarding the large influence of the sign change of Er on the amplitude of |ϕ̃| in the outer region
observed in subfigure 4.3.8c, it might be that the amount of shearing in u⊥ = vE×B + vph is not solely
determined by the contribution of vE×B , but that also a non-negligible contribution of vph. Assuming
that vph does not depend on Er, when the sign of Er is flipped could result in vE×B and vph pointing
in opposite directions. This would in turn increase the amount of shearing present in u⊥, which would
further reduce |ϕ̃|. The effect of vph is further explored at the end of this section in figure 4.3.12.
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Figure 4.3.9: Normalized amplitude of the perturbed potential |ϕ̃|(ρ) [a.u.] compared to normalized Er(ρ) [a.u.]
and normalized derivative of radial electric field dEr

dρ
[a.u.] in a simulation where ι = 1.8, with

collisions and a negative strong Er is used. Where dEr
dρ

is largest, |ϕ̃| is reduced strongest. The
value of Er itself does not have a direct effect on |ϕ̃| in this figure.

Figure 4.3.9 shows that the Er(ρ) profile itself does not lead to reduction of the amplitude |ϕ̃|, but
its gradient does. This is because u⊥ = vE×B (assuming vph � vE×B), where vE×B(ρ) = Er(ρ)|B|.
Assuming B points in the toroidal direction only and does not change as a function of ρ, then only Er(ρ)
determines the perpendicular flow velocity profile u⊥(ρ). In slab geometry, shearing will occur whenever
u⊥ is not a constant of ρ. This effect was depicted in figure 1.2.3. However, the geometry of the plasma
is beanshaped (or in approximation: circular), which means that u⊥(ρ) ∝ Er(ρ) should be considered
an angular velocity. Then, shearing will occur if the angular frequency is not a constant of ρ. This is the
case in figure 4.3.9, since Er(ρ) increases but also decreases as a function of ρ, which leads to a strong
shear in u⊥(ρ) at ρ = 0.85.

The localization of |ϕ̃| on the full flux surface at ρ = 0.82 is shown in figure 4.3.10. When the Er is
turned on in subfigure 4.3.10b, the poloidal angle θ of the high amplitude band increases as compared
to subfigure 4.3.10a. When the Er sign is flipped in subfigure 4.3.10c, the poloidal angle θ of the high
amplitude band decreases again and the band breaks up. Judging from the scaling of the colorbars, it
is observed that the presence of a positive Er leads to a lower mode amplitude |ϕ̃| and that |ϕ̃| is even
lower for a negative Er. When the Er strength was increased (not depicted here), the mode amplitude
|ϕ̃| decreased even further.

Although a clear trend is not apparent, the subfigures indicate that instabilities can move poloidally
by varying the strength and sign of Er. The change in radial and poloidal localization links to figure
4.3.8, where it was also found that Er can locally reduce the amplitude |ϕ̃| and that a sign change of
Er makes this reduction even more effective. However, as mentioned before, the absolute amplitudes
|ϕ̃| obtained from linear simulations are not a proper measure for comparison between two scenarios. A
quantitative analysis of the growth rate γ of |ϕ̃| is better in this respect. Such an analysis is depicted in
figure 4.3.11, comparing the no Er case with a positive weak and positive strong Er simulation scenario.
The same analysis was also made for the negative weak and strong Er cases, of which the results are
depicted in table 4.3.1.
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(a) Er switched off. (b) Positive weak Er.

(c) Negative weak Er.

Figure 4.3.10: Subfigures (a-b) show the effect of switching on and changing the sign of the radial electric field
Er on the amplitude of the perturbed potential |ϕ̃|(θ, φ) on a full flux surface (ρ = 0.82), with
θ and φ the poloidal and toroidal angle respectively. |φ|(θ, φ) is a superposition of all poloidal
modes m = 33 to 287. The configuration is held fixed (ι = 1.8 with corresponding n and T
profiles). The white dashed line is a field line that follows ι through (θ, φ) = (0, 0). In subfigure
(a) the high amplitude of |ϕ̃| is concentrated in one thick band at a slightly lower θ than the
depicted field line, while with a positive Er in subfigure (b), this band has moved to a higher
angle θ. Changing the sign of Er in subfigure (c) leads to a break-up of the bands in the toroidal
direction φ.
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Figure 4.3.11: Effect of a change of Er strength on on the real part of the perturbed potential amplitude Re(|ϕ̃|)
of the fastest growing modes at ρ = 0.82 as a function of time t1/Ω, with Ω the gyrofrequency.
The magnetic configuration was held fixed (ι = 1.8 with corresponding n and T profiles). Sim-
ulation scenarios with no Er, weak Er and strong Er are represented by the blue, purple and
red curve respectively. To quantify the growth rate γ and oscillation frequency ω of the simula-
tions, all curves were fitted with the function y(t) = exp(γt)(A cosωt + B sinωt). Blue curve:
γ = 1.1± 0.1 · 106 s−1 and ω = 5.2± 0.1 · 105 s−1. Purple curve: γ = 1.2± 0.1 · 106 s−1 and
ω = 5.8± 0.1 · 106 s−1. Red curve: γ = 1.1± 0.1 · 106 s−1 and ω = 1.1± 0.5 · 107 s−1.

Figure 4.3.11 shows the fastest growing modes m in three different simulation scenarios where the
positive radial electric field Er strength was varied. It becomes clear that when Er is increased, the
oscillation frequency ω goes up by two orders of magnitude. The growth rate γ stays relatively constant
under a change of Er. For a variation in negative Er strength, the results are not depicted in this figure,
but instead put directly into table 4.3.1.

Radial electric field Er Growth rate γ Oscillation frequency ω Modenumber m
Negative strong Er γ = 1.1± 0.1 · 106 s−1 ω = 1.1± 0.1 · 107 s−1 234
Negative weak Er γ = 1.2± 0.1 · 106 s−1 ω = 6.5± 0.5 · 106 s−1 230

No Er γ = 1.1± 0.1 · 106 s−1 ω = 5.2± 0.1 · 105 s−1 225
Positive weak Er γ = 1.2± 0.1 · 106 s−1 ω = 5.8± 0.1 · 106 s−1 238

Positive strong Er γ = 1.1± 0.1 · 106 s−1 ω = 1.1± 0.5 · 107 s−1 237

Table 4.3.1: Effect of a change of radial electric field strength Er on the growthrate γ and oscillation frequency
ω of the fastest growing mode with modenumber m at ρ = 0.82 in simulation scenarios where the
magnetic configuration was held fixed (ι = 1.8 with corresponding n and T profiles).

The growth rates γ from table 4.3.1 do not significantly change when Er is switched on, increased in
strength or its sign flipped. However, γ was expected to be decreased by a stronger presence of Er shears,
but this is not supported quantitatively by figure 4.3.11 nor table 4.3.1 . This might be explained by the
fact that in figure 4.3.8 the Er shears affect only the radial region centred around ρ = 0.85. Moreover, it
was discussed that the modenumbers m with the highest amplitudes were not affected by the strength
of Er shears, which implies that their growth rates γ cannot be expected to change under an increase of
Er.

From table 4.3.1 it becomes clear that with an increase in the radial electric field Er strength, ω also
increases. From the underlying physics, ω is related to Er via the poloidal velocity vθ = vE×B + vph =
ω
m [(∇θ)−1s−1] that characterizes each simulation scenario, with vE×B the E-cross-B drift wave velocity

TU/e 42



simulation results

and vph the phase velocity of density fluctuations over the flux surface. The calculated vθ from the values
of ω and m of table 4.3.1 are depicted in figure 4.3.12 as a function of Er.

Figure 4.3.12: Effect of the radial electric field Er strength on the poloidal velocity vθ = ω
m

[(∇θ)−1s−1] charac-
terizing five simulation scenarios with fixed configuration (ι = 1.8, with collisions, using density
n and temperature T profiles belonging to the ι = 1.8 configuration). A clear negative linear
trend is visible, of which the underlying physics will be discussed in the text.

When an approximation of the overall velocity in the poloidal direction vθ = ω
∇θm = ω

m [(∇θ)−1s−1]
is calculated for the each of the simulation scenarios with varying Er strengths, figure 4.3.12 is obtained.
It shows that vθ increases linearly with Er. A small offset is found in vθ when Er = 0.

Since vθ = vE×B,θ + vph,θ, with vE×B,θ = Er
|B| the E × B-drift velocity from equation 2.4.9 and

vph,θ the phase velocity of density fluctuations in the poloidal direction, the value vph,θ is equal to
vθ = 2.3 · 103 (∇θ)−1s−1 for Er = 0. The linear scaling of vθ with Er is due to the vE×B,θ contribution
and furthermore indicates that vph,θ is constant for all Er. Moreover, vph,θ is one order of magnitude
smaller than values of vθ for non-zero Er. Note that vθ is not directly comparable to the perpendicular
flow velocity u⊥ which is measured by the DRS. This is because the poloidal direction θ̂ does not
correspond one-to-one with the perpendicular direction in the DRS measuring plane. This is a non-
trivial problem that troubles the close comparison between simulations and experiment. A possible
solution is worked out in section 4.4.

4.3.3 Influence of rotational transform

The experimental results made it clear that a change in rotational transform ι can have an effect on the
wavenumber spectrum of measured density fluctuations S(k⊥), as shown in figure 4.2.8. However, in
that situation, it was impossible to attribute the change seen in S(k⊥) solely to the change of ι, since
inevitably, other circumstances such as the density n, temperature T and radial electric field Er profiles
also changed. The benefit of the simulation code EUTERPE is that such circumstances can be kept
constant. Therefore, the current subsection will focus purely on the influence of the rotational transform
ι on the localization and spectral properties of instabilities. This is done by keeping the density n
and temperature T profiles fixed. This analysis will begin by showing the simulated localization of the
amplitude of the perturbed density |ñ| in the Doppler Reflectometry System (DRS) measuring plane,
where only the rotational transform ι has been changed subfigure to subfigure. This result is depicted
in figure 4.3.13. Initially, to avoid that the strong effect of Er on the properties of simulated instabilities
dominates the picture, Er is switched off.
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(a) ι = 1.65. (b) ι = 1.8.

(c) ι = 1.9. (d) ι = 2.2.

Figure 4.3.13: Subfigures (a-d) show the effect of changing the rotational transform ι on the amplitude of the
perturbed density |ñ| in the DRS measuring plane, where n and T are fixed to those of the ι =
1.65 configuration, collisions are turned on and no Er is used. R⊥D is the radius perpendicular
to the magnetic axis in the Doppler plane, Z is the vertical direction in the vacuum vessel and the
DRS measuring points of poloidal regions 1 and 2 are depicted in red and green respectively. The
thick green line indicates a constant poloidal angle θ = 0, with consecutive green lines labeling
θ = 1

5
π, 2

5
π,etc. High amplitude regions are located on the right side of all subfigures. However,

where for subfigures (a-c) this is limited to Z > 0.2 m, subfigure (d) also shows high amplitudes
for Z < 0.15 m. High amplitude areas are located closer to poloidal region 2 than poloidal region
1, but only in subfigure (d) the high amplitude area is present in region 2. Overall, the subfigures
do not show a significant change of localization of high amplitude areas when changing ι.

Figure 4.3.13 shows the effect of changing purely the rotational transform ι on the localization of
the amplitude of the perturbed density |ñ| in the DRS measuring plane. The DRS measuring points
of poloidal regions 1 and 2 are depicted with red and green markers respectively. The density n and
temperature T profiles have been kept constant, namely set equal to those corresponding with the ι =
1.65 configuration. First of all, the subfigures show that for all ι, the localization of high amplitude areas
of |ñ| are concentrated at R⊥D > 0.1 m and Z > 0.15 m, except for the ι = 2.2 configuration. This might
be related to the shorter simulation time of that configuration. Second of all, the poloidal localization
does not appear to change, especially around poloidal regions 1 and 2. These results were also checked
in the full flux surface plane, showing |ñ| as a function of the poloidal and toroidal angles θ and φ, but
no change was found qualitatively for ρ = 0.82. These results are therefore not depicted in a separate
figure. Third of all, in figure 4.3.13 the radial localization of high amplitude areas can be observed to
stay relatively constant under a change of ι. When the normalized amplitude of |ñ| was plotted as a
function of the normalized minor radius ρ, no significant changes in the radial localization of maxima
and minima were observed. For that reason, also this figure is not depicted here.

However, when the poloidal modenumber spectra were plotted for the simulation scenarios discussed
here, it was found that the modestructure did change when ι was increased from ι = 1.65 to 2.2. This
result is depicted in figure 4.3.14.
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(a) ι = 1.65. (b) ι = 1.8.

(c) ι = 1.9. (d) ι = 2.2.

Figure 4.3.14: The normalized amplitude of the perturbed potential |ϕ̃| as a function of poloidal mode number
m and normalized minor radius ρ > 0.5. The density n and temperature T profiles were fixed
to the ones used in the configuration with ι = 1.65. However, the rotational transform ι was
varied: ι = 1.65, 1.8, 1.9 and 2.2. The radial electric field Er was turned off. High amplitudes
stripes of |ϕ̃| aligned with ι are observed for m = 180− 260 and ρ > 0.78.

Figure 4.3.14 shows the normalized amplitude of |ñ| as a function of poloidal modenumber m and
normalized minor radius ρ, when the density n and temperature T have been kept constant and the
radial electric field Er has been switched off. First of all, like discussed before, in the radial direction,
no significant changes are observed when ι is changed. For all four configurations, the region with high
mode amplitudes stays at ρ > 0.8, although in the ι = 2.2 configuration are more spread out due to a
short simulation time. Second of all, the high mode amplitudes are concentrated in the high m numbers,
namely m > 200 for the ι = 1.65 and 1.8 configurations, but for the ι = 1.9 configuration, that range is
lowered to m > 150. For ι = 2.2, all instabilities are concentrated at m < 200. Third of all, the modes
have a structure consisting of long stripes aligned with the field lines that become more and more tilted
for increasing ι.

The spectra show that the modestructure changes the rotational transform ι is increased. We want
to investigate whether the type of micro-instability has changed purely from changing the rotational
transform ι. Since the n and T profiles were held fixed in figure 4.3.14, the destabilization mechanisms
such as the density gradient ∇n and temperature gradient ∇T remained unchanged. Based on this
profile analysis, we do not expect the type of micro-instability to change. To investigate this in more
detail, we looked at other drivers of amplitude growth as were previously identified in a paper by Sánchez
et al. [23]. The analysis performed in that work focuses on individual terms that govern the growth and
decay of the perturbed potential |ϕ̃| in the gyrokinetic equations 2.2.10, 2.2.11, 2.2.12 and 2.2.13 used in
EUTERPE simulations. Whenever a term contributes to the amplitude growth of |ϕ̃|, it can be said to
have a destabilizing effect on electrostatic micro-instabilities, or to be a driver of turbulence. The terms
of interest are the parallel velocity v‖ (related to passing particles), ∇B (related to magnetic wells) and
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κ (related to fieldline curvature). To check the relative contribution of each of these terms to amplitude
growth of |ϕ̃|, the magnitude of the terms is traced over time and depicted in figure 4.3.15.

(a) ι = 1.65. (b) ι = 1.8.

(c) ι = 1.9. (d) ι = 2.2.

Figure 4.3.15: Subfigures (a-d) show the effect of changing the rotational transform ι on the relative contribution
of terms v‖, ∇B and κ of equations 2.2.10, 2.2.11, 2.2.12 and 2.2.13 to amplitude growth of
|ϕ̃| as a function of time t[1/Ω], with Ω the gyrofrequency. The density n and temperature T
have been fixed, with collisions, without Er. All subfigures show that the ∇Be term is by far the
largest contributor to amplitude growth of |ϕ̃|, while both ∇ve and ∇vi lead to amplitude decay.
When ι is increased, the contribution of κe decreases, while that of v‖,e increases slightly. The
noisiness of electron terms is caused by the fast dynamics of electrons.

Figure 4.3.15 shows the relative contribution of the terms v‖ and ∇B and κ to amplitude growth of
|ϕ̃|, where subscripts ‘i’ and ‘e’ are used to denote ions and electrons. The noisy nature of some curves
this figure is due to the fast dynamics of the electrons. First of all, it observed that ∇Be has the largest
positive contribution, i.e. leads to destabilization. This implies that instabilities involving electrons (e.g.

TEM and ETG) are being driven by the presence of gradients in the magnetic field ~B. Second of all, the

influence of the curvature term κe that contributes to amplitude growth of ˜|ϕ| in all subfigures is seen to
decrease as a function of ι. Third of all, the relative contribution of the v‖ terms to amplitude growth of
˜|ϕ| is negative in all subfigures, which can be explained in the following way: it might be the case that

TEMs are strongly present in all four simulation scenarios presented here. Passing particles can drain
energy from the particles that are trapped in the magnetic well. Then, a negative contribution of v‖ to

the growth rate of ˜|ϕ| indicates that passing particles are present and are effectively damping the TEM
type instabilities.
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Since the contribution of individual terms are all relative, an absolute comparison between simulation
scenarios to determine which configuration leads to the fastest growth of instabilities cannot be made.
What can be done, is to compare the scaling of the colorbars in figure 4.3.13, since this gives an indicated
on whether differences in amplitudes of the perturbed density |ñ| exists for different ι. This was not
yet discussed for two reasons, namely 1. the scaling of the colorbar was changed manually to increase
the visibility of high amplitude areas, which means it is a poor measure of how strongly instabilities are
present in comparisons with other configurations, and 2. the simulations are linear, which implies that
different modes do not interact and their amplitudes never saturate. Thus, absolute amplitudes of modes
depend on the simulation time. In addition to this, the absolute value of the amplitude depends on the
initialization noise used in the simulation. Therefore, the reached amplitudes in linear simulations are
not relevant and cannot be used to compare. A solution to check quantitatively whether changing the
rotational transform ι has an effect on growth of instabilities, is to fit the growth rate γ and oscillation
frequency ω on the real part of the amplitude of the perturbed potential |ϕ̃|. This was done on the
fastest growing modes in each simulation scenario. Figure 4.3.16 shows the results.

Figure 4.3.16: Fitted growth rates γ and oscillation frequencies ω of the most unstable modes for simulation
scenarios with fixed density n and temperature T profiles (corresponding to the ι = 1.65 config-
uration). Er was turned off. The magnetic configuration was changed to ι = 1.65, 1.8, 1.9 and
2.2, depicted in blue, red, green and purple respectively. γ1.65 = 8.6± 0.1 · 105 s−1 and frequency
ω1.65 = 2.8± 0.2 · 105 s−1, γ1.8 = 8.6± 0.2 · 105 s−1 and frequency ω1.8 = 2.1± 0.5 · 105 s−1,
γ1.9 = 1.0± 0.1 · 106 s−1 and frequency ω1.9 = 4± 2 · 105 s−1, γ2.2 = 7.4± 0.5 · 105 s−1 and
frequency ω2.2 = 4.7± 0.2 · 105 s−1. Radial location for the peak: ρ = 0.90− 0.92.

Figure 4.3.16 shows that the growth rates γ and frequencies ω are similar for all four simulation
scenarios. However, only one to two periods could be fitted, due to the slow dynamics of the simulations.
To make the fits more reliable, the simulation time could be increased.

To test whether switching on the radial electric field Er would influence the results, the same four
simulation scenarios with fixed density n and temperature T profiles, but with a changing rotational
transform ι = 1.65, 1.8, 1.9 and 2.2, were repeated with Er switched on. We found that the results did
not differ from figure 4.3.13. We also investigated this in the radial and full flux surface picture, as well as
the poloidal modenumber spectrum, but we found no qualitative changes. This implies that switching on
Er does not change the finding that the rotational transform ι does not significantly affect the radial and
poloidal localization of instabilities. With this finding, the growth rate γ and the oscillation frequency
ω of the modenumbers m with the highest amplitudes were fitted, as depicted in figure 4.3.17.
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Figure 4.3.17: Fitted growth rates and oscillation frequencies of the most unstable modes for simulation scenar-
ios with fixed nT and Er profiles (namely, to those belonging to the ι = 1.65 configuration). The
magnetic configuration was changed to ι = 1.65, 1.8 and 1.9, depicted in blue, red and green re-
spectively. For the ι = 2.2 configuration, neither the growth rate γ2.2 nor the oscillation frequency
ω2.2 could be fitted due to a too short simulation time. Blue curve: γ1.65 = 7.4± 0.2 · 105 s−1 and
ω1.65 = 3.3± 0.3 · 106 s−1. Red curve: γ1.8 = 8.0± 0.3 · 105 s−1 and ω1.8 = 3.8± 0.1 · 106 s−1.
Green curve: γ1.9 = 8.2± 0.6 · 105 s−1 and ω1.9 = 3.7± 0.1 · 106 s−1. Radial location for the
peak: ρ = 0.82− 0.84.

Figure 4.3.17 shows the obtained fits of the fastest growing modes in four simulation scenarios where
only the rotational transform ι was changed, but the density n and temperature T profiles were fixed.
With respect to figure 4.3.16, the only difference is that the radial electric field Er was turned on. To
be able to better compare the results of figures 4.3.16 and 4.3.17, a summary is shown in table 4.3.2.

ι and Er γ[s−1] ω[s−1] m
1.65, no Er 8.6± 0.1 · 105 2.8± 0.2 · 105 229
1.8, no Er 8.6± 0.2 · 105 2.1± 0.5 · 105 212
1.9, no Er 1.0± 0.1 · 106 4± 2 · 105 176
2.2, no Er 7.4± 0.5 · 105 4.7± 0.2 · 105 197

1.65, positive Er 7.4± 0.2 · 105 3.3± 0.3 · 106 217
1.8, positive Er 8.0± 0.3 · 105 3.8± 0.1 · 106 222
1.9, positive Er 8.2± 0.6 · 105 3.7± 0.1 · 106 220
2.2, positive Er - - -

Table 4.3.2: Effect of a change of rotational transform ι on the growth rate γ and oscillation frequency ω of
the fastest growing mode with modenumber m in simulation scenarios where the density n and
temperature T profiles have been fixed to the configuration with ι = 1.65. The positive radial
electric field Er of the same configuration was switched off and on.

Table 4.3.2 shows that the growth rates γ are hardly affected by a change of the rotational transform
ι nor the presence of the radial electric field Er. But, the oscillation frequency ω is seen to increase
almost one order of magnitude when Er is switched on, as was discussed already in subsection 4.3.2. The
effect of increasing ι on the value of ω is that its value increases slightly. This effect is observed strongest
in the no Er cases. However, the relevant quantity to investigate is not ω itself, but the poloidal velocity
vθ ∝ ω

m , which is plotted as a function of ι in figure 4.3.18. vθ namely can give an indication of the
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strength of the phase velocity of the density fluctuations vph on the flux surface and how strongly it
affects the measurements of the perpendicular flow velocity profile u⊥(ρ) by the DRS.

Figure 4.3.18: Effect of a change of rotational transform ι on the poloidal velocity vθ in simulation scenarios
where the density n and temperature T profiles have been fixed. Simulation scenarios have been
performed where a positive weak radial electric field Er was switched off and on.

Figure 4.3.18 shows that switching the radial electric field Er on increases the value of the poloidal
velocity approximation vθ = ω

m [(∇θ)−1s−1] by approximately one order of magnitude. This calculated
vθ is observed to increase slightly as a function of ι, although more data points would be needed to
support this finding. In the case where no Er was used, the calculated vθ is equal to the phase velocity
of density fluctuations vph,θ over the flux surface, since the vE×B,θ contribution to vθ was zero. This vθ
can be observed to slightly increase as a function of ι.

The finding that Er increases the approximation of the poloidal velocity vθ was also observed in figure
4.3.12. The value of vph,θ observed in figure 4.3.12 is in the same range as the values corresponding to
the blue data points observed in figure 4.3.18. It would be interesting to compare the found vph,θ to
the experimentally measured vph. However, as the simulation results are now an approximation of the
poloidal velocity vθ and not yet the perpendicular flow velocity u⊥ measured by the DRS, this is not yet
possible. First, the perpendicular wavenumber k⊥ needs to be found from the poloidal modenumber m.
A method to calculate k⊥ from m, with all difficulties that it comprises, is presented in the next section
where the experiment is compared to the simulations.

4.4 Comparison experiment and simulations

In this section, the simulations conditions are set as close as possible to the experimental conditions.
That is, the behavior of the amplitude of the perturbed potential |ϕ̃| or density |ñ| is studied in four
magnetic configurations, each with its own rotational transform ι, n, T and radial electric field Er pro-
files. The results found in previous subsections can be of use to disentangle the effects of the density n,
temperature T and radial electric field Er profiles on |ϕ̃| and |ñ|, to get a clearer view of what is hap-
pening in experiments. However, like in any simulation code, the physics model used in the EUTERPE
is in some cases a limiting factor to make a full comparison between experiment and simulation possible.
For instance, when linear simulations are performed, the amplitudes of the instabilities do not saturate,
making it impossible to obtain proper turbulence spectra. In other cases, the fact that synthetic diagnos-
tics on the simulation data is used on other geometrical positions than where the Doppler Reflectometry
System (DRS) is located is a point of discussion. Nevertheless, we try to extract useful information from
the linear simulations and whenever possible, make an effort to compensate for these geometrical effects.
Simulations performed using experimental conditions are presented in figure 4.4.1.
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(a) ι = 1.65. (b) ι = 1.8.

(c) ι = 1.9. (d) ι = 2.2.

Figure 4.4.1: Subfigures (a-d) show the effect of changing the magnetic configuration (rotational transform ι
with corresponding density n, temperature T and radial electric field Er profiles) on the amplitude
of the perturbed density |ñ| in the DRS measuring plane. Collisions are turned on. R⊥D is the
coordinate perpendicular to the magnetic axis in the Doppler plane, Z is the vertical direction
in the vacuum vessel and the DRS measuring points of poloidal regions 1 and 2 are depicted in
red and green respectively. The thick green line indicates a constant poloidal angle θ = 0, with
consecutive green lines labeling θ = 1

5
π, 2

5
π,etc. High amplitude areas are located on the right

side of all subfigures. Whereas subfigure (a) shows a high amplitude that is only near region 2,
subfigures (a-c) show that the high amplitudes areas are fully inside region 2. In subfigure (d), the
high amplitude area even reaches until region 1. In all subfigures, a separation between an inner
and outer region is observed.

Figure 4.4.1 shows the amplitude of the perturbed potential |ϕ̃| in the Doppler Reflectometry System
(DRS) measuring plane for the four conditions studied in the experiments. The DRS measuring points
are indicated with red and green markers for poloidal regions 1 and 2 respectively. The plasma shape
changes slightly from configuration to configuration and it can be observed that in all subfigures, the
high amplitude areas are located on R⊥D > 0 side of the plasma. However, whereas in subfigure 4.4.1a
the high amplitude areas stay slightly above the region 1 and 2 measuring points, subfigures 4.4.1b and
4.4.1c show the high amplitudes are shifting poloidally into region 2. In all cases, the high amplitudes
are thus to be expected in region 2.

When figure 4.4.1 is compared to figure 4.2.8, which shows the amplitude of density fluctuations S
as a function of the wavenumber perpendicular to probing beam in the measuring plane k⊥, it is found
that it is mostly region 1 that has a higher amplitude S in the ι = 1.65 configuration. This is not
completely in line with the simulation results. However, for the other configuration like the ι = 2.2
configuration, there is a better match between experiments and simulation. This was already discussed
in a publication by Estrada et al. [22]. Regarding the two configurations in between, i.e. ι = 1.8 and
1.9, what the simulation and experimental results have in common is that the amplitudes stay relatively
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constant between the change of configurations. However, the experimental results show a comparable am-
plitude S in regions 1 and 2, while the simulations still have a higher amplitude in region 2 than region 1.

A few points of discussion are that firstly, the DRS points are located slightly more inside the plasma
than where the largest amplitudes and shifts are found in the simulation (ρ ∼ 0.85). This is because the
region ρ > 0.9 cannot be measured by the DRS due to a too low density or a too high probing wave
frequency. Second of all, the absolute amplitudes in subfigures (a) and (d) are relatively low as compared
to subfigures (b-c) (see the scaling of the colorbars). In earlier results, this effect was attributed to a
difference in the magnitude of the gradients ∇n and ∇T . Third of all, EUTERPE is now performing
linear simulations, which means that interaction between modes (i.e. modes tapping into each others
free energy) is not possible and the mode amplitudes cannot be saturated. These amplitudes thus com-
pletely depend on the simulation time. This means that the localization of high amplitude regions in the
simulations might be different from the experiments, but that growth rates γ and oscillation frequencies
ω still have meaning. As a side note: non-linear simulations performed with EUTERPE for Wendelstein
7X have shown a similar localization of turbulence as the linear simulations, be it with smaller differences
between high and low amplitude regions.

Concerning the radial localization of the amplitude of the perturbed potential |ϕ̃| from simulations,
a comparison with the experimentally measured amplitude of density fluctuations S was attempted.
However, experimental plots showing S[dB] as a function of the normalized minor radius ρ are lacking.
A method was tried were S(k⊥) was plotted for a small range of k⊥, for steps in ρ. In this way, a
qualitative picture of S as a function of ρ would become visible. However, this yielded results that were
not resolved enough, so no clear trend was observed. It was therefore decided to not present and fully
discuss this here in relation with the amplitude of the perturbed potential |ϕ̃| from the simulations.

(a) Toroidal cut at φ = 67.1◦. (b) DRS measuring plane: toroidal cut at φ = 67.1◦, tilted
26◦ w.r.t. the vertical.

Figure 4.4.2: Subfigures (a-b) show the difference in plasma shape between a toroidal cut at φ = 67.1◦ and
a 26◦ tilted toroidal cut at φ = 67.1◦ that represents the Doppler Reflectometry System (DRS)
measuring plane. The simulation conditions were kept constant and a rotational transform ι =
1.8 was used. R⊥ is the radius perpendicular to the magnetic axis in the toroidal cut, R⊥D is the
radius perpendicular to the magnetic axis in the Doppler plane, Z is the vertical direction in the
vacuum vessel and the DRS measuring points of poloidal regions 1 and 2 are depicted in red and
green respectively. The plasma shape of subfigures (a-b) is affected most by the tilt of 26◦ when
Z < 0.2 m, but otherwise conserved in poloidal regions 1 and 2.

When one wants to make a comparison between the spectral properties of instabilities, some geo-
metrical issues cloud the comparison. The Doppler Reflectometry System (DRS) is set up such that
it measures in a plane that is perpendicular to the magnetic axis (shown in figure 3.2.1). Therefore,
experimental results show the amplitude of density fluctuations S(k⊥) as a function of the perpendicular
wavenumber k⊥. The simulation results however, are depicted in a plane that is a vertical (or toroidal)
cut, which in general is not perpendicular to the magnetic axis. This has to do with the fact that the sim-
ulation domain comprises one quarter of the toroidal domain of the TJ-II reactor, namely from toroidal
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angle φ = 0◦ to 90◦. This quarter is further cut-up equally into 128 pieces or toroidal cuts. Usually, the
simulation gives poloidal modenumber spectra only in the φ = 0◦ toroidal cut and θ = 0◦ poloidal cut
with corresponding wavenumbers kθ and kφ measured in the poloidal and toroidal direction respectively.
Here, kθ from the simulations would come closest to k⊥ measured by the DRS, but as kθ’s direction
is not perpendicular to the magnetic axis, they are not the same. Furthermore, the DRS is located at
toroidal angle φ = 67.1◦, as can be seen in figure 3.2.1. Thus, it lies between toroidal cuts 95 and 96
(i.e. 67.1/90× 128 ≈ 95.5). Subfigure 4.4.2a shows an example of simulation results being interpolated
between cuts 95 and 96, to create the poloidal cross-section at a toroidal angle φ = 67.1◦. However, the
DRS measuring plane is actually tilted by 26◦ with respect to the vertical to make it perpendicular to
the magnetic axis as is shown in figure 3.2.1. Subfigure 4.4.2b shows the effect of this 26◦ tilt.

Regarding the poloidal modenumber spectrum, in all previous works it was constructed in the vertical
cut at the toroidal angle φ = 0◦. However, the Doppler Reflectometry System (DRS) is located at
φ = 67.1◦. In previous publications, the difference in the poloidal modenumber spectrum was assumed
to be neglible [23]. Now, for the first time, we can show the effect of going from the φ = 0◦ toroidal cut
to the φ = 67.1◦ interpolated toroidal cut on the poloidal modenumber spectrum, as is displayed figure
4.4.3. Figure 4.4.3 shows that the modestructure is largely conserved. Therefore, the assumption that
a translation over the toroidal direction does not significantly affect the spectra is considered safe. On
that note, figure 4.4.4 shows the results of poloidal spectra in the toroidal cut φ = 0◦ using experimental
conditions.

(a) For toroidal cut φ = 0◦. (b) For toroidal cut φ = 67.1◦.

Figure 4.4.3: Subfigures (a-b) show the difference in the amplitude of the perturbed potential |φ| as a function
of poloidal mode number m and normalized minor radius ρ > 0.5 when changing from toroidal
angle φ = 0◦ to φ = 67.1◦. The latter toroidal cut intersects with the Doppler Reflectometry
System (DRS) measuring plane. The simulation conditions were kept constant and a rotational
transform ι = 1.8 was used. In subfigure (a), the amplitude is normalized while in subfigure (b)
it is not. When comparing subfigure (a) to (b), the modestructure is largely conserved, but the
radial location of the highest amplitude area changes from ρ = 0.8 to 0.95.

Considering the poloidal modenumber spectra shown in figure 4.4.4, it would be interesting to inves-
tigate the value of kθ of the highest amplitude mode (which is related to the injection scale of spectra)
and compare it to the k⊥ value of the ‘knee’ in the experimental results of figure 4.2.8. In previous works,
the values of kθ in figure 4.4.4 would be calculated as kθ = 2π

λ = 2π
2πr/m = m

r = m∇θmin[cm−1], where

∇θmin is the minimum variation of the poloidal angle θ in any direction on the flux surface. The use
of this simplification was justified by the fact that ITG modes in TJ-II were found to peak at locations
of minimum |∇θ| near (θ, φ) = (0, 0). Furthermore, when k⊥ was calculated this way, the normalized
wavenumber k⊥ρi 0.5, which is usually assumed for ITG modes (see figure 2.1.4.
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(a) ι = 1.65. (b) ι = 1.8.

(c) ι = 1.9. (d) ι = 2.2.

Figure 4.4.4: Subfigures (a-d) show the effect of changing the magnetic configuration (rotational transform ι
with corresponding density n, temperature T and radial electric field Er profiles) on the normalized
amplitude of the perturbed potential |φ| as a function of poloidal mode number m and normalized
minor radius ρ > 0.5. Subfigures (a) and (c) show high amplitude areas for ρ < 0.9, whereas
subfigure (b) shows high amplitudes mainly in the outer region (ρ > 0.9). The separation between
inner and outer region at ρ = 0.85 is best observed in subfigures (b) and (c). The modestructure
of the region ρ < 0.85 is similar in subfigures (b) and (c), with the maximum amplitude found at
m ≈ 230, while for subfigure (a) m ≈ 200. Subfigure (d) seems to lack a clear modestructure and
m with maximum amplitude.

Some caution has to be taken when comparing simulations to the experiments, for two reasons: 1.
the calculated kθ from simulations and the experimentally measured k⊥ are not exactly the same for
geometrical reasons, and 2. the experiment measures only at very distinct locations. Basing the value
of kθ on the minimum of |∇θ| on the flux surface does not take into account the possibility that |∇θ|
might be different for each DRS measuring point. If |∇θ| stays relatively constant over the flux surface,
this does not affect the calculation of kθ much (or ultimately: the value of kθ of the knee). However,
if |∇θ| varies significant from location to location, the calculation of kθ might be affected. In order to
investigate this influence, figure 4.4.5 shows the behavior of |∇θ| over the flux surfaces following the
poloidal angle θ, which is defined to be 0◦ for the thick green line in subfigure 4.4.3 and increases in the
counter-clockwise direction. In figure 4.4.5, the boundaries of poloidal regions 1 and 2 are marked with
green lines.
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(a) ι = 1.65. (b) ι = 1.8

(c) ι = 1.9 (d) ι = 2.2

Figure 4.4.5: |∇θ| as a function of θ on the 40 outermost flux surfaces in the φ = 67.1◦ toroidal cut in different
ι configurations. Green lines indicate borders of poloidal regions 1 and 2 as depicted in figure
4.4.1, with region 1 from θ = 1

2
π to 4

5
π and region 2 from θ = 1

5
π to 1

2
π. In subfigures (a-c),

the minima of |∇θ| lie between θ = 1
5
π to 1

2
π (i.e. poloidal region 2), while in subfigure (d) the

minimum lies between θ = 1
2
π to 4

5
π (i.e. poloidal region 1). The value of the minima of |∇θ| is

comparable for all subfigures.

Figure 4.4.5 shows that for all ι configurations, |∇θ| greatly depends on the poloidal angle θ. The
green lines marking the boundaries of poloidal regions 1 and 2 indicate the relevant part of the subfigures.
The location of the minimum of |∇θ| is seen to change location θ when changing the configuration. In
the ι = 1.65, 1.8 and 1.9 configuration, the minimum is location within the boundaries of poloidal region
2 and increases within the boundaries of poloidal region 1, whereas in the ι = 2.2 configuration, the
minimum of |∇θ| lies within poloidal region 1. These differences mean that within one configuration,
the calculated poloidal wavenumber kθ = m|∇θ| will be different for regions 1 and 2. Furthermore, since
|∇θ|(θ) changes between configurations, kθ will also be different when going for instance to ι = 2.2.

To better understand why |∇θ| has maxima and minima over the flux surface, subfigure 4.4.6a shows
|∇θ| in the Doppler Reflectometry System (DRS) plane. Note also the plotted DRS measuring points in
regions 1 and 2, plotted in red and green respectively. Within one region, a series using a small and a
large incidence angle has been chosen, marked with open and closed circles respectively. The used DRS
mirror angles have been indicated in subfigure 4.4.6b.
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(a) Color shows the |∇θ| strength in the DRS measuring
plane with R⊥D the radius perpendicular to the mag-
netic axis in the Doppler plane and Z the vertical direc-
tion in the vacuum vessel.

(b) Value of |∇θ| as a function of normalized minor radius
ρ at the DRS measuring points of subfigure (a).

(c) Example of a spectrum at φ = 67.1◦ of a simulation in
the ι = 1.9 configuration with strong negative Er, with
kθ = m|∇θ| calculated using |∇θ| values of subfigures
(a-b).

Figure 4.4.6: Subfigures (a-c) show the variation of |∇θ| between poloidal regions 1 and 2 in the ι = 1.9 con-
figuration and its effect on the calculation of kθ in a poloidal modenumber spectrum. Doppler
Reflectometry System (DRS) measuring points of poloidal regions 1 and 2 are shown in red and
green respectively. Open markers indicate nearly perpendicular incidence angles, while closed
markers indicate large incidence angles. Subfigure (c) shows that kθ is different for series of
measuring points using different DRS mirror angles.

When the value of |∇θ| in subfigure 4.4.6a is obtained at the position of the plotted DRS measuring
points, a relation between |∇θ| and ρ is obtained for every series of DRS measuring points, which is
shown in subfigure 4.4.6b. In both subfigures, red/green and open/closed markers correspond to the
same DRS measuring point. From these two subfigures, three things become clear, namely 1. that |∇θ|
varies between poloidal regions 1 and 2 (red and green markers), 2. that |∇θ| varies within each poloidal
region (open and closed markers), thus as a function of DRS mirror angle and 3. that |∇θ| varies with
ρ, thus as a function of how deep the DRS is measuring into the plasma.

The question is how this affects the calculated poloidal wavenumber kθ = m|∇θ|(ρ). When this is
rewritten to m = kθ

|∇θ|(ρ) and we set kθ = 10 cm−1 (for example), m can be plotted as a function of ρ in a

poloidal modenumber spectrum for a fixed value of kθ. Subfigure 4.4.6c shows the poloidal wavenumber
spectrum obtained at toroidal angle φ = 67.1◦, with the curves for constant kθ = 10 cm−1 plotted in
them. From this subfigure, it becomes clear that mainly the variation of |∇θ| between regions 1 and 2
and mirror angles has an effect on the curves of kθ. Assuming for the moment that kθ resembles the
actual perpendicular wavenumber k⊥ that is measured by the DRS and that figure 4.4.6c resembles the

TU/e 55



comparison experiment and simulations

simulated perpendicular modenumber spectrum at the position of the DRS measuring plane. Then, the
translation of the poloidal modenumber m to the perpendicular wavenumber k⊥ depends on the DRS
mirror angle used or more generally, the location of the DRS measuring point.

However, two problems remain to be solved: 1. the poloidal modenumber spectrum is obtained in the
vertical cut φ = 67.1◦ but not yet in the DRS measuring plane (at φ = 67.1◦ with a 26◦ tilt with respect
to the vertical) and 2. the perpendicular wavenumber k⊥ is not equal to the poloidal wavenumber kθ.
If these problems were solved, one could not only compare simulation spectra to experimental spectra,
but also calculate the perpendicular flow velocity u⊥ = ω/k⊥ = vExB,⊥ + vph,⊥ from equation 2.4.7.
This would provide an estimate for the influence of the phase velocity of density fluctuations vph,⊥ over
the flux surface. Therefore, the last few pages of this chapter will be dedicated to discussing methods
to solve these two problems. Firstly, we will present an approach to calculate the poloidal modenumber
spectrum in the DRS measuring plane. This means that from the earlier presented spectrum at the
toroidal angle φ = 67.1◦, we will make the 26◦ tilt with respect to the vertical. Secondly, we will present
a method to calculate the perpendicular wavenumber k⊥ from simulations and show how it is affected
by the local geometry of poloidal regions 1 and 2.

In order to tilt the poloidal modenumber spectrum at φ = 67.1◦ by 26◦, we use an approach that
has not been done before in previous works. We start by creating two dimensional (2D) spectra of the
amplitude of the perturbed potential |ϕ̃| for every flux surface. These spectra show |ϕ̃| as a function
of the poloidal and toroidal modenumbers n and m, for one value of ρ. Each Doppler Reflectometry
System (DRS) measuring point can be associated with a certain ρ, thus with a certain 2D spectrum. In
each 2D spectrum, one can then find the modenumbers (m,n) associated with the maximum amplitude
of |ϕ̃|. Examples of 2D spectra for two values of ρ are depicted in figure 4.4.7.

(a) ρ = 0.77. Peak amplitude at (m,n) = (234, 434). (b) ρ = 0.82. Peak amplitude at (m,n) = (247, 462)

Figure 4.4.7: Subfigures (a-b) depict two dimensional spectra of the amplitude of the perturbed potential |φ| as a
function of poloidal and toroidal modenumbers (m,n), for a simulation in the ι = 1.9 configuration
with collisions and negative strong Er. Two different radii ρ (or flux surfaces) are used. The
amplitude and structure of |φ| varies slightly between the two subfigures.

The 2D spectra clearly show that modes are strongly present when they are aligned with n =ιm.
Since we use a mode filter as displayed in figure 3.3.1, in fact only modes with n =ιm ± ∆m can be
present. This filter damps modes that have a large component parallel to the direction of the magnetic
axis ~b. Therefore, only modes perpendicular to ~b are present in figure 4.4.7. We can use this information
to calculate the perpendicular wavevector k⊥:

k⊥ = (m|∇θ|+ n|∇φ|)⊥, (4.4.1)

where the local values of |∇θ| and |∇φ| (the variation of toroidal angle φ over the flux surface) at the
specific DRS measuring point are again considered. Note that compared to the calculation of kθ = m|∇θ|,
k⊥ also takes into account a contribution n|∇φ| and does so only in the plane perpendicular to ~b. For
resonant modes, we can rewrite k⊥ using n =ιm to obtain:
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k⊥ = (m|∇θ|+ ιm|∇φ|)⊥ = m(|∇θ|+ ι|∇φ|)⊥ = ~n× ~n× (|∇θ|+ ι|∇φ|)m, (4.4.2)

where ~n = ∇s × ~b is the vector normal to the flux surface expansion in the radial direction |∇s| and

the direction of the magnetic axis ~b. Equation 4.4.2 thus gives the value of k⊥ for resonant modes as
calculated from simulation results. This is a novel approach that has not been used in previous works.

For reasons of time, it was not possible to calculate k⊥ for all DRS measuring points with the 2D
spectrum method outlined above. However, it is still possible to check how the newly found k⊥ compares
to the values of kθ in figure 4.2.1 that were previously used to approximate k⊥. We will do this by first
comparing |∇θ| from kθ = m|∇θ| with |(∇θ)⊥| from k⊥ = m(|∇θ|+ ι|∇φ|)⊥. This is done by using sub-
figure 4.4.8a, which shows the value of |∇θ| in the DRS plane (also presented earlier in subfigure 4.4.6a),
and subfigure 4.4.8b, which shows the value of |(∇θ)⊥| in the DRS plane. In subfigure 4.4.8c, |(∇θ)⊥| is
divided by |∇θ| that we formerly used, to directly compare the two. Then, in subfigure 4.4.8d we go one
step deeper and evaluate whether |m(∇θ)⊥| alone is a good approximation of k⊥ = m(|∇θ| + ι|∇φ|)⊥.
Finally, we will discuss how the local geometry of poloidal regions 1 and 2 affects the calculation of k⊥.

(a) |∇θ| (b) |(∇θ)⊥|

(c) |(∇θ)⊥|/|∇θ| (d) k⊥/|m(∇θ)⊥|

Figure 4.4.8

Subfigures 4.4.8a and 4.4.8b (with exactly the same colormaps) show that |∇θ| and |(∇θ)⊥| are clearly
different for |R⊥D| > 0.1 m. Subfigure 4.4.8c shows this more clearly. Let us now assume that poloidal
regions 1 and 2 are located to the left and right of R⊥D = 0 respectively. Then we find that while in
region 2 |∇θ| ≈ |(∇θ)⊥|, in region 1, |(∇θ)⊥| > |∇θ|.

To see how this works through in the calculation of k⊥, we go to subfigure 4.4.8d. Subfigure 4.4.8d
shows that while in region 1 k⊥/|m(∇θ)⊥| ≈ 1, in region 2 k⊥/|m(∇θ)⊥| > 1. This should be inter-
preted as follows: if we find k⊥/|m(∇θ)⊥| ≈ 1, then |m(∇θ)⊥| is a good approximation of k⊥, whereas
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if k⊥/|m(∇θ)⊥| < 1, then |m(∇θ)⊥| is overestimating k⊥. Or if k⊥/|m(∇θ)⊥| > 1, then |m(∇θ)⊥| is
underestimating k⊥.

Assuming that |(∇θ)⊥| is largely the same in regions 1 and 2 in subfigure 4.4.8b, then the underesti-
mation of k⊥ by |m(∇θ)⊥| in region 2 means the following: if we convert the same poloidal modenumber
m to k⊥ using |m(∇θ)⊥|, then in region 1 the found k⊥ is correct and equal to the value actually mea-
sured by the Doppler Reflectometry System (DRS), while in region 2 the found k⊥ should actually be
higher. However, from a closer look at subfigure 4.4.8b, we can see that |(∇θ)⊥| is actually lower in
region 2 than in region 1. This behavior was also present in |∇θ| in subfigure 4.4.5c and figure 4.4.6.
Then, if we convert the same poloidal modenumber m to k⊥ using |m(∇θ)⊥|, then k⊥ values will be
lower in region 2 than in region 1. But, we also found that |m(∇θ)⊥| underestimates k⊥ in region 2, so
the found value of k⊥ should be a bit increased. To check whether these two opposite effects compensate
each other in region 2, we will present two numerical examples using two different DRS measuring points.

Example 1: we want to calculate the k⊥ value belonging to certain data point in subfigure 4.4.6b,
e.g. the red point corresponding to ρ = 0.74 and |∇θ| = 7 cm−1. This point belongs to region 1 and a
mirror angle of 34◦ (i.e. most extreme to the left in subfigure 4.4.6a). Then, from subfigure 4.4.8c we
learn that at the position of the chosen region 1 data point |(∇θ)⊥| is approximately 1.5 times higher
than |∇θ|. So, for the chosen data point, |(∇θ)⊥| = 1.5|∇θ| = 1.5 × 7 = 10.5 cm−1. Then, from sub-
figure 4.4.8d it becomes clear that at the position of the chosen region 1 data point, the found value of
|(∇θ)⊥| multiplied with m is a good approximation of k⊥ since k⊥/|m(∇θ)⊥| ≈ 1. For this data point,
k⊥ ≈ |m(∇θ)⊥| = 10.5m.

Example 2: let us repeat this story for a region 2 data point with mirror angle 50◦ (i.e. most extreme
to the right in subfigure 4.4.6a), for instance the green point corresponding to ρ = 0.75 and |∇θ| = 4 cm−1

in subfigure 4.4.6b. Then, from subfigure 4.4.8c we learn that at the position of the chosen region 2 data
point, |(∇θ)⊥| is approximately the same as |∇θ|. So, |(∇θ)⊥| ≈ 4. Then, from 4.4.8d we learn that at
the position of the chosen region 2 data point, k⊥/|m(∇θ)⊥| ≈ 1.6, which means that the found value
of |(∇θ)⊥| multiplied with m is a factor 1.6 smaller than the actual value of k⊥. So, for this data point,
k⊥ ≈ 1.6m|(∇θ)⊥| = 1.6× 4m = 6.4m.

Although only one data point around ρ ≈ 0.75 for each poloidal region was used, the examples illus-
trate how k⊥ could be calculated from the poloidal modenumber m. The examples also indicate that
the amplitude |ϕ̃| at one poloidal modenumber m can be assigned to different k⊥ values, depending on
whether the local geometry of region 1 or region 2 is used. We expect that the rotational transform affects
the calculation of k⊥ in poloidal regions 1 and 2 through the change of geometry. Therefore, we recom-
mend for future works that k⊥ is calculated for all DRS measuring points using k⊥ = m|(∇θ)⊥|+n|(∇φ)⊥|
and its behavior compared between poloidal regions 1 and 2 for the four magnetic configurations with ι
= 1.65, 1.8, 1.9 and 2.2.

This point marks the end of the results and discussion section that dealt with the second research
question of this thesis:

• Based on linear simulations from the (global) gyrokinetic code EUTERPE, what is
the behavior of electrostatic micro-instabilities in the experimentally studied config-
urations?

To summarize: the effects of the density n and temperature T profiles, the radial electric field Er and
the rotational transform ι on the spatial and spectral properties of the amplitude electrostatic micro-
instabilities were explored using results from the linear simulations performed with EUTERPE. It was
found that the n and T profiles largely determine the type of instability, whereas shearing by the radial
electric field Er largely mitigated instabilities locally and affected their radial localization. Furthermore, a
change of the rotational transform ι in itself did not significantly affect the spatial nor spectral properties
of instabilities. Lastly, an effort was made to translate the simulation results geometrically to the
experimental measurement plane, such that a close comparison of wavenumber spectra and perpendicular
flow velocities between simulation and experimental results would become possible. It was found that
this translation is not trivial due to the complexity of the magnetic geometry in stellarators in general
and TJ-II in particular. It is recommended that k⊥ is calculated as k⊥ = m|(∇θ)⊥| + n|(∇φ)⊥| for
poloidal regions 1 and 2 for the four configurations studied in this thesis.
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Chapter 5

Conclusions

In this thesis we have studied the effect of the rotational transform ι on the poloidal localization in TJ-II
plasmas. For this reason, we have investigated two new magnetic configurations with ι = 1.8 and ι =
1.9 in both Doppler reflectrometry experiments and global gyrokinetic simulations. These scenarios have
been compared to two configurations with ι = 1.65 and ι = 2.2 used in previous publications by Estrada
et al. [22] and Sánchez et al. [23].

In the experimental results, our research question was: what is the effect of the rotational trans-
form ι on the turbulence wavenumber spectra S(k⊥) and perpendicular plasma flow profiles
u⊥(ρ) measured at two poloidally separated regions in TJ-II plasmas? We have investigated
the perpendicular flow velocity u⊥(ρ) and radial electric field Er(ρ) in two yet unexplored magnetic
configurations with ι = 1.8 and ι = 1.9 using Doppler reflectometry. The newly studied configurations
had similar density n and temperature T profiles. We expected Trapped Electron Modes (TEMs) and
Electron Temperature Gradient (ETG) modes to be present in the edge region where the normalized
minor radius ρ > 0.85. At first, an estimation of the influence of the phase velocity of density fluctuations
vph on the measured perpendicular flow velocity u⊥ was made. The influence of vph was negligible in
poloidal region 1 for ρ < 0.7 and perpendicular wavenumbers k⊥ < 4 cm−1, whereas the influence of vph
in poloidal region 2 was relatively large for the full range of ρ and k⊥ < 4 cm−1.

Differences in the perpendicular flow velocity u⊥ and radial electric field Er profiles were found be-
tween the two poloidal regions in the configurations where ι = 1.8 and ι = 1.9, which is in agreement
with previous results obtained by Estrada et al. [22] in configurations where ι = 1.65 and ι = 2.2. It
was found that poloidal region 2 had a systematically higher value of u⊥ and Er over the full range of
ρ and did not change between the configurations with ι = 1.8 and ι = 1.9. The latter can be explained
by the fact that the increase in ι was relatively small. To check more quantitatively how large the effect
of vph on the measured poloidal asymmetry in u⊥ could have been, simulations were needed.

In the experimentally measured perpendicular wavenumber spectra S(k⊥), the difference in intensity
between poloidal regions 1 and 2 was less pronounced in the newly studied configurations with ι = 1.8
and ι = 1.9 than in the configurations with ι = 1.65 and ι = 2.2 explored by Estrada et al. [22]. It
was found that S(k⊥) in poloidal region 2 decreased as a function of ι whereas S(k⊥) in poloidal region
1 remained constant. Furthermore, the spectral indices α1 and α2 fitted on the two-part cascade-like
spectra S(k⊥) increased slightly as a function ι. Although a gradual shift in the spectra as a function of
ι was observed, a physical explanation was missing.

In the simulation results, our research question therefore was: based on linear simulations from
the (global) gyrokinetic code EUTERPE, what is the behavior of electrostatic micro-
instabilities in the experimentally studied configurations? We have isolated the influence of
the density n, temperature T , radial electric field Er and rotational transform ι on the localization and
spectral spectral properties of instabilities. Furthermore, we have checked whether vph had a significant
effect on the experimentally measured u⊥ in poloidal regions 1 and 2. However, the comparison between
simulations and experiments was troubled for two reasons: 1. in linear simulations it is impossible to
obtain fully saturated turbulence spectra and 2. the Doppler Reflectometry System (DRS) measuring
plane has a different geometry than the data output plane of the simulations. Especially in the frequency
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domain, the translation of results between the two planes is a non-trivial problem. While non-linear sim-
ulations were not possible due to their computational expense and high levels of numerical instabilities,
a method was discussed to solve the geometrical translation problem.

In the simulations, the influence of the density n and temperature T profiles was that the growth rate
γ and oscillation frequency ω of the perturbed potential |ϕ̃| and perturbed density |ñ| increased when
we switched to n and T profiles with larger gradients ∇n and ∇T and a larger ratio electron over ion
temperature Te/Ti in the edge region ρ > 0.85. These are known drivers of the Trapped Electron Mode
(TEM). The fact that γ and ω increased when the drivers of TEMs were increased, implies that TEMs
are present in the simulations.

The influence of the radial electric field Er in simulations was that the amplitude of the perturbed
potential |ϕ̃| and perturbed density |ñ| was strongly reduced by the presence of a gradient in Er, which
caused a shear in the E × B-drift and thus in the perpendicular flow velocity profile u⊥(ρ). As a shear
in u⊥(ρ) is a known stabilization mechanism to the TEM, this is another indication that TEMs occur in
the simulation scenarios.

We found that the approximation of the poloidal velocity vθ was linearly proportional to the strength
of the radial electric field Er. This was in agreement with the theory that vθ = vE×B + vph, where
the phase velocity of instabilities vph could be considered constant. vph was found to be non-zero and
positive, but negligible compared to the vE×B contribution for non-zero Er. We expected the associated
wavenumber kθ to be in the range of 10 cm−1. These results are in line with the experiments, which
showed that vph was negligible for perpendicular wavenumbers k⊥ > 4 cm−1, although a proper transla-
tion from kθ to k⊥ remained to be made.

The influence of changing the rotational transform ι was investigated by keeping the density n and
temperature T profiles fixed and turning the radial electric field Er off. We found that the poloidal
and radial localization of the instabilities did not change when ι was increased. This was related to the
finding that the instabilities where mainly driven by electrons through the presence of ∇B, for all four
rotational transforms ι, which contribution changed only slightly when ι was changed.

In the comparison between experiment and simulation we translated the results from the simulation
output plane to the Doppler Reflectometry System (DRS) measuring plane. In previous works, this
was not yet done for the poloidal modenumber spectra of the perturbed potential |ϕ̃| and perturbed
density |ñ|. The simulated poloidal modenumber spectra were found to be equivalent in the vertical cut
at toroidal angle φ = 0◦ and φ = 67.1◦. The latter plane coincides with the DRS measuring plane at
the magnetic axis. This implies that spectra in vertical cuts can be presented in different locations of
the reactor without loss of generality. Moreover, when perpendicular wavenumbers k⊥ measured by the
DRS were calculated from poloidal modenumbers m of the simulations, we found that the approximation
k⊥ = m|∇θ| varied per DRS measuring location due to differences in the local magnetic flux surface cur-
vature. When further steps were taken to calculate the exact value of k⊥ through k⊥ = (m|∇θ|+n|∇φ|)⊥,
it was found that from one poloidal modenumber m multiple values of k⊥ could be calculated depending
on the measurement location, e.g. poloidal region 1 and poloidal region 2.

In this thesis, we have seen that poloidal asymmetries in experimental conditions change with the
rotational transform, but linear simulations indicate that this might not be caused by the rotational
transform alone. The type of micro-instability in the simulation was characterized as the TEM. The
shear in the E×B-drift that was caused by the gradient in Er was found to be a significant stabilization
mechanism to the simulated instabilities. The influence of the gradient in Er on the local reduction and
localization of instabilities was much more pronounced than the influence of solely changing the magnetic
geometry. Therefore, the changes in the localization of instabilities in the simulation scenarios close to
experimental conditions can most likely be attributed to changes in Er. Lastly, when an effort was
made to compare simulations with experiment, it was found that one poloidal modenumber m could be
associated to multiple k⊥, for instance in poloidal region 1 and 2, depending on the local geometry at the
DRS measuring point. More research is required to determine how this affects the comparison between
simulation results and DRS measurements in two poloidally separated regions for the four configurations
with different rotational transforms studied in this thesis.
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Chapter 6

Recommendations

It is recommended that...

1. Two-dimensional Fourier spectra as presented in figure 4.4.7 are used to calculate the values of
the perpendicular wavenumbers k⊥ from simulation results in the Doppler Reflectometry System
measuring plane. The newest version of EUTERPE (v3.03) has a built-in function to generate
such two-dimensional Fourier spectra. This would make it possible to directly compare the k⊥ and
u⊥ = ω/k⊥ values of simulation results with those of DRS measurements. The discussion of figure
4.4.7 could be of guidance.

2. Non-linear simulations are performed in EUTERPE. This would make energy exchange between
different length scales (or poloidal and toroidal modes (m,n)) possible. The interaction between
modes ensures that mode amplitudes become saturated after long enough simulation times. Syn-
thetic diagnostics could largely stay the same, although normalization of mode amplitudes could
be turned off. Then, one could obtain proper turbulence wavenumber spectra S(k⊥) that could
be compared to spectra obtained with the Doppler Reflectometry System (DRS). The new version
of EUTERPE using non-linear simulations is available, but requires much more computational
resources than the linear simulations. Furthermore, high levels of numerical instabilities still pose
a problem that is being worked on at this moment.

3. A spatial correlation function is used to obtain a quantitative measure of radial and poloidal shifts
in the amplitude of the perturbed potential |ϕ̃| and perturbed density |ñ| when a certain parameter
is changed (e.g. the strength of the radial electric field Er). Such a spatial correlation function
would not only give information on the radial and poloidal shifts of high amplitude areas, but also
tell whether the modestructure in those areas is conserved as they are shifted.

4. It is investigated how large the effect of marker handling at the border is on the amplitude of the
perturbed potential |ϕ̃| and perturbed density |ñ|. For instance, simulations could be performed
with the simulation domain limited to ρ < 0.85 and the effect on |ϕ̃| and |ñ| could be evaluated.

5. In the full flux surface figures (e.g. figure 4.3.10, showing the amplitude of the perturbed density
|ñ| as a function of poloidal and toroidal angles φ and θ), one finds the value of ρ for which the
poloidal shift of high amplitude areas is largest. This ensures that whenever a poloidal shift is
present in a simulation, it is not missed. This requires testing various ρ for the same simulation
and is time-consuming.

61



Bibliography

[1] United Nations Department of Economic and Social Affairs, 2019 Revision of World Population
Prospects, United Nations New York, 2019.

[2] United Nations, Paris agreement, https://unfccc.int/process-and-meetings/the-
paris-agreement/the-paris-agreement. Accessed: February 7, 2021.

[3] N.L. Cardozo, Eindhoven University of Technology, Lecture Notes 3MF100: Fusion on the back of
an envelope, Published: September, 2018.

[4] H. Wirth and K. Schneider. Recent facts about photovoltaics in germany. Fraunhofer ISE, 92,
2015.

[5] R. Hinrichs and M Kleinbach. Energy its use and the environment, brooks, 2005.

[6] ITER. Iter project. https://www.iter.org/. Accessed: February 7, 2021.

[7] J. P. Freidberg. Plasma physics and fusion energy. Cambridge university press, 2008.

[8] J. D. Lawson. Some criteria for a power producing thermonuclear reactor. Proceedings of the phys-
ical society. Section B, 70(1):6, 1957.

[9] L. Spitzer. A proposed stellarator, Technical report, Princeton University, NJ Forrestal Research
Center, 1951.

[10] J. Wesson and D. J. Campbell. Tokamaks, volume 149. Oxford university press, 2011.

[11] X. Garbet, Y. Idomura, L Villard, and T. Watanabe. Gyrokinetic simulations of turbulent trans-
port. Nuclear Fusion, 50(4):043002, 2010.

[12] J. Pinzon. Modelling and application of doppler reflectometry for advanced turbulence studies on
the asdex upgrade tokamak and the tj-ii stellarator, 2018.

[13] CIEMAT. Rotational transform. http://fusionwiki.ciemat.es/wiki/Rotational_
transform. Accessed: February 7, 2021.

[14] X. Garbet. Turbulence in fusion plasmas: key issues and impact on transport modelling. Plasma
physics and controlled fusion, 43(12A):A251, 2001.

[15] P. A. Davidson. Turbulence: an introduction for scientists and engineers. Oxford university press,
2015.

[16] A. Dinklage, T. Klinger, G. Marx, and L. Schweikhard. Plasma physics: confinement, transport
and collective effects, volume 670. Springer Science & Business Media, 2005.

[17] T. Happel. Doppler refectometry in the tj-ii stellarator: design of an optimized doppler reflectometer
and its application to turbulence and radial electric field studies, 2010.

[18] S. Jolliet, A. Bottino, P. Angelino, R. Hatzky, T. Tran, B. Mcmillan, O. Sauter, K. Appert, Y.
Idomura, and L. Villard. A global collisionless pic code in magnetic coordinates. Computer Physics
Communications, 177(5):409–425, 2007.
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