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Abstract

This work investigates turbulence in the core plasma of the optimised stel-
larator Wendelstein 7-X. It focuses on experimental characterisation and
evaluation of the electrostatic micro-instabilities, which drive turbulent fluc-
tuations, and the saturation of turbulence by zonal flows. Expectations for
Wendelstein 7-X are formulated by reviewing theoretical work and with
the help of gyrokinetic simulations. The experimental analysis centres on
line-integrated density fluctuation measurements with the phase contrast
imagining diagnostic in electron cyclotron heated hydrogen discharges. An
absolute amplitude calibration was implemented, and a method for reli-
able determination of dominant phase velocities in wavenumber-frequency
spectra of density fluctuations has been developed. Line-averaged density
fluctuation levels are observed to vary between magnetic configurations.
The wavenumber spectra exhibit a dual cascade structure, indicating fully
developed turbulence. The dominant instability driving turbulent density
fluctuations on transport relevant scales is identified as ion-temperature-
gradient-driven modes, which are mainly localised in the edge region of the
confined plasma. Despite the line-integrated nature of the measurement, the
localisation of density fluctuations is shown by comparing their dominant
phase velocity with the radial profile of the E × B rotation velocity due to
the ambipolar neoclassical electric field. Nonlinear gyrokinetic simulations
and a simplified plasma rotation model within a synthetic diagnostic con-
firm the localisation. Oscillations of the dominant phase velocity indicate
the existence of zonal flows as a saturation mechanism of ion-temperature-
gradient-driven turbulence. A direct effect on turbulent density fluctuation
amplitudes and radial transport is observed.
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Zusammenfassung

In dieser Arbeit wird die Turbulenz im Kernplasma des optimierten Stel-
larators Wendelstein 7-X untersucht. Der Schwerpunkt liegt auf der expe-
rimentellen Auswertung der elektrostatischen Mikroinstabilitäten, die tur-
bulente Fluktuationen antreiben, und der Sättigung der Turbulenz durch
zonale Strömungen. Konkrete Erwartungen für Wendelstein 7-X werden
durch Zusammenfassen theoretischer Arbeiten und durch gyrokinetische Si-
mulationen formuliert. Die experimentelle Auswertung konzentriert sich auf
Messungen linienintegrierter Dichtefluktuationen mit der Phasenkontrastab-
bildungsdiagnostik in elektronenzyklotronbeheizten Wasserstoffentladungen.
Es wurde eine absolute Amplitudenkalibrierung implementiert und eine
Methode zur zuverlässigen Bestimmung dominanter Phasengeschwindigkei-
ten in Wellenzahl-Frequenz-Spektren entwickelt. Es wurde beobachtet, dass
die liniengemittelten Dichtefluktuationslevel zwischen verschiedenen ma-
gnetischen Konfigurationen variieren. Die Wellenzahlspektren weisen eine
Doppelkaskadenstruktur auf, die auf eine voll entwickelte Turbulenz hin-
weist. Die vorherrschende Instabilität, die turbulente Dichtefluktuationen
auf transportrelevanten Skalen antreibt, wird als Ionentemperaturgradient-
getriebene Moden identifiziert, die hauptsächlich in der Randregion des
eingeschlossenen Plasmas lokalisiert sind. Trotz des linienintegrierten Cha-
rakters der Messung kann die Lokalisierung der Dichtefluktuationen durch
einen Vergleich ihrer dominanten Phasengeschwindigkeit mit dem radialen
Profil der E × B-Rotationsgeschwindigkeit aufgrund des ambipolaren neo-
klassischen elektrischen Feldes gezeigt werden. Nichtlineare gyrokinetische
Simulationen und ein vereinfachtes Plasmarotationsmodell als Teil einer
synthetischen Diagnostik bestätigen die Lokalisierung. Oszillationen der
dominanten Phasengeschwindigkeit deuten auf die Existenz von zonalen
Strömungen als Sättigungsmechanismus der Turbulenz hin. Es wird eine
direkte Auswirkung auf die Amplituden der turbulenten Dichtefluktuation
und den radialen Transport beobachtet.
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1
Introduction

The American physicist and Nobel laureate Richard P. Feynman wrote in
his famous lectures on physics about turbulence,

There is a physical problem that is common to many fields, that
is very old, and that has not been solved. It is not the problem of
finding new fundamental particles, but something left over from
a long time ago—over a hundred years. Nobody in physics has
really been able to analyze it mathematically satisfactorily in
spite of its importance to the sister sciences. It is the analysis of
circulating or turbulent fluids. (R. P. Feynman, The Feynman
lectures on physics, 1965)

whereas German physicist and Nobel laureate Werner Heisenberg, who
founded the Max-Planck Institute for Plasma Physics (IPP) and was an
early advocate of nuclear fusion research in Germany, is attributed the
quote,

When I meet God, I’m going to ask him two questions: why
relativity? And why turbulence? I really believe he’ll have an
answer for the first. (W. Heisenberg, 1976)

The two quotes neatly capture the ambivalent feelings one meets when
approaching the notoriously complex problem of turbulence, which puzzled
some of the greatest minds in mathematics and physics. The definition
of turbulence on its own is not trivial, since there are only few universal
features. The search for universal features from basic principle is what is
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Chapter 1 Introduction

commonly known as »the turbulence problem« [1]. In fact, one of the famous
millennium problems in mathematics is the proof that unique solutions
exist for the Navier-Stokes equation, which describes the (turbulent) flow
of fluids [2].

There are, however, some key aspects which are necessary for turbulence
to arise: being an inherently nonlinear phenomenon, the equations describ-
ing the turbulent system must contain a nonlinearity. In contrast to chaotic
systems, turbulent systems require many degrees of freedom. Furthermore,
there needs to be some kind of dissipation for turbulence to reach a satur-
ated state. The principle phenomenology which arises can be described as
follows: a source of free energy in the system drives instabilities, which grow
and develop into complex flow patterns and fluctuations. Eddies of various
sizes distribute the energy over a large range of length scales via nonlinear
interaction of the flow. Energy leaves the turbulence through dissipation,
such that a state of statistical equilibrium is reached, which is called sat-
uration. The basic ideas of fluid turbulence as well as energy cascades are
introduced in more detail in section 2.1.

Feynman claims turbulence is one of the most important problems in
classical physics. But what makes it so important? While the derivation of
universal features is a rather academic problem, there are many fields of
science in which turbulence and its implications cause very real problems.
Aircraft design and construction have to deal with turbulence, because it
affects the lift of the wings, as do weather forecasts and climate models,
since turbulence also occurs on continental scales affecting the dynamics
of the atmosphere. Another relevant consequence of turbulence in many
applications is transport. Turbulent eddies and whirls are much more efficient
at transporting momentum, particles and heat across a medium than simple
diffusion due to a gradient. This is the reason why we intuitively stir our
coffee (or analogously tea, for the British reader) to mix in cold milk instead
of waiting for it to diffuse. Without effective turbulent transport, pollution
in metropolitan areas would accumulate indefinitely and the heat produced
by nuclear fusion in the core of the sun would not be able to escape and reach
Earth within an acceptable time [3]. There are mainly two aspects which
determine the severeness of turbulent transport: the amplitude as well as
the spatial scale of fluctuations. On the one hand, these are connected to the
energy injection, i. e. to how much free energy is available in the system for
turbulence and how effective and on which scale instabilities introduce this
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(a) Tokamak (b) Stellarator

Figure 1.1: Illustrations of the principle concepts of tokamak and stellarator.
Graphics: C. Brandt, IPP 2011

energy to the turbulent flow. On the other hand, the nonlinear distribution
of energy across scales as well as the saturation mechanism affect the scale
and amplitude of saturated turbulent fluctuations causing transport.

This work is concerned with the specific application of turbulence in
hot fusion plasmas. Turbulent transport plays a major role in magnetic
confinement fusion (MCF) research, which aims at harvesting energy from
nuclear fusion in magnetically confined hot plasmas. The reaction in nuclear
fusion reactors on Earth is similar to the one in the sun, but turbulent
transport of heat is disadvantageous. Temperatures which exceed the core
temperature of the sun must be reached and sustained for viable energy
production. In currently technologically practicable devices, fast turbulent
heat loss inhibits reaching the conditions at which the plasma can maintain
the core temperature by internally heating itself via fusion reactions.

In the 1950s, two concepts for the confinement of plasma in a torus-
shaped helically twisted magnetic field were developed: the tokamak and
the stellarator. Figure 1.1 shows schematic drawings of how the magnetic
field is generated in each concept. The toroidal field component, which goes
the long way around the torus, is generated by external magnetic coils in
either case. The poloidal field component, which goes the short way around
the torus, is generated by a strong toroidal plasma current in a tokamak
and by additional external coils in a stellarator. In both concepts, nested
magnetic flux surfaces are generated on which the magnetic force balances
the thermal pressure of the plasma. Besides the use or lack of a strong
plasma current, a major difference between tokamaks and stellarators is the
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Chapter 1 Introduction

symmetry of the magnetic field: while the tokamak field is axisymmetric,
the stellarator field inherently lacks symmetry in real space coordinates. As
in all fields of physics, symmetry is advantageous and tokamaks exhibited
better confinement than classical stellarators. Only optimised stellarators
which approach quasi-symmetry, i. e. a symmetry in magnetic field-aligned
coordinates, achieve similar or better confinement than comparably sized
tokamaks. For more detailed discussions of the basic concepts, the reader is
referred to extensive existing literature on tokamaks (e. g. [4]), stellarators
(e. g. [5–7]) and their comparison [8, 9].

The confinement quality is still a central topic of MCF research, since
it is key for a successful power plant operation. The radial transport of
particles and heat from the core to the boundary of the plasma determines
whether a fusion relevant pressure can be reached and sustained in the
plasma core and ultimately the feasibility of MCF for power production. It
can be divided into two contributions: collisional and anomalous transport.
Collisional transport arises due to binary collisions between electrons and
ions on the scale of the gyromotion, which is also called classical transport.
In toroidal magnetic field configurations, the geometry must be taking into
account, leading to an increased collisional transport, which is called neoclas-
sical (NC). However, experimentally measured diffusion, e. g. in tokamaks,
is much larger than NC theory predicts. The additional radial transport
was traditionally referred to as anomalous and is attributed to turbulent
fluctuations. A more detailed introduction to neoclassical and turbulent
transport is provided in section 2.2. It was found that turbulent transport
scales unfavourably with operational parameters and it became clear that
successful operation of tokamaks as fusion reactors relies on improved con-
finement regimes such as the H-mode [10, 11], where turbulent transport is
suppressed by an edge transport barrier [12]. Because of its apparent import-
ance for confinement, theoretical and experimental efforts were started to
understand the strong turbulent transport and its suppression in tokamak
plasmas. After decades worth of research, a fairly good understanding of
the fundamental mechanisms exists, even though the prediction of turbulent
transport levels is still challenging. For reviews on this topic see Horton
[13] and Doyle et al. [14].

In classical stellarators, there is additional collisionless transport, causing
the overall NC transport to be so large that the turbulent contribution plays
a minor role for the overall confinement. Accordingly, the research on tur-
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bulence in stellarators is not quite as advanced as for tokamaks. However,
NC transport in stellarators can be reduced by optimising the magnetic
field geometry. With the advent of advanced and optimised stellarators,
turbulence becomes the confinement-limiting factor in stellarators as well.
One example of an optimised stellarator and focus of this work is Wendel-
stein 7-X (W7-X). It is a quasi-isodynamic stellarator [15], first of its kind
and one of the largest existing stellarators [16]. The technical details of the
Wendelstein 7-X experiment are described in section 2.3. Recent results have
provided evidence for improved NC confinement [17], i. e. confirmed that
the optimisation is indeed effective. Accordingly, turbulent heat transport
was found to be the dominant mechanism for heat losses [18–21], similarly
to tokamak plasma confinement.

So far, mostly analytical and numerical studies have provided progress in
understanding the difference between turbulence in optimised stellarators
and its tokamak counterpart [22–29]. Turbulence is in many aspects similar
in both concepts with distinct differences due to the magnetic field geo-
metry [8, 26]. After decades of theoretical work, experimental data of core
plasma turbulence in a stellarator dominated by turbulent heat transport
has become available with the latest operation phase of W7-X. The primary
tool for core turbulence measurements is the phase contrast imagining (PCI)
diagnostic, which provides scale-resolved line-integrated density fluctuation
measurements.

This work, for the first time, takes a general approach to experimentally
characterise different aspects of core turbulence in the highly optimised
stellarator W7-X. Instead of turbulent transport itself, which can not be
measured directly, the fundamental mechanisms of excitation and satura-
tion of plasma turbulence are investigated. For the injection of energy, the
type of electrostatic micro-instability which drives turbulent fluctuations
is identified. Regarding the saturation, the appearance of zonal flows is
monitored. First, theoretical understanding is reviewed in chapter 3. The
mathematical description, physical mechanisms and device-specific features
of the most relevant electrostatic micro-instabilities as well as zonal flows are
introduced. With the help of numerical simulations, tangible expectations
are formulated for W7-X. The PCI diagnostic and related data analysis
tools are introduced in chapter 4. Experimental data is analysed with direct
comparisons to dedicated numerical simulations. For the characterisation of
the fundamental transport ingredients, first frequency and wavenumber spec-
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Chapter 1 Introduction

tra, i. e. temporal and spatial scales, as well as amplitudes of line-integrated
density fluctuations are investigated in chapter 5. Despite the line-integrated
nature of the measurement, the radial distribution of density fluctuations
can be analysed, which is described in chapter 6 and provides indications for
the dominant electrostatic micro-instability. In chapter 7, experimental in-
dications for turbulence saturation via zonal flows are evaluated. Finally, in
chapter 8, the results are summarised and the main conclusions are drawn.
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2
Turbulence and Transport

2.1 Fluid turbulence and energy cascades
Turbulence can be observed in many physical systems, most prominently
in fluids, which we encounter in everyday life, e. g. in wind or flowing wa-
ter. Fluid turbulence is described by the Navier-Stokes equation for the
incompressible flow (∇ ⋅ 𝒖 = 0) [30]

𝜕𝑡𝒖 + 𝒖 ⋅ ∇𝒖 = − (1/𝜌) ∇𝑝 + 𝜈∇2𝒖, (2.1)

where 𝒖 is the flow velocity, 𝜌 is the mass density and 𝜈 the viscosity of
the fluid. The nonlinearity, which makes all the trouble, is contained in
the term 𝒖 ⋅ ∇𝒖 and dissipation is described by 𝜈∇2𝒖. The Navier-Stokes
equation contains all necessary physics for the description of turbulence and
is known for almost 200 years, so why is turbulence still a problem? As
mentioned in the introduction, it is not yet possible to show that unique
solutions to the Navier-Stokes equation exist, let alone derive universal laws
for turbulence. However, efforts for finding universal features with statistical
and dimensional analysis were partially successful. One of the central ideas
is the cascade model, which was described by Leonardo da Vinci, who was
also the first to introduce the term turbulence (turbolenza) [3], and formally
introduced by Richardson [31] in 1922: energy is passed on between fluc-
tuations of different scales, which is observed as eddies breaking into smaller
eddies until viscosity is dominant. Andrey Kolmogorov derived in his sem-
inal papers from 1941 expressions for the distribution of energy across scales
in a cascade by fundamental dimensional arguments. He assumed inertial,
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Chapter 2 Turbulence and Transport

Figure 2.1: Inertial range of the energy cascade to smaller scales in 3D
turbulence with Kolmogorov scaling. Energy enters the system at large
scales and is transported to small scales, where it dissipates.

i. e. energy conserving, nonlinear processes, and postulated that solutions of
the Navier-Stokes equation have the same scale invariance as the equation
itself [3]. The interaction between scales is described by structure functions,
which are moments of 𝛿𝒖(𝑟) = 𝒖(𝑥 + 𝑟) − 𝒖(𝑥), the velocity difference
on the scale, 𝑟. Following the argument of scale invariance, Kolmogorov de-
rived an explicit expression of the third-order structure function, the famous
four-fifth-law [1]. The four-fifth-law was interpreted independently amongst
others by Heisenberg & Taylor [32] in 1948 for the energy density
spectrum as,

𝐸(𝑘) ∼ 𝑘−5/3, (2.2)

where 𝑘 = 2𝜋/𝑟 is the inverse length scale of the flow structures. The energy
cascade is illustrated in figure 2.1. In the injection range, energy enters the
system and is distributed to other scales according to the four-fifth-law,
yielding the energy spectrum of equation (2.2). The interaction of scales is
local, meaning energy is exchanged between neighbouring scales and thus
cascades across the inertial range. At small scales, it is dissipated e. g. due to
viscosity. Saturation is reached, when 𝐸(𝑘) is constant in time at constant
energy input. In terms of the coffee (or tea) example, we insert energy into
the fluid by stirring on the scale of the cup size. Smaller eddies form and
break into even smaller eddies. Even if we continue stirring, the fluctuations
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2.1 Fluid turbulence and energy cascades

Figure 2.2: The two inertial ranges of the dual-cascade in 2D turbulence
with scalings according to Kraichnan. Energy enters the system at injec-
tion range. The energy transfer dominates towards larger scales leading
to an inverse energy cascade. The enstrophy transfer dominates towards
smaller scales and results in the direct cascade.

do not become indefinitely violent, because kinetic energy is transformed
into heat by viscous dissipation at the smallest scales.

This picture holds true for fully developed 3-dimensional homogeneous
isotropic turbulence. In 2-dimensional systems, an additional cascade can
be observed. The vorticity, 𝝎 = ∇ × 𝒖, which describes the spinning of the
flow, is mostly aligned along a certain direction in 2-dimensional systems.
Examples for 2-dimensional environments exhibiting turbulence are fast ro-
tating systems such as stellar accretion disks or systems with one length
scale significantly shorter than others such as oil films or planetary atmo-
spheres. The aligned vorticity gives rise to a new invariant, i. e. conserved
quantity, which is called enstrophy, 𝛺 = 1

2⟨|𝝎|⟩2 [33]. It is analogous to the
energy density, 𝐸 = 1

2⟨|𝒖|⟩2. Both energy and enstrophy are interchanged
in a cascade, which is called a dual-cascade, but now there are two separate
inertial ranges due to different scale dependencies of energy and enstrophy
exchange. The dual-cascade scenario was derived by Kraichnan [34] in
1967 and is illustrated in figure 2.2. Enstrophy transport dominates the dir-
ect cascade towards higher wavenumbers and results in the energy density
distribution, 𝐸(𝑘) ∼ 𝑘−3. Energy transport dominates the inverse cascade
towards lower wavenumbers and yields the same result as the direct cas-
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Chapter 2 Turbulence and Transport

cade in 3-dimensional systems, 𝐸(𝑘) ∼ 𝑘−5/3. The inverse energy cascade
increases the energy in the system until mean flow on the system scale
length is excited and leads to second dissipation range. This may seem coun-
terintuitive but is observed in planetary atmospheres. The zones and belts
of the Jovian atmosphere as well as the jet streams on Earth are examples
of zonal flows (ZFs), which are equatorial bands of high mean flow velocity
with alternating direction and strong velocity shear in between. ZFs play
an important role for turbulence saturation and are described in section 3.4
in more detail.

Magnetised plasmas have to be treated differently from neutral fluids, but
in terms of turbulence they behave similarly to a 2-dimensional fluid, since
turbulent vortices are mainly aligned with the highly directed magnetic field.
Accordingly, dual-cascades as well as ZFs are observed in plasma turbulence.

2.2 Transport in magnetic confinement devices
Particle and heat diffusive transport in magnetic confinement devices can
be described as Fickian processes:

𝜞 = −𝐷𝛁𝑛, (2.3)
𝒒 = −𝑛𝜒𝛁𝑇 , (2.4)

where 𝜞 is the particle flux density, 𝐷 is the diffusion coefficient and 𝑛
is the particle number density. Analogously, 𝒒 is the heat flux density, 𝜒
is the thermal diffusivity and 𝑇 is the temperature. As described in the
introduction, the transport has a collisional and an anomalous contribution.
They are additive, i. e. in terms of diffusion coefficients one may write, 𝐷 =
𝐷coll+𝐷ano and analogously for 𝜒. In the following, the two contributions are
each introduced with respect to their physical mechanism and the respective
diffusion coefficient.

2.2.1 Collisional transport
The one-dimensional random walk process is an intuitive approach for de-
scribing collisional transport: a particle is displaced due to a collision by the
step length 𝑙 after a typical step time 𝜏. The resulting diffusion coefficient
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2.2 Transport in magnetic confinement devices

is given by

𝐷rw = 𝑙2

2𝜏
. (2.5)

With this approach, the discussion of the various transport processes in
tokamaks and stellarators can be reduced to a discussion of the respective
characteristic length and time scales.

In magnetised plasma, the fundamental step size is the Lamor radius of
the electron gyromotion, 𝜌L𝑒, and the time scale is the electron-ion collision
time, 𝜏𝑒𝑖, yielding the classical diffusion coefficient [35]

𝐷cl = 𝜌2
L𝑒

2𝜏𝑒𝑖
=

𝑒2𝑛𝑒 ln 𝛬√𝑚𝑒

8
√

2𝜋𝜖2
0𝐵2√𝑇𝑒

, (2.6)

where 𝑒 is the elementary charge, ln 𝛬 the Coulomb logarithm, 𝜖0 the vacuum
permittivity, 𝑛𝑒, 𝑚𝑒 and 𝑇𝑒 are the electron density, mass and temperature,
respectively, and 𝐵 is the magnetic field strength.

2.2.2 Neoclassical transport
The transport in a plasma is only classical if the magnetic field is homo-
geneous. In the toroidal geometry of magnetic confinement devices, the
inhomogeneous magnetic field gives rise to drifts and more complex particle
trajectories. This leads to a number of additional transport processes, which
generally exceed the classical transport by more than one order of magnitude.
The increased diffusion due to the toroidal geometry is called NC transport.
In the following, the different processes and regimes are explained.

Pfirsch-Schlüter regime

A magnetic field in toroidal geometry must decrease from the inboard to
the outboard side of the torus (on average across a flux surface). This
magnetic field gradient causes a guiding centre drift in opposite directions
for ions an electrons, which results in a charge separation and a vertical
electric field in the plasma. The charge separation is compensated by the
Pfirsch-Schlüter current due to particle movement along the magnetic field
lines which connect the two regions. Because of the finite resistivity of the
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Chapter 2 Turbulence and Transport

plasma, a part of the vertical electric field remains and causes an E × B
guiding centre drift for the particles. As the particles go around the torus,
this leads to a radial displacement of the guiding centre orbit from the
magnetic flux surface, 𝛿PS. Accordingly, particles can not only cross the
width of a gyroradius with each collision but also drift the width of the orbit
displacement between collisions. The maximum drift is reached if the time
between collisions is larger than the duration of one full poloidal turn, the
transit time, 𝜏tr/𝜏𝑒𝑖 < 1. In this case, the displacement can be taken as the
new step size of the random walk process. It is given by 𝛿PS ≈ 𝜌L𝑒

𝜄 , where 𝜄
is the rational transform. The diffusion coefficient is therefore

𝐷PS =
𝛿2

PS
2𝜏𝑒𝑖

= 1
𝜄2 𝐷cl. (2.7)

If the collision time is smaller than the transit time, 𝜏tr/𝜏𝑒𝑖 > 1, particles
can not drift the whole displacement between collisions and the step width
depends on the collision time,

𝐷PS = (𝑣D𝜏𝑒𝑖)2

2𝜏𝑒𝑖
∝ 𝜏𝑒𝑖 = 1

𝜈
, (2.8)

where 𝑣D is the drift velocity and 𝜈 is the collision frequency.

Banana regime

The increasing magnetic field strength which particles experience when going
from out- to inboard side of the torus additionally acts as a magnetic mirror
for some particles. They bounce between two points of strong magnetic field
and are trapped in closed orbits within the torus which look like bananas.
The radial width of a banana orbit, 𝛿ba ≈ 𝛿PS/

√
𝜖, is the appropriate step

size for the random walk transport of these particles. It is even larger than
the Pfirsch-Schlüter displacement since the inverse aspect ratio, the ratio of
the minor radius of the flux surface and the major radius of the magnetic
axis, 𝜖 = 𝑟/𝑅0, is much smaller than 1 in most toroidal devices. The step time
of the random walk process is the effective collision time, 𝜏eff ≈ 𝜏𝑒𝑖𝜖, which
accounts for the conversion to a transit particle. Finally, only a fraction,

√
𝜖,

of the particles is trapped and the diffusion coefficient is therefore

𝐷ba =
√

𝜖 𝛿2
ba

2𝜏eff
= 1

𝜖3/2
𝐷PS = 1

𝜖3/2𝜄2 𝐷cl. (2.9)
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2.2 Transport in magnetic confinement devices

Figure 2.3: Neoclassical diffusion coefficient over collision frequency with
different transport regimes in tokamaks. Modified from [36].

Similarly to the Pfirsch-Schlüter transport, the transport due to trapped
particles only works as described, if the particles have enough time between
collision to fulfil an entire banana orbit, 𝜏eff > 𝜏ba = 𝜏tr/

√
𝜖. Since this

translates to 𝜏tr/𝜏𝑒𝑖 < 𝜖3/2, it is separate from the collision regime of the
Pfirsch-Schlüter transport. Figure 2.3 illustrates the different NC transport
regimes in a typical tokamak. At very low collision frequency, the transport
due to trapped particles dominates until the collisions prevent full banana
orbits at 𝜏tr/𝜏𝑒𝑖 > 𝜖3/2. The step width and thus the diffusion coefficient
decreases, until the Pfirsch-Schlüter transport becomes dominant. In the
plateau regime in between the collionless banana regime and the collisional
Pfirsch-Schlüter regime, 𝜖3/2 < 𝜏tr/𝜏𝑒𝑖 < 1, the diffusion coefficient is ap-
proximated as

𝐷pl ≈ 1
𝜄2

𝜌2
L𝑒

2𝜏tr
. (2.10)

For even larger collision frequencies, the diffusion coefficient changes to a
1/𝜈-dependency, as described above.

Additional collisionless transport in stellarator

The classical stellarator geometry has local magnetic wells characterised
by 𝛿𝐵/𝐵 ∼ 𝜖h [8]. As a consequence, particles can not only be toroidally

13



Chapter 2 Turbulence and Transport

Figure 2.4: Neoclassical diffusion coefficient over collision frequency with
different transport regimes in stellarators. The stellarator specific 1/𝜈-
regime at low collisionality is altered by a radial electric field. Modified
from [36].

trapped between the reflection points on the inboard side of the torus, but
also in the local well, which helically winds around the torus, i. e. helically
trapped. In classical stellarator geometry, helically trapped particles continu-
ously drift outward and are not confined, leading to large additional particle
losses in the collisionless regime. This type of transport is not diffusive
but actually inhibited by collisions, which de-trap particles into confined
passing orbits before they are lost. The effective collision frequency for hel-
ically trapped particles can be determined analogously to the toroidally
trapped ones by replacing 𝜖 → 𝜖h, such that 𝜏eff = 𝜏𝑒𝑖𝜖h. The random
walk step length is given similarly to the collisional Pfirsch-Schlüter case
by 𝛿h = 𝑣D𝜏eff, which leads to the same 1/𝜈-dependency of the diffusion
coefficient,

𝐷1/𝜈 = √𝜖h
(𝑣D𝜏eff)2

2𝜏eff
∝ 𝜖3/2

h
1
𝜈

. (2.11)

Figure 2.4 shows the qualitative change between transport regimes in a
stellarator. Approaching the collisionless limit, the transport is reduced since
helically trapped particles are lost faster than passing particles are helically
trapped by collisions. This leaves a gap in the phase space distribution and is
hence called phase space depletion. The 1/𝜈-regime poses a huge problem for
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2.2 Transport in magnetic confinement devices

stellarator reactor confinement. Reactors aim to operate at low collisionality,
but the unfavourable temperature scaling, 𝐷1/𝜈 ∝ 𝑇 7/2

𝑒 , impedes reaching
fusion relevant temperatures for classical stellarators. Therefore, there have
been efforts to optimise the geometry of the magnetic field such that the
radial component of the bounce-averaged drift is reduced and an effective
parameter, 𝜖eff ≪ 𝜖h, is used in equation (2.11) [8]. The 1/𝜈-regime diffusion
is also less severe in the presence of a radial electric field. The corresponding
poloidal E × B drift bends the orbit of helically trapped particles poloidally,
which increases the loss time.

Ambipolar electric field

The diffusion coefficient for ions is generally much larger than for electrons [8].
In order to maintain ambipolarity of the particle fluxes, 𝑍𝑖𝛤𝑖 = 𝛤𝑒, a
self-consistent radial electric field is established, which compensates the
difference [37, 38]. The local diffusive particle flux density is then given
by [39]

𝛤 NC
𝛼 = −𝑛𝛼𝐷𝛼 (𝑛′

𝛼
𝑛𝛼

− 𝑞𝛼𝐸𝑟
𝑇𝛼

) (2.12)

where 𝛼 = 𝑒, 𝑖, 𝑍 denotes the particle species (electrons, ions, impurities)
and 𝑞𝛼 the particle charge. If the ambipolar electric field is strong enough,
the orbit of helically trapped ions is poloidally closed again due to the E × B
drift. In this case, the diffusion coefficient has a

√
𝜈-dependency [8],

𝐷√
𝜈 ∼ 𝑣2

D
√

𝜈
𝛺3/2

𝐸

, (2.13)

where 𝛺𝐸 ∼ 𝐸𝑟/𝑟𝐵 is the E × B drift frequency. At very low collision fre-
quency, ions experience collisionless de-trapping and the diffusion coefficient
is again proportional to 𝜈. In typical stellarator operation with 𝑇𝑒 ≈ 𝑇𝑖,
the electrons are in the 1/𝜈-regime and the ions in the

√
𝜈-regime, with a

negative radial electric field compensating a stronger ion diffusion [8]. This
situation is called ion root. Due to the strong temperature dependence in
the 1/𝜈-regime, 𝐷𝑒 ∝ 𝑇 7/2

𝑒 , the electron diffusion increases strongly for local
electron heating (𝑇𝑒 ≫ 𝑇𝑖) and a second stable solution to the ambipolarity
condition with a positive 𝐸𝑟 arises, which is called electron root [8, 38].
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Chapter 2 Turbulence and Transport

Figure 2.5: Schematic picture of the mixing length approach. In presence
of a background gradient, the perturbation is determined by the mixing
length, 𝜉. Taken from [40].

2.2.3 Turbulent transport

Mixing length approach

Transport in fluid turbulence was first explained by Joseph Boussinesq by
the mixing length approach, which assumes a random walk process for fluid
elements due to convection by eddies [3]. The characteristic step length is
the mixing length, 𝜉 = �̃�𝜏corr, where �̃� is the velocity at which the fluid
element is convected and 𝜏corr is the correlation time for which the eddy
persists. In the presence of a background gradient, the perturbation of a
quantity, 𝑓, is then determined by

̃𝑓 = −𝜉∇𝑓, (2.14)

which is illustrated for temperature ( ̃𝑓 = 𝛿𝑇) and density ( ̃𝑓 = 𝛿𝑛) in fig-
ure 2.5. The decomposition of a turbulent quantity into a stationary (time
averaged) and a fluctuating part, 𝑓 = 𝑓0 + ̃𝑓, is called Reynolds decomposi-
tion [41] and is the basis for most statistical approaches to turbulence. The
corresponding transport due to convection by eddies can then be estimated
by

𝐹 = ⟨ ̃𝑓�̃�⟩ ≈ �̃�2𝜏corr∇𝑓 ≈ 𝐷∇𝑓, (2.15)

which gives the same result as the random walk Ansatz with 𝐷 = 𝜉2

𝜏corr
=

�̃�2𝜏corr.

16



2.2 Transport in magnetic confinement devices

Transport in electrostatic plasma turbulence

In electrostatic plasma turbulence, particles and heat are transported by
the local time-varying E × B flow, ̃𝒗𝐸 = 𝑩 × ∇ ̃𝜙/𝐵2, due to a microscopic
fluctuation of the electric potential, ̃𝜙. The particle and heat transport
through a flux surface, 𝑆, is given by [14, 42]

𝛤𝛼 = 1
𝑆

∫
𝑆

𝑛𝛼 ̃𝒗𝐸 ⋅ 𝑑𝒂 = −𝐷eff
𝛼

𝑑𝑛𝛼
𝑑𝑟

, (2.16)

𝑞𝛼 = 1
𝑆

∫
𝑆

𝑛𝛼𝑇𝛼 ̃𝒗𝐸 ⋅ 𝑑𝒂 = −𝜒eff
𝛼

𝑑𝑇𝛼
𝑑𝑟

, (2.17)

where 𝛼 = 𝑖, 𝑒 denotes the particle species, 𝒂 is the unit vector normal to the
flux surface and 𝑟 is the radial coordinate. The effective diffusivities provide
information on the basic mechanisms which drive turbulence in the plasma.
The perturbative E × B flow acts equally on ions and electrons, which
makes the turbulent particle transport inherently ambipolar. There may be
different turbulent heat transport for electrons and ions, however, if 𝑇𝑒 ≠ 𝑇𝑖.
Assuming radially symmetric wave-like potential fluctuation, the E × B flow
goes in both radial directions and vanishes on a flux surface average, ∫

𝑆
̃𝒗𝐸 ⋅

𝑑𝒂 ≈ 0. The stationary parts of density and temperature are constant on the
flux surface and thus do not contribute to turbulent transport. Turbulent
transport therefore only depends on fluctuating quantities,

𝛤𝛼 = ⟨�̃�𝛼 ̃𝑣𝐸⟩, 𝑞𝛼 = ⟨�̃�𝛼 ̃𝑇𝛼 ̃𝑣𝐸⟩, (2.18)

where ⟨ … ⟩ denotes the flux surface average. Two aspects therefore largely
determine the radial transport due to fluctuations: first, the amplitude of
�̃�, ̃𝑇 and ̃𝜙, which is set by the saturation level of the turbulence. Secondly,
the cross-phase between these quantities, which mostly depends on the
instability causing the fluctuations. For the example of particle transport,
one obtains [36]

𝛤𝛼 ∝ 𝑘𝜃
𝐵

|�̃�𝛼| | ̃𝜙| sin(𝜑𝑛𝜙), (2.19)

where 𝑘𝜃 is the poloidal wavenumber. Maximum transport occurs at a
cross-phase between density and potential fluctuation of 𝜑𝑛𝜙 = 𝜋/2. If the
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Figure 2.6: Turbulence interaction in fusion plasmas.

perturbations are perfectly in phase, no net transport occurs. Similar argu-
ments can be made for the heat transport, where the phase between the
potential and temperature fluctuations predominantly determines the trans-
port level. Since the phase between temperature and density fluctuations
can vary depending on the micro-instability, heat and particle transport are
rather decoupled, which is unique to turbulent transport.

In summary, turbulent transport in fusion plasmas can be described by
effective diffusion coefficients (cf. equation (2.16)). They are determined by
fluctuation amplitude and cross-phase of density, temperature and electro-
static potential, which arise from electrostatic micro-instabilities. Due to
their crucial role for confinement, these micro-instabilities are subject of
intensive research and also the main topic of chapter 3. They are gener-
ally driven or stabilised by the radial gradients of density and temperature.
Even though the understanding of the fundamental mechanism of plasma
turbulence has progressed, a complete self-consistent picture of turbulent
transport in a hot fusion plasma is still very challenging. Plasma turbulence
acts on itself by affecting the radial profiles via transport, which greatly in-
fluences the growth of micro-instabilities. This results in a strongly nonlinear
feedback loop, as illustrated in figure 2.6.

18



2.3 Wendelstein 7-X

Figure 2.7: The Wendelstein 7-X stellarator. The plasma (pink) is generated
inside the inner vacuum vessel, which is surrounded by the 50 non-
planar (silver-coloured) and 20 planar (copper-coloured) superconducting
magnetic field coils. The outer vacuum vessel closes off the cryostat which
encloses the magnetic coils.

2.3 Wendelstein 7-X
The Wendelstein 7-X stellarator is operated at the Max-Planck Institute
for Plasma Physics in Greifswald. 50 superconducting non-planar modular
coils generate the magnetic field, which is optimised for low NC transport.
20 additional superconducting planar coils are used to vary the rotational
transform. The coil system was designed to be precise and flexible, which
was achieved albeit major technical challenges during construction [18, 43–
45]. Figure 2.7 shows a schematic of the device including the plasma, the
coils, the support structure of the coils and the inner and outer vacuum
vessel. The main technical parameters are summarised in table 2.1.

The goal of the W7-X project is the demonstration of the feasibility
of stellarators for fusion energy in several steps [46]. In particular, the
successful construction of the complex engineering design [18, 43, 44] as
well as the successful optimisation towards low NC transport [17] have been
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Table 2.1: Technical device parameters of W7-X. 𝐵0 is the magnetic field
strength on axis and 𝜄 is the rotational transform at the edge of the
plasma, which can be varied between the given values.

parameter value
minor radius 0.5 m
major radius 5.5 m
plasma volume 30 m3

𝐵0 2.5 T
𝜄 5/6 to 5/4

demonstrated. In upcoming experiments with fully water cooled plasma
facing components, continuous plasma operation for up to 30 min will be
attempted. In the long term, W7-X aims to achieve high plasma 𝛽, which
is only possible with performance optimisation and requires knowledge of
the turbulent transport mechanisms.

W7-X has a field periodicity of five, meaning it consists of five identical
toroidally arranged modules, each consisting of two mirrored half-modules.
Figure 2.8 depicts a top view of W7-X with three cross sections, which
alternate along the torus: the triangular, an intermediate, and the bean
shaped cross section. They exhibit largely different shear, curvature and
compression of the magnetic flux surfaces, which is a major difference to
the axisymmetric tokamak. At high 𝛽, contours of constant 𝐵 are poloidally
closed, but not toroidally. Particles which are trapped in the toroidal mirrors
precess around the torus in a roughly poloidal direction without leaving the
confined plasma, i. e. the bounce averaged radial drift vanishes [15, 48].
This quality is referred to as quasi-isodynamicity and prevents the large
collisionless losses, which occur in classical stellarators [49]. By varying the
coil current ratios, different magnetic field geometry can be achieved with
different mirror ratios and rotational transform profiles [50]. In previous
experiment campaigns, there have been designated configurations within
the accessible parameter space. The W7-X standard configuration is defined
by equal current in the five individual modular coil types and no current
in the planar coils. Increasing or decreasing the toroidal mirror ratio yields
the high and low mirror configuration (although the latter was not common
in past experiments). Using the planar coils the rotational transform is
increased or decreased. The rotational transform at the last closed flux
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2.3 Wendelstein 7-X

Figure 2.8: Top view of W7-X showing the five-fold symmetry of the mag-
netic field. Three cross sections are depicted, which alternated along the
torus. The upper panel shows the triangular cross section, the lower panel
shows the bean shaped cross section. Taken from Perseo [47].

surface (LCFS), 𝜄𝑎, is set to a low rational leading to resonances forming
intrinsic island chains in the scrape-off layer (SOL) of W7-X, which are
important for the heat transport to the island divertor [51]. The standard
and high mirror configurations have 𝜄𝑎 = 5/5, forming five independent
islands. The magnetic configuration with increased rotational transform and
𝜄𝑎 = 5/4 is called high iota configuration and analogously there exists the
low iota configuration with 𝜄𝑎 = 5/6. Figure 2.9 shows the radial profile of 𝜄
for the four different configurations. 𝑟eff is the effective minor radius of the
plasma, which in the context of W7-X is defined via the toroidally averaged
poloidal cross-sectional area, ⟨𝐴⟩, as 𝑟eff = √⟨𝐴⟩/𝜋. The minor radius at
the LCFS is traditionally labelled 𝑎, such that 𝑟eff/𝑎 = 0 corresponds to the
magnetic axis and 𝑟eff/𝑎 = 1 to the LCFS. The 𝜄-profiles are flat in contrast
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Figure 2.9: Radial profiles of the rotational transform, 𝜄, of different W7-X
magnetic configurations.

to typical tokamaks and shifted up and down between configurations without
considerably changing the form of the profile.

W7-X is equipped with electron cyclotron resonance heating (ECRH)
and neutral beam injection (NBI), providing up to 8.5 MW and 3.5 MW
of heating power, respectively, in the latest experiment phase [18]. These
systems are continuously being upgraded and an additional ion cyclotron
radiation heating (ICRH) system has been installed for future experiments.
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3
Plasma Turbulence

The basic features of plasma turbulence have already been introduced in the
previous chapters: the vorticity is generally aligned with the magnetic field,
which evokes similarities to 2-dimensional fluid turbulence. The plasma is
convected by E × B flow due to fluctuating electric potential, which arises
due to electrostatic micro-instabilities. The resulting fluctuations of density,
temperature and potential cause, depending on their cross-phase, strong
particle and heat transport.

In this chapter, physical mechanisms and mathematical descriptions are in-
troduced in more detail. Gyrokinetic theory, which is used for the treatment
and simulation of turbulent micro-instabilities, is introduced in section 3.1.
In section 3.2, the physical mechanisms and basic types of electrostatic
micro-instabilities are described. These micro-instabilities are discussed in
the context of W7-X in section 3.3. Expectations for the experiment on
the basis of linear gyrokinetic simulations are formulated. Finally, in sec-
tion 3.4, the phenomenology and generation of ZFs in plasma turbulence
and in particular in stellarators is described.

Before going on to the details, the principle boundaries of electrostatic
micro-turbulence are briefly discussed. The typical size of the turbulent
fluctuations, which fill the whole plasma volume, is much smaller than the
machine size, i. e. they are microscopic. The relative and absolute scale of
turbulence plays an important role for transport as well as for its mathem-
atical treatment: it is generally assumed that the relevant fluctuations are
much smaller and faster than system scales or confinement times. On the
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other hand, they are much slower than electron plasma waves and the gyro-
motion of ions and electrons. These effects are therefore usually averaged
over in the treatment of micro-turbulence, as in gyrokinetic theory. Plasma
turbulence can be not only electrostatic but also electromagnetic, which in-
volves fluctuations of the magnetic field, �̃�. This requires a minimum ratio
of thermal plasma pressure to magnetic pressure, 𝛽 = 𝑛𝑇 /(𝐵2/2𝜇0). So far,
W7-X operated at low values of 𝛽, such that the turbulence is assumed to
be electrostatic.

3.1 Gyrokinetic description
The study of electrostatic micro-instabilities improves the understanding of
turbulence drive and therefore how turbulence can be mitigated. The treat-
ment of the plasma as a fluid is generally not sufficient for this. In particular,
wave-particle interactions, which are crucial for some instabilities, can not
be described in a fluid picture but require a full kinetic treatment. Modern
studies of plasma turbulence therefore heavily rely on the gyrokinetic ap-
proach. The basic principle of gyrokinetics is the reduction of 6-dimensional
phase space to five dimensions by averaging over the gyromotion of the
particles, which was first introduced in 1968 by Rutherford & Frie-
man [52] as well as Taylor & Hastie [53]. For a detailed review on the
foundations of nonlinear gyrokinetic theory, see Brizard & Hahm [54].

3.1.1 Gyrokinetic equation
The basic steps of the gyrokinetic derivation are sketched out in this section
and the reader is referred to existing literature for more details [54–57]. The
starting point is the Vlasov equation, the fundamental equation of kinetic
theory for collisionless plasmas [58],

𝜕𝑓
𝜕𝑡

+ 𝒗 ⋅ ∇𝒓𝑓 + 𝑞
𝑚

(𝑬 + 𝒗 × 𝑩) ⋅ ∇𝒗𝑓 = 0, (3.1)

where 𝑓(𝒓, 𝒗, 𝑡) is the distribution function in phase space for either particle
species. It is analogous to the collisionless Boltzmann-equation with a
Lorentz force field. In general, Coulomb collisions can not be ignored and
are included via the Fokker-Planck collision operator, which statistically
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3.1 Gyrokinetic description

describes the long-range Coulomb collisions [58]. Including the operator on
the right hand side of equation (3.1) yields the Focker-Planck equation.
For the discussion of basic micro-instabilities, the collisionless equation is
sufficient.

The first step towards the gyrokinetic equation is a change of variables to
guiding-centre coordinates known as the Catto transformation [55, 56]:

(𝒓, 𝒗, 𝑡) ⟶ (𝑹, 𝜇, ℰ, 𝜗, 𝑡), (3.2)

with guiding centre position, 𝑹(𝒓, 𝒗) = 𝒓 + 𝒗 × �̂�/𝛺, where �̂� = 𝑩/𝐵 is the
unit vector in the magnetic field direction and 𝛺 = 𝑞𝐵/𝑚 is the gyration
frequency. The particle velocity is decomposed as

𝒗 = 𝑣∥�̂� + 𝑣⟂( ̂𝒆1 cos 𝜗 + ̂𝒆2 sin 𝜗), (3.3)

where the first term describes the velocity of the guiding centre in the
magnetic field direction, and the second term the velocity of the gyration
motion, where ̂𝒆1 and ̂𝒆2 form an orthogonal base with �̂�. The latter is
expressed by the magnetic moment, 𝜇(𝒓, 𝒗) = 𝑚𝑣2

⟂/2𝐵, and the gyrophase,
𝜗. Finally, the total energy is used, ℰ = 𝑣2/2 + (𝑞/𝑚)𝜙0(𝒓), where 𝜙0 is the
electric potential. This leads to the general form of the gyrokinetic equation,

𝜕𝑓
𝜕𝑡

+ �̇� 𝜕𝑓
𝜕𝑹

+ ̇𝜇 𝜕𝑓
𝜕𝜇

+ ̇ℰ 𝜕𝑓
𝜕ℰ

+ ̇𝜗 𝜕𝑓
𝜕𝜗

= 0, (3.4)

with the respective explicit expressions for �̇�, ̇𝜇, ̇ℰ, and ̇𝜗.
Next, the gyro-average is applied to the equation, which averages any

quantity, 𝑄, over one turn of the gyromotion and thus removes the depend-
ency on 𝜗 [55],

⟨𝑄⟩(𝑹, 𝜇, ℰ, 𝑡) = 1
2𝜋

∫
2𝜋

0
𝑄(𝑹, 𝜇, ℰ, 𝜗, 𝑡) 𝑑𝜗, (3.5)

where all variables except 𝑡 and 𝜗 are fixed. Applying the gyro-average to
the Fokker-Planck equation yields the drift kinetic equation, which is used
to find equilibrium solutions and resolve large scale effects [7]. The guiding
centre drifts arise through

⟨�̇�⟩ = 𝑣∥�̂� + 𝒗𝐸 + 𝒗d, (3.6)
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with the E × B and magnetic drift velocities,

𝒗𝐸 = �̂� × ∇𝜙0
𝐵

; 𝒗d = �̂�
𝛺

× (𝑣2
⟂
2

∇ ln 𝐵 + 𝑣2
∥𝜿) . (3.7)

Here, the magnetic curvature, 𝜿 = �̂� ⋅ ∇�̂�, is introduced.
The gyrokinetic approach aims to resolve turbulent fluctuations with a

length scale, 𝜌, and typical frequency, 𝜔, which follow the gyrokinetic
ordering of the fundamental expansion parameter [56, 57],

𝜖 = 𝜌
𝐿

∼ 𝑞𝜙
𝑇

∼ 𝜔
𝛺

≪ 1, (3.8)

where 𝐿 is the system length scale and 𝜙 is the fluctuating electric potential.
A detailed derivation of gyrokinetic theory based on scale separation was
done by Plunk [56]. The distribution function is expanded as 𝑓 = 𝑓0 +𝑓1 +
… , where 𝑓0 is chosen to be a Maxwellian equilibrium solution. The first
order perturbation, 𝑓1, is commonly further decomposed into 𝑓1 = −𝑞𝜙

𝑇 𝑓0+𝑔.
The first term is the adiabatic response of the equilibrium distribution to the
potential perturbation, while 𝑔 is the non-adiabatic part of the distribution
function. The gyrokinetic equation to first order of 𝜖, is then given by [7,
57]

𝜕𝑔
𝜕𝑡

+ (𝑣∥�̂� + 𝒗𝐸 + 𝒗d) ⋅ ∇(𝑓0 + 𝑔) = 𝑞𝑓0
𝑇

𝜕⟨𝜙⟩
𝜕𝑡

. (3.9)

The E × B drift is now due to the perturbation, 𝒗𝐸 = (�̂� × ∇⟨𝜙⟩)/𝐵, while
𝒗d is still due to the background magnetic field. The nonlinearity which
leads to turbulence is therefore contained in 𝒗𝐸. For the linear stability
analysis of electrostatic micro-instabilities, this term is neglected.

3.1.2 Gyrokinetic simulation
Numerical plasma turbulence simulation typically solve the gyrokinetic equa-
tion for ions and electrons. The exact implementation varies between codes,
as some codes simulate the full distribution function, 𝑓, while other so-
called 𝛿𝑓-codes only solve the perturbed part. Despite being expensive,
gyrokinetic simulations are indispensable for progress in plasma turbulence
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understanding. Both the characterisation of specific phenomena as well as
the interpretation of experimental observation rely on simulations, since a
comparison to analytical theory is often limited by the complexity of the
problem.

Depending on the application and computational resources, different types
of simulations are deployed: if wave-particle interactions are negligible for
the secondary particle species, it is common to assume a purely adiabatic
response (e. g. 𝑔𝑒 = 0) instead of solving the kinetic equation for both in
order to save computation time. Linear simulations are used to study the
stability of micro-instabilities and are less computationally expensive than
nonlinear simulations, which are required for an analysis of fluctuation amp-
litudes, mode structures and transport levels. For local turbulence effects,
flux tube simulations are used, which are limited to a finite size tube around
a specific magnetic field line for (usually) one full poloidal turn. Flux sur-
face simulations contain the entire flux surface and can resolve the spatial
distribution and spreading of turbulence over the surface. Finally, there are
global simulations which include a large fraction of the plasma volume. Fully
3-dimensional global nonlinear gyrokinetic simulations provide the most ac-
curate approach, but they are still at an early stage of their development
and prohibitively expensive. A code developed at IPP is the gyrokinetic
electromagnetic numerical experiment (GENE) code [59], which was further
developed for global simulations of arbitrary magnetic geometries into the
3-dimensional expansion of GENE (GENE-3D) [60, 61].

3.1.3 Analytic gyrokinetics
For analytical studies of instabilities, it is common to additionally assume
the drift wave ordering, in which the perturbation is stretched out along
the magnetic field direction, 𝑘∥𝐿 ∼ 𝑘⟂𝜌𝑖 ∼ 1 (cf. section 3.2.1). Therefore,
the eikonal expression for 𝜙 and 𝑔 is used [24],

𝜙(𝒓, 𝑡) = ̂𝜙(𝒓, 𝜔) exp 𝑖(𝑆(𝑟) − 𝜔𝑡), (3.10)
𝑔(𝒓, 𝑡) = ̂𝑔(𝒓, 𝜔) exp 𝑖(𝑆(𝑟) − 𝜔𝑡), (3.11)

where ̂𝜙 and ̂𝑔 vary slowly in every direction and the fast perpendicular
oscillatory behaviour is contained in exp (𝑖𝑆). 𝑆 is chosen as [24]

∇𝑆 ≡ 𝒌⟂ = 𝑘𝛼∇𝛼 + 𝑘𝜓∇𝜓, (3.12)
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where 𝜓 is the toroidal magnetic flux and 𝛼 is the Clebsch angle, such that
𝑩 = ∇𝜓 × ∇𝛼 [7]. The gyro-average of the eikonal expression yields a first
order Bessel function, 𝐽0 (𝑘⟂𝑣⟂

𝛺 ), such that [57]

𝜕⟨𝜙⟩
𝜕𝑡

= −𝑖𝜔𝐽0𝜙, (3.13)

∇⟨𝜙⟩ ≃ 𝑖𝒌⟂𝐽0𝜙. (3.14)

The final form of the gyrokinetic equation, which is used in analytical studies,
is then [22, 24, 57]

𝑖𝑣∥∇∥𝑔 + (𝜔 − 𝜔d)𝑔 = 𝑞𝜙
𝑇

𝐽0(𝜔 − 𝜔T
∗ )𝑓0, (3.15)

where the diamagnetic frequency and magnetic frequency have been intro-
duced as

𝜔T
∗ = 𝜔∗ [1 + 𝜂 ( 𝑣2

𝑣2
⟂

+ 3
2

)] , 𝜔d = 𝒌⟂ ⋅ 𝒗d,

with

𝜔∗ = 𝑇 𝑘𝛼
𝑞

𝑑 ln 𝑛
𝑑𝜓

, 𝜂 = 𝑑 ln 𝑇
𝑑 ln 𝑛

.

For local analyses, 𝒌⟂ can assumed to be constant along the magnetic
field direction and the diamagnetic frequency can be rewritten in the more
common form [24],

𝜔∗ =
𝑘𝑦𝜌L

𝐿𝑛
√

2
𝑣T = 𝑇

𝑞𝐵
𝑘𝑦

𝐿𝑛
, (3.16)

where 𝑣T = √2𝑇 /𝑚 is the thermal velocity and 𝑘𝑦 = 𝑘𝛼𝐵0(𝑑𝑟/𝑑𝜓)/
√

2 is
the binormal wavenumber. In the following, the local definitions are used
with 𝑘𝛼 ≡ 𝑘𝑦. 𝐿𝑛 is the density gradient length scale, which is defined for a
general quantity 𝑋 as

𝐿𝑋 = − (𝜕 ln 𝑋
𝜕𝑟

)
−1

. (3.17)
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3.1 Gyrokinetic description

3.1.4 Quasineutrality and dispersion relation
The gyrokinetic equation (3.15) for each particle species together form a
system of equations, which are coupled through the potential, 𝜙. This system
is closed by the quasineutrality condition [22],

∑
𝑎

𝑞𝑎 ∫ 𝑑3𝒗𝐽0𝑔𝑎 = ∑
𝑎

𝑛𝑎𝑞2
𝑎

𝑇𝑎
𝜙, (3.18)

where 𝑎 denotes the particle species. Assuming adiabatic electrons (𝑔𝑒 = 0)
and 𝑍𝑛𝑖 = 𝑛𝑒 with 𝑍 = 𝑞𝑖/𝑞𝑒, the quasineutrality condition simplifies to

∫ 𝑑3𝒗𝐽0𝑔𝑖 = 𝑛𝑖(1 + 𝜏)𝜑, (3.19)

where 𝜑 = 𝑞𝑖𝜙/𝑇𝑖 is the normalised electrostatic potential and 𝜏 = 𝑇𝑖/(𝑍𝑇𝑒)
is the temperature ratio.

The goal of analytic studies of micro-instabilities is to derive a dispersion
relation, 𝜔(𝑘), of the respective instability by combining the gyrokinetic
equation with the quasineutrality condition. In general, the dispersion rela-
tion is complex, 𝜔 ≈ 𝜔r + 𝑖𝛾, where the real part, 𝜔r, is the frequency and
the imaginary part, 𝛾, is the growth rate of the instability.
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3.2 Electrostatic micro-instabilities
Most of the turbulent transport in tokamaks and stellarators is related
to electrostatic micro-instabilities. The fundamental physical mechanisms
for these instabilities are the drift wave and interchange instability, which
are described in section 3.2.1. They were originally referred to as universal
instabilities since they are intrinsic to inhomogeneous plasmas and toroidal
magnetic fields. Hasegawa & Mima [62] first described experimentally
observed strong plasma turbulence with a model equation based on the
drift wave mechanism. In contrast to earlier models, the ion polarisation
drift provides the nonlinearity instead of the E × B drift. The advantage is
the compressibility of the polarisation drift, which is necessary to explain
broad frequency spectra [63]. While the Hasegawa-Mima model describes the
nonlinear evolution of drift waves well, it is linearly stable because it lacks a
mechanism for non-adiabatic electron response, which is necessary to drive
the drift wave instability. For this purpose, Hasegawa & Wakatani [64]
introduced electron inertia through electron resistivity into the model and
later included magnetic curvature [65], which drives global hydrodynamic
instability according to the interchange mechanism. The Hasegawa-Mima
and Hasegawa-Wakatani models are only mentioned for historic context;
for more details see e. g. Hasegawa & Mima [63]. Drift wave turbulence
has been investigated for decades, mostly for tokamaks as reviewed e. g. by
Weiland & Zagorodny [40].

In present discussions of plasma turbulence, the instabilities are distin-
guished by their source of free energy. The most relevant types for turbulent
transport in tokamaks are the ion-temperature-gradient-driven (ITG) and
electron-temperature-gradient-driven (ETG) modes, as well as the trapped-
electron mode (TEM), which are discussed in sections 3.2.2 to 3.2.4. These
modes can take various forms and should be understood as a combination
of both the drift wave and the interchange instability (and often other
types). They are distinguishable by their spatial scale and frequency, with
ITG modes having the largest scale, closely followed by TEMs and ETG
modes on much smaller scales. Figure 3.1 shows typical linear growth rate
spectra of each mode. ITG modes and TEMs mostly overlap in 𝑘⟂-space,
while ETG modes also appear at these scales but peak at much larger 𝑘⟂.
According to the mixing length model, larger scales cause more turbulent
transport in the presence of the same background gradient. The cross-phase

30



3.2 Electrostatic micro-instabilities

Figure 3.1: Typical micro-instability growth rate spectra in tokamaks.
Taken from Stroth [35].

of density, temperature and potential as well as the self-consistent nonlinear
generation of large scale structures is, however, just as important for the
resulting transport level as the scale of the linear instability. A quasi-linear
mixing length estimate of the effective diffusion is commonly obtained with
the linear growth rate, 𝛾, and corresponding perpendicular wavenumber, 𝑘⟂,
of a turbulent mode as [14],

𝐷eff ∼ 𝛾max
𝑘2

⟂
. (3.20)

The best estimate is obtained by maximising 𝛾/𝑘2
⟂ over 𝑘⟂ for a given

linear growth rate spectrum [26], which helps identify transport relevant
instabilities without a fully nonlinear treatment.

3.2.1 Physical mechanism
Drift waves and interchange instabilities represent two aspects of the fun-
damental physical mechanism of electrostatic micro-instabilities in inhomo-
geneous plasmas with finite pressure gradient, ∇𝑝. The main difference is
the coupling mechanism between the pressure perturbation and the elec-
trostatic potential perturbation. Figure 3.2 shows a sketch of the principle
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Figure 3.2: Schematic illustration of the drift wave and interchange in-
stability mechanism. Taken from Stroth [35].

mechanisms in a simple geometry. In case of drift waves (left panel), the po-
tential is caused by a fast parallel electron response along the magnetic field
direction. In the interchange mechanism (right panel), it is caused by the
charge dependent magnetic drift due to an inhomogeneity of the magnetic
field in combination with the perpendicular structure of the perturbation.
In both cases, the potential perturbation results in a perpendicular E × B
drift, but the cross-phase with respect to the pressure perturbation is differ-
ent. For drift waves, the potential and pressure perturbation are in phase,
which leads to wave propagation, while the interchange mechanism yields a
cross-phase of 𝜋/2, leading to growth of the perturbation.

There exist analogous phenomena in neutral fluids. Drift waves are analog-
ous to Rossby waves in planetary atmospheres, which occur due to gravity
(=∧ parallel electrostatic force) and a latitudinal gradient of the Coriolis force
(=∧ radial density gradient) [66]. The interchange instability is analogous to
the Rayleigh-Taylor instability in neutral fluids [67].

In toroidal configurations, the two mechanisms are not strictly separated
but merely different limits. If the parallel wavelength is small compared to
the system scale length, 𝜆∥ ≪ 𝑅, the variation and curvature of the magnetic
field are small on the scale of the mode, such that parallel dynamics dominate.
This is the drift wave limit. In the limit of long parallel wavelength, 𝜆∥ ∼ 𝑅 ∼
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3.2 Electrostatic micro-instabilities

𝐿𝐵, the toroidal geometry becomes important and the interchange instability
becomes relevant. In the following, the two mechanisms are explained in
more detail.

Drift waves

Even though the drift wave is the limit of finite parallel wavelength, the per-
pendicular wavelength is much shorter 𝜆⟂/𝜆∥ = 𝑘∥/𝑘⟂ ≪ 1 (cf. drift wave
ordering). Since particles move freely along the magnetic field (neglecting
collisions and trapping), they will compensate the parallel pressure gradient.
Electrons have a much higher mobility than ions due to their lower mass
and are therefore assumed to respond instantaneously (i. e. adiabatic). A
charge separation will occur following the Boltzmann relation,

�̃�
𝑛0

= 𝑒 ̃𝜙
𝑇𝑒

. (3.21)

The electric potential, ̃𝜙, is in phase with the density perturbation and
the corresponding perpendicular electric field, Ẽ ⟂ 𝑩, has a phase shift
of 𝜋/2. The E × B drift is not charge dependent and causes a plasma
advection instead of a charge separation. Due to the phase shift of 𝜋/2, the
density perturbation will not grow but propagate in the electron diamagnetic
direction — this is called a drift wave. The dispersion relation is 𝜔 = 𝜔∗,
i. e. without imaginary growth rate. In a toroidal geometry, the drift wave
propagates along the flux surfaces in the electron diamagnetic direction.

As mentioned in the introduction to this section, the ion polarisation
drift, which arises due to the varying electric field, 𝒗p = 𝑚

𝑒𝐵2
𝑑
𝑑𝑡𝑬, needs to

be included. It acts in the same direction as the E × B drift and leads to a
correction of the dispersion relation,

𝜔 = 𝜔∗
1 + (𝑘𝛼𝜌s)2 , (3.22)

where 𝜌s = 𝑐s,𝑖/𝛺𝑖 ≈ √𝑚𝑖𝑇𝑒
𝑍𝑒𝐵 is the drift scale. The effect of the polarisation

drift is relevant for medium to small scales, 𝑘𝛼 ≳ 𝜌s.
The drift wave including the polarisation drift is still stable (cf. Hasegawa-

Mima model). An instability only occurs if the electron response is not
adiabatic (cf. Hasegawa-Wakatani model). The retardation of the electrons
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e. g. due finite inertia causes a cross-phase between �̃� and ̃𝜙. The E × B
and polarisation drift then also lead to an increase of the perturbation
amplitude.

Interchange instability

The interchange instability is the long parallel wavelength limit, 𝑘∥ = 0,
i. e. no parallel dynamics are involved. In contrast to the drift wave, the
interchange mechanism requires an inhomogeneity of the magnetic field,
which causes the perpendicular charge dependent magnetic drift. The charge
separation occurs due to inhomogeneous drift along the perturbation: on the
flanks of the perturbation, fewer electrons arrive from the low density part
as ions from the high density part and vice versa. The resulting electrostatic
potential, ̃𝜙, has a cross-phase of 𝜋/2 to the density perturbation and the
resulting electric field is therefore in phase with �̃�, opposite to the drift wave.
The E × B drift is therefore maximally stabilising or destabilising.

Recalling equation (3.7), the magnetic drift velocity has a contribution
through ∇𝐵 and through the curvature, 𝜿 = �̂� ⋅ ∇�̂�, which can be approx-
imated for small plasma 𝛽 as 𝜿 ≈ ∇ ln 𝐵 [24]. The perturbation is unstable
if the magnetic and density inhomogeneity point in the same direction,
∇𝐵 ∥ ∇𝑛, and stable if they are anti-parallel. In toroidal configurations
such as tokamaks, the inboard side is stable and the outboard side is unstable,
as illustrated in figure 3.3. The different curvature regions are accordingly
called good, or favourable curvature and bad, or unfavourable curvature. The
growth rate can be estimated as [58]

𝛾 = √𝑘𝛼
𝑣2

⟂/2 + 𝑣2
∥

𝐿𝐵𝐿𝑛
, (3.23)

where 𝐿𝐵 and 𝐿𝑛 are the magnetic and density gradient length scale. If
𝐿𝐵 and 𝐿𝑛 have the same sign, 𝛾 is real and the perturbation grows ex-
ponentially and vice versa. The interchange instabilities cause convective
transport by interchanging flux tubes of different pressure, hence the name.
Besides to magnetic curvature, they are also sensitive to magnetic shear,
since radially interchanging flux tubes in a configuration with magnetic
shear necessarily leads to field line bending, which requires energy and thus
has a stabilising effect.
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3.2 Electrostatic micro-instabilities

Figure 3.3: Schematic illustration of the interchange instability curvature
drive mechanism. Taken from Stroth [35].

From the dispersion relations of drift wave and interchange instability it
follows that there is a separation on the binormal scale but reversed with
respect to the parallel scale: since the drift wave growth rate scales as 𝛾 ∝
𝑘−4

𝛼 [35] and the interchange growth rate as 𝛾 ∝ 𝑘1/2
𝛼 , drift waves are excepted

to dominate at long perpendicular wavelength, while the interchange mode
grows faster at small perpendicular wavelengths.

3.2.2 Ion temperature gradient mode
The ITG mode is considered the single most important instability for turbu-
lent ion heat transport in tokamaks. One of the reasons for this are the large
scale fluctuations connected to it (𝑘𝛼𝜌s ≤ 1). A simple physical picture is
often not useful anymore, since the mode can be driven unstable through
various mechanism at the same time. The common aspect which defines
the instability is that energy enters the mode through the ion temperature
gradient. One generally distinguishes two types: slab and toroidal ITG mode.
These types are boundary cases of the strongly driven fluid limit, where
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𝜂𝑖 ≫ 1 and 𝑎/𝐿𝑇i
≫ 1, i. e. where the ion temperature gradient is large and

exceeds the density gradient. Here, 𝑎 is the minor radius and 𝜂𝑖 = 𝐿𝑛/𝐿𝑇i
.

This limit is not justified in most experiment cases where resonances need
to be considered [27], but it is useful for discussing qualitative differences
between the two branches of this mode.

The earliest ITG instability models used the slab model [68, 69]. What
is now called slab ITG mode is analogous to a temperature gradient-driven
drift wave. It depends on parallel dynamics, 𝑘∥ is a free parameter with the
typical ordering, 𝑘∥/𝑘⟂ ≪ 1, and there is no influence of magnetic drifts [24].
Including the toroidal geometry and magnetic drifts later lead to the toroidal
ITG mode [70, 71], which is analogous to a temperature gradient-driven
interchange instability. It is the limit of long parallel wavelength, 𝑘∥ = 0,
and the mode is destabilised by ∇𝑇𝑖 as well as the magnetic drift [24, 27].

Dispersion relation

The first full gyrokinetic theory for the ITG mode was formulated by
Romanelli [72]. A kinetic treatment is especially necessary close to mar-
ginal stability, 𝜂𝑖 ≈ 1, where kinetic effects and resonances play a major role
compared to the fluid effects. The complications of deriving a dispersion
relation for the general case escalate quickly [27] and provide little insight
into the fundamental mechanisms. Therefore, this discussion is limited to
the strongly driven fluid limit (𝜔/𝜔T

∗ ≪ 1). The local dispersion relation as
derived by Plunk et al. [24] via expansion in 𝜔/𝜔T

∗ , is given by

𝜏𝜔3 + (1 − 𝑏𝜂)𝜔∗𝜔2 + 𝜔d𝜔T
∗ 𝜔 + 1

2
𝜔T

∗ 𝜔2
∥ = 0, (3.24)

where 𝑏 = 𝑘2
𝛼𝜌2

𝑠 and 𝜔∥ = 𝑘∥𝑣T.
The limit of the slab mode is 𝜔2

∥/𝜔2 ≫ 𝜔d/𝜔, i. e. parallel dynamics
dominate over magnetic drifts, which yields

𝜔3 + 𝜔∗𝜔2/𝜏 + 𝜔T
∗ 𝜔2

∥/2𝜏 = 0, (3.25)

where additionally finite Larmor radius effects are neglected by setting
𝑏 = 0. In the strongly driven limit, the last term on the left hand side,
which is proportional to (𝐿𝑇i

𝜏)−1, is relevant for the destabilisation of the
mode. The mode is predominantly destabilised by the ion temperature

36



3.2 Electrostatic micro-instabilities

gradient and sensitive to the temperature ratio. The frequency scales as
𝜔 ∝ 𝜔T 1/3

∗ ∝ 𝑘1/3
𝛼 .

The limit of the toroidal mode is 𝜔2
∥/𝜔2 ≪ 𝜔d/𝜔, i. e. magnetic drifts

dominate over parallel dynamics, which yields

𝜏𝜔3 + 𝜔∗𝜔2 + 𝜔d𝜔T
∗ 𝜔 = 0, (3.26)

⇔ 𝜔 = 1
2𝜏

(−𝜔∗ ± √𝜔2
∗ − 4𝜏𝜔d𝜔T

∗ ) . (3.27)

The destabilising part is the last term in the square root, which is pro-
portional to 𝜅/(𝐿𝑇i

𝜏). In addition to the dependencies which are shared
between the two branches, the toroidal mode is destabilised by the curvature,
as expected. Its frequency scales as 𝜔 ∝ 𝑘𝛼, since both 𝜔∗ and 𝜔d are linear
in 𝑘𝛼. Accordingly, the toroidal branch dominates at short wavelength and
the slab branch at long wavelength, which is confirmed even in non-local
analysis [24]. This is the same qualitative behaviour as expected from the
similarity to interchange instability and drift wave, respectively.

Both branches of the ITG mode are stabilised by the normalised density
gradient through 𝜔∗ ∝ 𝐿−1

𝑛 and propagate in the ion diamagnetic direction.
There is an additional stabilising effect due to magnetic shear, which is not
obvious from the local dispersion relation but known from the discussion
of the interchange instability. Global magnetic shear in toroidal geometry
is the variation of the rotational transform in the radial direction, ∝ 𝜄′(𝜓).
In tokamaks, the global magnetic shear is defined as 𝑠 = −𝑟

𝜄
𝑑𝜄
𝑑𝑟 [7]. Due

to magnetic shear, neighbouring flux tubes drift apart when following the
magnetic field, which leads to an increase of 𝑘⟂, causing an increased finite
Larmor radius suppression [24]. This effect only manifests itself in a non-local
approach.

3.2.3 Electron temperature gradient mode
The electron temperature gradient drives instabilities analogously to that
of the ion temperature. Linearly, the ETG and ITG mode are symmetric,
meaning the mechanisms are identical with the role of ions and electrons
reversed. In comparison to other modes, the scale of ETG modes is much
smaller due to 𝜌𝑒 ≪ 𝜌𝑖. As a consequence, they were not considered relevant
for transport in tokamaks for a long time, since the mixing length approach
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suggests low transport for small scale fluctuations. However, Jenko et al.
[59] realised that the nonlinear evolution is qualitatively different: while
ITG saturates in ZFs, ETG modes form radially elongated vortices, so-
called streamers, in certain situations (mean shear 𝑠 ∼ 1 and low pressure
gradient). These streamers are much more effective at plasma convection
across flux surfaces than the small-wavelength ETG mode fluctuations. Heat
transport due to ETG turbulence can reach confinement relevant values in
classical tokamaks [14]. The nonlinear difference between ETG and ITG
modes stems from the respective mechanism for the adiabatic response to
𝜙. The fast parallel electron response due to low electron inertia in the
ITG mode context is taken over by a perpendicular response by the larger
ion gyration motion for ETG modes. In the gyrokinetic description, this
difference appears as an additional term, −𝜏𝑛⟨𝜙⟩fs, in the quasi-neutrality
condition (equation (3.18)) for the ITG [56]. ⟨𝜙⟩fs is the flux surface average
of the potential, which is only relevant for secondary modes driving ZFs.
Since it is missing in the ETG formalism, the generation of ZFs is restrained.

3.2.4 Trapped-electron mode
In simplest terms, collisionless trapped-electron modes arise due to a reson-
ance between drift waves and the precession of trapped electrons [22, 73].
Wave-particle resonances are inherently kinetic mechanisms and a full kinetic
description seems inevitable (even though bounce-averaged fluid equations
for the description of TEMs were derived by Beer & Hammett [74]). For
the TEM, the ordering of time scales is important. The frequency at which
a particle in a banana orbit bounces between the reflection points, 𝜔b, de-
pends on the thermal speed of the particle and is therefore different for ions
and electrons. Generally, the mode frequency is taken to be intermediate [22,
74],

𝜔b𝑖 ≪ 𝜔 ≪ 𝜔b𝑒, (3.28)
𝜔 ∼ 𝜔∗ ≫ 𝜔d ∼ 𝜈eff, (3.29)

where 𝜈eff = 𝜏−1
eff is the effective collision frequency of trapped electrons

(cf. section 2.2.2). The ion bounce frequency is low compared to the mode
frequency, such that to lowest order trapped and passing ions are the same
on the time scale of the mode. The electron bounce frequency is much higher
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and trapped electrons fulfil many orbits on the time scale of the mode and
the precession drift becomes important. The ordering in equation (3.28) can
be used to simplify the gyrokinetic equations of the ions and electrons.

For ions, the first term on the left hand side of the gyrokinetic equa-
tion (3.15) can be ignored and the solution is simply,

𝑔𝑖 ≃ (1 − 𝜔T
∗𝑖
𝜔

) 𝑒𝐽0𝜙
𝑇𝑖

𝑓𝑖0. (3.30)

In tokamaks, the ordering furthermore implies a small fraction of trapped
particles [22]. To lowest order, 𝑔𝑒 = 0 and the ion solution in combination
with the quasineutrality conditions just gives the drift wave dispersion,
𝜔 = 𝜔∗𝑒, for 𝑏 → 0.

For electrons, the fast bounce movement can be removed from the equation
analogous to the gyro-average by applying the bounce-average [22],

𝑄(𝜆) = ∮ 𝑄(𝑙)𝑑𝑙
√1 − 𝜆𝐵(𝑙)

/∮ 𝑑𝑙
√1 − 𝜆𝐵(𝑙)

, (3.31)

where 𝜆 = 𝑣2
⟂/(𝑣2𝐵) and the integration is performed along the banana orbit

between two bounce points. This is analogous to the gyrokinetic average,
where the particle movement which is much faster than the time scale of
interest is removed from the equation via averaging. For trapped electrons
the first term in equation (3.15) is dominant [22] but vanishes due to the
bounce-average [57]. The solution for trapped electrons is then given by

𝑔tr
𝑒0 = −𝜔 − 𝜔T

∗𝑒
𝜔 − 𝜔𝑑𝑒

𝑒𝜙
𝑇𝑒

𝑓𝑒0. (3.32)

The denominator in equation (3.32) enables resonant drive of the mode
through the bounce-averaged magnetic drift of the electrons, which char-
acterises the precession of the trapped particles. However, since 𝜔 ∼ 𝜔∗𝑒,
the resonance only works if 𝜔∗𝑒𝜔de > 0, i. e. if the trapped electrons precess
roughly in the electron diamagnetic direction. This can be understood as un-
favourable bounce-averaged curvature [48]. In tokamaks, trapped particles
precess toroidally and spend more time on the outboard side of the plasma,
where the curvature is unfavourable. The conventional TEM is therefore
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unstable. It is density-gradient-driven, propagates in the electron diamag-
netic direction and the mode amplitude peaks in magnetic wells, where
trapped electrons are located. It should be noted that this derivation as-
sumes very low collision frequencies (‘collisionless regime’). Collisions lead to
de-trapping and stabilise the TEM. If the collision frequency is high enough,
trapped electrons do not complete entire banana orbits and the resonance
terminates.

It should be further noted that trapped electrons can also contribute to
other modes on the drift wave scale, such as ITG modes. They are the
primary cause for non-adiabatic electrons prohibiting a Boltzmann response
to 𝜙 [74]. The only difference in the gyrokinetic formalism is the assumption
that for the TEM 𝜙 vanishes in regions without trapped electrons, whereas
for the ITG mode it satisfies the usual dispersion relation.

3.3 Micro-instabilities in W7-X
In W7-X, the same fundamental instabilities occur as introduced in the
previous section for the general case. However, they exhibit specific proper-
ties owing to the complex W7-X magnetic field geometry. In the following,
these differences are discussed for each instability. At the end of this section,
particular expectations for the instabilities in typical W7-X discharges are
formulated. Parameter scans and a radially resolved analysis of growth rates
with linear gyrokinetic flux tube simulations are presented.I The basis for
the radial analysis are model profiles of density, electron and ion temperat-
ure, which resemble a typical experiment situation. The simulations include
kinetic electrons and ions, no collisions and only electrostatic perturbations.

3.3.1 Ion temperature gradient mode
The aspects of the ITG instability which are independent of the magnetic
field geometry are identical in W7-X and tokamaks. Figure 3.4 shows ITG
growth rates from linear flux tube simulations with kinetic electrons in
GENE for various 𝑎/𝐿𝑇i

and temperature ratios in the W7-X standard
configuration. For each case, the maximum growth rate of the wavenumber

IThe simulations were planned and interpreted in close cooperation with J. A. Alcusón,
who carried out the simulations with the GENE code.
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3.3 Micro-instabilities in W7-X

Figure 3.4: Simulated growth rates of the ITG mode for a range of inverse
normalised ion temperature gradient lengths and three different temper-
ature ratios, 𝜏 = 𝑇𝑖/𝑇𝑒. A finite density gradient, 𝑎/𝐿𝑛 = 1, and a flat
electron temperature, 𝑎/𝐿𝑇e

= 0, were assumed for the simulation.

spectrum is depicted. As expected, the growth rate increases with 𝑎/𝐿𝑇i
and decreases with 𝜏 = 𝑇𝑖/𝑇𝑒. However, contrary to tokamaks, there is no
critical gradient below which the mode is stable. Since there is always a
finite density gradient in experiment situation, 𝑎/𝐿𝑛 = 1 was adopted in
this example, which in principal enables density-gradient-driven modes at
low 𝑎/𝐿𝑇i

. However, a critical gradient is generally not observed even for
pure ITG mode simulations [27]. Finite growth rate at very low 𝑎/𝐿𝑇i

in
W7-X is attributed to ITG modes of the Floquet type [27].

Stellarators should generally benefit from their negative global magnetic
shear [8]. W7-X is a low shear device, cf. the flat 𝜄 profiles in figure 2.9, but
the local shear between neighbouring flux tubes can vary significantly on a
flux surface. Therefore a local magnetic shear is defined as 𝑆 = −𝑿⋅(∇×𝑿)
with 𝑿 = 𝑩×∇𝜓

|∇𝜓|2 [7], which is equal to the global shear if averaged over a flux
surface. Local shear in W7-X exhibits spikes along a flux tube, which affect
the parallel mode structure of micro-instabilities. ITG modes can therefore
be localised to certain regions on a flux surface by curvature, global or local
shear and exhibit a generally more complicated parallel mode structure
than in a tokamak [23, 24]. Furthermore, there is a poloidal localisation
to the outboard side mid-plane in the bean shaped cross section, which is
mostly attributed to the unevenly distributed curvature [8, 28, 75]. Both
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Figure 3.5: Simulated ITG growth rates and real frequencies in the relevant
wavenumber range for different temperature ratios at 𝑎/𝐿𝑇i

= 5.4.

linear growth rates as well as nonlinear fluctuation levels are confined to a
narrow band in flux surface simulation results. Different flux tubes on the
same flux surface can therefore exhibit considerably different fluctuation
amplitudes, which is not the case for tokamaks. Another consequence of the
poloidal localisation is a strong sensitivity to the radial electric field, 𝐸𝑟 [28,
76]. Poloidal E × B rotation shifts growing modes out of the narrow strong
curvature region and therefore reduces their overall growth rate. Note that
this effect is due to radial electric field magnitude, not due to a flow shear
induced by a radial gradient of 𝐸𝑟.

Due to the five-fold symmetry, the connection length between good and
bad curvature regions is much shorter in W7-X than in a tokamak with
similar size and aspect ratio. This was suggested to lead to a more ‘slab-like’
ITG mode in W7-X than in tokamaks [24]. However, the low negative shear
is thought to favour the toroidal branch of the mode [27]. Indeed, linear
simulations of experimentally relevant ion temperature gradient and density
gradient show a linear scaling of the real frequency component with 𝑘𝛼
indicating a toroidal ITG mode (cf. equation (3.26), dispersion relation of
the toroidal ITG mode). Figure 3.5 shows the growth rate and frequency
spectra at 𝑎/𝐿𝑇i

= 5.4 and 𝑎/𝐿𝑛 = 1. The fastest growing mode is at
𝑘𝛼 = 6 cm−1. At this wavenumber, the frequency is linear in 𝑘𝛼 at a phase
velocity of 𝑣ph ≈ 500 m s−1.
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3.3 Micro-instabilities in W7-X

Figure 3.6: Growth rate spectra at different ion temperature gradient
lengths from linear flux tube simulations with GENE. The solid lines
correspond to simulations with equal gradients, 𝑎/𝐿𝑇i

= 𝑎/𝐿𝑇e
, the

dashed lines represent simulations without electron temperature gradi-
ent (𝑎/𝐿𝑇e

= 0). In both cases, a finite density gradient, 𝑎/𝐿𝑛 = 1, is
assumed.

3.3.2 Electron temperature gradient mode
It has been shown by Plunk et al. [77], that ETG modes are less severe for
transport in stellarators than in tokamaks if 𝑇𝑖 ≈ 𝑇𝑒. The negative shear
in stellarators prevents the formation of radial streamers, which are the
reason for large cross-field transport due to ETG modes in tokamaks. The
condition of equal ion and electron temperature is only valid in the outer
third of the plasma radius in common W7-X discharges. In the core, ETG
modes were found to be relevant for experimentally measured electron heat
transport [78]. Furthermore, their linear growth rate generally exceeds the
ones of ITG modes and TEMs, albeit at larger wavenumbers. Figure 3.6
shows growth rate spectra for three different temperature gradients with
𝑎/𝐿𝑇i

= 𝑎/𝐿𝑇e
(solid lines) and 𝑎/𝐿𝑇e

= 0 (dashed lines). The cases without
electron temperature gradient show the typical peak of the ITG mode at
𝑘𝛼𝜌s ≲ 1, which increases in amplitude for larger 𝑎/𝐿𝑇i

. Simulations with
electron temperature gradient exhibit much larger growth rates especially
in the typical ETG mode wavenumber range 𝑘𝛼𝜌s ≳ 10. However, even at
large scales close to the ITG mode peak, ETG modes considerably affect
the overall growth rate. It is therefore not clear at this point, which role
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Figure 3.7: Growth rate spectra at different density gradients from linear
flux tube simulations with GENE. ETG modes are considerably affected
by the increasing density gradient and basically stable above 𝜂𝑒 = 1.

ETG modes play for transport in W7-X in general.
An effective stabilisation of ETG modes with increasing density gradient

is observed, which fits expectations. Figure 3.7 shows four growth rate spec-
tra with similar temperature gradients and 𝑎/𝐿𝑇i

= 𝑎/𝐿𝑇e
and increasing

𝑎/𝐿𝑛. The inset shows an enlarged view of the low wavenumber part of
the spectrum. The growth rate of ETG modes at large values of 𝑘𝛼𝜌s is
strongly reduced for increasing density gradient. For 𝜂𝑒 ≤ 1, ETG modes
are basically stable, a further increase of 𝑎/𝐿𝑛 does not reduce the overall
growth any more. However, the electron temperature gradient must have
some destabilising effect even at 𝜂𝑒 = 1, since the growth rate is reduced
for 𝑎/𝐿𝑇e

= 0 (dashed line). This might be connected to a destabilising
contribution of the electron temperature gradient to TEMs.

3.3.3 Trapped-electron mode
In high 𝛽 discharges in configurations with high mirror, W7-X approaches
the quasi-isodynamic symmetry. In this limit, it possesses the maximum-𝐽
property, where 𝐽 is the second adiabatic invariant [26, 48],

𝐽 = ∫ 𝑚𝑣∥ 𝑑𝑙 = 𝑚𝑣 ∫ √1 − 𝜆𝐵(𝑙)𝑑𝑙. (3.33)
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3.3 Micro-instabilities in W7-X

𝐽 is constant on a flux surface, i. e. independent of 𝛼, and decreases radially,
𝜕𝐽
𝜕𝜓 < 0. The first property is a consequence of the quasi-isodynamic mag-
netic field. The bounce averaged radial magnetic drift of trapped particles
then vanishes and the precession is poloidally closed [26, 49]

∇𝜓 ⋅ 𝒗d = 1
𝑞𝜏ba

𝜕𝐽
𝜕𝛼

= 0. (3.34)

The maximum-𝐽 property then has an effect on the direction of the poloidal
precession of trapped particles [8, 26]

∇𝛼 ⋅ 𝒗d = − 1
𝑞𝜏ba

𝜕𝐽
𝜕𝜓

. (3.35)

For electrons, the bounce averaged magnetic drift is therefore [26, 48]

𝜔𝑑𝑒 = 𝑘𝛼∇𝛼 ⋅ 𝒗d + 𝑘𝜓∇𝜓 ⋅ 𝒗d = 𝑘𝛼
𝑒𝜏ba

𝜕𝐽
𝜕𝜓

(3.36)

such that it is opposite to the electron diamagnetic direction,

𝜔∗𝑒𝜔𝑑𝑒 = − 𝑘2
𝛼𝑇𝑒

𝑒2𝜏ba

𝜕𝐽
𝜕𝜓

𝑑 ln 𝑛𝑒
𝑑𝜓

< 0. (3.37)

The condition for conventional TEMs, 𝜔∗𝑒𝜔𝑑𝑒 > 0, is not fulfilled in devices
with maximum-𝐽 geometry, i. e. trapped particles can not resonate with
drift waves. This is equivalent to a favourable bounce averaged curvature. In
W7-X, regions of unfavourable curvature and regions of trapped particles are
separated. As a consequence, the standard density-gradient-driven TEM is
inherently suppressed, which was confirmed by gyrokinetic simulations [23].
It is not completely stable, as it would be in perfectly quasi-isodynamic
configurations, because in practice, the condition 𝜕𝐽

𝜕𝛼 = 0 can not be fulfilled
for all trapped particle orbits.

Other modes were found in numerical simulations, which are density-
gradient-driven and peak in magnetic wells, as expected for TEMs, but
propagate in the ion diamagnetic direction and have wavelengths on the
order of the ion gyroradius. They draw their energy from the ions rather than
the electrons and are referred to as the ion-driven TEM (ITEM). This type
of mode was analytically described by Plunk et al. [25] and arises through

45



Chapter 3 Plasma Turbulence

a resonance of the mode with the ion magnetic drift. Trapped electrons are
required to reduce the phase velocity sufficiently to enable this resonance.
The resonance of the trapped electrons with the drift wave frequency is still
stabilising for favourable bounce-averaged curvature and a finite electron
temperature gradient additionally stabilises the mode. Nonlinear simulations
indicate that the transport level is at least one order of magnitude lower
than for comparable TEMs in tokamaks [26]. The mode structure does not
necessarily peak in regions of unfavourable curvature.

Finally, electron-temperature-gradient-driven TEMs also exist, which are
thought to appear on electron scales and propagate in the electron diamag-
netic direction. As mentioned before, the electron temperature gradient is
thought to be ineffective for destabilising TEMs [22]. Due to their small scale,
it is not clear whether ∇𝑇-driven TEMs contribute considerably to turbulent
transport. On the other hand, there are indications for electron heat trans-
port due to ∇𝑇-driven TEMs in heat pulse propagation experiments [78]
and the linear simulations results in figure 3.7 suggest a destabilising con-
tribution of the electron temperature gradient at small wavenumbers and
𝜂𝑒 = 1. The role of ∇𝑇-driven TEMs in W7-X might therefore need more
attention in theoretical studies.

Overall, trapped particle modes should play a minor role in W7-X. This is
a contrast to tokamaks, where they account for a large fraction of the edge
turbulent transport [14]. This becomes particularly clear, if the maximum
linear growth rate of simulations with varying combinations of (𝑎/𝐿𝑇i

, 𝑎/𝐿𝑛)
is depicted in a two-dimensional map. Towards higher values of 𝑎/𝐿𝑇i

, ITG
modes become unstable and show large growth rates and at large values of
𝑎/𝐿𝑛, conventional TEMs become relevant. In between, however, at 𝜂𝑖 ≈ 1, a
stability valley is formed, which does not exist in tokamaks or non-optimised
stellarators [29].

3.3.4 Radial analysis and experimental expectations for
experiment

In order to formulate theoretical expectations for the experiment, the growth
rates of instabilities are analysed for varying 𝑟eff/𝑎. The basis for this analysis
are model profiles of density, ion and electron temperature which resemble
the experimental situation of gas-fuelled hydrogen discharges with ECRH.
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Figure 3.8: Typical radial profiles of plasma parameters during gas-fuelled
hydrogen ECRH discharges in W7-X.

Flux tubes which pass through the high fluctuation band at the outboard
mid-plane in the bean shaped cross section at the respective radius are
selected for the simulations. Geometrical differences along the radius are
therefore captured by the simulations as well. Figure 3.8 shows the radial
profiles of 𝑇𝑒, 𝑇𝑖 and 𝑛𝑒 (left) as well as the corresponding normalised
inverse gradient lengths, 𝑎/𝐿𝑋 (cf. equation (3.17)), and the ratio of ion
and electron temperature (right), which are used as input for the simulation.
The vertical lines in the right panel mark the values at the nine selected
radial positions 𝑟eff/𝑎 = 0.1, 0.2, … , 0.9. The central heating of electrons
with ECRH in W7-X leads to generally peaked electron temperature profiles.
The ion temperature profile is rather flat in the core and much lower than
the electron temperature due to weak coupling between the two species
at the relatively low density. They are in thermal equilibrium in the edge
of the plasma, 𝑟eff/𝑎 > 0.7. The density profile is flat in the core and
develops a small gradient towards the edge. All normalised inverse gradient
lengths increase towards the edge of the plasma. The density gradient does
not increase as strongly as the temperature gradients, which suggests that
the edge of the plasma is overall more unstable than core. The author
acknowledges that the model profile of 𝑇𝑖 as shown in figure 3.8 and used
for the simulations underestimates the gradient close to the magnetic axis.
The simulations at 𝑟eff/𝑎 < 0.3 are therefore not considered in the following.

Figure 3.9 shows the growth rate and frequency spectra for the various
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(a) Growth rate spectra.

(b) Frequency spectra.

Figure 3.9: Radial evolution of micro-instabilities in linear flux tube sim-
ulations with GENE. Gradients and temperature ratio are assumed ac-
cording to figure 3.8.

radial positions. Generally, the growth rates increase towards the edge of the
plasma, as expected from the gradient lengths. Due to the comparably large
electron temperature gradient, there is a strong contribution of ETG modes,
which are identified by their large growth rates at high wavenumbers with
simultaneously high negative frequencies. Jumps in the frequency spectrum
are attributed to a change of dominant mode type at this wavenumber. At
low radii, the ETG mode growth rates are likely suppressed by the stabil-
ising temperature ratio. For 𝑟eff/𝑎 ≥ 0.5, the typical ITG mode contribution
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(a) Growth rate spectra. (b) Frequency spectra.

Figure 3.10: Comparison of ITG and TEM/ITEM in linear flux tube sim-
ulations with GENE. Gradients and temperature ratio are assumed ac-
cording to 𝑟eff/𝑎 = 0.7 in figure 3.8.

with positive frequencies is observed at 𝑘𝛼𝜌s ≲ 1. In the transition to the
ETG mode regime, a mix of ITG mode and ITEM is suspected, because
the frequencies are positive. In the inner half of the plasma, the ion tem-
perature gradient is not large enough to drive strong ITG modes and there
is another mode at large to medium wavelengths with moderate negative
frequencies and relatively low growth rates, which is identified as a TEM.
It is, however, somewhat surprising to find TEMs in a regime with virtu-
ally no density gradient, which suggests that the mode is predominantly
electron-temperature-gradient-driven.

In any case, the strong growth rates at large radii suggest this region
is more relevant for transport. In order to investigate the nature of the
underlying modes, the growth rate spectra at 𝑟eff/𝑎 = 0.7 as an example
case are investigated in more detail. The simulations were repeated without
electron temperature gradient for an isolated analysis of ITG mode and
TEM. Figure 3.10 shows the growth rate and frequency spectra for three
different cases: one with both ion temperature and density gradient and
two with only one type of gradient each. The first case corresponds to the
mixed case, the latter cases to isolated ITG mode and TEM, respectively.
The cases are not additive, since the density gradient affects the growth
rate of the ITG mode and vice versa. The stabilising effect of the density
gradient on the ITG mode growth scale is subordinate compared to the
destabilising potential for TEMs, because the growth rate of the mixed case
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Figure 3.11: Growth rate spectra at different radii from linear flux tube
simulations with GENE.

is increased even at 𝑘𝛼𝜌s ∼ 1. Merely a second high wavenumber part of the
ITG mode is completely stabilised by the density gradient, and for 𝑘𝛼𝜌s > 3
the growth rate of the mixed case is on the same level as the pure density
gradient case. The frequencies are mostly positive, i. e. the mode propagates
in the ion diamagnetic direction, which agrees with the ITEM. The mixed
case exhibits similar growth rates but higher frequencies. Overall, this shows
that a clear distinction of modes is not possible and possibly not useful, as
ITG with trapped-electron contribution and ITEM blend into each other.

One important aspect of the interpretation of simulation results is taking
the normalisation into account. Figure 3.11 shows growth rate spectra for
four flux tubes without electron temperature gradient. The left panel shows
the normalised spectra, which exhibit a peak of the growth rate at 𝑘𝛼𝜌s ≲ 1
typical for ITG modes. For larger radii, the growth rate increases mostly
due to increasing 𝑎/𝐿𝑇i

values. The normalisation of growth rates and
wavenumbers which is generally used in simulations and for display depends
on the ion sound speed and therefore varies radially. In the right panel
of figure 3.11, the same growth rate spectra are depicted in real units as
calculated for the given temperature profiles. The fastest growing mode is
now at different values of 𝑘𝛼 for each flux tube. Additionally, the maximum
growth rate itself is also modified. While the flux tube at 𝑟eff/𝑎 = 0.9
exhibits the strongest growth rates in normalised units, this is the case for
the flux tube at 𝑟eff/𝑎 = 0.7 in real units.

In summary, theoretical understanding suggests that the strongest in-
stabilities arise in the outer half of the plasma, close to the edge. ITG
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modes play a dominant role on ion scales, as expected, with possible contri-
butions of ITEMs. Classic TEMs are strongly suppressed by the maximum-𝐽
property of W7-X and play a subordinate role. ETG modes are an important
contribution to the linear growth rate spectrum at large radii and wavenum-
bers, but the mitigation of radial streamers by the negative shear in W7-X
prevents strong transport due to ETG modes. At large wavelengths, which
are generally more relevant for turbulent transport, ITG modes are clearly
the most important mechanism to drive turbulence. There have already been
experimental indications for this: in discharges with hydrogen ice pellet in-
jection, improved energy confinement is observed after the pellet injection,
which is attributed to a stabilisation of ITG modes by an increased density
gradient in the plasma core [20, 79]. Furthermore, the flat ion temperature
profiles which barely vary over the large number of discharges in past ex-
periments are likely due to destabilisation of ITG modes by an increased
ratio of 𝑇𝑒 and 𝑇𝑖 in the core [21]. Experimental density fluctuations in the
drift scale and intermediate wavenumber regime are therefore expected to
be mostly determined by ITG modes.

3.4 Zonal flows
Besides energy conservation, which is assumed a priori, the Hasegawa-
Wakatani model yields a second conserved quantity, potential enstrophy [63].
This property is known to result in a dual cascade of energy and (potential)
enstrophy in 2-dimensional fluid turbulence. The inverse cascade leads to
a global mean flow pattern known as zonal flows. This observation in the
Hasegawa-Wakatani model was the first direct indication of ZF generation
in drift wave turbulence [63]. ZFs are known from geophysics and astrophys-
ics, e. g. from the belts and zones of Jupiter. The flow goes along the zones,
which stretch out in the longitudinal direction and vary in the latitudinal
direction, as indicated in figure 3.12. In toroidal plasmas, ZFs are directed in
the poloidal direction and have a radial structure, 𝑘𝑟 ≠ 0, but are toroidally
symmetric, 𝑛 = 0, as also illustrated in figure 3.12. They have zero frequency
and are predominantly poloidally symmetric as well, 𝑚 = 0, even though
there may be some coupling to low-𝑚 sideband modes [80]. In both systems,
the shear flow between the zones prohibits transport of vortices across the
zones. Thus, ZFs reduce radial transport through turbulence in toroidal
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Figure 3.12: Illustration of ZFs in the turbulent atmosphere of Jupiter and
in W7-X. Picture of Jupiter: ©NASA, ESA, A. Simon (Goddard Space Flight Center), and
M.H. Wong (University of California, Berkeley) and the OPAL team; CC BY 4.0

devices. In other words, turbulence regulates itself through self-generated
ZFs. There are two mechanisms to consider in this picture [81]:

1. Sheared flow causes a suppression of turbulent transport by limit-
ing the scale size of vortices and thus the diffusive step size. The
physical mechanism is the decorrelation of fluctuations as illustrated
in figure 3.13 a)–c). Vortices are stretched by the flow shear until
they break apart into smaller vortices. While this mechanism reduces
transport, it does not transfer energy between the vortices and the
ZF [81].

2. The energy transferred to ZFs is lost to turbulence and the intensity of
the fluctuations which cause radial transport is reduced. ZFs therefore
act as an energy sink reducing energy which is available for transport.
The physical mechanism of the energy transfer from turbulence to ZFs
is described by vortex stretching, which is illustrated in figure 3.13
d)–f). Vortices are sheared by the mean flow shear and strained out
until taken over by the mean flow. Through this process, which is
known in fluid turbulence as well, energy can be transferred from
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3.4 Zonal flows

Figure 3.13: Artist view of decorrelation of vortices (a–c) and vortex thin-
ning (d–f) due to ZFs. Taken from Manz et al. [81].

vortices to the shear flow.

The second process describes the nonlinear generation of ZFs by drift wave
turbulence, which received substantial attention by theoretical research in
the last three decades. Generally, different scales of drift wave turbulence
interact via three-wave coupling, which is a general feature of equations with
quadratic nonlinearity [33]. Two modes, 𝒌 and 𝒌′, can only interact via a
third mode, 𝒌″, such that 𝒌 + 𝒌′ + 𝒌″ = 0. In the context of ZF gener-
ation, this generally means that two high-𝑘 drift waves interact with one
low-𝑘𝑟 zonal flow excitation [80]. The three-wave coupling appears explicitly
through the quadratic vorticity nonlinearity in the Fourier representation
of the Hasegawa-Mima equation [82].

This interaction is the basis for an approach to ZF generation which
involves secondary instabilities [83–85]. The mechanism was proposed by
Cowley et al. [83] and describes ZFs as an instability which grows on
the poloidal gradients of the primary instability (i. e. the drift wave). In
a quasi-linear picture, saturation is reached when the growth rates of the
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primary and secondary instability are similar, 𝛾secondary ≈ 𝛾primary. More
generally, secondary modes include all modes which are fed by the primary,
but ZFs are usually the dominant component. The energy condensates at the
largest scale as in the inverse cascade picture. An exception was found for
∇𝑇𝑒-driven TEMs in tokamaks, where ZFs are not the dominant saturation
mechanism and other secondary modes are more important [86]. Tertiary
instabilities, which are generalised Kelvin-Helmholtz flow shear instabilities
driven by the ZF, are believed to lead to a limitation of ZFs by returning
energy back to 𝑚 ≠ 0 fluctuations [80].

An alternative approach to the secondary instability is the modulational
instability. A radial modulation of the drift wave amplitude much like a radial
envelope grows like an instability and leads to ZFs, as first shown by Chen
et al. [87]. Experiments show evidence for the modulational instability, which
is observed as a reduction of energy at short wavelengths for increasing ZF
amplitude [81].

In the words of Strintzi & Jenko [82], the secondary and modula-
tional instability as well as the wave kinetic approach »merely represent
different ways of looking at the same physical phenomenon«. For certain
simplifications, they can be shown to be equivalent [82]. A more descript-
ive picture is provided in real space as opposed to the mode coupling in
Fourier space. Here, the nonlinear interaction is contained in the turbulent
contribution to Reynolds stress, ⟨ ̃𝑣𝑟 ̃𝑣𝜃⟩fs. Poloidal flow is generated via [88]

𝜕
𝜕𝑡

⟨𝑣𝜃⟩fs = − ⟨ 𝜕
𝜕𝑟

( ̃𝑣𝑟 ̃𝑣𝜃)⟩
fs

, (3.38)

which describes the amplification of shear flow by fluctuating velocity com-
ponents and is closely related to the physical picture of vortex stretching.

A comprehensive review of the phenomenology, dynamics and generation
mechanisms of ZFs was compiled by Diamond et al. [80]. It should be
noted that the regulation of turbulence via ZFs is different from turbulent
transport suppression by sheared mean E × B flow. The latter arises in the
context of transport barrier formation and prevails even in the absence of
a drift wave drive (cf. reviews by Burrell [89] or Terry [90]). In past
experiments of W7-X, the measurements of the mean radial electric field
agreed well with expectations for the neoclassical ambipolar field [91–93].
The shearing rate of the neoclassical 𝐸𝑟 is too low for shear suppression of
turbulence.
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3.4.1 Zonal flows in W7-X
In toroidal geometry, poloidal flow inevitably leads to a density compression
on the inboard side of the torus. This compression then relaxes as an acoustic
wave, which is known as the geodesic acoustic mode (GAM). The dispersion
relation takes the simple form [94]

𝜔GAM = 𝑐s
𝑅

√2 + 𝜄2, (3.39)

where 𝑅 is the major radius of the torus. For a typical discharge in W7-X
standard configuration at 𝑟eff/𝑎 = 0.7, 𝜔GAM/(2𝜋) ≈ 35 kHz. Due to their
specific frequency, GAMs are a useful characteristic feature for the identific-
ation of ZFs, which are otherwise challenging to measure. In many devices,
GAMs have been experimentally observed as flow or potential oscillations. In
W7-X, GAMs are predicted to be weakened [95], but ZFs exhibit a different
oscillating part, which is specific to stellarators: Mishchenko oscillations [95,
96]. A zonal electric potential perturbation decays exponentially in tokamaks
due to a slow compensation by trapped ions. In stellarators, such a perturb-
ation leads to an oscillatory behaviour in addition to the exponential decay,
which was first described analytically by Mishchenko et al. [96]. The os-
cillation stems from the finite bounce-averaged radial drift of locally trapped
particles. The larger this drift, the higher the ZF oscillation frequency, 𝜔ZF.
The tokamak is the limit of zero radial drift and thus 𝜔ZF = 0. Due to its
neoclassical optimisation, which results in almost vanishing bounce-averaged
radial drift, the ZF oscillation frequency in W7-X is very low compared to
that of the GAM, 𝜔ZF/(2𝜋) ≈1 to 3 kHz [97]. Mishchenko oscillations have
previously been measured in the less optimised low-shear stellarator TJ-II
in the range of 10 kHz [98].

In both tokamaks and stellarators, a finite amount of zonal electric po-
tential remains after the exponential (or oscillatory) decay, the Rosenbluth-
Hinton (RH) residual. In tokamaks, the magnitude of the RH residual is
assumed to determine the ZF amplitude [80]. In stellarators, the RH resid-
ual is lower than in tokamaks, but the ZF amplitude is found to be much
larger and mostly affected by the magnetic geometry [99]. In particular, the
geodesic curvature, 𝜅g = (�̂�×�̂�) ⋅𝜿, where �̂� = ∇𝜓/|∇𝜓| is the flux surface
normal, is identified as an important ingredient. For the example of W7-X,
lower 𝜅g was found to result in a smaller oscillation frequency and a larger
ZF amplitude [99].
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ZFs are ubiquitous in dynamical models of fusion plasma turbulence
and expected to exist in W7-X in some way or another. They occur in
gyrokinetic simulations for W7-X [75, 100, 101] and have been measured
on numerous devices [102] including the low-shear stellarator TJ-II [98,
103]. ZFs and their the radial structure have previously been measured
by correlating two toroidally and radially separated heavy ion beam probe
(HIBP) measurements [104] and via 2-dimensional probe head measurements
in the edge of the plasma [98]. So far, W7-X is missing the diagnostic
capability to measure the fluctuating potential at two spatially separated
measurement points. The reader is referred to Fujisawa [102] for a general
review on ZF measurements in other devices.
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Studying micro-turbulence in plasma experiments breaks down to the prob-
lem of measuring small scale fluctuations. The relevant fluctuating meas-
urement quantities are density, �̃�, temperature, ̃𝑇, electrostatic potential, ̃𝜙,
and the magnetic field, B̃. The turbulent heat and particle fluxes can not be
measured directly and must be determined from the fluctuating quantities
and their cross-phase. Since the fluctuations are usually small compared to
the steady-state values of the plasma parameter, i.e. the fluctuation degree
is much smaller than one, it is often not feasible to apply the same dia-
gnostics which are used to measure steady-state values. Another challenge
is posed by their spatial localisation and the wide range of spatio-temporal
scales which need to be resolved. These requirements evoked the develop-
ment of new techniques and diagnostic designs [105, 106]. On W7-X, several
fluctuation specific diagnostics were installed and operated in the first two
experiment campaigns, such as various probes scanning the edge plasma on
the Multi-purpose manipulator (MPM) [107, 108], Doppler back-scattering
(DBS) [109], correlation ECE (CECE) [110], poloidal correlation reflecto-
meter (PCR) [111], and PCI [112–114]. Several more are being developed
and installed for the upcoming experiments, such as gas puff imaging (GPI),
beam emission spectroscopy (BES), a HIBP and ECE imaging (ECEI). For
a detailed discussion of diagnostic instrumentation for micro-turbulence in-
cluding most of the diagnostics mentioned here, see [106]. Only the CECE
diagnostic, measuring electron temperature fluctuations, and the PCI dia-
gnostic, measuring line-integrated density fluctuations, were able to measure
throughout the entire plasma radius in previous experiments of W7-X. The
focus of this work is the analysis of measurement data from the PCI dia-
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gnostic. For PCI, the advantage of being sensitive to density fluctuations in
the core and edge of the plasma comes with the disadvantage of having no
radial resolution due to the line-integration. The measured fluctuations are
in general turbulent and not regular, which means a characterisation can
only be done via their spectral properties. They provide information about
the micro-instabilities causing the fluctuations, which are of interest for
understanding turbulence in fusion plasmas and ultimately how to control
it.

The rest of this chapter is organised as follows: in section 4.1, the working
principle of the PCI method as well as the technical details and capabilities of
the PCI diagnostic at W7-X is described. Section 4.2 contains the description
of the necessary analysis tools for the evaluation of PCI data with respect
to turbulence studies. This includes general methods for signal processing as
well as specific analysis tools for PCI which were developed in the framework
of this project.

4.1 Phase contrast imaging

PCI is a well established method to visualise phase objects with improved
contrast. It was first developed by dutch physicist Frits Zernike [115], who
later was awarded the 1953 Nobel Prize in Physics »for his demonstration of
the phase contrast method, especially for his invention of the phase contrast
microscope« [116]. The PCI principle has also been adapted for measuring
a line-integrated fluctuating electron density in plasmas [117, 118]. The
density fluctuations, �̃�, can be regarded as a phase object for infrared (IR)
lasers, due to the change in refractive index that is associated with them.
Using PCI, an image of the density fluctuations can be measured, even in
absence of a background density gradient, as it is required for e. g. DBS.
The appeal of this technique is the clever, direct way of measuring density
fluctuations, which produces data containing spatio-temporal information
about the turbulence throughout the whole plasma. It comes, however, with
the trade-off that there is no resolution along the line of sight (LOS) and
the measurement data is difficult to interpret correctly due to the line-
integration.

58



4.1 Phase contrast imaging

Figure 4.1: Principle phase contrast imaging diagnostic setup.

4.1.1 Working principle

When collimated light travels through a medium with varying refractive
index, a non-uniform phase shift is introduced to the electromagnetic field
of the light. The structure within the medium, e. g. the density fluctuations
in a fusion plasma, is called the phase object. The phase shift can not
directly be measured with common detectors which measure the intensity
of the light, 𝐼 = |𝑬|2 /(2𝜂0), where 𝑬 is the electric field vector and 𝜂0 is
the vacuum impedance. In order to make the phase object visible, the phase
shift has to be converted to a change of intensity in an image plane. This is
done by separating the part of the light which scatters on the phase object
in the focal plane and introducing an additional phase shift relative to the
unscattered part. Since the turbulent fluctuations in fusion relevant plasmas
are generally much smaller than the mean density, �̃�𝑒/𝑛𝑒 ∼ 𝒪(10−2), they
can not easily be measured by other diagnostics for the electron density.
On many magnetic confinement experiments (TCA [118], DIII-D [119–124],
Alcator C-Mod [121, 125–127], TCV [128, 129], HL-2A [130], LHD [131,
132], W7-X [112–114, 133]), PCI systems have therefore been installed for
investigating density fluctuations. Figure 4.1 shows a schematic drawing of a
PCI diagnostic for plasma devices using W7-X flux surfaces as an example.
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An IR laser beam is broadened and sent through the plasma, which is
represented by the Poincaré plot of the magnetic flux surfaces. The phase
shift of the laser beam after the plasma is determined by the refractive index
along the LOS, 𝑁, which is proportional to the electron number density,
𝑛𝑒, [134]

𝜙(𝒙⟂) = 2𝜋
𝜆0

∫
LOS

𝑁(𝒙⟂, 𝑧)𝑑𝑧 ≈ 2𝜋
𝜆0

𝐿 − 𝑟𝑒𝜆0 ∫
LOS

𝑛𝑒(𝒙⟂, 𝑧)𝑑𝑧, (4.1)

where 𝒙⟂ and 𝑧 are the directions perpendicular to and along the laser beam
path, respectively, 𝐿 is the total length of the LOS, 𝜆0 is the free space
wavelength of the laser and 𝑟𝑒 is the classical electron radius. The turbulent
nature of the fluctuations allows for the Reynolds decomposition of electron
density, 𝑛𝑒 = 𝑛𝑒 + �̃�𝑒, in equation (4.1) and accordingly of the phase shift,
𝜙 = 𝜙0 + ̃𝜙, where

̃𝜙 = −𝑟𝑒𝜆0 ∫
LOS

�̃�𝑒𝑑𝑧. (4.2)

The electric field of the laser beam including the phase shift can then be
expressed as [121]

𝑬 = 𝑬0 𝑒𝑖(𝜙0+ ̃𝜙) ≈ 𝑬0 𝑒𝑖𝜙0(1 + 𝑖 ̃𝜙), (4.3)

where 𝑬0 is the electric field of the laser beam before the plasma and the
expansion is justified by ̃𝜙 being small. A direct measurement at this point
would result to first order in 𝐼 ∝ |𝑬|2 = |𝑬0|2 (1 + ̃𝜙2) ≈ |𝑬0|2. The part
of the beam which is shifted by ̃𝜙 is scattered by a small angle since the
wavelength of the laser is chosen to be much smaller than the typical length
scale of the spacial variation of �̃�𝑒(𝒙⟂, 𝑧). The scattered part is drawn in blue
in figure 4.1. The separated unscattered and scattered parts are focussed
onto a phase plate in order to introduce a relative phase shift between the
parts. The phase plate is a mirror with a central groove of depth 𝜆0/8. The
scattered part hits the main surface of the mirror and the unscattered part is
focussed into the groove such that a path length of 𝜆0/4 and thus a phase of
𝜋/2 is added relative to the scattered part. In the image plane, which is at the
detector in figure 4.1, the beams can interfere and the field is now given by
𝑬 = 𝑬0𝑒𝑖𝜙0(𝑖 + 𝑖 ̃𝜙). The modulation of the phase is now translated linearly
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to a modulation of the intensity, 𝐼 ∝ |𝑬0|2 (1 + 2 ̃𝜙 + ̃𝜙2) ≈ |𝑬0|2 (1 + 2 ̃𝜙).
The intensity at the detector can again be split up into 𝐼 = 𝐼0 + ̃𝐼, where

̃𝐼 ∝ ∫
LOS

�̃�𝑒𝑑𝑧, which is the key proportionality for the measurement of
turbulent density fluctuations. Even though the contrast between the mean
and the fluctuating signal can be strongly increased using PCI, the constant
part of the signal is generally still much larger due to �̃�𝑒/𝑛𝑒 ≪ 1. Since
the scattered and unscattered part of the beam are separated at the phase
plate, it is possible to selectively reduce 𝐼0 by only partially reflecting the
beam in the phase plate groove. The remaining reflected fraction, which is
needed to create the phase contrast signal, is electrically filtered out after
the detector and before digitising the signal.

4.1.2 The PCI diagnostic at W7-X

The PCI system at W7-X was developed in a collaborative effort between
the MIT Plasma Science and Fusion Center (PSFC), the IPP and SUNY
Cortland. Detailed descriptions of the optical setup and the diagnostic
capabilities can be found in [112–114]. In this section, a summary of the most
relevant components and features of the diagnostic in its state during the
OP1.2a and OP1.2b experiment campaigns is provided. A number of changes
to the setup and optics layout are since implemented for the upcoming
OP2 experiment campaigns. The principle setup and key features, however,
are unchanged. Figure 4.2 shows a drawing of the full PCI setup in the
experiment hall. It consists of a laser optical table, which hosts the IR laser
and adjacent optics, two mirror boxes and beam lines, which guide the
laser beam through two opposing entry ports of the W7-X plasma vessel,
and a detector optical table, where the detectors and other crucial optical
components are located. On the laser table, a Synrad Firestar t60 CO2 laser
with wavelength 𝜆0 = 10.6 µm and 100 W continuous wave (CW) output
power is installed, which generates the probe laser beam. For the alignment
of the optical system, an additional visible HeNe laser is used, which is
co-aligned to the IR laser beam early in the beam path. The two laser
beams each pass through a telescope on a motorised remote controllable
stage, which adjust the beam diameter. A magnification of 𝑀 = 0.8 to 4
can be achieved with the IR laser telescope. An additional fixed telescope
which consists of two off-axis parabolic (OAP) mirrors with a magnification
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Figure 4.2: Setup of the PCI diagnostic at W7-X.

of 𝑀 = 𝑓2/𝑓1 = 80"/9" = 8.9 increases the laser beam diameter to its
final width before leaving the laser optical table towards the plasma vessel.
The beam width after the transmitting side optics is typically set to 80
to 100 mm with a full achievable range of 25 to 140 mm. After passing
through the plasma vessel, the laser beam hits a focussing OAP mirror on
the detector optical table. The orientation of the beam is adjusted by a beam
rotator in order to match the average direction of the imaged field aligned
fluctuations to the orientation of the phase plate and the 1d detector array.
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The fluctuations are assumed to be elongated along the magnetic field and
propagate perpendicular to it within the flux surface. The pitch angle of the
magnetic field within the LCFS varies within a range of 22 degrees along the
PCI LOS. The centre of this range is chosen as a reference for the exact angle
of the beam rotator, such that the measurement direction is perpendicular
to the magnetic field at that point. In the focal plane after the beam rotator,
the phase plate is installed. It is a gold plated ZnSe substrate with a 1.1 mm
wide central groove. The width of the groove, 𝑑, and the focal length of
the large OAP mirror, 𝑓 = 80", determine the lowest wavenumber which
can be resolved [112], 𝑘min = 𝜋𝑑/𝜆0𝑓 = 1.6 cm−1. After the phase plate, a
small OAP mirror collimates the beam and forms a telescope with the first
OAP mirror with magnification 𝑀 = 6"/80" = 0.075. The beam is finally
split into two equal parts each passing through a telescope on a motorised
remote controllable stage and hitting one of the two detectors. The net
magnification of the receiving side optics ranges from 𝑀 = 2.67 to 13.33,
which sets the Nyquist wavenumber to 𝑘N = 4.7 to 23.5 cm−1, considering
the spacing between the detector elements, 𝛥det = 0.5 mm. Additionally,
a system for radial localisation of the measurement using selective mask
filters as well as a feedback system for compensating mechanical vibrations
were implemented [112, 114] but not yet successfully applied during the past
experiments.

The diagnostic is equipped with a Fostex FT17H sound speaker for calib-
ration purposes. The variation of the refractive index in air due to pressure
fluctuations of an ultrasonic sound wave causes a phase shift in the laser
beam which is analogous to the phase shift induced by electron density fluc-
tuations in the plasma [125]. The usage of sound waves for the calibration
of PCI diagnostics on fusion experiments was first proposed by Weisen [118]
and has been implemented for other PCI systems as well [122, 125, 135–
137]. Figure 4.3 shows a schematic of the sound wave measurement. The
sound wave is launched before every discharge such that there is no plasma
in the vessel and a phase contrast image of only the pressure fluctuations
is measured. The speaker is located outside of the plasma vessel in the
outboard mirror box (see figure 4.2). It is installed at an angle such that
the sound wave propagates through the laser beam along the measurement
direction. This setup enables a direct measurement of the wavenumber of
the fluctuations. The sound wave of the speaker has a well defined frequency,
wavenumber and amplitude, which makes it suitable for calibration. The
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Figure 4.3: Schematic of a sound wave measurement for calibration.

Figure 4.4: PCI measurement of a 20 kHz sound wave. The solid black line
represents the signal amplitude of the central LOS. The sound wave is
launched by the speaker at 0 ms.

speaker can be operated continuously or launch bursts of various frequencies.
A burst with frequency 𝑓sw = 20 kHz and wavenumber 𝑘sw = 3.7 cm−1 is
used for calibration. Figure 4.4 shows a measurement of such a burst. The
signal amplitude is represented by colour. The solid black line represents
the signal amplitude of the central LOS and depicts a clear sinusoidal wave-
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form. The sound wave is launched by the speaker at the beginning of the
measurement and arrives at the closest LOS (channel no. 1) 0.5 ms later.
The wave front travels across the detector array until it reaches the last
LOS 0.75 ms after the launch, which is marked by a vertical black line in
figure 4.4. The timing matches the expectations set by the speed of sound
in air at room temperature and a magnification of the receiving side optical
system of 𝑀 = 5. The signal amplitude is highest for the central channel
and decreases towards the edges of the detector, which is due to the Gaus-
sian cross section of the laser beam. A second vertical black line in figure 4.4
marks the time 1.25 ms after the launch of the sound wave at which the
amplitude profile changes and a interference pattern appears. The pattern
is caused by a standing wave which is the superposition of the forward wave
and a reflected wave reaching the laser beam at that time point. The lid of
the mirror box is lined with sound absorbing material in order to reduce
the impact of the reflected wave. Nevertheless, the time window between
0.75 ms and 1.25 ms after the launch with the unperturbed sound wave is
used for amplitude calibration.

For the absolute amplitude calibration, the corresponding pressure fluc-
tuations need to be measured. They are obtained using a calibrated mi-
crophone. Figure 4.5 shows the 2d measurement of the sound field above
the speaker during a continuous 20 kHz emission. The speaker is located at
ℎ = 0 cm and 𝑥 = 0 cm. The sound pressure decreases stronger in the lateral
direction, 𝑥, than in the frontal direction, ℎ. The dotted white line in the
colour plot marks the height of the central LOS above the speaker in the mir-
ror box, which is also the centre of the laser beam. The top panel shows the
sound pressure amplitude at that height. Since it decreases rapidly for larger
|𝑥|, the contribution of the wave outside of the measurement boundaries
is neglected. The pressure amplitude integrated along 𝑥 decreases linearly
with increasing height above the speaker, which is shown in the right panel.
The wave pattern which is visible in the colour plot and the line plot of
∫ ̃𝑝 𝑑𝑥 is a measurement artefact. The black dashed line is the result of a
linear regression on the measurement data and is considered to be a better
representation for ∫ ̃𝑝(𝑥, ℎ) 𝑑𝑥. The value at the height of the central LOS,
which is considered for the absolute amplitude calibration, is marked by thin
dotted lines. Sections 4.2.3 and 4.2.5 cover the details of this calibration.

At the end of this section, it is worth discussing the diagnostic capabilities
from the standpoint of theoretical modelling expectations. The first thing
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Figure 4.5: Sound field measurement above the speaker used for calibration.
The dotted white line in the colour plot marks the height of the central
LOS above the speaker. The top panel shows the sound pressure amp-
litude at that height. The right panel shows the line-integrated pressure
amplitude for each height.

which is discussed is the wavenumber range of the fluctuations. As discussed
in 3.3.4, the linear growth rates of ITG mode and TEM obtained from flux
tube simulations with GENE are the largest at 𝑟eff/𝑎 ≈ 0.7. At this radius,
the wavelength of the fastest growing mode is 𝑘𝛼 ≈ 6 cm−1 . Wavenumber
of the dominant mode decreases towards smaller radii and increases towards
the edge in a range between 𝑘𝛼 =2 to 15 cm−1 (see figure 3.11). Since the
lower wavenumber limit of the PCI diagnostic is 𝑘min = 1.6 cm−1 and the
accessible upper limit is 𝑘N = 4.7 to 23.5 cm−1, the fastest growing modes
should be captured well up to the very edge of the confined plasma. It
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Figure 4.6: Cut of the W7-X standard configuration flux surface at 𝑟eff/𝑎 =
0.75 with normal curvature on the surface represented by colour and flux
tubes passing through the outboard LOS of the PCI diagnostic (blue)
and the outboard mid-plane of the bean shaped cross section (red).

should be noted that the dominant scale of fluctuations in the nonlinearly
developed spectrum does not necessarily agree with the dominant linear
scale, but is usually shifted towards larger wavelengths. In conclusion, the
PCI diagnostic should be sensitive to ITG modes and TEMs up until the
very edge and by that also cover the radial range with the fastest growing
modes.

Besides the spatial resolution, the measurement location is also particu-
larly important for turbulence studies in stellarators. As described in sec-
tion 3.3, the intensity of density fluctuations due to ITG modes varies
strongly along flux tubes and across the flux surface. One of the most im-
portant aspects for the localisation of modes is the magnetic curvature,
which leads to a a narrow band of strong fluctuations on the outboard side
mid-plane in the bean shaped cross section. The exact measurement pos-
ition is therefore relevant for the interpretation of measurement data and
the comparison to theoretical expectations. In figure 4.6, a flux surface at
𝑟eff/𝑎 = 0.75 is depicted with colour coded normal curvature, 𝜅𝑛 = �̂� ⋅ 𝜿,
across the surface. A Poincaré plot marks the toroidal position of the PCI
diagnostic with the LOS being represented by a dashed black line. Similarly,
the bean shaped cross section is shown. The flux tube which passes through
the outboard mid-plane at the toroidal angle of the bean shaped cross sec-
tion (red, in the following referred to as bean shape flux tube) is considered
the most unstable flux tube with the most unfavourable curvature and the
strongest density and potential fluctuations [28, 138]. The flux tube which
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Figure 4.7: Density fluctuations along the flux tube from nonlinear simula-
tions with GENE. ̂𝑧 is the coordinate along the flux tube, where ̂𝑧 = 0
is defined at the outboard mid-plane and ̂𝑧 = ±𝜋 at the inboard mid-
plane. The flux tubes are on the same flux surfaces but at a different
Clebsch-angle, 𝛼. The vertical lines mark the intersections with the PCI
LOS.

passes through the PCI LOS (in the following referred to as PCI flux tube)
is drawn in blue and is poloidally shifted with respect to the bean shape flux
tube. For illustration purposes, the cross section at 𝜁 = 4

5 × 2𝜋 was chosen
for the bean shape flux tube, which is toroidally shifted but geometrically
identical to the more commonly used 𝛼 = 0 flux tube at the 𝜁 = 0 bean
shaped cross section.

A nonlinear gyrokinetic simulation with GENE was carried out for a
direct comparison of the two flux tubes with gyrokinetic treatment of both
electrons and ions, and without collisions or magnetic perturbations. The
gradient lengths for the ion temperature, electron temperature and density
were taken from experiment data during a discharge with the same magnetic
configuration. Figure 4.7 shows the density fluctuations from the simulation
along the two flux tubes. The simulated flux tube makes one complete tor-
oidal turn, while figure 4.6 only shows a certain section of it. The ̂𝑧 = 0
position of each flux tube is marked by a vertical line of the respective colour
in figure 4.6. As expected, the bean shape flux tube exhibits the strongest
fluctuations at the outboard mid-plane ( ̂𝑧 = 0), where the curvature is
most unfavourable. The PCI flux tube exhibits the strongest fluctuations
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not at ̂𝑧 = 0, but where it passes through the region of strong unfavourable
curvature close to the bean shape. Consequently, the density fluctuations
peak close to ̂𝑧 = 0 in both positive and negative ̂𝑧 direction, which cor-
responds to the read area on the left hand side end and at the bean shape
in figure 4.6. In both flux tubes, the density fluctuations decrease towards
the inboard side and are overall on the same order of magnitude. The LOS
of the PCI diagnostic probes the flux tube close to the point of strongest
and weakest fluctuations on the outboard and inboard side, respectively.
Generally, the PCI measurements can be considered a good representation
of the fluctuation levels in W7-X, i. e. it is not expected that flux tubes or
regions exist with significantly stronger fluctuations than the ones captured
by PCI.

The previous discussions show that a comparison of experiment and sim-
ulation is often indirect and complicated for PCI. The only way to directly
compare theoretical expectations from gyrokinetic simulations to experi-
ment data is by modelling the PCI signal numerically. For this purpose, the
whole PCI system as described in this section has also been implemented as
a synthetic PCI (SPCI) diagnostic [139] following previous work for DIII-D
and Alcator C-Mod [140]. The SPCI diagnostic calculates the phase contrast
signal numerically based on density fluctuations from arbitrary sources, e. g.
global gyrokinetic simulations. It includes the effects of optic elements such
as finite aperture and the phase plate as well as the detector frequency
response functions and even the sound wave calibration. Besides modelling
the PCI signal for simulation results, the SPCI can also be used for investiga-
tions with simple models for e. g. plasma rotation or magnetohydrodynamic
(MHD) modes [139]. Due to the line-integrated nature of the measurement,
it is difficult to estimate the effect of these phenomena on the PCI data
without a rigorous treatment by SPCI.

4.2 Data analysis tools
The aim of this section is to provide all required methods for analysing
the data collected by the PCI diagnostic. This includes standard spectral
analysis tools as well as diagnostic specific additions. Due to the integrated
implementation, the description of standard and diagnostic specific meth-
ods is not separated. The general spectral analysis tools are introduced in
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detail with the clear aim for PCI data with diagnostic specific additions at
the appropriate places. The data output of the PCI diagnostic consists of
32 channel signals per detector with 𝑓s = 2 MHz sampling rate. The data
evaluation must take into account the detector frequency response, the mag-
nification of the optical system, which affects the wavenumber measurement,
as well as the laser beam profile and amplitude. Sections 4.2.1 to 4.2.3 de-
scribe the integrated spectral analysis of PCI data. In sections 4.2.4 and 4.2.5,
two methods are described which were developed or adapted to the PCI dia-
gnostic of W7-X within the framework of this project. Section 4.2.6 briefly
introduces the standard tools for cross-correlation analysis of two separate
signals.

4.2.1 Power spectral density
The PCI signal consists of a continuous, fluctuating time series for each
of the 32 channels per detector. The appropriate quantity for a spectral
analysis of this type of data is the power spectral density (PSD), which
describes how the power of the signal is distributed in frequency space. One
of the most common methods to estimate the PSD based on discrete signal
data are modified periodograms. Let 𝑥(𝑛), 𝑛 = 1, … , 𝑁 be a sample of a
PCI channel signal with length 𝑁. As for most methods, the base of the
analysis is a discrete Fourier transform (DFT) of the signal, where both the
time as well as the frequency variable take only discrete values [141, 142],

DFT{𝑥(𝑛)}(𝑙) ≡ 𝑋(𝑙) =
𝑁

∑
𝑛=1

𝑥(𝑛)𝑒−𝑖2𝜋
𝑁 𝑛𝑙. (4.4)

In practice, a DFT is calculated using a fast Fourier transform (FFT) al-
gorithm [141]. A periodogram is calculated as

𝐼(𝑓𝑙) = 1
𝑁

|𝑋(𝑙)|2, (4.5)

with the (dimensionless) frequency 𝑓𝑙 = 𝑙
𝑁 , 𝑙 = 0, … , 𝑁/2. This simple

periodogram is not a good estimate of the PSD, however, since the variance
of the spectrum is large and does not decrease with increasing sample
size [142]. In order to reduce the spectral bias which is introduced by a finite
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size data segment, a Hann window function is multiplied to the data sample
before the DFT:

𝑋m(𝑙) =
𝑁

∑
𝑛=1

𝑥(𝑛)𝑤(𝑛)𝑒−𝑖2𝜋
𝑁 𝑛𝑙. (4.6)

The window function, 𝑤(𝑛), with length 𝑁 reduces the weight of the data
at the ends of the segment. The modified periodogram follows as

𝐼m(𝑓𝑙) = 1
𝑁

|𝑋m(𝑙)|2/𝑈 (4.7)

= |𝑋m(𝑙)|2/
𝑁

∑
𝑛=1

|𝑤(𝑛)|2, (4.8)

where 𝑈 = 1
𝑁 ∑𝑁

𝑛=1 |𝑤(𝑛)|2 denotes the power in the temporal window. The
effect on the PSD by a Hann window is less severe than that of a rectangular
window, which is effectively used by selecting a finite length data segment.
A method to further reduce the variance in the PSD is to average over
modified periodograms of overlapping subsequences of the data sample,
which is called Welch’s method [143]. Let the subsequences be of length 𝐿
and 𝐷 units apart, such that 𝑥𝑟(𝑗) = 𝑥(𝑗 + (𝑟 − 1)𝐷), with 𝑗 = 1, … , 𝐿
and 𝑟 = 1, … , 𝐾, where 𝐾 is the total number of subsequences. A modified
periodogram, 𝐼r(𝑓), is calculated for each subsequence and the final estimate
of the PSD is given by

PSD{𝑥ch(𝑛)}(𝑓) ≡ 𝑆𝑥𝑥(𝑓) ≈ 1
𝐾

𝐾
∑
𝑟=1

𝐼r(𝑓), (4.9)

with the dimensional frequency 𝑓 = 𝑓𝑙𝑓s. Welch’s method has been shown
to significantly reduce the variance of the estimated PSD [142, 143]. Even
though the segments overlap, they are not strongly correlated, since the
data samples at the ends of the segment have less weight due to the applied
window function.

Detector frequency response

Each detector channel has a characteristic amplitude response across the
frequency spectrum. It can be parametrised as a function, 𝐻ch(𝑓), with a
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Figure 4.8: Example of a frequency response function of a detector channel.

lower and upper cutoff frequency and amplitude, 𝐴ch, [113]

𝐻ch(𝑓) = 𝐴ch[1 + (𝑓low
𝑓 )

2
]

− 1
2 [1 + ( 𝑓

𝑓high
)

2
]

− 1
2 . (4.10)

Figure 4.8 shows an example of such a response function for a specific
detector channel fitted to measured calibration data. The lower and upper
cutoff frequencies set the frequency range which can be observed by PCI,
𝑓 ≈1 to 1000 kHz. In order to compensate for the amplitude decrease close to
the cutoff frequencies, the estimated PSD of each channel is divided by the
respective squared amplitude response function. The magnitude of the PSD
should on average not be affected where 𝐻(𝑓) is flat, but different amplitude
responses between detector channels should be accounted for. Therefore, the
response function is normalised by the mean amplitude parameter of the
detector array,

𝐴mean = 1
32

32
∑
ch=1

𝐴ch.

Finally, the calibrated PSD of a specific channel is given by

𝑆cal
ch (𝑓) = 𝑆𝑥𝑥(𝑓)( 𝐴mean

𝐻ch(𝑓)
)

2

. (4.11)
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4.2.2 Spectrogram
The turbulence in the plasma is expected to change during a discharge and
accordingly the spectral properties of the density fluctuations, which can be
illustrated with a spectrogram. The time series of a data stream is divided
into (possibly overlapping) subsegments, similarly to Welch’s method. A
window of length 𝐿 is moved to the position 𝜏 in the time series and a
DFT is calculated for the windowed subsegment. This is called a short-time
Fourier transform (STFT) [141],

STFT{𝑥(𝑛)}(𝑓𝑙, 𝜏) ≡ 𝑋(𝑓𝑙, 𝜏) =
𝜏+𝐿

∑
𝑛=𝜏

𝑥(𝑛 + 𝜏)𝑤(𝑛)𝑒−𝑖2𝜋𝑓𝑙𝑛. (4.12)

A spectrogram represents the PSD and is given by the magnitude squared
of the STFT:

spectrogram{𝑥(𝑛)}(𝑓𝑙, 𝜏) ≡ 1
𝐿𝑈

|𝑋(𝑓𝑙, 𝜏)|2, (4.13)

where 𝑈 is the power of the window function. Welch’s method can be applied
here as well by averaging over several modified periodograms for one time
point, which reduces the temporal resolution but also the variance of the
spectrum.

4.2.3 Simultaneous Wavenumber-Frequency Analysis
One of the largest assets of the PCI diagnostic is the simultaneous spatial
and temporal measurement of density fluctuations. In order to take ad-
vantage of this feature, a dual Fourier transform (FT) is performed on the
data, 𝑥ch(𝑡), ch = 1, … , 32, resulting in a wavenumber-frequency ((𝑘, 𝑓))-
spectrum, which directly shows the spectral properties of the density fluc-
tuations in the plasma. As the first step, the calibrated DFT in time is
calculated for each channel according to equations (4.6) and (4.11),

𝑋cal
ch (𝑓𝑙) = 𝑋ch,m(𝑓𝑙)

𝐴mean
𝐻ch(𝑓)

(4.14)

Now the spatial FT can be performed. A Hann window function with the
width of the detector array is multiplied to {𝑋cal

ch (𝑓𝑙)} in order to reduce
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spectral bias. The DFT is then performed along the spatial axis of the
detector channels for every frequency bin:

𝑋(𝑘𝑚, 𝑓𝑙) =
32

∑
ch=1

𝑋cal
ch (𝑓𝑙)𝑤(ch)𝑒−𝑖2𝜋

32 ch𝑚 (4.15)

= 𝐴mean
𝐻ch(𝑓)

32
∑
ch=1

𝑁
∑
𝑛=1

𝑥ch(𝑛)𝑤(𝑛)𝑤(ch)𝑒−𝑖2𝜋(𝑛𝑓𝑙+ch𝑘𝑚),

(4.16)

where 𝑘𝑚 = 𝑚
32 is the dimensionless wavenumber. Finally, the 2-dimensional

PSD is estimated as a modified periodogram,

𝑆𝑥𝑥(𝑘𝑚, 𝑓𝑙) = 1
32𝑁

|𝑋(𝑘𝑚, 𝑓𝑙)|2

𝑈𝑡𝑈ch
. (4.17)

with the power of the temporal window function and the power of the spatial
window function,

𝑈𝑡 = 1
𝑁

𝑁
∑
𝑛=1

|𝑤(𝑛)|2, 𝑈ch = 1
32

32
∑
ch=1

|𝑤(ch)𝑤Gauss(ch)|2.

For the latter, not only the applied Hann window function, 𝑤(ch), is con-
sidered, but also the Gaussian window that is additionally applied by the
laser beam amplitude profile, 𝑤Gauss(ch). The laser beam amplitude profile
is determined from the sound wave measurement and can be understood
as an additional window function that gives more weight to the channels
close to the centre of the laser beam. Figure 4.9 shows an example colour
plot of 𝑆𝑥𝑥(𝑘, 𝑓), which in this work is called a (𝑘, 𝑓)-spectrum, calculated
from output of the SPCI diagnostic. Contrary to the frequency axis, the
wavenumber axis has both positive and negative values. The sign of 𝑘 rep-
resents the propagation direction with respect to the direction along which
the FFT was performed. If a mode propagates from small channel number
to large channel number, it appears on the positive wavenumber branch
and vice versa. A dominant phase velocity, i. e. a slope with particularly
high spectral power, is generally observed and will be further discussed in
sections 4.2.4 and 5.1 and chapter 6.
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Figure 4.9: Typical wavenumber-frequency-spectrum generated from syn-
thetic PCI output.

Wavenumber calibration via sound wave measurement

In figure 4.9, the dimensional frequency, 𝑓 = 𝑓𝑙𝑓𝑠, and the dimensional
wavenumber, 𝑘, are shown. The magnitude of 𝑘 is determined by the
sampling frequency in space, which is set by the distance between the
channel signals, 𝛥ch. Since the quantity of interest is the wavenumber as it
appears in the plasma and not as it is imaged on the detector, one should
consider the distance between the LOSs in the plasma, 𝛥LOS, rather than
between the elements of the detector array, 𝛥det. 𝛥LOS depends on the
variable magnification of the optical system on the receiving side of the dia-
gnostic and the fixed 𝛥det. As described in section 4.1.2, the magnification
is set by the OAP mirrors and the variable telescope in front of detector.
Given the settings of the telescope, the magnification is known in advance.
Additionally, the exact magnification can be measured using the sound
wave signal before every discharge. For this calibration of the wavenumber
axis, a (𝑘, 𝑓)-spectrum of the sound wave signal is calculated as described
above. Initially, 𝛥ch is chosen to be the distance between the elements of
the detector array. Accordingly, the resulting wavenumber corresponds to
the image on the detector. Figure 4.10 shows the (𝑘, 𝑓)-spectrum of a sound
wave measurement together with the wavenumber spectrum at the frequency
of the sound wave, 𝑆𝑥𝑥(𝑘, 𝑓 = 𝑓sw). Only one clear spot of high PSD is vis-
ible, which is the forward sound wave. Great care has been taken to avoid
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Figure 4.10: Wavenumber spectrum at 20 kHz and full wavenumber-
frequency-spectrum of a sound wave measurement.

a strong reflected sound wave by including sound absorbing material in
the mirror box, where the sound speaker is installed, as well as choosing a
time window shortly after the launch of the sound wave, where no reflected
wave as reached the laser beam, yet. The sound wave wavenumber as im-
aged on the detector, 𝑘det

sw , is measured by taking the maximum position of
𝑆𝑥𝑥(𝑘, 𝑓 = 𝑓sw). The resolution is improved by cubic spline interpolation.
The actual wavenumber of the sound wave is known, assuming the typical
sound speed at room temperature, 𝑘sw = 2𝜋𝑓sw/𝑐s. The magnification of
the optical system, 𝑀, is then given by the ratio of the real and the imaged
wavenumber of the sound wave. The wavenumbers of the fluctuations in the
plasma can be directly calculated by using the spacing between the LOSs

𝛥LOS = 𝑀𝛥det, 𝑀 = 𝑘det
sw /𝑘sw. (4.18)

With the right spacing between channel signals, the appropriate wavenumber
can be calculated, 𝑘 = 𝑘𝑚/𝛥LOS. This method has been implemented for
all experiment discharges of W7-X. The magnification as determined from
the sound wave measurement agrees well with the expected value from
the telescope settings and has a small variance over a period of time with
unchanged telescope settings, 𝜎𝑀/𝑀 ≈ 2%.

It is worthwhile discussing the interpretation of the calibrated wavenum-
ber in the context of the expected wavenumbers of drift wave turbulence.
As described in section 3.2, drift waves have an elongated structure which
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is aligned with the magnetic field lines on a flux surface and propagate in
the binormal direction, kdw = 𝑘dw ̂e𝛼, with ̂e𝛼 = ∇𝛼/|∇𝛼| = ̂n × ̂b. PCI
measures the projection of the wave onto the measurement direction, which
is expressed by the unit vector ̂em:

𝜆 = 𝜆dw ̂e𝛼 ⋅ ̂em = 𝜆dw cos 𝜃, (4.19)

where 𝜆 and 𝜆dw are the measured wavelength and the drift wave wavelength,
respectively, and 𝜃 = ∠( ̂em, ̂e𝛼) is the angle between the measurement
direction of PCI and the binormal direction. For the measured wavenumber
follows

𝑘 = 𝑘dw/ cos 𝜃. (4.20)

The measurement direction is fixed along the LOS (see section 4.1.2),
whereas the binormal direction changes, since both the pitch angle of the
magnetic field as well as the angle between the LOS and the flux-surface
normal change. The projection, cos 𝜃, is therefore dependent on the location
along the LOS. Due to the line-integrated measurement of PCI and the
missing radial information, it is difficult to correct for this projection in
advance. It is therefore a priori only possible to investigate the wavenumber
as measured by PCI but it should be kept in mind that the real wavenum-
ber of the drift wave turbulence can be different and depends on the radial
position of the drift wave.

4.2.4 Determination of dominant phase velocities
The dominant phase velocity in the (𝑘, 𝑓)-spectrum measured by PCI as
mentioned before is clearly visible by eye (see e. g. figure 4.9) but not strictly
a physical quantity in the sense that it represents a specific plasma parameter.
Its definition therefore somewhat arbitrary. Nevertheless, a reliable method
for determining a dominant phase velocity is needed for a consistent analysis
of its origin. This method also needs to be flexible enough to be adapted to
the requirements of various situations.

The dominant phase velocity is defined here as the slope in the (𝑘, 𝑓)-
spectrum, which is the maximum of the distribution of local maxima in
the wavenumber spectrum. The flexibility of this definition lies in the way
the local maxima are selected and how their distribution is estimated. In
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order to determine the local maxima, the wavenumber spectrum at each
frequency is interpolated via cubic-spline interpolation. The maxima of the
spline interpolation are selected if they are above a certain threshold. The
threshold, 𝑠thr, is defined as a fraction of the maximum spectral density,
max[𝑠(𝑘)].

Figure 4.11a shows a (𝑘, 𝑓)-spectrum with green markers at the posi-
tion of local maxima. In the next step, these maxima are ordered by their
corresponding phase velocity assuming a simple linear dispersion relation,
𝑣ph = 2𝜋𝑓/𝑘. In order to determine the centre of the distribution of maxima,
a Gaussian kernel density estimate (KDE) [144, 145] is calculated. A KDE,
which is also termed the Parzen–Rosenblatt window method, is a tool to
estimate the underlying probability density function of a random variable,
𝑥, based on a set of samples of this variable. This is done by summing
over kernels, 𝐾(𝑥), of a given bandwidth, ℎ, at each sample value, 𝑋𝑗. The
probability density function estimate based on a set of 𝑛 samples is then
given by [145]

𝑓𝑛(𝑥) = 1
𝑛ℎ

𝑛
∑
𝑗=1

𝐾(
𝑥 − 𝑋𝑗

ℎ
). (4.21)

Additionally, each sample (and Kernel) can be individually weighted, taking
into account measurement uncertainties. In case of the determination of the
dominant phase velocity, the random variable, 𝑥, is the phase velocity of
the local maxima in the spectrum and each sample is weighted equally. The
phase velocities are assumed to follow some non-trivial distribution, which
is not known in advance. This is the reason why a non-parametric method
such as the KDE is a suitable tool. 𝐾(𝑥) is chosen to be a Gaussian function
and ℎ is chosen on a case by case basis to best fit the purpose of the 𝑣ph
determination. Figure 4.11b the phase velocity values of the local maxima
(the samples) as vertical green lines on the 𝑥-axis, which correspond to the
green markers in figure 4.11a. The resulting KDE is displayed in red and
shows two major modes, which represent the positive and negative dominant
phase velocity, respectively. The maximum position of each mode is finally
taken as the dominant phase velocity in the spectrum. The white lines in
figure 4.11a represent the dominant phase velocities determined in the KDE.
There are two free parameters in this method: the threshold for selecting
local maxima in the wavenumber spectra, 𝑠thr, and the kernel width, ℎ, in
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(a) Spectrum with a single 𝑣ph. (b) KDE for a single 𝑣ph.

(c) Spectrum with multiple 𝑣ph. (d) KDE for multiple 𝑣ph.

Figure 4.11: Wavenumber-frequency-spectra (a & c) with local maxima
of the wavenumber spectra (green markers) and the determined phase
velocities (white lines) and KDE (b & d) as used for its determination.
Figures (a) and (b) show a case with one 𝑣ph per wavenumber branch
and figures (c) and (d) show a case with multiple 𝑣ph and a multimodal
KDE.
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the KDE. The former acts as a sensitivity parameter for sampling the phase
velocities in the spectrum and the latter acts as a smoothing parameter for
the KDE. In the simple case of one obvious dominant phase velocity per
wavenumber branch, the determined velocity is largely insensitive to the
exact choice of parameters, but there are advantages to certain parameter
choices. Setting a rather large threshold value and kernel width makes the
method less sensitive to noise in the data and transient features, such as
MHD modes or other coherent modes. This is particularly useful for a robust
automatic determination of the dominant phase velocity throughout the
discharge. However, there are situations with multiple visible velocity bands
in the (𝑘, 𝑓)-spectrum or an asymmetric distribution of spectral power along
the apparent dominant phase velocity. In these cases, it is useful to choose
a rather small threshold for the local maxima and a narrower kernel width,
in order to have enough samples and the appropriate smoothing to show
the desired features in the KDE. Figures 4.11c and 4.11d show the (𝑘, 𝑓)-
spectrum and the KDE for the case of multiple visible phase velocity bands.
The smaller threshold, 𝑠thr, results in a larger number of maxima (green
markers) and a narrower kernel width results in a multimodal distribution,
which can resolve the multiple dominant phase velocities that are visible
by eye. The maxima of the modes in figure 4.11d that are accepted by the
method, are marked with a +. In order to reject maxima in the KDE that
do not reflect a dominant phase velocity in the (𝑘, 𝑓)-spectrum, another
threshold is introduced. The height of the maximum with respect to the
closest minimum is measured and has to be larger than a the threshold
value. In other words, a maximum in the KDE is only considered a separate
mode of the distribution if it is high enough and well isolated from other
modes.

4.2.5 Calibrated absolute density fluctuation amplitude
The absolute magnitude of the line-integrated density fluctuations is a useful
quantity, which can be be obtained from the PCI signal with a calibration
on the basis of the sound wave measurement. In addition to the magnitude
of the density fluctuations, the measured signal amplitude is affected by
the optical system magnification, the alignment and the laser power. The
diagnostic effects can change over the course of an experiment day, but
are assumed to be constant for the duration of a discharge, which justifies
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a single calibration before every discharge. The sound wave measurement
accounts for all technical effects and can be used for a relative amplitude
calibration. Fluctuation amplitudes from different discharges can then dir-
ectly be compared to each other. Furthermore, by measuring the pressure
fluctuation amplitudes of the sound wave, an absolute value for ∫ �̃�𝑑𝑙 can
be obtained. In the remainder of this section, the details of the relative and
absolute amplitude calibration are described, as well as the calculation of an
absolute line-integrated density fluctuation amplitude from a signal during
a discharge.

For the amplitude calibration, a time window of 0.5 ms starting 0.75 ms
after the launch of the sound wave is analysed. The starting and end points
of the time window are marked by vertical black lines in figure 4.4. The
sound wave has reached all LOSs 0.75 ms after the speaker starts emitting.
A reflected wave reaches the LOSs 0.5 ms later and creates a standing wave
pattern, which is visible in the amplitude profile across the detector array.
Since an unperturbed amplitude profile is important for a reliable calibration,
the time window between the arrival of the sound wave and the arrival of
the reflected wave was chosen for the analysis. The PSD of this time window
is estimated as described in section 4.2.1 for each channel. The amplitude
of the sound wave signal can then be estimated by integration of the PSD,

̂𝐴 =
√√

⎷
2 ∫

𝑓2

𝑓1

𝑆(𝑓) 𝑑𝑓. (4.22)

The factor two accounts for the fact that 𝑆(𝑓) is calculated at a one-sided
spectrum. The integration boundaries are chosen to be a narrow range
around the sound wave frequency, 𝑓sw ± 4 kHz, in order to avoid contribu-
tions of electric noise. Calculating ̂𝐴 for every channel produces an amp-
litude profile of the sound wave measurement, which is shown in the upper
panel of figure 4.12. The markers represent the measured value of ̂𝐴 and
the continuous lines are Gaussian functions fitted to the data. Since the
amplitude of the sound wave can be assumed to be more or less constant
across the laser beam, the profile mainly reflects the Gaussian laser beam
profile as imaged on the detector. A strong deviation from the Gaussian
shape is an indicator for unwanted optical artefacts due to misalignment
or electrical issues in certain channel signals. Therefore, the coefficient of
determination, 𝑅2, as a measure of how well a Gaussian model predicts
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Figure 4.12: Gaussian laser beam profiles on the detector array determined
from sound wave measurements (upper panel) and density fluctuation
measurements during plasma discharges (lower panel). The sound wave
measurement is represented by markers and a Gaussian function fitted
to the data is shown as a solid line. Two cases with net magnification
𝑀 = 5 (blue) and 𝑀 = 3 (red) are shown. For each case, five time points
during the plasma discharge were used to obtain a profile (increasing
luminance of the colours).

the measured data, can be used for a quantitative test of the beam shape
quality. Measurements with a bad beam shape (𝑅2 < 0.8) are rejected for
calibration, since it is usually not possible to identify the exact reason for
the distorted profile and it is therefore also not possible to estimate the error
introduced by it. In the two cases shown in figure 4.12, the optical system
had a net magnification of 𝑀 = 5 (blue) and 𝑀 = 3 (red), respectively.
Decreasing the magnification causes the profile width to increase and the
maximum amplitude to decrease, as the laser spot at the detector becomes
wider and the power density of the laser beam decreases. Additionally, the
centre of the Gaussian profile is shifted towards a lower channel number,
which is not due to the different magnification but due to a change in
the alignment. The sound wave measurement is only a good reference, if
it represents the profile during the plasma discharge well. This is usually
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the case, even if the profile shape slightly deviates from a Gaussian shape.
The profiles in the lower panel of figure 4.12 from measurements during
the discharge match the respective profile obtained from the sound wave
measurement fairly well with respect to the profile shape. The profiles are
calculated according to equation (4.22) but with integration boundaries set
to 𝑓1 = 20 kHz and 𝑓2 = 600 kHz, spanning a frequency range which is
relevant for ion-scale fluctuations while avoiding electric noise at very low
and very high frequencies. The channel with the highest illumination, i. e.
the channel with the maximum amplitude, chmax, is chosen as a reference for
the calibration. It can be assumed to have the highest illumination during
the plasma discharge as well and therefore the best signal-to-noise ratio. In
figure 4.12, the selected channels are marked by vertical dotted lines in the
upper panel. The respective amplitude, ̂𝐴(chmax), is the reference value for
the calibration of the signal amplitude.

For the calibration of the absolute fluctuation amplitude, the signal amp-
litude needs to be associated with an electron density fluctuation amplitude.
The phase shift of the laser which is induced by the pressure fluctuation
of the sound wave, ̃𝑝sw, can be related to an analogous electron density
fluctuation, �̃�𝑒, via [125]

∫ �̃�𝑒 𝑑𝑙 = 2𝜋(𝑁0 − 1)
𝜆2

L𝑟𝑒𝛾𝑝0
∫ ̃𝑝sw 𝑑𝑙 ≡ 𝛱sw, (4.23)

where 𝑁0 is the reference refractive index at the reference air pressure, 𝑝0.
𝜆L is the wavelength of the laser, 𝑟𝑒 is the classical electron radius, and 𝛾 is
the heat capacity ratio. The line-integrated pressure fluctuation of the sound
wave is determined by integration of the sound field at the height of the
centre of the laser beam (see figure 4.5). As described in section 4.1.2, the
value of the laterally line-integrated pressure fluctuations decreases linearly
with increasing height, ℎ, above the speaker. The value at the height of the
central LOS, ℎc, corresponds to the phase contrast signal of chmax, when
the laser is properly aligned.

In order to obtain a value for the absolute amplitude of the line-integrated
density fluctuations during a plasma discharge, the signal chmax is used to
estimate the signal amplitude according to equation (4.22) with fixed integ-
ration boundaries (e. g. 20 to 600 kHz). The corresponding line-integrated
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density fluctuation amplitude is then given by

∫ �̃�𝑒 𝑑𝑙 ∣
𝑓1≤𝑓≤𝑓2

= ̂𝐴pl ∣
𝑓1≤𝑓≤𝑓2

𝛱sw
̂𝐴sw

, (4.24)

where ̂𝐴pl is the signal amplitude during the discharge and ̂𝐴sw is that of
the sound wave measurement. For a valid comparison of plasma fluctuation
amplitudes, it is important to use the same frequency range for integration.
Furthermore, the comparison might be marred by electric noise within that
frequency range, which can significantly affect the fluctuation amplitude.
The data should therefore be inspected for abnormalities before calculating
the absolute density fluctuation amplitude.

In the remainder of this section, the measurement error of the absolute
line-integrated density fluctuation amplitude is discussed. Several sources of
systematic errors need to be considered for its estimation. The error of the
sound wave signal amplitude, ̂𝐴sw, is negligible. When calculating the signal
amplitude of the plasma density fluctuations, ̂𝐴pl, an error is introduced
if the amplitude profile differs from that of the sound wave measurement
and the selected channel is not at the maximum position of the amplitude
profile. This error is estimated to be the difference of the signal amplitude
of the selected sound wave channel to the profile maximum of the plasma
measurement,

𝜎 ̂𝐴,pl ≈ 𝛥 ̂𝐴 = ∣ ̂𝐴pl(chmax,sw) − ̂𝐴pl(chmax,pl)∣ . (4.25)

Next, the error of the reference value for the line-integrated density fluc-
tuation, 𝛱sw, is dominated by the error of the line-integrated pressure
fluctuation measurement. This contribution can be reduced to an error of
the height, ℎ, that is chosen for the line-integration of ̃𝑝 in . The values for ℎ
in the measurement of the sound field above the speaker (see figure 4.5) have
an estimated uncertainty of ±5 mm. The height of the laser beam above the
speaker can slightly vary due to changes in the alignment and has an addi-
tional uncertainty of ±5 mm. If the amplitude profile shape diverges from
the Gaussian shape, this can introduce an additional error: if the maximum
channel is not at the centre of the Gaussian beam, choosing the central LOS
for the line-integration is not appropriate. The centre of the Gaussian beam,
chc, is estimated by fitting a Gaussian function to the amplitude profile as
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illustrated in figure 4.12. The combined error of ℎ is then given by

𝜎2
ℎ ≈ 2 (5 mm)2 + (𝐷 |chmax − chc|

𝑤Gauss
)

2

, (4.26)

where the difference between chmax and chc is multiplied by the width of
the laser beam above the speaker, 𝐷, which is set by the telescope on the
laser optical table, and the width of the Gaussian fit in channel numbers,
𝑤Gauss, in order to translate into a deviation of ℎ above the speaker. The
total error of the line-integrated density fluctuation measurement is finally:

𝜎 =
√√√

⎷

𝜎2
̂𝐴,pl
̂𝐴2
pl

+
𝜎2

ℎ
ℎ2 ∫ �̃�𝑒 𝑑𝑙. (4.27)

All other contributions such as the microphone sensitivity, the uncertainty
of the constants in equation (4.23) and the error of the sound wave signal
amplitude introduced by the speaker are negligible compared to the sources
discussed above.

The analysis for the absolute amplitude calibration as described in this
section was developed as part of this work. It enables an automatic calib-
ration and calculation of density fluctuation, which was applied to all data
collected during the latest experiment campaign. Besides the database of
raw signals, a database of absolute density fluctuation amplitudes now exists
for all experiments with (successful) sound wave calibration.

4.2.6 Cross-correlation analysis
In the last section of this chapter, basic tools for the cross-correlation of two
signals are described. This is important for the correlation of two turbulence-
relevant quantities, but also for the evaluation of the coherence of the
fluctuations by comparing different channel signals of PCI.

The auto-correlation function of widesense stationary stochastic signals
is defined as [141, 142]

𝑅𝑥𝑥(𝑚) = E[𝑥(𝑛) 𝑥(𝑛 + 𝑚)] = lim
𝑁→∞

1
𝑁

𝑁
∑
𝑛=1

𝑥(𝑛) 𝑥(𝑛 + 𝑚) (4.28)
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where E[… ] is the expected value operator, the overline denotes the complex
conjugate and the signal is assumed to be ergodic for the second equality.
Similarly, a cross-correlation function can be defined for two signals, 𝑥(𝑛)
and 𝑦(𝑛), as

𝑅𝑥𝑦(𝑚) = lim
𝑁→∞

1
𝑁

𝑁
∑
𝑛=1

𝑥(𝑛) 𝑦(𝑛 + 𝑚). (4.29)

The free variable, 𝑚, can be transformed to a time lag, 𝜏 = 𝑚/𝑓s, where 𝑓s
is the sampling frequency.

The cross power spectral density (CSD) of the two signals, 𝑥(𝑛) and 𝑦(𝑛),
is a measure of the spectral power that is shared between them [142]. It can
be defined similarly to the PSD (see equation (4.7)):

𝑆𝑥𝑦(𝑓) = 1
𝑁𝑈

𝑋m(𝑓)𝑌m(𝑓), (4.30)

where 𝑋m(𝑓) and 𝑌m(𝑓) are the DFTs of windowed data segments of 𝑥(𝑛)
and 𝑦(𝑛) with length 𝑁 and 𝑈 is the spectral power of the window. The
variance of 𝑆𝑥𝑦 can be improved by averaging several CSD of overlapping
time segments, similar to Welch’s method in equation (4.9). While 𝑆𝑥𝑥 is
always a real number, 𝑆𝑥𝑦 is generally a complex number. The magnitude
of the CSD is therefore given by the absolute value |𝑆𝑥𝑦|, whereas arg(𝑆𝑥𝑦)
denotes the cross-phase between 𝑥 and 𝑦.

While this method is used in practice for this work, the PSD and CSD can
also be calculated as the DFT of the auto- and cross-correlation function.
This is called the Blackman-Tukey method [146] and makes use of the
Wiener-Khinchin theorem [147]:

̄𝑆𝑀(𝑓) = ∫
𝑀

−𝑀
�̄�𝑇(𝜏)𝑒−𝑖2𝜋𝑓𝜏𝑑𝜏, (4.31)

�̄�𝑇(𝜏) = 1
𝑇

∫
𝑇

0
𝑥(𝑡)𝑥(𝑡 + 𝜏)𝑑𝑡 for |𝜏 | ≤ 𝑀 ≪ 𝑇 , (4.32)

where ̄𝑆𝑀(𝑓) is the power spectrum of signal 𝑥(𝑡) and �̄�𝑇(𝜏) is the auto-
correlation or auto-covariance function of 𝑥(𝑡). For discrete signals, the PSD
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and CSD can accordingly be estimated as

𝑆𝑥𝑥(𝑓) = 1
𝑀

𝑀
∑

𝑚=−𝑀
𝑅𝑥𝑥(𝑚)𝑒−𝑖2𝜋𝑓𝑚, (4.33)

𝑆𝑥𝑦(𝑓) = 1
𝑀

𝑀
∑

𝑚=−𝑀
𝑅𝑥𝑦(𝑚)𝑒−𝑖2𝜋𝑓𝑚, (4.34)

respectively. This can also be reversed and 𝑅𝑥𝑥(𝑚) and 𝑅𝑥𝑦(𝑚) can be
obtained by performing an inverse discrete Fourier transform (IDFT) on
𝑆𝑥𝑥(𝑓) and 𝑆𝑥𝑦(𝑓), respectively. In practice, this is a robust method to
calculate the auto- and cross-correlation function, if a good estimate of PSD
and CSD is available [105].

The last quantity introduced for corr-correlation analysis is the magnitude-
squared coherence [142]:

𝐶𝑥𝑦(𝑓) =
|𝑆𝑥𝑦(𝑓)|2

𝑆𝑥𝑥(𝑓)𝑆𝑦𝑦(𝑓)
, (4.35)

where 𝑆𝑥𝑦(𝑓) is the CSD and 𝑆𝑥𝑦(𝑓) and 𝑆𝑥𝑦(𝑓) are the respective PSDs of
the signals 𝑥(𝑡) and 𝑦(𝑡). It can be understood as a normalised cross power,
where 0 < 𝐶𝑥𝑦 ≤ 1. Contrary to a correlation function, it is frequency
resolved. It is a measure of how coherent two signals are at a given frequency,
regardless of the spectral power of each signal at that frequency.
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5
Characterisation of turbulent

density fluctuations

5.1 Turbulent density fluctuation spectra
Turbulent fluctuations are best described by their spectral properties. The
first step of this experimental turbulence study is therefore the spectral
characterisation of the measured fluctuations. This work focuses on the gen-
eral case of ECRH plasmas with gas-fuelling, which was the most common
type of discharge in the experiments at W7-X so far. The main features of
the wavenumber and frequency spectra are presented on an example case
of this type of discharge in the following section. The described properties
hold true for most experiments and can be regarded as a general feature of
the density fluctuations in W7-X.

Figure 5.1 shows the (𝑘, 𝑓)-spectrum of a typical ECRH discharge in
W7-X standard configuration. The PSD is represented by colour, calibrated
frequency and wavenumber are on the vertical and horizontal axis, respect-
ively. The spectrum has a positive and a negative wavenumber branch, which
correspond to opposite propagation directions of the fluctuations with re-
spect to the measurement direction. The two branches can be associated
with the in- and outboard side of the plasma, which is shown explicitly
in chapter 6. The positive wavenumber branch corresponds to the inboard
side and vice versa. There is a gap visible between the two branches in the
wavenumber range |𝑘| < 1.6 cm−1. The diagnostic does not produce a phase
contrast signal for fluctuations with a smaller wavenumber due to the finite
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Figure 5.1: Wavenumber-frequency spectrum during an ECRH plasma
in W7-X standard configuration (W7-X XP:20180920.036, average over
𝑡 = 3 to 4 s).

width of the central groove of the phase plate (see section 4.1.2). Spectral
power in the gap stems from aliasing, spectral leakage, imaging errors or
electric noise. Furthermore, phase scintillation due to minor misalignment
of the detector with respect to the image plane causes a suppression of
the PSD at |𝑘| ≈ 10 cm−1. The PSD is strongest for small wavenumbers
and frequencies just outside the central gap and it decreases towards higher
frequencies and wavenumbers. Turbulent spectra follow a power-law decay
in frequency and wavenumber space (see chapter 3). In order to investigate
whether this holds true for the PCI measurements, the individual spec-
tra are calculated by integrating the (𝑘, 𝑓)-spectrum, 𝑆𝑥𝑥(𝑘, 𝑓), along the
wavenumber or frequency axis, respectively.

Figure 5.2 shows the frequency spectrum corresponding to the data depic-
ted in figure 5.1. The PSD indeed follows a power-law decay, 𝑆 ∝ 𝑓−𝛼, where
the spectral index, 𝛼, changes around 𝑓 = 100 kHz. Thin black lines indicate
fits to the spectrum in the range of 15 to 100 kHz and 100 to 500 kHz. At
lower and higher frequencies, electric noise distorts the signal such that the
signal-to-noise ratio (SNR) becomes unacceptable. The qualitative beha-
viour of the spectrum has previously been described for PCI measurements
by Böttger [113] and is as expected for broad band turbulence [14]. The
spectral indices can vary between discharges and are found to be lower than
what was reported previously for the frequency spectrum of a single detector
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Figure 5.2: Wavenumber-integrated frequency spectrum during an ECRH
plasma in W7-X standard configuration with power-law fits.

Figure 5.3: Frequency-integrated wavenumber spectrum during an ECRH
plasma in W7-X standard configuration. Frequency integration range: 15
to 600 kHz. Grey areas mark wavenumber ranges in which the measure-
ment reduced due to diagnostic limitations and alignment errors.

channel.
In figure 5.3, the frequency-integrated wavenumber spectrum is shown.

The 15 to 600 kHz frequency range was chosen for integration in order to
avoid the aforementioned electric noise. The wavenumber ranges in which
the PSD is suppressed due to diagnostic limitations or alignment errors is
greyed out. An asymmetry of power in the negative and positive wavenum-
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(a) Wavenumber spectrum in the PCI measurement direc-
tion with spectral indices.

(b) Wavenumber spectrum over the normalised binormal
wavenumber assuming a radial origin of 𝑟eff/𝑎 = 0.75.

Figure 5.4: Wavenumber spectrum during an ECRH plasma in W7-X stand-
ard configuration with power-law fits. Frequency integration range: 15
to 600 kHz.

ber branch is visible, which can also be seen in figure 5.1 but becomes more
obvious in the integrated spectrum. Higher PSD in the negative wavenum-
ber branch corresponds to stronger fluctuations on the outboard side of
the plasma. This fits theoretical expectations since the outboard side of the
plasma exhibits stronger unfavourable curvature, which excites toroidal ITG
modes. Similarly to the frequency spectrum, power-law functions, 𝑆 ∝ 𝑘−𝛼,
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are fitted to the spectrum in figure 5.4a. The spectral index changes at me-
dium wavenumbers. The positive and negative wavenumber branch exhibit
similar spectral indices at low 𝑘, but for the negative wavenumber branch,
𝛼 changes at a higher wavenumber and is significantly larger at high 𝑘 com-
pared to the positive wavenumber branch. Geometric differences between
in- and outboard side can explain the asymmetry: as previously discussed
in sections 4.1 and 4.2, the wavenumber vector of the fluctuations, which
points predominantly in the binormal direction, is in general not parallel
to the measurement direction of PCI and a projection of the fluctuations is
measured (cf. equation (4.20)). The corresponding binormal wavenumber is
given by

𝑘𝛼 = 𝑘 cos 𝜃, 𝜃 = ∠( ̂em, ̂e𝛼), (5.1)

where 𝜃 is the angle between the measurement direction of PCI and the
binormal direction. 𝜃 is larger on the outboard side, which means that the
same |𝑘| corresponds to a smaller 𝑘𝛼 on the outboard side than on the
inboard side. The projection and the difference between in- and outboard
side can be accounted for under the assumption that the fluctuations ori-
ginate predominantly from a certain radial position in the plasma. Linear
gyrokinetic simulation results for the PCI measurement location suggest
𝑟eff/𝑎 = 0.7, since the growth rates are particularly strong and where the
ion temperature gradient in typical temperature profiles is largest at this
position. Assuming radial localisation of fluctuations, the drift scale at this
position can be used for normalisation of the wavenumber axis. This enables
a direct comparison to theoretical expectations. For the geometric correction
and the normalisation, a radial location of 𝑟eff/𝑎 = 0.75 was chosen, where
in the example discharge 𝑇𝑒 = 𝑇𝑖 = 0.66 keV and 𝐵 = 2.25 T at the inboard
and 𝐵 = 2.37 T at the outboard position along the PCI LOS. The choice
of the radial location is further justified by the findings in chapter 6. Due
to the varying magnetic field strength, which is stronger on the outboard
side than on the inboard side in the W7-X toroidal position where PCI
is located (contrary to a tokamak), not only the geometric projection but
also the drift scale normalisation is different for in- and outboard side. Fig-
ure 5.4b shows the normalised wavenumber spectra of inboard (𝑘 > 0) and
outboard side (𝑘 < 0). With the given assumptions, the measured spectrum
lies mostly within 𝑘𝛼𝜌s < 1. In this wavenumber range at the assumed radial
position, ITG modes are expected to be the dominant origin of turbulence.
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Remarkably, the asymmetry in spectral power between the two branches is
compensated by the shift and normalisation of 𝑘 such that the spectra now
are very similar in the range of 𝑘𝛼𝜌s = 0.35 to 0.8. The deviation above
and below can be attributed to approaching the low and high wavenumber
limitations of the spectrum.

A quantitative comparison of spectral indices to theoretical expectations
was attempted for wavenumber spectra by SPCI based on gyrokinetic simu-
lations [139], but seems rather difficult for experimental PCI spectra. The
wavenumber at which the spectral index changes is similar for inboard and
outboard branch after normalisation at 𝑘𝛼𝜌s ≈ 0.8. In the dual cascade
picture, this corresponds to the energy injection scale, which fits the as-
sumption of ITG modes being dominant, since their growth rate peaks at a
similar scale (cf. figure 3.11). Recalling figure 2.2, it can be expected that the
spectrum in the lower wavenumber range follows the Kolmogorov scaling,
𝐸(𝑘) ∝ 𝑘−5/3, of the inverse energy cascade in the inertial range towards
larger scales. Indeed, both the in- and outboard side spectrum roughly fol-
low this scaling in the wavenumber range down to 𝑘𝛼𝜌s = 0.35. Towards
smaller scales (higher wavenumbers), Kraichnan’s model predicts a direct
enstrophy cascade following 𝐸(𝑘) ∝ 𝑘−3. For the inboard side branch, the
spectral index (𝛼 = 2.8) approaches the predicted value. For the outboard
side branch, the injection scale is closer to the high wavenumber cutoff and
the spectral decay is much steeper, partly due to a suppression by phase
scintillation. While this rudimentary comparison works astonishingly well, it
should be kept in mind that the strong assumption was made that all fluctu-
ations originate from 𝑟eff/𝑎 = 0.75. Furthermore, there have been numerous
more sophisticated analytical, numerical and experimental studies trying
to refine the wavenumber scaling for ITG and TEM turbulence ([148] and
references within), drift wave turbulence [13, 149] and many more examples,
which find similar but slightly varying results depending on the investig-
ated setup. Finally, even though PCI captures the spectral properties of
the line-integrated density fluctuations well [139], several aspects complic-
ate this comparison: the injection scale as well as the spectral indices are
likely to vary along the plasma radius due to varying gradients of density,
electron and ion temperature. Additionally, the drift scale varies along the
radius, since it depends on the local density, electron and ion temperature.
In section 3.3.4, this effect has already been shown to be significant in linear
gyrokinetic simulations. The measured wavenumber spectrum as presented
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Figure 5.5: Wavenumber-frequency-spectrum during an ECRH plasma
in W7-X standard configuration, normalised by the average along the
wavenumber axis for each frequency bin.

in figure 5.4 is therefore a convolution of the radial change of spectral indices,
the radial structure of fluctuation amplitudes and the shift of scales due to
the radially varying drift scale. This makes a quantitative comparison to
theoretical expectations difficult.

Returning to the (𝑘, 𝑓)-spectrum in figure 5.1, there is one more import-
ant aspect which needs to be discussed. The spectral power is not evenly
distributed in (𝑘, 𝑓)-space, but seems to be mainly aligned along a single
slope for each wavenumber branch. A turbulent density fluctuation spec-
trum is not expected to exhibit a broad distribution in the spectrum instead
of a dominant phase velocity. In order to illustrate this better, the spec-
trum in figure 5.1 is normalised for each frequency bin by its mean value
along the wavenumber axis, which effectively removes the power-law decay
in frequency space. Figure 5.5 shows the normalised spectrum, which ex-
hibits very clear bands of high spectral power. These bands are observed
consistently in every discharge and correspond to a single phase velocity of
the fluctuations in the measurement direction, 𝑣PCI

ph = 2𝜋𝑓/𝑘, which can be
associated with the E × B rotation velocity at a specific radius, which is
addressed in chapter 6.
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5.2 Turbulent density fluctuation amplitudes
The density fluctuation amplitude is one of the factors determining the
turbulent heat and particle transport in plasmas (cf. equation (2.19)). It
should be kept in mind that the cross phase of density, temperature and
electric potential fluctuations sets the transport in addition to their amp-
litude. Nevertheless, since measurements of the latter are not available at
this point, the density fluctuation amplitude is taken as a proxy for trans-
port in this work within the limitation of investigating similar experimental
situations. Recalling the conclusions of section 3.3, density fluctuations on
the observable scales are expected to be mainly driven by toroidal ITG
modes. The curvature drive results in a cross phase of 𝜋/2 between density
and potential leading to strong transport. With these considerations, the
density fluctuation amplitude is a good proxy for transport in W7-X.

So far, the line-integrated density fluctuation amplitude has been used
to monitor the dynamic development of turbulence during a discharge. It
has been shown that changes of external parameters like heating power or
central fuelling by hydrogen ice pellet injection [150] cause a response of
the density fluctuation amplitude and spectrum [114], which can be related
to changes in turbulent impurity transport [151] or improved confinement
due to a reduction of turbulent transport [18, 20, 79]. Figure 5.6 shows
an example spectrogram of a W7-X discharge in standard magnetic field
configuration with three steps of ECRH input power. Starting at 2 MW,
the power is increased by 1 MW at 𝑡 = 2 s and 𝑡 = 4 s, respectively. The
power steps are clearly visible in the spectrum as well as in the fluctuation
amplitude.

The absolute amplitude calibration described in section 4.2.5 enables a
direct comparison of the fluctuation amplitudes between any discharge. The
PCI diagnostic was operational during most experiments in the latest op-
eration phase of W7-X and thus the data covers a large variety of plasma
parameters and magnetic configurations. A database of plasma paramet-
ers for 200 ms long segments of every discharge of the latest experiment
campaign has been compiledI and the calibrated PCI density fluctuation
amplitude was added to the database. Figure 5.7 shows the density fluc-
tuation amplitudes over the respective ECRH input power. Every marker

Icourtesy of S. A. Bozhenkov
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Figure 5.6: Spectrogram of one detector channel signal with absolute fluc-
tuation amplitude of an ECRH plasma in W7-X standard configuration
(W7-X XP:20180920.036). The fluctuation amplitude is calculated by
integrating the spectrum over the frequency range 20 to 600 kHz and the
white transparent band marks the uncertainty of the absolute value.

Figure 5.7: Line-integrated density fluctuation amplitude of stationary
200 ms discharge segments with ECRH and gas-fuelling. The colour rep-
resents the probability density of the fluctuation amplitude in the presen-
ted data set.
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Figure 5.8: Line-integrated density fluctuation amplitude versus line-
averaged density for stationary 200 ms discharge segments. Coloured
lines represent fits to the data of each magnetic configuration.

represents a 200 ms time window of an ECRH plasma with gas-fuelling (i. e.
no pellet injection or NBI), in which the plasma parameters are constant or
vary only slowly and no perturbative diagnostics such as impurity or He-gas
injections were active. The colour represents the probability density of the
density fluctuation amplitude values within the presented data set. It peaks
at ∫ �̃�𝑒 𝑑𝑙 = 1.3 × 1016 m−2 and is skewed towards lower values. There is
a weak correlation of density fluctuation amplitude to ECRH power. For
higher input power, the fluctuations tend to be stronger. Before drawing
any conclusions from this, the dependency on other plasma parameters,
which vary strongly within the depicted data set, as well as the magnetic
configuration should be considered.

5.2.1 Plasma parameter and configuration dependencies
In this section, the line-integrated density fluctuation amplitude is related
to other plasma parameters. It was already noted that the fluctuation amp-
litude closely follows the line-integrated density during a discharge [114].
With the database including absolutely calibrated fluctuation amplitudes,
this relation can be investigated for many discharges. Figure 5.8 shows the
line-integrated density fluctuation amplitude versus the line-averaged dens-
ity measured via interferometry [152]. There is a good correlation between
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the two quantities over the whole parameter range. Segments from different
magnetic configurations (standard, low and high iota, and high mirror) are
depicted with different colours. Within each configuration, the scaling is
even clearer. The coloured lines represent linear fits to the data of each
configuration. Discharges in the high iota configuration exhibit the low-
est density fluctuations amplitudes. The standard configuration, which was
run for the majority of experiments, exhibits medium density fluctuation
amplitudes with a broader distribution, possibly due to a larger variety in
operation parameters. The density fluctuation amplitudes of high iota and
high mirror configuration discharges scale very similarly. The constant ra-
tio of line-integrated density fluctuation amplitude to line-averaged density,
∫ �̃�𝑒 𝑑𝑙/𝑛𝑒, is reminiscent of a fluctuation level, �̃�𝑒/𝑛𝑒. It should be noted,
however, that the fluctuation level is a local quantity and not constant
within the plasma. The ion temperature profile stays fairly constant in this
type of discharge regardless of other plasma parameters [153]. If ITG modes
are the dominant driving mechanism on the ion-scale, the small variation of
the ion temperature and other plasma parameters in the considered exper-
iments could explain the observed dependency. In this case, the magnetic
configuration has a larger impact on the fluctuation level than other plasma
parameters because it influences the ITG growth rate through magnetic
curvature and shear. Furthermore, a constant fluctuation level might indic-
ate a radial localisation of the fluctuations in the outer half of the plasma
(as previously discussed), where the ion temperature gradient shows very
little variation across experiments. In this case, changes of density and tem-
perature in the core do not affect the turbulence since the gradients in the
outer half are unchanged. This explanation is somewhat rudimentary, but
a more sophisticated approach requires a profile analysis as well as a large
number of gyrokinetic simulations, which is beyond the scope of this work.

The proportionality to the line-averaged density can also be explained by
the impact on the energy exchange rate from electrons to ions in the plasma,
which is given by [4, 36]

𝑃𝑒𝑖 =
𝑍2𝑒4 ln 𝛬√𝑚𝑒

(2𝜋)3/2𝜖2
0𝑚𝑖

𝑛2 𝑇𝑒 − 𝑇𝑖

𝑇 3/2
𝑒

, (5.2)

where 𝑍 is the ion charge number, 𝑚𝑒 and 𝑚𝑖 are the electron and ion mass,
respectively, and 𝑇𝑒 and 𝑇𝑖 are the electron and ion temperature. In the
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Figure 5.9: Line-integrated density fluctuation amplitude versus central
energy exchange rate between electrons and ions for stationary 200 ms
discharge segments.

discharges of the data set, only the electrons are heated directly via ECRH
and the ions are heated via collisional energy exchange. In order to raise the
ion temperature and increase its gradient, the power flux from the electrons
needs to be increased. Since 𝑃𝑒𝑖 ∝ 𝑛2, increasing the density at similar
temperatures will strongly increase the power transfer between the two
species. Figure 5.9 shows the line-integrated density fluctuation amplitude
versus the electron-ion power transfer in the plasma centre, where the central
measurement values of 𝑛, 𝑇𝑒 and 𝑇𝑖 were used. In order to obtain the total
power transfer, 𝑃𝑒𝑖 needs to be integrated along the plasma radius, which
requires knowledge of the full profiles of 𝑛, 𝑇𝑒 and 𝑇𝑖. Radial profiles are
not part of the database, therefore the central value is taken as a proxy.
Despite this limitation, a correlation is visible in figure 5.9. The more power
is available for the ions, the stronger the density fluctuations.

Further correlations of the line-integrated density fluctuation amplitude
to other plasma parameters, e. g. the diamagnetic energy, can be found in a
similar manner but most of them can be related to the strong correlation
to the line-averaged density. It is more interesting to find quantities which
might have an impact on the fluctuation level or on ∫ �̃�𝑒 𝑑𝑙/𝑛𝑒. As described
in section 3.2, the density gradient as well as the temperature ratio, 𝑇𝑒/𝑇𝑖,
are known to have an impact on the linear ITG mode growth rate. The
database contains a density measurement from the centre and the edge of
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Figure 5.10: Fluctuation levels in W7-X standard configuration versus
density peaking (left) and central temperature ratio (right). The colour
represents the electron-ion transfer power.

the plasma. Their ratio is a measure of how peaked the density profile is
and is used as a proxy for the density gradient in the core. Since the density
gradient has a stabilising effect on ITG modes, a negative correlation to the
fluctuation level is expected. For the temperature ratio, measurements from
the plasma centre are used as well. This is not the region in which ITG modes
are believed to be unstable, because the profiles are flat there. However, since
the profiles are self-similar for the investigated type of discharge, it can be
assumed that a larger temperature ratio in the core coincides with a larger
temperature ratio throughout the plasma and vice versa. The 𝑇𝑒/𝑇𝑖 ratio
has a destabilising effect on the ITG mode and a positive correlation to
the fluctuation amplitude is expected. The fluctuation level versus the
discussed quantities is shown in figure 5.10 for the standard configuration
and in figure 5.11 for the high iota configuration. The colour of the markers
represents the respective electron-ion transfer power. The density peaking
has only moderate variation in the available experiments and no trend is
visible in either configuration. The central temperature ratio has a larger
variation, but the expected effect on the fluctuation level is not observed.
On the contrary, only low fluctuation levels are observed at high values of
𝑇𝑒/𝑇𝑖. The central ion temperature does not vary much in these discharges,
which means the variation in temperature ratio is mainly due to a variation
of the electron temperature. A connection to the drive of the fluctuations
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Figure 5.11: Fluctuation levels in W7-X high iota configuration versus
density peaking (left) and central temperature ratio (right). The colour
represents the electron-ion transfer power.

via the ion temperature gradient can therefore be neglected. A possible
explanation is given by a localisation of fluctuations to a radial region which
is mainly unaffected by the central temperature ratio, i. e. such that the
central temperature ratio is not a good proxy for the temperature ratio at
the location where the fluctuations are driven.

In summary, ∫ �̃�𝑒 𝑑𝑙/𝑛𝑒 appears to be constant for discharges of the same
magnetic configuration. The reason for this is the self-similarity of the ion
temperature and density profiles as well as a low variation of plasma para-
meters in the given set of experiments. The high iota configuration exhibits a
lower fluctuation level than other configurations. Which property of this con-
figuration causes this effect needs further discussion: the difference between
the configurations can further be characterised via the wavenumber spec-
trum. Figure 5.12 shows a direct comparison of wavenumber spectra for
discharge segments with similar heating power and density in standard and
high iota configuration. Figure 5.12a shows the unprocessed wavenumbers,
while figure 5.12b shows the spectrum after geometric correction and norm-
alisation under the assumption of a radial origin at 𝑟eff/𝑎 = 0.75. In both
representations, the inboard (𝑘 > 0) branches of the two cases agree well
over most of the wavenumber range. In figure 5.12a, the main difference
between the spectra lies in the wavenumber range |𝑘| < 3 cm−1, where the
spectrum of the high iota case exhibits a lower PSD. These large scale fluc-
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(a) Wavenumber spectrum in PCI measurement direction.

(b) Wavenumber spectrum over the normalised binormal
wavenumber assuming a radial position of 𝑟eff/𝑎 = 0.75.

Figure 5.12: Comparison of wavenumber-spectra from comparable dis-
charges in W7-X standard (W7-X XP:20180920.36, 𝑡 = 3 to 4 s) and
high iota configuration (W7-X XP:20180904.4, 𝑡 = 3 to 4 s). Frequency
integration range: 15 to 600 kHz.

tuations are more relevant for transport than small scale structures with
higher wavenumbers. In figure 5.12b, the outboard side branch exhibits a
lower PSD over the entire wavenumber range. It is not clear, whether this
indicates a difference of the linear drive of turbulent modes or a different
saturation behaviour. A different ZF amplitude could affect the largest scale
fluctuations and also result in different density fluctuation levels. Linear and
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Chapter 5 Characterisation of turbulent density fluctuations

nonlinear gyrokinetic simulations of the two cases should be able to identify
the origin of the measured difference. Further exploration of this difference
is left for future work.
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6
Radial structure of density

fluctuations

Knowledge of the radial distribution of density fluctuations is valuable for
several reasons: it provides insight into the origin and driving mechanisms
of turbulence, which are usually connected to radial gradients of the kin-
etic plasma profiles. Furthermore, it helps to identify the regions of strong
turbulent transport in combination with a radial transport analysis and to
understand differences in discharge scenarios with e. g. reduced turbulence.

The PCI diagnostic at W7-X measures density fluctuations along the
entire length of its LOS, which includes the SOL, the edge and the core of
the plasma. Distinguishing fluctuations from different radial regions is not
possible without further instrumentation or analysis efforts. An extension
to the diagnostic consisting of selective mask filters for radially localised
measurements is implemented but was not operated successfully during
previous experiments. The masks effectively reduce the integration path to
a segment where the magnetic field has a certain pitch angle, which varies
along the LOS. Even without this feature, it is possible to identify the
radial origin of the strongest fluctuations which are measured. This is done
by measuring the dominant phase velocity in the PCI (𝑘, 𝑓)-spectrum and
finding the radius at which it fits the local E × B rotation velocity. The
details of this comparison are described in the remainder of this section and
have previously been published [133]. Figures and large fractions of the text
are reproduced with minor editing for the purpose of this section.
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6.1 Reference discharge scenario
Before going on to the details of determining the radial origin of fluctu-
ations with PCI, a paradigm reference discharge is selected as a repres-
entative example case. The experimental results as well as the gyrokinetic
and neoclassical simulations will be based on the experimental data of this
discharge. The discharge is an ECRH heated hydrogen plasma with fuelling
by gas without addition sources such as cryogenic pellet injection or NBI.
Since most discharges in W7-X have been of this type, it has the best data
coverage [18]. Furthermore, this scenario represents the future long-pulse
experiments at W7-X.

Figure 6.1 shows an overview of the main discharge parameters. The
magnetic field is in W7-X standard configuration with 5/5-island structure
in the SOL and an average magnetic field strength on the magnetic axis
of ⟨𝐵0⟩ = 2.41 T. The external heating is purely ECRH with short (𝑡 =
100 ms) neutral beam injections for diagnostic purposes. The heating power
is stepped down during the discharge, while the line-averaged density is kept
constant. Accordingly, the central electron temperature and diamagnetic
energy decrease during the discharge. The ion temperature is constant,
which is the case for almost every gas-fuelled ECRH discharge in W7-X [153].
During the phases of constant heating power, which are respectively much
longer than the energy or particle confinement times, the plasma parameters
are stationary. The time window 4.5 to 6.5 s, with medium heating power,
𝑃ECRH = 3.2 MW, (middle shaded region in figure 6.1) was selected as an
experimental reference for the following analyses and simulations. Figure 6.2
shows the density and temperature profiles of the reference plasma (time
average over 4.5 to 6.5 s), which are paradigmatic for ECRH plasmas in
W7-X and resemble the model profiles discussed in figure 3.8. The density
and ion temperature profiles are flat throughout the core and decrease only
outside 𝑟eff/𝑎 = 0.7. The electron temperature is centrally peaked and much
higher than the ion temperature in the core because of the central electron
heating and weak collisional coupling to ions due to the relatively low plasma
density, 𝑛peak = 3.5 × 1019 m−3, and high electron temperature, 𝑇𝑒,peak =
5.1 keV. The right hand side of figure 6.2 shows the respective normalised
gradients, 𝑎/𝐿𝑋 (cf. equation (3.17)). The ion temperature gradient becomes
large in the outer part of the plasma, 𝑟eff/𝑎 > 0.6, while the density gradient
stays comparably small, a combination that is expected to destabilise ITG
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6.2 Dominant fluctuation propagation velocity

Figure 6.1: Overview of a typical ECRH discharge in W7-X with hydrogen
as the main ion species. The input power was stepped down while keeping
the density constant. Transient neutral beam injections were launched
for diagnostic purposes. The depicted electron and ion temperatures
correspond to measurements of the central channel of the electron cyclo-
tron emission (ECE) [154] and the X-ray imaging crystal spectroscopy
(XICS) [155] diagnostic, respectively. Modified from Bähner et al. [133].

turbulence.

6.2 Dominant fluctuation propagation velocity
The basis for the identification of the radial location of fluctuations is the
dominant phase velocity in the PCI (𝑘, 𝑓)-spectra, 𝑣PCI

ph = 2𝜋𝑓/𝑘, which was
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Figure 6.2: Radial profiles of the reference discharge averaged over 4.5 to
6.5 s. The left panel shows the electron density, 𝑛𝑒 in 1019 m−3 and elec-
tron temperature, 𝑇𝑒 in keV, both measured by the Thomson scattering
(TS) diagnostic [156], as well as the ion temperature, 𝑇𝑖 in keV, meas-
ured by charge exchange recombination spectroscopy (CXRS) [92]. The
vertical lines are measurement values with error bars which represent
measurement uncertainties. The solid lines are best fits to the measure-
ment data. The right panel shows the normalised inverse gradient lengths
corresponding to the best fits. Reproduced from Bähner et al. [133].

Figure 6.3: Wavenumber-frequency spectrum during an ECRH plasma in
W7-X standard magnetic configuration. Modified from Bähner et al.
[133].
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6.2 Dominant fluctuation propagation velocity

briefly introduced in section 5.1. Most of the power in the spectrum is aligned
along a single slope for both the positive and negative wavenumber branch,
forming dominant velocity bands in both directions (see figure 6.3). The
phase velocity of the typical instabilities in the plasma frame is comparably
small (𝑣ph ≈ 500 m s−1 for ITG modes, see figure 3.5 and the corresponding
description). The E × B rotation of the plasma due to the neoclassical
radial electric field, on the other hand, is generally much faster and adds a
Doppler shift to the fluctuations’ frequencies [93, 109, 157]. The propagation
velocity of turbulent fluctuations in the laboratory frame, 𝑢𝛼, is therefore
a combination of the mode’s intrinsic phase velocity, 𝑣ph, and the E × B
rotation velocity, 𝑣E×B, which both point in the binormal direction,

𝑢𝛼 = 𝑣ph + 𝑣E×B ≈ 𝑣E×B. (6.1)

Since the radial profile of 𝑣E×B is generally not flat, 𝑢𝛼 depends on the radial
location of the fluctuations. The line-integrated measurement of the PCI
diagnostic covers fluctuations from all radial regions, which should result in
a broad distribution of phase velocities in the (𝑘, 𝑓)-spectrum, contrary to
what is observed.

The apparent dominant phase velocity indicates that there is a radial
region with little variation of the local 𝑣E×B and with strong fluctuations,
which cause the spectral power to be concentrated at the corresponding
slope in the spectrum. In this interpretation, the two wavenumber branches
correspond to the inboard and outboard side, since the E × B rotation
changes direction in the frame of the PCI laser beam, when it passes the
magnetic axis. By comparing the propagation velocity which corresponds
to the strong fluctuations in the dominant band of the PCI spectrum to
the radial 𝑣E×B profile, the radial origin of the strong fluctuations can be
estimated. For this comparison, an estimate of the propagation velocity of
the fluctuations based on the measured phase velocity in the spectrum, 𝑣PCI

ph ,
as well as an estimate of the local 𝑣E×B along the LOS is required.

𝑣PCI
ph is determined as described in section 4.2.4, but geometrical effects

along the LOS have to be taken into account to obtain 𝑢𝛼. As discussed at
the end of section 4.2.3, PCI measures a projection of the wave onto the
measurement direction, ̂em. Analogous to equation (4.19), there is

𝑣PCI
ph = 𝑢𝛼 ̂e𝛼 ⋅ ̂em, (6.2)

⇔ 𝑢𝛼 = 𝑣PCI
ph / cos 𝜃, (6.3)
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where 𝜃 is the angle between the measurement direction of PCI and the
binormal direction and depends on the position along the LOS. Furthermore,
the projection changes even across the width of the laser beam. The differ-
ence between the two outermost LOSs can be non-negligible at certain radii.
Taking this effect into account is more complicated, since all LOSs contrib-
ute to the calculated (𝑘, 𝑓)-spectra with varying intensity corresponding to
the beam cross section on the detector. For the purpose of the comparison
in this work, this variation is understood as an uncertainty of the projection
of the central, most illuminated LOS.

6.3 E×B velocity and neoclassical radial electric
field

The last ingredient for the estimation of the radial location of fluctuations
is the E × B rotation velocity of the plasma. The radial electric field, 𝐸𝑟,
which is responsible for the E × B rotation, is predominantly determined
by the ambipolar NC transport in stellarators [8], cf. section 2.2.2. Meas-
urements by CXRS and XICS show the existence of an electron root in the
core and an ion root in the outer half of ECR heated plasmas in W7-X [92,
155]. They generally show good agreement with numerical neoclassical cal-
culations by codes like the drift kinetic equation solver (DKES) [158, 159].
DBS measurements also show a good agreement between the radial elec-
tric field obtained from the poloidal velocity of fluctuations, 𝐸DBS

𝑟 = 𝑢𝛼𝐵,
and neoclassical calculations by DKES [93, 160]. For the calculations with
DKES, the experimental kinetic plasma profiles are used as input. At the
plasma edge, ion and electron temperatures are assumed to be equal. Due
to measurement uncertainties, the ion temperature sometimes slightly ex-
ceeds the electron temperature even though there is no ion heating. For a
meaningful simulation result in these cases without reversed fluxes, 𝑇𝑒 and
𝑇𝑖 are manually set equal and smoothing is applied to avoid a discontinuity
in the gradient. Figure 6.4 shows the neoclassical electric field calculated
for the profiles of the reference plasma, cf. figure 6.2. The dashed line is
the electron root solution, which only appears in the core, where 𝑇𝑒 ≫ 𝑇𝑖.
The ion root, plotted as a solid line, is relevant in the outer half of the
plasma, where it forms an 𝐸𝑟-well at 𝑟eff/𝑎 ≈ 0.8. Since it has been shown

110
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Figure 6.4: Flux surface averaged neoclassical radial electric field from
simulations with DKES (blue) and measurements by DBS (black) for
the reference discharge. Reproduced from Bähner et al. [133].

experimentally that an electron root radial electric field exists in the core,
the corresponding electron root velocity should be preferred where both
solutions exist. Sensitivity studies have previously produced an uncertainty
of the simulated ⟨𝐸𝑟⟩NC on the order of 10%, by varying the local density
and temperature values and gradients by 10% [93, 161]. The black error
bars are measurement points from DBS, which generally agree with the ion
root solution by DKES in the region of interest (shadowed region around
75% of the minor radius, where the drive of ITG turbulence should be large,
cf. section 3.3.4). At the LCFS, the measured 𝐸𝑟 changes sign, resulting in
a large shear. The corresponding E × B velocity of the 𝐸𝑟-well in the region
of interest is 𝑣E×B ≈ 4 km s−1, which is the same order of magnitude as the
phase velocity measured in the PCI (𝑘, 𝑓)-spectra. The good agreement of
the DBS measurement and the simulated 𝐸𝑟 supports the assumption that
the propagation velocity of fluctuations is dominated by the E × B rotation,
𝑢𝛼 ≈ 𝑣E×B.

Finally, for the direct comparison to the local propagation velocity of
the fluctuations which corresponds to the PCI dominant phase velocity, the
flux compression must taken into account. The radial electric field given
by DKES, ⟨𝐸𝑟⟩NC, is a flux surface averaged quantity, corresponding to
⟨𝐸𝑟⟩NC = −𝜕𝜙/𝜕𝑟eff, where 𝜙 is the electrostatic potential, which is assumed
to be a flux surface quantity, i. e. constant on each flux surface to first order.
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In order to obtain the local NC electric field, the real space gradient of the
effective radius, |∇𝑟eff|, needs to be multiplied to the flux surface average,
⟨𝐸𝑟⟩NC. The magnitude of the corresponding E × B velocity is then

𝑣E×B = ⟨𝐸𝑟⟩NC|∇𝑟eff|
𝐵

, (6.4)

where all components vary along the PCI LOS.

6.4 Comparison of velocities
After having discussed the estimation of 𝑢𝛼 and 𝑣E×B, the actual compar-
ison of the velocities for the case of the reference discharge is presented in
order to investigate if and where they match. Figure 6.5 shows the direct
comparison of the local E × B velocity from neoclassical calculations and
the local binormal velocity, which corresponds to the measured dominant
phase velocity in the PCI (𝑘, 𝑓)-spectrum along the PCI LOS. The 𝑣E×B
in the ion diamagnetic direction stems from the electron root solution for
𝐸𝑟, the 𝑣E×B in the electron diamagnetic direction from the ion root solu-
tion. A typical phase velocity of the ITG modes, 𝑣ph = 500 m s−1 in the ion
diamagnetic direction (see figure 3.5), is added to 𝑣E×B at 𝑟eff/𝑎 = 0.75 for
reference. The negative phase velocity in the PCI (𝑘, 𝑓)-spectrum was used
for the outboard side mapping and the positive phase velocity for the inboard
side (solid lines). The dotted lines correspond to the inverse attribution for
the central LOS. The different geometrical corrections of the 32 PCI LOSs
are illustrated by faded lines. Both 𝑢𝛼 and 𝑣E×B were calculated for each
LOS and opacity-weighted by the respective laser amplitude. The difference
between the LOSs is very small on the inboard side but relevant on the
outboard side. The measured velocities match 𝑣E×B best at 𝑟eff/𝑎 ≈ 0.75,
which is also the position of the well in ⟨𝐸𝑟⟩NC. With the inverse attribution,
the phase velocity measured by PCI would agree with the NC results only
quite close to the core, near the electron-root solution. The attribution of
wavenumber branches to the in- and outboard side for which the velocities
match in the outer half of the plasma agrees with the expectation of linear
instability growth (cf. section 3.3.4) and is therefore preferred. Additionally,
the (𝑘, 𝑓)-spectrum has qualitatively the same properties in most discharges
even though the electron-root solution does not exist in every case.
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Figure 6.5: Local E × B rotation velocity from NC calculations and the
binormal velocity corresponding to the dominant phase velocity in the
PCI the spectrum along the PCI LOS. A linear estimate of the phase ve-
locity of ITG modes at 𝑟eff/𝑎 = 0.75 (cf. figure 3.5) is added to 𝑣E×B for
reference. The dotted lines show the alternative attribution of wavenum-
ber branch to in-/outboard side for the central LOS. The faded black
and blue lines illustrate the geometric variation of the mapping across
the 32 LOSs weighted by the respective laser power. Reproduced from
Bähner et al. [133].

The negative wavenumber branch can therefore be assumed to correspond
almost exclusively to the outboard side of the plasma and vice versa. The
ITG mode phase velocity is just a small correction and on the same order
as the geometrical effects of the finite beam width and the uncertainty of
𝑣E×B due to the uncertainty of the input profile parameters (≈ 10%, not
shown here). The observed match suggests that strong fluctuations exist
at 𝑟eff/𝑎 ≈ 0.75 which cause a dominant linear phase velocity in the PCI
(𝑘, 𝑓)-spectrum determined by 𝑣E×B at that position.

A simple test for the hypothesis that 𝑣PCI
ph in each wavenumber branch

is determined by 𝑣E×B, is an experiment with reversed magnetic field dir-
ection but otherwise similar plasma parameters. The E × B rotation and
diamagnetic direction change sign while everything else stays the same, if
the discharges are similar enough. Two almost identical experiments in low
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Figure 6.6: Top: Wavenumber-frequency-spectra and dominant phase velo-
cities of discharges with forward and reversed field direction. The spectra
are normalised to the mean along the 𝑘-axis for a better visualisation
of the dominant phase velocity. Bottom: DKES 𝐸𝑟 for the respective
discharges. Modified from Bähner et al. [133].

iota configuration are compared. In both discharges, 5 MW of ECRH were
applied at a line-integrated density of 4 × 1019 m−2. Figure 6.6 shows the
(𝑘, 𝑓)-spectra and the simulated neoclassical radial electric field of the re-
spective discharges. The radial electric field profiles are very similar. Since
𝑣E×B changes direction, the spectrum is mirrored at the 𝑘 = 0 axis when
going from forward to reversed field, but looks otherwise identical. The
measured dominant phase velocities for the negative (positive) wavenumber
branch are 𝑣PCI

ph = −2.3 km s−1 (2.9 km s−1) for the forward field case and
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Figure 6.7: Velocity comparison for forward and reversed magnetic field
experiments. Modified from Bähner et al. [133].

𝑣PCI
ph = −2.9 km s−1 (2.3 km s−1) for the reversed field case. The asymmetry

in the spectral power also switches sides. Figure 6.7 shows the velocity com-
parison for the two discharges. It yields a similarly good match as in the
reference plasma for both cases only if the attribution of each 𝑘-branch to
the in- or outboard side is reversed. There is no electron root solution in
this case, which excludes an inverse attribution. The match is best at the
location of the 𝐸𝑟-well, which is not at 𝑟eff/𝑎 = 0.75 but further inwards.
This poses the question, whether the location of strongest fluctuations is
different to the reference case and which role the 𝐸𝑟-well itself plays for the
dominant phase velocity in PCI spectra.

The analysis was repeated for discharges with varying input power or dens-
ity. Both variations have an effect on the radial location and the depth of the
well in the ion root 𝐸𝑟. For the scan in ECRH power, three time windows
within the discharge presented in figure 6.1 (shaded regions) were analysed,
where the ECRH power was stepped down from 4 MW over 3.5 MW to
2 MW, while keeping the line-integrated density constant at 4 × 1019 m−2.
The comparison of 𝑢𝛼 and 𝑣E×B for these cases is shown in 6.8. The ion
temperature stays constant throughout the discharge and the electron tem-
perature decreases as a response to the decreasing heating power. The
difference between 𝑇𝑒 and 𝑇𝑖 decreases and the radial location at which the
two species are in thermal equilibrium moves inwards. As a consequence,
both the ion and electron root 𝐸𝑟 has a smaller magnitude for lower heating
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Figure 6.8: Velocity comparison for a scan of ECRH input power. Electron
root solutions for 𝑣E×B are not shown. Modified from Bähner et al.
[133].

power and the transition point as well as the radial location of the 𝐸𝑟 well
move radially inwards. The measured dominant phase velocity follows this
trend but the difference between the 4 MW and 3.5 MW cases is very small
compared to the overall uncertainties. For the scan of plasma density, three
discharges with heating power 𝑃ECRH = 4.7 MW were chosen. The line-
integrated density was increased between the discharges from 4 × 1019 m−2

over 6 × 1019 m−2 to 8 × 1019 m−2. The comparison of 𝑢𝛼 and 𝑣E×B for these
cases is shown in 6.9. Increasing the density at constant heating power has
a similar effect as decreasing the heating power at constant density, since in
both cases less power per particle is available. Accordingly, the magnitude of
the 𝐸𝑟 decreases for higher densities and the measured 𝑢𝛼 follows the trend
closely. In all situations, the match is usually best around the position of
the 𝐸𝑟-well, which also varies but only within the outer half of the plasma.
In many cases, the electron root solution is very small or not existing at all,
which makes a significant contribution of core density fluctuations to the
dominant phase velocity unlikely. In conclusion, strong density fluctuations
must be present in the outer half of the plasma and the well in the 𝑣E×B-
profile, which appears in the same radial region, determines the observed
dominant phase velocity in PCI (𝑘, 𝑓)-spectra.

While there is striking evidence that the origin of the observed fluctuations
is located at the position of the 𝐸𝑟-well, the velocity variations within
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Figure 6.9: Velocity comparison for a scan of line-integrated density. Elec-
tron root solutions for 𝑣E×B are not shown. Modified from Bähner
et al. [133].

the 𝑣E×B-profile are expected to have an impact on the observed (𝑘, 𝑓)-
spectrum as well. The spectral power originating from fluctuations at a
radial location with a strong radial velocity gradient will be spread out
in (𝑘, 𝑓)-space. If the fluctuations arise at a radial location with small
velocity gradient, the spectral power is focused at a single angle in the (𝑘, 𝑓)-
spectrum. Fluctuations will produce clearer dominant phase velocities, if
they appear in a region in which the velocity profile is flat. While this does
not disagree with the interpretation of the strongest density fluctuations
causing the dominant phase velocity, both mechanisms have to be taken
into account to understand the PCI spectra. In the following section, the
effect of the velocity gradient on PCI spectra is examined with the SPCI
diagnostic.

6.5 Simplified rotation model with SPCI
As described in section 4.1.2, the synthetic PCI diagnostic numerically repro-
duces the PCI signal based on global gyrokinetic simulations. Additionally,
a simplified model which captures the basic features of the E × B rotation
of turbulent density fluctuations was implemented. Here, a static snapshot
of density fluctuations is derived from a GENE-3D simulation for W7-X [61]
is propagated poloidally following a predefined radial rotation velocity pro-
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Figure 6.10: Model functions for the 𝑣E×B-profile (blue) and corresponding
density fluctuation amplitude profile (red) used as input for the rotation
model of SPCI. Reproduced from Bähner et al. [133].

file. The model is described in more detail in [133, 139]. In this section,
the effect of a rotating plasma background on the measurement of density
fluctuations by PCI is investigated for various rotation velocity profiles. In
particular, the radial gradient of the rotation velocity affects the dominant
phase velocity in the measured (𝑘, 𝑓)-spectrum.

In order to test the effect of a velocity gradient, fluctuations were restricted
to a narrow radial interval by a top-hat function of width 0.2 𝑎 centred
around 𝑟eff/𝑎 = 0.7. The individual shape of the velocity profiles is chosen
such that they have the same magnitude in the centre of the regions of
large fluctuation amplitudes but differ in the radial variation, as shown in
figure 6.10. In principle, one would expect the resulting (𝑘, 𝑓)-spectra to
show the same dominant phase velocity for each case with a varying spread
of spectral power. Figure 6.11 shows the (𝑘, 𝑓)-spectra for three different
gradients of the model velocity profile. The radial velocity gradient increases
from left to right. In the left case, the gradient corresponds roughly to a
rigid plasma rotation and shows a very distinct dominant phase velocity
with little spectral power in other parts of the spectrum. Model profiles
with even flatter gradient produced very similar results and are not shown
here. For increasing gradients, the spectral power is clearly spread out over
a larger area in (𝑘, 𝑓)-space. The gradient in the right case corresponds
roughly to the maximum gradient that is observed experimentally at the
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Figure 6.11: Wavenumber-frequency spectra of SPCI data corresponding
to model velocity profiles with increasing radial gradient from left to
right. The colour scale is in dB. The white lines mark the dominant
linear phase velocities, the white dashes mark a ±50kHz interval around
the dominant 𝑣ph. Reproduced from Bähner et al. [133].

edge of the considered plasma discharges. In order to measure this effect
quantitatively, the integrated spectral power in a ±50 kHz band around the
dominant phase velocity, 𝑠𝑣, is compared to the total power in the spectrum,
𝑠total. The velocity band is marked by white dashes in figure 6.11. In the left
case, 68% of the power is concentrated along the negative 𝑣ph and 31% along
the positive 𝑣ph. Only 1% of spectral power appears outside the velocity
bands. For the most severe gradient, the right case, these fractions go down
to 50% and 8% for the negative and positive velocity band, respectively.
Additionally, the dominant phase velocity increases for the cases with higher
gradient, even though the average velocity over the top-hat function stays
the same. This is because the maximum velocity on the domain of the
�̃�𝑒 step function increases. Due to the nonlinear relation between phase
velocity and the slope in the (𝑘, 𝑓)-spectrum, more power is concentrated at
a larger slope. In other words, the dominant phase velocity is prone to show
the higher end of phase velocities in the fluctuations. These results have
important consequences: if the velocity profile has a well, as it does in the
experiment, two effects are responsible for a concentration of spectral power
at the slope of the velocity in the well. The first effect is the low velocity
gradient at that position and the second is the observed tendency that
fluctuations with higher velocities are emphasised in the (𝑘, 𝑓)-spectrum.
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Figure 6.12: Radial profile of density fluctuation amplitude from a global
GENE-3D simulation [61] (upper panel) and simulated NC 𝑣E×B-profile
from DKES (lower panel, cf. figure 6.4). Additionally, the phase velocit-
ies determined from the resulting SPCI (𝑘, 𝑓)-spectrum are shown for
comparison.

It is important to point out that the investigated effect is different from
turbulence suppression by E × B shear [89]. Neither the linear stabilisation
of turbulent modes nor the nonlinear decorrelation through E × B shear can
be simulated with this simplified model. However, a shift of spectral power
to higher wavenumbers is possible in the present model through shearing of
structures spanning several flux surfaces.

Finally, for a direct comparison to the experimental (𝑘, 𝑓)-spectrum, the
simulated neoclassical 𝑣E×B-profile, taken from figure 6.4, and a simulated
fluctuation amplitude profile with radial variation taken from Bañón Nav-
arro et al. [61], are used as input for the model. Figure 6.12 shows the
density fluctuation amplitude and 𝑣E×B profiles. The fluctuation amplitude
profile is highest at 𝑟eff/𝑎 ≈ 0.7 but otherwise rather flat. Figure 6.13 shows
the resulting (𝑘, 𝑓)-spectrum, which has very similar features as the exper-
imental spectrum (see figure 6.3). The dominant phase velocities in the
spectrum are marked by white lines and added to figure 6.12. They match
𝑣E×B at the position of the well on both the in- and outboard side, which
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Figure 6.13: Wavenumber-frequency spectrum of SPCI data with the simpli-
fied the E × B rotation model based on velocity and density fluctuation
amplitude profiles in figure 6.12. Reproduced from Bähner et al. [133].

confirms that the analysis is consistent. The model reproduces the qualit-
ative behaviour of the investigated situation well: the density fluctuation
amplitude is particularly strong at the position of the 𝐸𝑟-well and produces
dominant phase velocities in the (𝑘, 𝑓)-spectrum, which match the E × B
velocity of the well. A more detailed or even quantitative comparison of
experimental and simulated spectra is not reasonable, since the simulation
by Bañón Navarro et al. [61] does not closely match the experimental
situation of the reference discharge. Nonlinear global simulations includ-
ing the background radial electric field with GENE-3D and other global
gyrokinetic codes like EUTERPE [162, 163] and the gyrokinetic toroidal
code (GTC) [100, 164] are planned, which can then be directly compared
to measurement data via the synthetic diagnostic.

6.6 Gyrokinetic simulations
In order to study the radial and poloidal distribution of density fluctuations
in more detail, numerical nonlinear gyrokinetic flux tube simulations with
GENE were conducted. Three flux tubes at different radial positions outside
the half-radius were selected. The flux tubes intersect the PCI LOS on the
outboard side and thus simulate the turbulence measured by PCI as closely
as possible (cf. figure 4.6 and corresponding discussion in section 4.1.2). The

121



Chapter 6 Radial structure of density fluctuations

Figure 6.14: Intersections of the GENE flux tubes with the cross-section
of the PCI LOS (thick black line).

𝑟eff/𝑎 𝑎/𝐿𝑛 𝑎/𝐿𝑇i
𝑎/𝐿𝑇e

𝑇𝑒/𝑇𝑖
0.60 0.7 2.1 4.1 1.2
0.75 1.5 5.4 5.4 1.0
0.90 2.6 8.9 8.9 1.0

Table 6.1: Input parameters for GENE flux tube simulations. The values
are taken from experimental profiles in figure 6.2. Outside 𝑟eff/𝑎 = 0.7
the ion temperature and electron temperature are assumed to be equal.
The simulations were run with a resolution of (𝑛𝑥, 𝑛𝑦, 𝑛𝑧, 𝑛𝑣∥

, 𝑛𝜇) =
(128, 64, 128, 32, 9) in a box of (𝐿𝑥, 𝐿𝑦, 𝐿𝑧) = (125, 125, 2𝜋) in normalised
GENE units.

fluctuations on the inboard side are also captured by the same flux tubes,
since they pass through the stellarator symmetric PCI cross-section in each
of the five identical modules of W7-X and very close to the inboard LOS
position in one of them. Figure 6.14 shows the flux tubes at the toroidal
angle of the PCI diagnostic. The intersection with the LOS can be observed
on the outboard (right hand) and inboard (left hand) side. The density
and temperature gradients, as well as the temperature ratio for each radial
position are listed in table 6.1 and represent the profiles shown in figure 6.2.
Similarly as for the DKES simulation, electron and ion temperatures are
set to be equal, 𝜏 = 1, in the edge of the plasma, 𝑟eff/𝑎 > 0.7. Both
species were treated kinetically in the simulations and without collisions or
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Figure 6.15: Local density fluctuations from nonlinear GENE flux tube
simulations and ion temperature gradient at the corresponding radial
position. The density fluctuations are evaluated at the intersection with
the PCI LOS on the inboard and outboard side, respectively. Reproduced
from Bähner et al. [133].

electromagnetic effects. Figure 6.15 shows the resulting density fluctuations
as well as the ion temperature gradient for each flux tube versus the radial
position. The density fluctuations are evaluated at the intersection with
the PCI LOS on the in- and outboard side, but the respective values only
show a clear difference at 𝑟eff/𝑎 = 0.75. This can be understood from the
mode structure along the flux tube, which was presented in section 4.1.2,
figure 4.7. The data stems from the same simulation and shows a clear
increase of density fluctuations towards the outboard side at 𝑟eff/𝑎 = 0.75.
This asymmetry between the in- and outboard side fits the experimental
observation in the (𝑘, 𝑓)-spectrum. The amplitude structure of the simulated
density fluctuations along the flux tube at 𝑟eff/𝑎 = 0.6 and 𝑟eff/𝑎 = 0.9
is rather flat, which results in the small difference between the PCI in-
and outboard measurement position at those radial locations. Both density
fluctuations and ion temperature gradient are strongest in the 𝑟eff/𝑎 = 0.75
flux tube and decrease again towards the separatrix, which shows how closely
the nonlinear density fluctuations relate to the linear drive of the ITG mode.
This is the numerical confirmation that the fluctuations are indeed strongest
at 𝑟eff/𝑎 = 0.75, as was already derived from the comparison of the dominant
phase velocity in the PCI measurement to the neoclassical 𝑣E×B.
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Chapter 6 Radial structure of density fluctuations

Figure 6.16: Ion heat flux from neoclassical simulations with DKES and
flux tube averaged values from gyrokinetic simulations with GENE. The
turbulent heat flux from gyrokinetic flux tube simulations is known to be
overestimated and is artificially reduced by a factor of 10 for illustration.

In the last part of this section, the implications for transport are briefly
discussed. As mentioned before, this discussion is limited since density fluc-
tuations are only a proxy for turbulent transport. Nevertheless, the good
agreement between the experimental findings for the location of strongest
density fluctuations with the simulation results presented in this section
give confidence in the qualitative radial evolution of turbulent transport
which can be deduced from the nonlinear flux tube simulations. Figure 6.16
shows the flux tube averaged ion heat flux in real units for the three radial
positions in blue. Similarly to the evolution of the density fluctuations, the
𝑟eff/𝑎 = 0.75 flux tube exhibits by far the strongest transport. The neo-
classical ion heat flux from the simulations with DKES is show in green
for comparison. It is taken from the same simulations which produced the
radial electric field of the reference discharge for the velocity comparison (cf.
figure 6.4). The neoclassical ion heat flux peaks further in the core of the
plasma at 𝑟eff/𝑎 < 0.2 and decreases strongly in the outer half of the plasma.
This fits the qualitative understanding that the outer half of the plasma
exhibits a stronger turbulent heat flux than the core. It has, however, been
previously shown that for this type of discharge (cf. section 6.1), the trans-
port is predominantly anomalous throughout the whole plasma radius and
the neoclassical transport only accounts for ≈ 10% of the total input power
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for both electrons, ions and the combined case [20]. It is therefore likely that
the radial evolution of turbulent ion heat flux as shown in figure 6.16 is ex-
aggerated and global gyrokinetic simulations with similar parameters would
yield a more evenly distributed radial ion heat flux profile. For a quantitative
and self-consistent comparison of the two transport channels, a full power
balance is required, as presented in [20]. This includes radial ray-tracing
of ECRH power deposition, tomography inversion of radiated power and a
numerical 1-dimensional transport analysis, which exceeds the scope of this
work. Nevertheless, it can be concluded that the turbulent ion heat trans-
port connected to the measured density fluctuations is likely to be strongest
at the same radial position as the density fluctuations, 𝑟eff/𝑎 ≈ 0.75.
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7
Zonal-flow-like modulations of

the binormal flow velocity

In the previous section it was shown that the dominant propagation velocity
of density fluctuations measured by the PCI diagnostic can be associated to
the E × B flow at a certain radius in the plasma. In the presented analysis,
the PCI (𝑘, 𝑓)-spectra are averaged over a time period of typically ≳ 1 s,
since the kinetic profiles are constant during this time and thus the NC
transport and the ambipolar radial electric field do not vary. The minimum
segment length which is needed determine a dominant phase velocity in the
PCI spectrum is, however, as short as 0.05 ms. This allows for an investig-
ation of the propagation velocity evolution on a time scale which is much
faster than changes of the ambipolar electric field. On this time scale, a per-
sistent feature becomes apparent throughout every discharge: the dominant
phase velocity is modulated at frequencies on the order of 0.1 to 1 kHz. The
entire region of strong PSD amplitude is shifted up and down over the entire
wavenumber axis, which is visible in the example (𝑘, 𝑓)-spectrum depicted
in figure 7.1. For illustration, only the negative wavenumber branch is de-
picted, but the positive wavenumber branch exhibits the same behaviour.
This phenomenon is reminiscent of ZFs, which act as a turbulence driven
modulation of the binormal plasma flow. As discussed in section 3.4, ZFs
are expected to arise in W7-X as a saturation mechanism for drift wave
turbulence, but so far they have not been measured in W7-X. An identific-
ation of the observed oscillations as ZFs is challenging with the currently
available data and an alternative interpretation of the oscillations as large
scale, global MHD modes exists. Therefore, the remainder of this section is
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Figure 7.1: Two frames of a (𝑘, 𝑓)-spectrum for illustration of the dominant
phase velocity oscillation. The two frames have a time difference of 𝛥𝑡 =
𝑡2 − 𝑡1 = 2 ms, exhibiting a difference in the dominant phase velocity of
640 m s−1. The fluctuation band oscillates up and down over the entire
wavenumber axis.

organised in two parts: first, in sections 7.1 to 7.3, the observed oscillation
is characterised neutrally without reference to either one of the hypotheses.
In the second part, sections 7.4 to 7.6, the observations are interpreted in
the context of ZFs and global MHD modes.

The detailed structure is as follows: In section 7.1, the general character-
istics of the oscillation are presented. A large part of the characterisation
consists of correlation analyses to other plasma parameters. This is motiv-
ated by the role of ZFs and global modes in the relation between these
parameters. A strong dependence on the magnetic field configuration leads
to a distinction of two cases, which are described in section 7.2. In one of the
two cases, a feature in the 1 to 2 kHz frequency range is observed, which can
be associated with a previously characterised 1 to 2 kHz mode [165]. This
connection is briefly discussed in section 7.3. In section 7.4, the observa-
tions are interpreted in the context of ZFs. Simulation results and modelling
of ZFs are described in section 7.5. Finally, in section 7.6, the alternative
interpretation of the observations as global modes is provided.
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7.1 Characterisation

7.1.1 Temporal evolution
For the analysis of the temporal evolution of the binormal flow velocity
throughout an entire discharge, an automatic algorithm is required. The
high time resolution is achieved by reducing the length of the time seg-
ment for the (𝑘, 𝑓)-spectrum calculation to 𝛥𝑡 = 0.05 ms. This reduces
the frequency resolution to 𝛥𝑓 = 10 kHz, which is still sufficient for the
determination of a dominant phase velocity. Following Welch’s method, ten
spectra are averaged in order to reduce spectral variance. The resulting
averaging window of 0.5 ms is shifted by 𝛥𝑡 for the next time step similarly
to a moving average, which retains the high time resolution for the detection
of changes in the phase velocity. For each discharge, the set of parameters
for the determination the dominant phase velocity (cf. section 4.2.4) is se-
lected individually to ensure a robust analysis throughout the discharge. In
previous operation phases of W7-X, reference discharges with fixed density
and input power settings were run in every magnetic configuration. A time
segment of such a reference discharge is used for the comparison of different
configurations in the following sections. Figure 7.2 shows the time traces of
the inboard (positive 𝑘) and outboard (negative 𝑘) dominant phase velocity
for an example discharge. The phase velocities exhibit an oscillation through-
out the entire discharge. For simplicity, the phase velocity in the spectrum
is not converted to the adequate binormal flow velocity under assumption of
a radial origin (as in chapter 6), since the projection is constant in time and
independent of the observed modulation. In figure 7.2a, the full discharge is
shown, where the steps of input power, which affect the stationary neoclas-
sical E × B flow, are visible at 2 s and 4 s. A small section of the displayed
time trace is shown in figure 7.2b, where the irregular modulation of the
phase velocity is visible. In this example, in- and outboard side flow velocity
are modulated in phase on the time scale of several ms. In other examples,
there is a cross-phase of 𝜋 between the velocity time traces.

7.1.2 Cross-correlation to other signals
There is a number of quantities which exhibit a correlation to the oscilla-
tion of the dominant phase velocity. First, there is a strong correlation to
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(a) Outboard and inboard side dominant phase velocity
during the discharge. Input power steps at 2 s and 4 s are
visible in the mean phase velocity.

(b) Visible synchronous oscillation of dominant phase velo-
cities on a ms time scale.

Figure 7.2: Time traces of in- and outboard dominant phase velocity in
PCI spectra of an example discharge in high iota configuration (W7-X
XP:20180904.004). The overview of the entire discharge is shown in (a)
and a zoomed in view of the same data in (b).

130



7.1 Characterisation

(a) Coherence.

(b) Correlation function.

Figure 7.3: Coherence (a) and correlation (b) of dominant phase velocity
and the density fluctuation amplitude for different magnetic configura-
tions. The dotted lines in (b) mark the lag between the signals.

the density fluctuation amplitude as obtained by integration of the (𝑘, 𝑓)-
spectrum at every time step within the boundaries which were used for the
determination of the phase velocity. Figure 7.3 shows the coherence (a) and
the correlation function (b) of the dominant phase velocity and the dens-
ity fluctuation amplitude for reference discharges in the W7-X standard,
low iota, high iota and high mirror magnetic configuration. The coherence
between the phase velocity oscillation and the density fluctuation amplitude
exhibits large values at frequencies of 0.2 to 1 kHz in every configuration.
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The correlation function in figure 7.3b shows a relatively strong positive
correlation for each configuration and peaks at a time lag close to 𝜏 = 0.
The maximum position of the correlation function is marked by dashed
lines and can be interpreted as the lag between the signals. In the depicted
cases, the lag is −0.40 to 0.05 ms, which is close to the minimum resolvable
time lag of 𝛥𝜏 = 0.05 ms. The phase velocity evolves almost at the same
time but generally a few 100 µs after the density fluctuation amplitude. It is
important to keep in mind that the two signals represent different quantities
and that the phase velocity fluctuation does not directly correspond to a
density fluctuation. They are not completely independent measurements
either, however, since they are derived from the same (𝑘, 𝑓)-spectrum. A
correlation analysis to the time resolved root mean square (RMS) of a single
PCI channel signal shows a qualitativly similar correlation and lag in each
configuration albeit at lower correlation values (maximum values of 0.15 to
0.4). In particular the chronological behaviour of the phase velocity mod-
ulation having a delay to the density fluctuation amplitude of up to a few
100 µs is observed in every case.

Furthermore, a remarkably strong correlation is observed to fluctuations
of the H𝛼 line-radiation measured by a filterscope system [166] observing the
outboard side SOL close to the measurement position of the PCI diagnostic.
Even though the two measurements are radially separated, a correlation and
coherence of more than 0.8 is observed. A connection of the two signals via
electric or mechanical coupling is implausible and other indirect correlations
e. g. due to a measurement of soft X-ray (SXR) emission in the plasma core
by the filterscope could be excluded. The correlation to the H𝛼 line-radiation
is further investigated in the next section.

A correlation to SXR emission in the plasma core was investigated via
a single LOS signal of the soft X-ray Multi Camera Tomography System
(XMCTS) [167, 168]. High correlation between the signals is observed but
at a much lower level as compared to the H𝛼 signal. The signals are co-
herent predominantly at frequency below 300 Hz. Further analysis of this
correlation is described in section 7.3. Similarly, there is some correlation to
magnetic signals from segmented Rogowski coils [169] and Mirnov coils [170].
The coherence of the phase velocity oscillation and the Rogowski coil meas-
urement can be as large as 0.8 in the high iota configuration at a frequency
of 200 Hz and exhibits a second peak at 2.5 kHz. The correlation to the
Mirnov coil signal is observed exclusively in the 1 to 2 kHz frequency range
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Figure 7.4: Coherence of dominant phase velocity and H𝛼 line-radiation
from the SOL for different magnetic configurations.

in certain configurations.
Finally, a similar modulation of the binormal flow velocity as in the

PCI data is observed by DBS and the PCR. No direct correlation analysis
between to the PCI 𝑣ph oscillation has been done yet.

7.2 Magnetic configuration dependency
A remarkable feature of the dominant phase velocity oscillation is the strong
dependence on the magnetic configuration. The spectral properties and cor-
relations to other signals are qualitatively different between certain magnetic
configurations and qualitatively similar for others. Two cases can be identi-
fied: first, the standard and high mirror configuration and secondly, the low
and high iota configuration. Since the most obvious difference between the
two groups is the 𝜄-profile (cf. figure 2.9), they are referred to as medium
range 𝜄 (M-𝜄) and low and high 𝜄 (LH-𝜄) in the following. There are, however,
other differences between the configurations, such as magnetic curvature or
magnetic shear, which might have an equal or more important impact on
the mechanism which causes the flow velocity oscillation.

The spectral differences between the cases can be observed well in the
coherency spectrum of the outboard side dominant phase velocity to the H𝛼
radiation, which is depicted in figure 7.4. The coherency spectrum is broad
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Figure 7.5: Correlation function of the dominant outboard phase velocity
and the H𝛼-radiation for different magnetic configurations. The dotted
lines mark the lag between the signals.

at low frequencies, peaks at 200 to 300 Hz and shows considerable coherence
up to 1 kHz for the M-𝜄 configurations. For the LH-𝜄 configurations, the
spectrum is narrower, peaks at 200 Hz or below and considerable coherence
is only observed up to 500 Hz. Unfortunately, no suitable data is currently
available for a comparison in the low iota configuration. Nevertheless, the
respective properties are observed for each configuration in the coherence
spectrum with other quantities, e. g. the density fluctuation amplitude in
figure 7.3a. Another distinct difference between the two cases is a mode
between 1 and 2 kHz, which is observed as a peak in the coherency spec-
trum at that frequency. In figure 7.4, this is most apparent for the high
mirror configuration but the mode is consistently observed in the standard
configuration as well. The spectrum of the standard configuration only ex-
hibits a small peak in that frequency range in the selected time window. In
the LH-𝜄 case, this mode is not observed. Figure 7.5 shows the correlation
function for each case. A strong positive correlation between the signals is
observed. Generally, the lag is positive i. e. the H𝛼 radiation is delayed with
respect to the flow velocity oscillation. A quantitative discussion of the lag
between the oscillations is not possible at this point due to unknown timing
offsets between the diagnostic measurements in the range of several 10 to
100 µs. Figure 7.6 shows the CSD and the cross-phase between the dominant
phase velocity and the H𝛼 radiation for the LH-𝜄 case (a) and the M-𝜄 case
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(a) LH-𝜄 case: W7-X XP:20180904.004, high iota, 2 to 4 s.

(b) M-𝜄 case: W7-X XP:20180911.007, high mirror, 2 to 4 s.

Figure 7.6: CSD (blue) and cross-phase (red) of outboard dominant phase
velocity in PCI spectrum and H𝛼 radiation. The LH-𝜄 case is shown in
(a) and the M-𝜄 case in (b).

(b). The spectral differences between the two cases are also visible in the
CSD, in particular the 1 to 2 kHz feature. In both cases, the cross-phase
is well defined in the low-frequency range, where the signals are most co-
herent. It is just below 2𝜋 at the lower boundary of the frequency range
and slowly decreases towards higher frequencies indicating a low constant
time lag between the signals rather than a fixed cross-phase. In the LH-𝜄
case, the cross-phase becomes random above 1 kHz due to the vanishing
coherence. In the M-𝜄 case, it changes abruptly above the 1 to 2 kHz mode
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(a) LH-𝜄 case: W7-X XP:20180904.004, high iota, 2 to 4 s.

(b) M-𝜄 case: W7-X XP:20180911.007, high mirror, 2 to 4 s.

Figure 7.7: CSD (blue) and cross-phase (red) of in- and outboard dominant
phase velocity in PCI spectra. The LH-𝜄 case is shown in (a), where the
velocities oscillate in phase, and the M-𝜄 case is shown in (b), where the
velocities oscillate with a phase shift of 𝜋.

and is random only above 3 kHz.
Another distinct difference between the LH-𝜄 and the M-𝜄 case is the cross-

phase between the in- and outboard side dominant phase velocity. Figure 7.7
shows the CSD and cross-phase for the two cases in (a) and (b), respectively.
The CSD shows similar features as for the comparison to the H𝛼 radiation.
The cross-phase, however, is persistently different for the two cases: in the
LH-𝜄 case, the flow velocities on both sides of the plasma oscillate in phase
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Figure 7.8: Correlation function of outboard and inboard dominant phase
velocity for different magnetic configurations. The dotted lines mark the
lag between the signals.

for all frequencies up to 2 kHz, where it becomes random. In the M-𝜄 case,
there is a phase of 𝜋 between the two sides. Accordingly, the correlation
between in- and outboard side phase velocity, which is shown in figure 7.8,
is generally strongly positive for the LH-𝜄 case and negative in the M-𝜄 case.

7.3 1-2 kHz feature in the medium range iota
case

In this section, the characteristics and the implication of the 1 to 2 kHz
feature of the binormal flow velocity in M-𝜄 case discharges is described.
There has previously been a report on a 1 to 2 kHz mode in W7-X by
Ballinger et al. [165]: it was first observed in the visible light emission
in the island divertor region of W7-X. The mode mostly appeared in 5/5 -
island configurations (i. e. the M-𝜄 case) and is strongly suppressed in others
(i. e. the LH-𝜄 case). It was measured in various quantities, such as the line-
averaged density, the diamagnetic energy, the magnetic flux, in SXR emission
and by probes measuring the floating potential and the ion saturation current
on the MPM in the SOL of the plasma. The measurements imply a toroidal
mode number of 𝑛 = 0 and a finite but low poloidal mode number, 𝑚 ≠
0. The radial origin is not entirely clear, since it was measured in core
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Figure 7.9: Coherence of dominant phase velocity and magnetic perturb-
ations measured by Mirnov-coils for different magnetic configurations.
The signals are only coherent if there exists a 1 to 2 kHz feature.

plasma quantities as well as in the SOL. The appearance of the mode is
not connected to a decrease of the diamagnetic energy, which is the case
for other large scale MHD or sound modes [171]. It is likely to be driven by
the electron temperature gradient and not by pressure or plasma current.
Finally, the origin and nature of the mode could not be resolved, yet [165].

Because of the frequency range, the magnetic configuration dependency,
the connection to visible light from the SOL and SXR emission from the
core of the plasma, the 1 to 2 kHz feature of the binormal flow velocity is
identified as the mode described by Ballinger et al. [165]. As mentioned
above, the mode was also measured by magnetic flux diagnostics, which
motivates a cross-coherence analysis of the dominant phase velocity signal
to magnetic fluctuations measured by Mirnov coils. Figure 7.9 shows the
coherency spectrum of the two quantities. As mentioned in section 7.1, there
is very low coherence across the entire frequency regime except between 1
and 2 kHz in the M-𝜄 case. Only the 1 to 2 kHz mode causes magnetic
perturbations which are measurable by Mirnov coils. Other spectral parts of
the flow velocity oscillation do not correlate to anything measured by Mirnov
coils. It was mentioned in section 7.1 that the dominant phase velocity
oscillation shows coherence with the SXR emission measured by a single LOS
signal of the XMCTS diagnostic. The corresponding coherency spectrum
is depicted in figure 7.10. The coherence is largest for low frequencies in
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Figure 7.10: Coherence of dominant phase velocity and SXR emission
measured by XMCTS for different magnetic configurations.

every configuration and there is a small peak between 1 and 2 kHz in case
of the high mirror configuration. Otherwise, no major differences between
the configurations are observed.

In the previous study of the mode, only single LOS measurements were
analysed and a set of Mirnov coils in a poloidal arrangement was used to
estimate the poloidal mode number. The measurements revealed strong
𝑚 = 2 and 𝑚 = −3 components of the fluctuation data [165]. The poloidal
mode number estimation by the Mirnov coils is most accurate for modes in
the edge of the plasma or in the SOL and becomes more uncertain for modes
in the core due to a changing flux surface shape [170]. In this work, detailed
tomograms of the SXR emission by the XMCTSI are used for a poloidal mode
number analysis with radial resolution. Figure 7.11 shows SXR tomograms
during a phase of significant occurence of the 1 to 2 kHz mode. The left
panel depicts the unfiltered tomogram. The stationary emission follows the
geometry of the flux surfaces from equilibrium calculations by the variational
moments equilibrium code (VMEC) [172] but barely shows any additional
features. A time series of tomograms was calculated for a window of length
15 ms. In order to make dynamic structures on the kHz time scale visible,
a band pass is applied to the tomogram data. The band pass effectively
removes the stationary and slowly evolving equilibrium radiation as well as
numerical noise on very short time scales. The right panel shows the time

Icourtesy of C. Brandt
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Figure 7.11: XMCTS tomograms of SXR emission during a 1 to 2 kHz
feature. The unfiltered tomogram is shown on the left, exhibiting a
strong background signal. On the right, a filtered tomogram is depicted,
where an 𝑚 = 1 mode is visible. The black line shows the flux surface at
𝑟eff/𝑎 = 0.7.

frame of the filtered tomogram series which corresponds to the unfiltered
tomogram on the left. A dominant 𝑚 = 1 structure is visible, which extends
over a large radial region around and within 𝑟eff/𝑎 = 0.7, indicated by the
black line. The filtered data is normalised to the maximum value of the
unfiltered tomogram. Only values up to ±0.4 % of the maximum emissivity
are reached, i. e. the perturbation by the observed mode is small compared
to the stationary plasma emission. The 𝑚 = 1 structure rotates in the
E × B direction at a frequency of 𝑓 = 1.4 kHz, which fits the frequency
observed in the PCI dominant phase velocity oscillation.

The mode intensity varies within the investigated time interval, which
is seen in the SXR tomogram data as well as the time trace of the out-
board dominant phase velocity. In figure 7.12, a direct comparison of the
temporal evolution of the PCI dominant phase velocity and the 𝑚 = 1
mode component in the SXR tomograms is shown. For the poloidal mode
decompositionII, equilibrium calculations by VMEC are used in order to
locate flux surfaces in the tomogram. The mode spectrum is then obtained
via a Fourier transform along these flux surfaces at various radii. The middle
panel of figure 7.12 shows the amplitude of the lowest 15 poloidal mode
IIcourtesy of C. Brandt
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Figure 7.12: Temporal evolution of poloidal mode decomposition during a
1-2 kHz feature. The top panel shows the time trace of the outboard side
dominant phase velocity by PCI. The middle panel shows the poloidal
mode decomposition (averaged over the radius) of the SXR tomogram
by the XMCTS, exhibiting a strong 𝑚 = 1 component. The lower panel
shows the radial profile of the 𝑚 = 1 mode amplitude in the SXR
tomogram.

numbers averaged over all radii. The 𝑚 = 1 component exhibits the highest
amplitude at most times, but varies noticeably with time. The lower panel
of figure 7.12 shows the radial amplitude profile of the 𝑚 = 1 component.
The mode generally seems to be located between 𝑟eff/𝑎 = 0.5 and 0.8. The
temporal evolution of the mode amplitude coincides with an increase of the
PCI dominant phase velocity (upper panel). Particularly when the mode
has a large amplitude at 𝑟eff/𝑎 = 0.7, a clear response of the phase velocity
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is visible.
These observations suggest that the 𝑚 = 1 structure observed in the

filtered tomogram is indeed the 1 to 2 kHz mode. It is rotated by the neoclas-
sical E × B rotation, which was already surmised in the previous work [165].
Additionally, there is evidence for a radial origin between 𝑟eff/𝑎 = 0.5 and
0.8, which covers the region of strong turbulent density fluctuations. At a
radius of 𝑟eff/𝑎 = 0.7, the observed frequency, 𝑓 = 1.4 kHz, translates to a
poloidal velocity of 𝑣pol = 4 km s−1, which roughly matches the magnitude of
the E × B rotation velocity obtained from DKES calculations at that radius.
The PCI binormal flow velocity matches the E × B rotation velocity around
the same radius. A density perturbation of this size can not be resolved
by the PCI diagnostic but it is accompanied by a poloidally asymmetric
perturbation of the plasma potential due to a fast electron response, which
causes a poloidally asymmetric flow pattern. This causes an oscillation of
the propagation velocity of small scale density fluctuations as the mode
rotates through the PCI LOS. The 𝑚 = 1 structure is likely to cause the
phase shift of 𝜋 between the in- and outboard flow velocity in the respective
frequency range (cf. figure 7.7b). The nature and drive of the mode remains
unclear. At the time of writing, efforts were started to investigate a possible
connection to ZFs via simulations with EUTERPE.

7.4 Zonal flow hypothesis
In section 3.4, zonal flows were introduced as the saturation mechanism
for electrostatic turbulence in fusion plasmas. They occur in gyrokinetic
simulations for W7-X [75, 100, 101] and have been measured on numerous
other devices [102]. With respect to the binormal propagation velocity of
fluctuations, they act as an additional component to the E × B rotation
velocity and the intrinsic mode phase velocity:

𝑢𝛼 = 𝑣ph + 𝑣E×B + 𝑢ZF. (7.1)

In contrast to 𝑣ph and 𝑣E×B, the ZF contribution has a dynamic temporal
behaviour due to Mishchenko oscillation, GAMs, and limited lifetime [104].
From a theoretical viewpoint, it is hence expected to measure ZFs as an
oscillating or fluctuating addition to the E × B mean flow. ZFs are therefore
an obvious candidate for the interpretation of the observed flow velocity
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oscillations with the exception of the 1 to 2 kHz mode. The experimental
observations draw a complex picture and it is difficult to come to definite
conclusions, but there are a number of arguments which suggest that the
fluctuations in the phase velocity are indeed caused by ZF activity.

7.4.1 Radial and poloidal structure
The radial structure of ZFs, 𝑘𝑟, is of particular interest since not the mean
flow itself, but the flow shear is important for the mechanisms of energy
transfer and suppression of turbulence (cf. section 3.4). As previously shown,
the density fluctuations measured by PCI predominantly originate from a
radial region, 𝑟eff/𝑎 ≈ 0.7, at which the dominant phase velocity corresponds
to the neoclassical E × B rotation. In order to observe the oscillation of the
high spectral power band in the density fluctuation spectrograms, the radial
position must be within a zone of the ZF rather than a shear layer.

A key feature of ZF is the toroidal and poloidal symmetry, (𝑚, 𝑛) = (0, 0).
With the currently available data the toroidal mode number is not accessible.
However, with the in- and outboard phase velocity estimates, indications
of the poloidal mode structure are obtained. In the LH-𝜄 case, the two
velocities oscillate in phase, which is expected for a zonal component, if the
two measurement branches correspond to the same radial position. However,
any perturbation of the flow velocity with an even poloidal mode number
would have the same effect. In the M-𝜄 case, the in- and outboard poloidal
flow velocity modulations have a cross-phase of 𝜋. If the in- and outboard
branch measurement actually correspond to neighbouring zones, they exhibit
a cross-phase of 𝜋. The cross-phase can on the other hand also be caused
by a flow structure with an odd poloidal mode number, as in the case of
the 1 to 2 kHz mode. Contrary to the case of the 1 to 2 kHz mode, there are
no indications for a poloidal mode structure in SXR tomograms for other
frequency components of the flow velocity oscillation.

The idea of different radial measurement positions on the in- and outboard
side in the M-𝜄 case is further investigated. In global and flux-tube simula-
tions for W7-X, the radial scale of ZF was identified as 𝑘𝑟𝜌𝑖 = 0.005 [99, 101].
For 𝜌𝑖 = 1.5 mm (at 𝑟eff/𝑎 = 0.75), this corresponds to 𝜆𝑟 ≈ 0.19 m ≈ 0.36𝑎.
A radial shift between the measurement positions on in- and outboard side
of 0.18𝑎 would be necessary to measure at a phase shift of 𝜋 at this 𝑘𝑟. This
is not unreasonable, as shown by a velocity comparison as in section 6.4
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Figure 7.13: Comparison of the E × B velocity and the binormal propaga-
tion velocity by PCI for the high mirror and high iota configuration.
Electron root solutions for 𝑣E×B are not shown. The shaded regions
illustrate a possible ZF structure.

applied to discharges in high mirror and high iota configuration. Figure 7.13
shows the comparison for both cases. The shaded regions illustrate a possible
ZF structure with the width according to 𝜆𝑟. For the high iota discharge, the
velocities match best at 𝑟eff/𝑎 ≈ 0.85 on both in- and outboard side, even
though the projection is quite different for both sides. Since the region where
the velocities match is at the same radial location on the in- and outboard
side, the measurement reflects the same flow zone. Contrary for the high
mirror case: the velocities match best at 𝑟eff/𝑎 ≈ 0.75 on the outboard side
but on the inboard side, the lines cross at 𝑟eff/𝑎 ≈ 0.65 and 0.9, which is an
“error” of ≈ 0.15𝑎 in either direction and therefore enough to correspond to
a different flow zone. This was interpreted as a consequence of measurement
uncertainties so far, but could also be caused by a poloidal asymmetry in the
radial distribution of fluctuations, i. e. by a different measurement position.

Alternatively, it can be argued that the cross-phase of 𝜋 between the
velocity branches in the M-𝜄-case is indeed due to a 𝑚 = 1 structure of
the flow. The turbulence driven zonal potential also has finite mode num-
ber components, which are usually small compared to the (𝑚, 𝑛) = (0, 0)
component. In global simulations with GTC, the (1, 0) component was the
most dominant non-zonal component [101]. It depends on the magnetic field
structure, in particular the 𝐵1,0 component of the Fourier decomposition of
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the magnetic field [101], which may be the determining difference between
the M-𝜄 and LH-𝜄 case. A direct comparison of the two cases with global
simulations by EUTERPE is foreseen for the near future.

7.4.2 Cross-correlation to other signals
The correlation of the flow velocity oscillation to other quantities can be
compared to expectations from ZFs as well. The correlation to the density
fluctuation amplitude indicates an interaction of density fluctuations and
flow velocity oscillation. ZFs are turbulence driven, hence this interaction
seems natural. The flow velocity oscillation is slightly delayed with respect
to the density fluctuation amplitude. The interpretation in terms of ZFs is
that the density fluctuations become larger and drive ZFs, which grow in
magnitude. The ZFs in turn suppress the density fluctuations via energy
transfer and decorrelation. Missing the drive of the fluctuations, the ZFs
amplitude eventually becomes smaller again. The lifetime of such a cycle has
been measured to be 𝜏 ≈ 1.4 ms at the compact helical system (CHS) [104],
which roughly fits the observed times at W7-X. Mishchenko oscillations [96]
are a response of the potential to the magnetic field geometry and not dir-
ectly driven by fluctuations. If the measured temporal behaviour of the flow
velocity corresponds to Mishchenko oscillations, the oscillating flow velocity
would modulate the density fluctuations and a reversed delay between the
signals is expected. Furthermore, the Mishchenko oscillations occur at a
specific frequency which does not vary considerably along the radius. This is
not seen in the experimental observations. A possible reason for the missing
evidence of Mishchenko oscillations is discussed in the next section.

The remarkably strong correlation to the H𝛼 emission is an indication
for a modulation of the particle transport into the SOL. This dynamic
transport regulation by ZFs was observed at TJ-II [103] as a correlation
between potential measurements with a probe head and H𝛼 monitors in the
SOL. ZFs modulate the particle transport into the SOL, which affects the
H𝛼 via interaction with recycled particles close to the wall. The time lag
between the signals was related to the typical radial velocity from turbulent
E × B convective transport. The same qualitative behaviour is found in the
present measurements, where the H𝛼 signal is modulated with a short delay
with respect to the flow velocity. The timing is not quantitatively compared
to a turbulent convective radial velocity because of unknown offsets between
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the signals.
In summary, ZFs provide a suitable interpretation of the experimental

observations. The oscillating dominant phase velocity is caused by ZFs
with limited lifetime. The phase between the inboard and outboard side is
either due to a radial offset or a component of the mean flow with finite
poloidal mode number. The correlation to the density fluctuation amplitude
is a result of the nonlinear interaction of ZFs and turbulent fluctuations.
The correlation to the H𝛼 radiation is caused by a modulation of the radial
particle transport into the SOL by the ZFs. The ZF picture can, however, not
explain the observed correlation to the magnetic perturbation measurement
with segmented Rogowski coils. It is not impossible that the strong change
of electric potential due to ZFs causes a magnetic perturbation which is
measurable by the segmented Rogowski coils close to the plasma vessel, but
it is not a typical feature of the ZF phenomenon.

7.5 Zonal flow modelling
The interpretation of the flow velocity oscillations as ZFs is further investig-
ated by modelling efforts. The basis of the discussion is a global gyrokinetic
simulation with GENE-3D with adiabatic electrons III. The simulation does
not take a neoclassical radial electric field into account and the kinetic
profiles are not taken from a specific W7-X situation but are paradigm
profiles. The simulation covers radial positions from 𝑟eff/𝑎 = 0.1 to 0.9. ZFs
emerge and cause a saturation by nonlinear interaction with the turbulent
fluctuations.

7.5.1 Temporal evolution
Figure 7.14 shows the zonal component, (𝑚, 𝑛) = (0, 0), of the electric
potential in the plasma for a time period of 0.9 ms in the saturated phase of
the simulation. There is a radial structure visible but more prominently a
clear oscillation of the potential between positive and negative values. The
oscillation is identified as the Mishchenko oscillation and has a frequency
of 𝑓 = 2.5 kHz. A similar value was found for W7-X in a semi-analytical
approach [97]. If the denormalisation is adjusted to ion temperature values
IIIcourtesy of A. Bañón Navarro
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Figure 7.14: Turbulence driven zonal component of the electric potential
from a global gyrokinetic simulation with GENE-3D. The Mishchenko
oscillation at approximately 2.5 kHz is visible.

observed in the experiment, a frequency of 𝑓 = 1.2 kHz is obtained, which
agrees with latest, unpublished calculations with EUTERPE. Since the
frequency matches the observed 1 to 2 kHz feature, further efforts are evoked
for investigating the 𝑚 = 1 component at this frequency.

7.5.2 Radial structure
A valuable information which can only be obtained from global simulations
is the radial structure of the ZF. The radial profile of the zonal potential at
two time points, 𝑡1 and 𝑡2, which are marked by dotted lines in figure 7.14,
is analysed. The profile at 𝑡1 reflects the minimum, the profile at 𝑡2 the
maximum of the Mishchenko oscillation. The profiles are shown in figure 7.15
as dotted lines. At both time points, the potential peaks in the inner half
of the plasma. Outside the half-radius, there is a fixed shape to the profile,
which becomes more obvious in the (flux surface averaged) radial electric
field, which is shown as solid lines. A distinct peak of the radial electric
field at 𝑟eff/𝑎 = 0.7 is visible at both time points with a well at 𝑟eff/𝑎 = 0.8
and a shear layer in between. The principle structure is unaffected by the
oscillation and the flow does not reverse. Even though the potential changes
by up to 1.5 kV at some radii, the radial electric file is only moderately shifted
up. This illustrates how the Mishchenko oscillation can be present and and
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Figure 7.15: Simulated zonal component of the electric potential and cor-
responding radial electric field at the minimum and the maximum of the
Mishchenko oscillation. The time points 𝑡1 and 𝑡2 are marked by vertical
dotted lines in figure 7.14.

measurable in the electric potential [98], but difficult to observe in the flow
velocity. The peak and well correspond to two large zones in the outer half
of the plasma with the width 𝜆𝑟 ≈ 0.3𝑎. This roughly fits the assumptions
made in the previous section for the measurement of two neighbouring zones
due to a radial offset (cf. figure 7.13). The simulation does not provide any
information on the lifetime of ZFs, since the simulated time window is too
short. The magnitude of the ZF radial electric field is on the same order of
magnitude as the neoclassical radial electric field. This seems exaggerated
considering that the time averaged dominant phase velocity generally fits
the NC 𝑣E×B well. In global gyrokinetic simulations with GTC, the ZF 𝐸𝑟
is much smaller than the equilibrium ambipolar field [164]. The effect of
the ambipolar electric field on magnitude of the turbulence driven ZF was
found to be small in both ion-root and electron-root cases [164].

7.5.3 SPCI modelling
Finally, the impact of the oscillating ZFs on the PCI measurements can
be investigated using the SPCI. The ZF radial electric field obtained from
the simulation is added to the neoclassical radial electric field as obtained
from DKES for an experiment situation and used as input for the simplified
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Figure 7.16: Model 𝐸𝑟-profiles for the simplified rotation model of SPCI.
The ion-root 𝐸𝑟-profile by DKES calculated for an experimental situation
(black dashed line) is used as a baseline. A radial ZF profile from GENE-
3D simulations (green) and a model ZF profile (blue) were added to the
baseline profile.

rotation model described in section 6.5.
Figure 7.16 shows three radial electric field profiles used for the rotation

model of SPCI. The black dashed line represents the ambipolar electric field
from DKES as it was already used in section 6.3. For the ZF contribution,
the profile of the zonal electric potential in the GENE-3D simulation at
𝑡 = (𝑡2 − 𝑡1)/2 is used after some smoothing. The sum of the corresponding
𝐸𝑟 and the NC field is plotted in green. Additionally, a model profile for the
ZF contribution was implemented and added to the NC 𝐸𝑟, which is shown
in blue. The model ZF profile has a comparable shape as the GENE-3D
outcome but a smaller magnitude and is radially shifted such that a well of
the velocity profile still forms at 𝑟eff/𝑎 ≈ 0.7. It is considered a better guess
for the underlying ZF structure of the experiment observation. The (𝑘, 𝑓)-
spectra of the phase contrast signal from SPCI are shown in figure 7.17. The
left panel shows the pure NC case as it was already shown in figure 6.13,
which is similar to a time averaged experimental (𝑘, 𝑓)-spectrum. The middle
panels shows the result with the model ZF contribution. The dominant phase
velocity is increased and shifted as a whole. Additionally, a second band
at a lower velocity is formed on each branch in this particular example,
presumably due to the second well in the 𝐸𝑟 profile at 𝑟eff/𝑎 ≈ 0.5. The
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Figure 7.17: Wavenumber-frequency-spectra of SPCI data from the simpli-
fied rotation model with velocity profiles corresponding to the 𝐸𝑟-profiles
in figure 7.16. The colour scale is in dB.

right panel shows the result with the GENE-3D outcome for the ZF 𝐸𝑟.
The power is spread out in (𝑘, 𝑓)-space due to the shear layer and the large
amplitude of the additional component rather than moving the velocity
band up or down. The example with model ZF structure agrees better
with experiment observations that then GENE-3D outcome, even though a
spread of spectral power as in the latter case is observed occasionally. These
results directly show how a ZF contribution to the binormal flow can change
the PCI (𝑘, 𝑓)-spectrum in a way which fits experimental observations.

7.6 Global mode hypothesis
At the end of the discussion of the oscillating flow velocity, an alternative
hypothesis for the observations is provided. Large scale global MHD or
sound modes can also partially explain the observations. Due to their large
binormal wavelength, these modes can not be directly measured as density
perturbations by the PCI diagnostic. If the electric potential perturbation
is large enough, it can however act as an additional component to the binor-
mal flow velocity and cause an oscillation of the dominant phase velocity in
PCI (𝑘, 𝑓)-spectra as the mode moves through the LOS. In favour of this
interpretation is a correlation to the magnetic field perturbations measured
by segmented Rogowski coils, as briefly described in section 7.1. The signals
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are coherent not only for the 1 to 2 kHz mode but also for lower frequency
ranges. A similar coherency spectrum was observed between the DBS flow
velocity measurement and the segmented Rogowski coil signal. MHD and
sound modes are known to cause this kind of perturbation. The poloidally
arranged set of segmented Rogowski coils in W7-X can be used to estim-
ate the dominant poloidal mode number at a given frequency. In the high
iota discharge, measurements suggest an 𝑚 = 1 structure for the 2.5 kHz
component but were inconclusive for the 200 Hz component. In earlier un-
published workIV investigating this component in the DBS flow velocity
measurement, a global mode with (𝑚, 𝑛) = (4, 5) structure was identified as
the origin. This mode is believed to appear at relatively low frequencies of
200 Hz due to a propagation opposite to the E × B rotation and a related
downwards Doppler-shift of the frequency. Finally, the sensitivity of these
large scale modes on the magnetic field structure and resonances in the
𝜄-profile may be the reason for the qualitative differences between the M-𝜄
and LH-𝜄 case.

It is not clear how a MHD mode would affect the small scale density
fluctuation amplitude and the H𝛼 radiation in the SOL in a way to explain
the observed strong correlation to the PCI phase velocity oscillation.

IVcourtesy of T. Windisch and C. Nührenberg
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8
Summary and Conclusion

This work investigates turbulence in the core plasma of the optimised stel-
larator Wendelstein 7-X. It focuses on experimental characterisation and
evaluation of the electrostatic micro-instabilities, which drive turbulent fluc-
tuations, and the saturation of turbulence by zonal flows. The aim is to close
the gap between theoretical expectations and experimental understanding
for the most fundamental aspects of turbulence in an optimised stellarator
such as W7-X. This is the basis for turbulence control and mitigation of
turbulent heat loss by means of optimised discharge scenarios or magnetic
field configurations in the future.

As a basis for this endeavour, the device-specific theoretical understand-
ing of micro-instabilities was reviewed in chapter 3. Tangible expectations
for W7-X were formulated with the help of dedicated linear gyrokinetic
simulations in section 3.3.4, which can be summarised as follows: density
fluctuations on the ion-scale are relevant for turbulent transport and taken
as an experimentally measurable proxy for transport. Fluctuations on this
scale are mainly driven by ITG modes, which experience the strongest drive
in the outer half of the plasma and which saturate via ZFs. At W7-X,
core density fluctuations are measured via PCI, which was introduced in
section 4.1. The PCI measurements were found to cover an appropriate pol-
oidal position and range of spatial scales for the investigation of the density
fluctuations in question. General and diagnostic-specific analysis tools were
introduced in section 4.2 with additional methods developed specifically for
this work.

The analysis focuses on ECRH hydrogen discharges with gas-fuelling from
the edge, which is the baseline scenario for upcoming long-pulse experiments.

153



Chapter 8 Summary and Conclusion

PCI spectra exhibit a power-law dependency on frequency and wavenumber
(cf. section 5.1) with a change of spectral index around 𝑘𝛼𝜌𝑠 = 0.8. This
indicates fully developed strong turbulence (as opposed to weak turbulence)
and qualitatively fits the fundamental picture of a dual cascade with energy
injection at the scale at which ITG modes grow the fastest.

The line-averaged fluctuation level, ∫ �̃�𝑒 𝑑𝑙/𝑛𝑒, is constant for discharges
of the same magnetic configuration (cf. section 5.2), mostly due to the self-
similarity of the ion temperature and density profiles in the given set of
experiments. However, it is found to vary between magnetic configurations
in the same parameter space. In particular, the high iota configuration ex-
hibits a lower fluctuation level than others. The reason for the influence of
the magnetic configuration could not be conclusively clarified within the
framework of this project. Several geometric properties affect ITG turbu-
lence and ZFs in W7-X, including normal and geodesic curvature, local and
global shear, rotational transform (also affecting the SOL structure and thus
the island divertor) and flux compression (affecting the real space gradients
of density and temperature as well as radial flow shear). The reduced fluc-
tuation level in the high iota configuration could, for example, be caused
by a reduced linear growth rate or a more effective ZF stabilisation (e. g.
through the increased shearing rate). It should be possible to answer this
question via a more sophisticated profile-resolved database approach similar
to the recent work of Carralero et al. [173] in combination with linear
and non-linear gyrokinetic simulations in different magnetic configurations.

It was shown in chapter 6 that the strongest fluctuations arise at 𝑟eff/𝑎 ≈
0.7, which is expected on the basis of the linear growth rate of ITG modes.
The dominant phase velocity in PCI (𝑘, 𝑓)-spectra corresponds to the E × B
rotation velocity at that radius, which enables experimental localisation
despite the line-integrated nature of the measurement. With a simplified
rotation model implemented in the SPCI it was confirmed that suitable
radial profiles of density fluctuation amplitude and rotation velocity yield
the correct dominant phase velocity. The radial localisation of density fluc-
tuations was confirmed by nonlinear gyrokinetic flux tube simulations. The
density fluctuation amplitudes as well as the turbulent ion heat flux were
largest in the flux tube at 𝑟eff/𝑎 = 0.75, which also exhibits the largest ion
temperature gradient. The density fluctuations were found to be stronger
on the outboard side, both in experimental spectra as well as in the non-
linear simulation. This asymmetry arise due to the unevenly distributed
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unfavourable curvature, but is less severe than in a tokamak.
Due to the characteristics of the wavenumber spectra, the radial localisa-

tion of density fluctuations, and the respective interpretation it is concluded
that ITG modes are the dominant instabilities driving turbulent density
fluctuations in W7-X. This is the case even towards the edge of the plasma,
where density-gradient-driven TEMs are usually dominant in a tokamak.
While the dominant drive is clearly through the ion temperature gradient,
it is not entirely clear which role trapped electrons and the electron temper-
ature gradient play for turbulence quantitatively. So far, it is not possible to
experimentally distinguish a destabilising contribution of trapped electrons
to ITG modes from a finite ITEM contribution, since the modes blend into
each other. In contrast to ITG modes, ITEMs vanish in regions without
trapped electrons and do not necessarily peak in regions of strong bad
curvature. There are, however, indications from nonlinear gyrokinetic simu-
lations that the experimentally measurable fully developed fluctuations are
distributed similarly in both cases. Furthermore, even though ETG mode
growth peaks at large wavenumbers, they considerably contribute to the
growth rate at small wavenumbers in some cases (cf. figure 3.6). It was
additionally found that there is some destabilising effect of the electron tem-
perature gradient even when ETG modes should be stabilised by a density
gradient (cf. figure 3.7).

Finally, strong indications for ZFs are found in fluctuations of the dom-
inant phase velocity, as described in chapter 7. A direct influence of the
dominant phase velocity fluctuations on turbulent density fluctuation amp-
litudes and radial transport is observed, which matches the picture of ZFs
as a saturation mechanism for ITG turbulence in W7-X. The currently
available data does not allow for a definite conclusion on this matter, but
the observations give confidence that this issue can be resolved with ded-
icated experiments including e. g. the correlation of toroidally separated
measurements by PCR, DBS and PCI. A more detailed understanding of
the turbulence saturation in W7-X could help control turbulent transport
in future devices not only via reduction of micro-instability growth but also
via more effective saturation.

Overall, theoretical expectations are met by experimental findings. Turbu-
lence in W7-X is determined by the same fundamental excitation and satura-
tion mechanisms as in a tokamak with important differences and interesting
features due to the specific magnetic geometry and the quasi-isodynamicity.
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Chapter 8 Summary and Conclusion

While this conclusion may seem straightforward, the experimental evalu-
ation of expectations is particularly important at this point of turbulence
studies at the new device W7-X. It helps identify aspects which require
more experimental or theoretical attention. Furthermore, it gives confidence
in theory and simulations in the complex magnetic geometry and provides
a basis for the understanding of more complex experimental situations such
as turbulence reduction by profile shaping.
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