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Abstract

Turbulence is an omnipresent phenomenon in nature. Its main characteristics, fluctuations

under a wide spread of spatial and temporal scales, are observed in neutral fluid or gaseous

systems as well as in plasmas. Although the electromagnetic character of a plasma makes

plasma turbulence more complex, the basic features of turbulence are universal. In mag-

netically confined plasmas, fluctuating plasma parameters give rise to turbulent transport

of plasma particles and energy, which degrades the confinement and affects key issues of

future fusion devices. The intermittent character of this convective particle flux is asso-

ciated with high-amplitude turbulent structures, called ”blobs”, propagating radially out-

wards across the magnetic field. Also the intermittent fluctuations observed in the plasma

edge of devices with linear magnetic field geometry seem to be related to propagating

turbulent structures. The mechanism of the radial propagation is however poorly under-

stood. The present thesis reports on the formation and radial propagation of turbulent

structures in the linearly magnetized VINETA helicon device. By imaging the fluctua-

tions in the azimuthal plane with multi-dimensional probe arrays, it is demonstrated that

turbulent structures develop out of drift-wave turbulence in the maximum plasma density

gradient region. The turbulent structures propagate mainly azimuthally in direction of the

background E×B-drift but they exhibit also a strong radial velocity component. The

radial propagation is caused by the self-consistent potential of the turbulent structures.

They are the main contributors to fluctuation-induced radial transport. In the plasma edge

the turbulent structures occur as intermittent density bursts with high amplitudes. A com-

parison of the experimental findings with numerical three-dimensional fluid simulations

with appropriate geometry and boundary conditions reveals consistency, i.e., the forma-

tion of the turbulent structures is causally connected with a quasi-coherent drift mode and

their radial propagation is caused by the self-consistent electric field that develops due

to their three-dimensional dynamics. For a comparison with a fusion plasma, the prop-

agation properties of turbulent structures in the edge plasma of the National Spherical

Torus Experiment (NSTX) are investigated and compared with the common propagation

models.





Zusammenfassung

Turbulenz ist allgegenwärtig in der Natur. Ein wichtiges Charakteristikum sind Fluk-

tuationen auf einer Vielzahl von räumlichen und zeitlichen Skalen, die sowohl in neu-

tralen Fluiden und gasförmigen Systemen, als auch in Plasmen beobachtet werden. Ob-

wohl der elektromagnetische Charakter von Plasmen eine erhöhte Komplexität von Plas-

maturbulenz bedingt, sind die grundlegenden Eigenschaften universell. In magnetisch

eingeschlossenen Plasmen führen fluktuierende Plasmaparameter zu turbulentem Trans-

port von Plasmateilchen und Energie, der die Einschlusszeit verringert und wichtige As-

pekte zukünftiger Fusionskraftwerke beeinflusst. Der intermittente Charakter dieses kon-

vektiven Teilchenflusses ist verbunden mit turbulenten Strukturen mit großen Amplituden,

auch ”blobs” genannt, die radial durch das Magnetfeld propagieren. Intermittente Fluk-

tuationen im Randplasma von Experimenten mit linearer Magnetfeldgeometrie werden

ebenfalls propagierenden turbulenten Strukturen zugeschrieben. Dabei ist der Mecha-

nismus der radialen Propagation kaum verstanden. In dieser Arbeit wird die Bildung

und Propagation von turbulenten Strukturen im linear magnetisierten Helikonexperiment

VINETA untersucht. Durch Messungen der Fluktuationen in der azimuthalen Ebene mit

multi-dimensionalen Sonden wird gezeigt, dass turbulente Strukturen in Driftwellentur-

bulenz im Gebiet des maximalen Dichtegradienten entstehen. Die turbulenten Struk-

turen propagieren hauptsächlich azimuthal in Richtung der Hintergrund E×B-Drift,

aber sie besitzen auch eine starke radiale Geschwindigkeitskomponente. Die radiale Pro-

pagation wird durch das selbstkonsistente Potential der turbulenten Struktur verursacht,

dass zu einem fluktuations-induzierten radialen Transport führt. Im Plasmarand wer-

den die turbulenten Strukturen als intermittente Dichteeruptionen mit großen Amplituden

beobachtet. Ein Vergleich der experimentellen Ergebnisse mit numerischen dreidimen-

sionalen Fluid-Simulationen mit abgestimmten Geometrie- und Randbedingungen zeigt

Übereinstimmung. Die Bildung der turbulenten Strukturen ist kausal mit einer quasi-

kohärenten Driftmode verbunden und ihre radiale Propagation wird durch das selbstkon-

sistente elektrische Feld verursacht, dass aus der dreidimensionalen Dynamik resultiert.

Zum Vergleich wird die Propagation von turbulenten Strukturen im Randplasma vom

National Spherical Torus Experiment (NSTX) untersucht und mit theoretischen Propaga-

tionsmodellen verglichen.
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1

Introduction - a primer to the turbulence
problem

Turbulence is an ubiquitous phenomenon in nature that affects various physical processes,

ranging from molecular to astrophysical scales. Although turbulence is the most common

state of fluid and gas flows under a wide range of natural conditions, among others also

Feynman (1918-1988) believed that a comprehensive turbulence description is the most

important challenge in classical physics. Regardless of a strict mathematical definition,

the basic characteristics of turbulent flows can be observed in our everyday life, e.g. the

disordered smoke of a cigarette or smoke stacks, water flowing from a pipe with high

velocity or dye injected into a fluid at high speed. Turbulence in all systems exhibits uni-

versal features: The flow is unsteady, irregular, disordered in time and space, seemingly

random and unpredictable. The turbulent motions span over many spatial scales and can

be observed from large eddies - comparable in size to the geometry of the system - to the

smallest scales that can be barely resolved with the pure eye. Another important charac-

teristic of turbulent flows is its ability to transport and to mix fluid and gases much more

efficiently than molecular diffusion. This process can be studied e.g. by observing a cup

of coffee. To mix efficiently milk and coffee without permanent stirring one only has

to stir it strongly once and let the turbulent flow do the rest. Of course diffusion would

eventually yield the same result but on a much larger time scale (and the coffee gets cold).

While the universal character of turbulence makes it being an interesting research subject

for physicists, it is also a challenging subject for many engineering processes. For exam-

ple the drag of an aircraft’s wing or a ship’s hull is increased by turbulent flows and the

combustion in car engines is mainly determined by turbulent mixing of matter and heat.

Boundary conditions or external forces (like the stirring process) impose certain con-

straints on the dynamics of a turbulent flow which might lead to a breakdown of univer-

sality, especially for the large scales. The universal character of turbulence is observed

from the intermediate to small scales, where the dynamics is determined on the one hand

by the rate at which they receive energy from the large scales and on the other hand by the
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viscosity. Hence the small-scale motion is universal and independent of the actual flow

geometry.

The first systematic observations and a concise description of turbulent water flows were

done by Leonardo da Vinci (1492-1519), who reported on its characteristic swirling mo-

tion. The first detailed laboratory experiments on turbulent flows were conducted by

Reynolds (1842-1912), who analyzed the transition from a laminar flow in a pipe to a tur-

bulent flow [1]. He found that the dynamical stability of the system for incompressible flu-

ids is determined by a single, dimensionless parameter, the Reynolds number R = LU/ν.

The quantities L and U are the typical length and velocity scales of the flow and ν is the

kinematic viscosity. The Reynolds number can be interpreted as the ratio of inertial to

dissipative forces of the fluid. For low Reynolds numbers, the flow is laminar and bears

a certain amount of symmetry while for R ≈ 50 the onset of the formation of nonlinear,

spinning vortices (or eddies) can be observed, known as ”von-Karman street” [2]. An

example of a flow passing a circular obstacle at a Reynolds number of R = 140 is shown

in Fig. 1.1a. The propagating eddies are coherent structures, i.e. their lifetime is much

larger than the eddy turnover time, which is the time it takes to transport the flow energy

and momentum across the eddy. The same behavior can also be observed in the earth’s

atmosphere around high mountains leading to the formation of swirling clouds. For large

Reynolds numbers R > 1800 the flow is in a state of fully developed turbulence, where

the eddies merge into a quasi-uniform turbulent wake (Fig. 1.1b).

The formation of spatiotemporal structures is a characteristic feature of many instabilities.

For example the Kelvin-Helmholtz instability, driven by a sheared flow, can be observed

in the mixing layer between two flows of different velocities in laboratory experiments [4]

but also in the earth’s magnetosphere [5] related to space weather phenomena. Another

instability, the Rayleigh-Taylor instability, occurs if a dense, heavy fluid is supported

against gravity by a lighter fluid. A characteristic feature of the Rayleigh-Taylor insta-

bility is the formation of bubble structures of the heavy fluid penetrating into the lighter

fluid. The same effect is observed in supernova explosions at the interface between the

a) b)

Figure 1.1: a) Development of a ’von-Karman vortex street’ in a fluid flow passing a circular
obstacle at R = 140 (a) and the merging of vortices into a turbulent wake at R = 1800 (b).
Pictures are taken from Refs. [2] and [3].
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hot gas ejected in the explosion and the interstellar medium [6].

The dynamics of turbulence in incompressible fluids (here the flow field is divergence-

free) can be entirely described by the Navier-Stokes momentum equation that was already

derived in 1822 [7]:

∂tu + u · ∇u =
∇p
ρ

+ ν∇2u with ∇ · u = 0. (1.1)

Here u(r, t) denotes the velocity field, p(r, t) the pressure, ρ the mass density and ν the

kinematic viscosity. By rewriting the Reynolds number

R =
LU

ν
=
U2

L
· L

2

νU
=

u · ∇u

ν∇2u
(1.2)

one recognizes that the Reynolds number describes the ”competition” between the nonlin-

ear term and the dissipation. For turbulent flows at high Reynolds numbers the nonlinear

term dominates the dynamics. The energy of the flow (E = mu2/2) is redistributed by

the nonlinear term over all scales of motion without affecting the global energy budget

[3]. In this sense the Reynolds number can also be interpreted as the ratio of energy

transfer between different spatial scales and dissipation, which predominantly occurs at

small scales. The mechanism of local transfer of energy in wavenumber space was first

expressed by Richardson [8], who took inspiration from cloud observations and from a

poem of Jonathan Swift [9]:

”Big whorls have little whorls,

Which feed on their velocity;

And little whorls have lesser whorls,

And so on to viscosity

(in the molecular sense).”

In this sense turbulence is organized as a hierarchy of eddies spanning over all spatial

scales of turbulent motion, breaking up during their evolution into smaller and smaller ed-

dies. The energy cascade from large to small eddies is known as Richardson-cascade [8].

Based on the ideas of the Richardson cascade Kolmogorov formulated in 1941 the theory

of locally isotropic turbulence [10] (also known as K41 theory). The energy cascade in

wavenumber space together with the resulting energy spectrum is schematically shown

in Fig. 1.2a. Energy input into the system occurs on large scales (injection range) due

to some stirring process. This region is separated from the dissipative range on smaller

scales where the energy is transferred into heat. In the intermediate region, the inertial

range, the eddies form a hierarchy of scales ln = l0r
n with l0 being the largest eddy scale

and 0 < r < 1 [3]. Kolmogorov conjectured that this self-similarity is universal and the
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Figure 1.2: Energy power spectrum of 3D isotropic turbulence (a) and 2D turbulence (b) in neutral
fluids. The inset shows schematically the hierarchy of eddies of different scales.

energy spectrum in the inertial range only depends on the energy transfer rate or mean

flux of energy 〈ε〉 from large to small scales. From dimensional arguments Kolmogorov

found that in 3D isotropic turbulence the energy spectrum scales as E ∼ ε2/3k−5/3, which

is often in agreement with experimental observations [11]. In general fluid turbulence is

three-dimensional but under certain circumstances the system can reduce to two dimen-

sions. This reduction can be due to geometric constraints, e.g. the boundary conditions in

thin soap film experiments, or if the flow itself is restricted to two dimensions. Examples

are rotating fluids and gaseous systems, where the Coriolis force restricts the flow to a

plane perpendicular to the axis of rotation like an accretion disk around a rapidly spinning

system as stars or planets. To understand the main differences between 3D and 2D turbu-

lence the Navier-Stokes equation (1.1) is rewritten in terms of the vorticity ω = ∇ × u,

which is related to the local rotation of fluid elements:

(∂t + u · ∇) ω = ω · ∇u + ν∇2ω. (1.3)

The first term on the right hand side describes the production of vorticity due to vorticity

stretching and tilting while the second term describes the reduction of vorticity due to

viscosity. The production of vorticity is based on the conservation of angular momentum:

Imagine a spinning eddy embedded in an incompressible fluid. If the eddy is stretched in

the direction of its angular momentum vector, e.g. due to a velocity gradient in the flow,

it becomes at the same time narrower in the other directions and the eddy spins up.

In the 2D Navier-Stokes equation

(∂t + u · ∇) ω = ν∇2ω (1.4)
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the vorticity production term vanishes. Consequently in an ideal (ν = 0) incompress-

ible 2D fluid, both energy and enstrophy (the squared magnitude of the vorticity) are

conserved. The conservation of energy and enstrophy under the action of nonlinearity

imposes several constraints on the dynamics. The main consequence is the dual cascade

of energy and enstrophy which was first formulated by Kraichnan [12]. The principle

of the dual cascade is shown in Fig. 1.2b. In contrast to the three-dimensional situa-

tion, energy is now injected at intermediate scales and is cascaded inversely to smaller

wavenumbers (larger scales) while the enstrophy is cascaded directly to large wavenum-

bers (smaller scales). In the energy and enstrophy inertial ranges the energy spectrum

scales as E ∼ k−5/3 and E ∼ k−3, respectively. Note that energy can still be transferred

towards smaller scales, nevertheless the majority goes into the large scales. The dual cas-

cade is observed in soap film experiments [13].

A specific feature of two-dimensional turbulence is the formation of coherent vortices di-

rectly connected to the inverse cascade. This has been intensively studied experimentally

[4; 14] and in numerical simulations [15]. The presence of coherent structures localized

in wavenumber space strongly affects the scaling of the energy spectrum, since it perturbs

the non-local self-similarity concept in the inertial ranges. Moreover, it was realized that

the occurrence of coherent structures is strongly linked with intermittency [16; 17]. The

definition of intermittency used here goes back to Frisch [3]: ”A signal is intermittent, if

it displays activity during a fraction of time only, which decreases with the scale under

consideration.”

However, the characteristic features of turbulence can not only be observed in neutral flu-

ids and gaseous flows but also in electric plasmas. A plasma behaves in many respects

similar to a fluid and thus can be described as a fluid consisting of charged particles,

whose dynamics is also governed by electric and magnetic fields. The basic approach to

describe plasma dynamics is known as Magnetohydrodynamics (MHD). Different to the

Navier-Stokes equation for a neutral fluid, in a plasma the current J and the magnetic

field B enter the momentum equation owing to the Lorentz force

ρ (∂t + u · ∇) u = −∇p+ J ×B. (1.5)

The dynamical state is here characterized by the magnetic Reynolds number Rm

Rm ==
uL

η
=
L2/η

L/u
, (1.6)

where η is the magnetic diffusivity. The magnetic Reynolds number is the ratio between

the characteristic time scale for the diffusion of a magnetic field L2/η and the charac-
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teristic time scale of turbulence τ = L/u. The similarity between the MHD momentum

equation and the Navier-Stokes equation suggests already that the characteristics of turbu-

lence exhibit the same features. Intermittency and the formation of coherent structures has

been observed experimentally in the solar wind [18] and in numerical simulations [19].

In MHD turbulence the energy is cascaded directly both in two and three dimensions with

E ∼ k−3/2 (known as Irishnikhov-Kraichnan spectrum) [20] but nevertheless an inverse

cascade also exists (e.g. the magnetic helicity in three-dimensions) that is closely related

to the dynamo effect, i.e., the generation of large-scale magnetic fields by turbulent fluid

motion [21].

Although the basic characteristics of neutral fluid and MHD turbulence are very simi-

lar, the complexity in the latter one is greatly enhanced. In particular electromagnetic

effects give rise to several types of instabilities that can not be observed in neutral flu-

ids. The situation gets even more complex since MHD is a simplified description of a

plasma. To fully recover the plasma dynamics observed in magnetically confined plas-

mas, more advanced plasma descriptions as two-fluid models or kinetic approaches are

necessary. A distinct number of plasma instabilities can be attributed to plasma pressure

gradients, which are inevitable in laboratory devices due to the spatial limitations by ma-

terial boundaries. Examples for plasma pressure driven instabilities are the drift-wave

instability and the interchange instability. It is worthwhile to note that both plasma in-

stabilities are also observed in fluid or gaseous systems: The analogon of the drift-wave

instability is the Røssby wave [22]. It is due to gradients in the corriolis force and can

be observed in the earth’s atmosphere. The interchange instability is the analogon of the

Rayleigh-Taylor instability in neutral fluids. Similar to neutral fluids, the instabilities act

as a stirring process and introduce energy into the system which is then transferred via

the nonlinearity towards different spatial scales. The external magnetic field imposes an

important constraint on the direction of the energy transfer: The turbulent advection ve-

locity is restricted to a plane perpendicular to the ambient magnetic field. Hence, plasma

turbulence is basically two-dimensional, with the energy being transferred mainly to large

scale eddies (dual cascade).

Plasma turbulence attracted much attention during the last decades. The interest is moti-

vated by experimental observations of surprisingly high particle and energy fluxes across

the confining magnetic field, which cannot be explained by diffusive processes [23]. It

was soon realized that turbulent transport is a major mechanism for energy losses [24; 25],

degrading the plasma confinement time and affecting key issues like erosion of wall ma-

terial. Thereby, the turbulent transport controls the evolution of the plasma parameter

profiles. It has been experimentally observed, that the convective particle flux across

the confining magnetic field is governed by large-scale coherent eddies [26; 27; 28; 29],
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which emerge from broad-band turbulence in the plasma edge. In the plasma edge the

magnetic field lines are still closed and radial transport perpendicular to the magnetic

field is the only mechanism for plasma losses to material surfaces. The turbulent ed-

dies propagate into the scrape-off layer (SOL), where the magnetic field lines intersect

with material boundaries, and eventually reach the first wall. In the SOL the propagating

turbulent structures are associated with an intermittent fluctuation of plasma parameters

and they appear as density bursts with amplitudes, which are significantly larger than the

background density. The formation process of these turbulent structures is poorly under-

stood. A direct link between an inverse transfer of energy, which is most likely provided

by pressure gradient driven instabilities, and the formation process of the turbulent struc-

tures has not been reported yet.

The present thesis is dedicated to gain insight into the formation and propagation mech-

anism of turbulent structures under experimentally well defined conditions. The mea-

surements are done in the linearly magnetized laboratory device VINETA. In contrast to

fusion devices the overall complexity is greatly reduced due to the cylindrical geometry

of the device, the homogeneous magnetic field, and negligible temperature and electro-

magnetic fluctuations. These limitations strongly reduce the number of involved plasma

instabilities. Detailed investigations have shown [30; 31] that the governing instability in

VINETA is the drift-wave instability. The knowledge of the primary instability is a major

advantage in turbulence research. Coherent drift-waves, characterized by a spatiotempo-

ral mode structure, can be destabilized by external control parameters as e.g. the external

magnetic field. The destabilization of coherent drift modes leads to the onset of drift-wave

turbulence, where the formation of turbulent structures is observed. Similar to the findings

in toroidal fusion devices, the turbulent structures propagate radially outwards across the

confining magnetic field and occur as intermittent density bursts with high amplitudes.

The present thesis is organized as follows: In Ch. 2 the drift-wave mechanism is outlined

and a brief introduction into linear and non-linear drift-wave and drift-wave turbulence

models is given. The diagnostic setup and the applied signal processing techniques to

extract the turbulent structures are compiled in Ch. 3. An overview of the VINETA de-

vice, the basic experimental features of the drift-wave instability and the transition to

drift-wave turbulence is given in Ch. 4. The experimentally obtained spatiotemporal in-

termittent fluctuations are analyzed in detail in Ch. 5. They are compared with numerical

simulations in Ch. 6. The propagation properties of turbulent structures in the plasma

edge of a spherical tokamak device, the National Spherical Torus Experiment (NSTX),

have also been investigated. The results are presented in Ch. 7. Finally, in Ch. 8 a sum-

mary is given and conclusions are drawn.





2

Theory of drift waves and drift-wave turbulence

A common feature of magnetoplasmas limited by material boundaries is the occurrence

of gradients in the plasma profiles, especially perpendicular to the magnetic field, which

represent a source of free energy and are able to drive instabilities. One of the most im-

portant instability is the drift-wave instability, also called a ”universal” instability since it

develops in any geometry of the confining magnetic field. The drift-wave instability was

first discovered in cylindricalQ-machines with homogeneous magnetic field in the 1960’s

[32; 33] followed by an initial theoretical description [34]. Already the early investiga-

tions were motivated by the associated drift-wave turbulence [35] and related transport

phenomena [36]. In the subsequent years substantial measurements have been performed

with respect to the destabilization of drift modes [37; 38] and the characterization of

its spatiotemporal vortex structure [39; 40]. The observation of drift-wave type fluctu-

ations in high-temperature plasmas with toroidal magnetic field geometry (for instance

in tokamaks) [41] suggested that drift waves are responsible for the anomalous transport

perpendicular to the confining magnetic field. Moreover, numerical simulations based on

nonlinear drift wave models [42; 43] demonstrated the formation of large-scale coherent

structures in drift-wave turbulence [44], a fact which has been confirmed by experimental

observations [45; 46].

In the following sections the basic mechanism of the drift-wave instability is described

and a brief introduction into common nonlinear drift wave models is given.

2.1 Physical picture

The basic mechanism of drift waves is illustrated in Fig. 2.1. For the moment being we

consider an isothermal plasma (∇p = T∇n) with a density gradient ∇n perpendicular

to the external homogeneous magnetic field B = Bẑ and pointing in the −x̂-direction.

Note that throughout the thesis the directions parallel (‖) and perpendicular (⊥) are always

with respect to the ambient magnetic field. If a small-amplitude harmonic density pertur-

bation ñ of the background density n0 located in the density gradient region is assumed
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Figure 2.1: Schematic illustration of the drift-wave mechanism. A sinusoidal density perturbation
perpendicular to the density gradient region∇n0 and magnetic field B causes a perturbation of the
space charge potential. If density and potential perturbation are in phase the drift-wave is linearly
stable (a) and becomes linearly unstable (b) if the perturbations are phase-shifted.

(Fig. 2.1a), the density perturbation causes a perturbation of the space-charge potential

due to the different mobility of electrons and ions parallel to the magnetic field. In the

region of the positive density perturbations (the perturbed density exceeds the background

density) electrons respond to the increased pressure and move instantly away along the

magnetic field leaving behind a positive space charge φ̃. The inverse process happens in

regions of negative density perturbation. The resulting non-stationary electric field Ẽy(t)

gives rise to a polarization drift of the ions perpendicular to the magnetic field to en-

sure quasi-neutrality. The electric field Ẽy(t) causes a local E×B-drift, which advects

the plasma in x̂-direction resulting in a displacement of the perturbation in ŷ-direction.

Consequently, the initial perturbation propagates in direction of the electron diamagnetic

drift velocity vde ∼ ∇n0 ×B. However, in this simple model the electric field does not

amplify the perturbation and the drift wave is linearly stable. This is due to the assumed

adiabatic electron response parallel to the magnetic field, which means that the electrons

are in thermodynamic equilibrium, characterized by the Boltzmann relation

ñ = n0 exp

(
eφ̃

Te

)
. (2.1)
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Thus, the density and potential perturbations are in phase. Any violation of the adiabatic

electron response results in a non-vanishing phase shift. Such a situation is depicted in

Fig. 2.1b. Here the potential perturbation lags behind the density perturbation and the

E×B-drift causes an amplification of the density perturbation, meaning that the drift

waves are linearly unstable. The parallel electron response can be affected by several

processes, the most important ones being plasma resistivity (Coulomb collisions and

electron-neutral collisions), magnetic induction and kinetic effects like Landau damping.

However, it should be stressed that the drift wave is not associated with a motion of

plasma particles in the direction of the electron diamagnetic drift. Due to the tight cou-

pling between parallel and perpendicular dynamics the drift wave also exhibits a parallel

wavelength k‖ << k⊥, which makes a drift wave being three-dimensional. A specific

feature of drift waves are spatiotemporal mode structures that evolve in geometries with

periodic boundary conditions (here cylindrical geometry). In the following sections a

brief introduction into common nonlinear drift wave models is given.

2.2 Basic plasma equations

In the framework of the present thesis the drift-wave models are based on the two-fluid

plasma description. Drift-wave models in cylindrical geometry with homogeneous mag-

netic field are based on the following set of two-fluid equations [47] for each particle

specie (electrons and ions with α = e, i):

• Continuity equation:
∂tnα +∇ · (nαvα) = 0. (2.2)

• Momentum equation:

mαnαdtvα = −∇ ·Πα + qαnα (E + vα ×B) + qαnα

(
Jα
‖

σα
‖

+
Jα
⊥

σα
⊥

)
+ F α, (2.3)

with conductivities

σ⊥ =
q2
αnα

mανα

and σ‖ = 1.96 · σ⊥, (2.4)

where να denotes the Coulomb collision frequency. The stress tensor Π splits up into

an isotropic part p = nT and an anisotropic part. The latter is also known as magnetic

viscosity tensor and accounts for ion-ion collisions and finite Larmor radius (FLR) effects.

The term F α = mαnαναnvα arises from momentum loss due to collisions between the

particle specie α and the neutral background gas.
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• Maxwell’s equations:
∇ ·B = 0, (2.5)

∇×B = µ0ε0∂tE + µ0J , (2.6)

∇ ·E =
ρ

ε0
, (2.7)

∇×E = −∂tB. (2.8)

In the electrostatic limit, Faraday’s law simplifies to∇×E = 0, which yields E = −∇φ
or rewritten as Poisson equation ∇2φ = −ρ/ε0. The treatment can be simplified, since

drift waves are low frequency waves and the time light needs to pass the plasma domain

with size L is much shorter compared to the drift-wave time scales T , L/c << T or

equivalently ∂t/c << ∇. In this non-relativistic limit the displacement current can be

neglected.

• Quasi-neutrality:
∇ · J = 0. (2.9)

The convective derivative describes the transformation from the co-moving frame to the

laboratory frame:

dt = (∂t + v · ∇) . (2.10)

According to Ref. [48] the drift velocities perpendicular to the magnetic field are defined

as

E×B-drift: v⊥E×B =
1

B2
B ×∇⊥φ,

diamagnetic drift: v⊥d,α =
1

qnαB2
B ×∇pα,

polarization drift: v⊥p,α =
mα

qB2
B × dtv⊥.

For simplicity the symbol (⊥) is in the following sections omitted for the perpendicular

drift velocities. E×B-drift and diamagnetic drift are first order drifts whereas the polar-

ization drift is a second order drift. The latter is retained for the following reason: The

E×B-drift has no charge dependence and consequently is equal for electrons and ions. In

other words there is no current J = en(vi−ve) associated with the E×B-drift. However,

the diamagnetic current is divergence–free in a homogeneous magnetic field and therefore

the ion polarization current is the only perpendicular contribution to the quasi-neutrality

condition

∇ · J = ∇ · J⊥ +∇ · J‖ = 0, (2.11)
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that governs the coupling between parallel and perpendicular dynamics. Due to the small

electron inertia the electron polarization drift can be neglected, while the ion diamagnetic

drift is negligible for cold ions.

2.3 Hasegawa-Mima model

Based on the above equations a simple model (known as Hasegawa-Mima model) can be

formulated that describes two-dimensional drift-wave turbulence in a plane perpendicular

to the ambient magnetic field. Since the background density n0 is the only stationary

quantity in this model,

n(r, t) = n0(r) + ñ(r, t), (2.12)

the superscript ∼ is neglected in the following for the fluctuating quantities.

The basic assumptions of this dissipationless model are

a) adiabatic electron response:

n = n0 exp

(
eφ

Te

)
, (2.13)

b) cold ions:

Ti = 0 =⇒ ∇pi = 0, (2.14)

and

c) electrostatic fluctuations:

E = −∇φ. (2.15)

In the electrostatic limit the ion polarization drift vp can be written as

vp =
M

eB2
B × dtv⊥ =

M

eB2
B × dtvE×B = − M

eB2
dt∇⊥φ. (2.16)

Inserting the perpendicular ion velocity v⊥ = vE×B +vp into the ion continuity equation

yields

dt lnn+ vE×B · ∇⊥ lnn0 +∇ · v⊥ = 0 (2.17)

or equivalently

dt

(
eφ

Te

− M

eB2
∇2
⊥φ

)
− ∇⊥φ×B

B
· ∇⊥ lnn0 = 0. (2.18)
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Normalization with typical time and length scales

eφ

Te

→ φ
t

Ωci

→ t ρs∇ → ∇, (2.19)

where ρs =
√
kBTeM/e2B2 is the drift scale and Ωci = eB/M is the ion cyclotron

frequency, yields the Hasegawa-Mima equation

∂t(∇⊥φ− φ) + (ẑ ×∇⊥φ) · ∇⊥(∇2
⊥φ)− κn∂yφ = 0, (2.20)

with κn = −∂x lnn0(x). Introducing the Poisson-bracket notation

{f, g} = ∂xf∂yg − ∂yf∂xg = ẑ · (∇⊥f ×∇⊥g) (2.21)

a more compact formulation of the Hasegawa-Mima equation can be obtained

∂t(∇2
⊥φ− φ)− κn∂yn0 + {φ,∇⊥φ} = 0. (2.22)

The Hasegawa-Mima equation [42] was first derived in 1978 although a similar equation

for Røssby waves has already been derived earlier [22]. By rewriting the Hasegawa-Mima

equation (2.22) in terms of a potential vorticity q = φ−∇2
⊥φ− κn one obtains

(∂t − vE×B · ∇⊥) q = 0. (2.23)

In this notation, the Hasegawa-Mima equation is formally equivalent with the the incom-

pressible two-dimensional Navier-Stokes equation (1.4) in the dissipationless limit (also

known as Euler equation). From the linearized Hasegawa-Mima equation a drift wave

dispersion relation is obtained by looking for plane-wave solutions

φ(r, t) =
∑

k

φk exp (ik · r − iωt) (2.24)

to obtain

ω =
κnky

1 + k2
⊥

=
ω?

1 + k2
⊥
, (2.25)

where

ω? =
kBTe

eB

ky

L⊥
=
kBTe

eB
ky|∂x lnn0| (2.26)

is the electron diamagnetic drift frequency. Transformed back to physical units the drift

wave dispersion relation reads

ω =
ω?

1 + ρ2
sk

2
⊥
. (2.27)
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Since the Hasegawa-Mima equation assumes adiabaticity, the drift wave frequency is a

real valued quantity, indicating linear stability. This is of course not the right picture.

However, if sufficiently large amplitudes are initialized the basic nonlinear evolution of

drift waves can be studied by means of the Hasegawa-Mima model. Such a forced system

is often utilized to study the properties of decaying turbulence but an artificial damp-

ing term must be added to the Hasegawa-Mima equation [49]. One approach to include

linearly unstable drift waves is to extend the Hasegawa-Mima model by a non-adiabatic

electron response, the so-called iδ-models [50; 51; 52].

Similar to the two-dimensional fluid turbulence outlined in Ch. 1 the Hasegawa-Mima

equation obeys two conserved quantities, the energy

E =
1

2

∫
φ2 + (∇φ)2 dx dy, (2.28)

and the enstrophy

W =
1

2

∫
(∇φ)2 + (∇2φ)2 dx dy. (2.29)

In addition to the linear dynamics of the waves φk(t), which is described by the linear

dispersion relation, the quadratic nonlinearity of the Hasegawa-Mima equation gives rise

to three-wave interaction that alters the wave amplitudes φk(t) in time. In Fourier repre-

sentation the Hasegawa-Mima equation (2.22) reads

dtφk(t) + iωkφk(t) =
∑

k′+k′′−k=0

Λ−k
k′,k′′(k

′′2 − k′2)φ′k(t)φ′′k(t), (2.30)

with the coupling coefficient

Λ−k
k′,k′′ =

1

2

(k′ × k′′) · ẑ
(1 + k2)

. (2.31)

In physical terms, the latter equation describes the interaction of three Fourier modes

or waves φk(t), i.e. the beating of two modes (k′,k′′) into a third one (k) obeying the

summation rule k′ + k′′ − k = 0.

The strength of the interaction is determined by the coupling coefficient Λ. With energy

and enstrophy as conserved quantities it can be shown that in the three-wave interaction

the enstrophy is transported to the modes with higher wavenumbers while the energy

is transferred to the lower wavenumbers, Fjortoft’s theorem in Ref. [53]. This is the

inverse or dual cascade that has been already discussed in Ch. 1 for two-dimensional fluid

turbulence.
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2.4 Hasegawa-Wakatani model

In contrast to the Hasegawa-Mima equation discussed in the foregoing section the Hasega-

wa-Wakatani model is a self-consistent description of drift-wave turbulence. The three-

dimensional Hasegawa-Wakatani model is a set of two coupled equations for density and

potential fluctuations for a homogeneous magnetic field that reduces in the adiabatic (col-

lisionless) limit to the two-dimensional Hasegawa-Mima equation if the parallel gradients

are kept fixed. In the following section a brief derivation of the Hasegawa-Wakatani equa-

tion from a closed three-field model for density, vorticity and parallel current is given.

Vorticity equation: From the quasi-neutrality condition ∇ · J = 0 an equation for the

vorticity is easily obtained by inserting the perpendicular drift velocities. It was already

emphasized (cf. Sec. 2.2) that there is no current associated with the E×B-drift and that

the contribution of the diamagnetic current vanishes in geometries with straight magnetic

field lines. Thus the only contribution to the perpendicular current is the ion polarization

current Jpi = envpi with

0 = −∇‖ · J‖ −∇⊥ · Jpi, (2.32)

which yields

∇⊥ ·
nM

B2
dt∇⊥φ = ∇‖J‖. (2.33)

The latter equation can be simplified by taking the drift-ordering into account

ω

Ωci

∼
k‖
k⊥

∼ ñ

n0

∼ ρs

L⊥
∼ δ << 1, (2.34)

where δ is a smallness parameter. A consequence of the drift ordering can be illustrated

by use of the operator∇⊥. The operation of∇⊥ on a fluctuating quantity carries the scale

ρs while the operation of∇⊥ on a background quantity carries the scale L⊥. According to

this, the operation of ∇⊥ on a fluctuating quantity and background quantity is the same:

∇⊥ñ ∼
ñ

ρs

∼ n0

L⊥
∼ ∇n0. (2.35)

In contrast, operation of higher orders of ∇⊥ yields

∇2
⊥ñ ∼

ñ

ρ2
s

∼ n0

ρsL⊥
>>

n0

L2
⊥
∼ ∇2

⊥n0. (2.36)
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Applying the drift-ordering, the vorticity equation (2.33) can be written as

nM

B2
dt∇2

⊥φ = ∇‖J‖. (2.37)

Parallel Dynamics: An equation for the parallel current can be derived from Ohm’s

law. It connects the parallel current and parallel forces. Within the present thesis electro-

magnetic effects can be neglected since the plasma-β obeys (cf. Sec. 4.1)

β =
kBnT

B2/2µ0

< 2k2
⊥ρ

2
s

m

M

νe

ω
. (2.38)

Thus, the generalized Ohm’s law simplifies to [54]

J‖ = −Te

eη
∇‖

(
eφ

Te

− lnn

)
, (2.39)

which couples to the vorticity equation by the term ∇‖J‖. Here, η = mνe/2e
2n is the

plasma resistivity.

Continuity equation: To close the system an equation for the density is needed. It can

be obtained from the electron continuity equation, which can be written as

∂tn = −∇⊥(nv⊥) +∇‖
J‖
e
, (2.40)

or using the convective derivative

dtn = ∇‖
J‖
e
. (2.41)

With the latter equations a closed three-field model of plasma density, vorticity and paral-

lel current is obtained. The parallel current couples the density perturbation to a potential

perturbation, while the potential perturbation is determined by the ion polarization cur-

rent perpendicular to the magnetic field that is balanced by the parallel electron current

to ensure quasi-neutrality. Combining the coupled equations (2.37), (2.39) and (2.41) the

closed three field model can be reduced to two equations

dtn =
1.96

mνe

∇2
‖(nT − enφ) (2.42)

nM

B2
dt∇2

⊥φ =
1.96e

mνe

∇2
‖(nT − enφ). (2.43)

Normalizing the latter equations yields the three-dimensional Hasegawa-Wakatani equa-
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tions [43]

∂tn+ {n, φ}+ κn∂yφ =
1

ν
∇2
‖(n− φ), (2.44)

∂t∇2
⊥φ+ {φ,∇2

⊥φ} =
1

ν
∇2
‖(n− φ), (2.45)

where ν = 1.96Ωce/νe and κn = −∂x lnn0(x). Due to the anisotropy of the magnetic

field, the scale separation k‖ << k⊥ motivates one to reduce the three-dimensional sys-

tem to a 2D plane perpendicular to the magnetic field. This can be done by replacing the

parallel derivative ∇‖ with the characteristic parallel scale length k‖. With the approxi-

mation ∇2
‖ −→ −k2

‖ the two-dimensional Hasegawa-Wakatani equations read

∂tn+ {n, φ}+ κn∂yφ = C(φ− n), (2.46)

∂t∇2
⊥φ+ {φ,∇2

⊥φ} = C(φ− n), (2.47)

with C = k2
‖/ν. Often the Hasegawa-Wakatani equations are extended to include also ion

viscosity that arises from the collisional part Πcoll of the anisotropic stress tensor Π in

(2.3). In the limit Ω2
ci/ν

2
ii >> 1 it can be written as [47]

∇⊥ ·Πcoll = −µi∇2
⊥v, (2.48)

with the ion viscosity µi = nTiνii/(4Ωci). Retaining the ion viscosity in the derivation of

the ion polarization drift yields

vp = − M

eB2

(
∂t + vE×B · ∇⊥ − µi∇2

⊥
)
∇⊥φ. (2.49)

Thus, an additional term appears in the Hasegawa-Wakatani equations that arises from

ion viscosity,

∂tn+ {n, φ}+ κn∂yφ = C(φ− n), (2.50)

∂t∇2
⊥φ+ {∇2

⊥φ, φ} = C(φ− n) + µ∇4
⊥φ. (2.51)

Here the ion viscosity was normalized to µ = µi/(ρ
2
sΩci). In the dissipation-less limit, the

Hasegawa-Mima equation (2.22) is recovered for adiabatic electron response n = φ. The

dispersion relation for resistive drift waves is obtained from (2.50) and (2.51) assuming

plane wave solutions [55]:

ω2 + iω(b+ µk2
⊥)− ib

kyκn

1 + k2
⊥
− k4

⊥
1 + k2

⊥
µb = 0, (2.52)
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where b = C(1 + k2
⊥)/k2

⊥. In the limit C � ω and µ� ω the solution reads

ω =
ω?

1 + k2
⊥

+ i

(
ω?2

k2
⊥

(1 + k2
⊥)C

− µk4
⊥

1 + k2
⊥

)
= ωR + iγ. (2.53)

From the latter equation it is clear that for a drift-wave instability a background density

gradient is necessary that provides the energy for the growth of the fluctuations. Finite

resistivity (ν ∼ 1/C) acts destabilizing while the ion resistivity acts stabilizing. The in-

fluence of the magnetic field on the growth rate is hidden in the normalized equation since

k2 → ρ2
sk

2.

Numerical simulations based on the Hasegawa-Wakatani model reveal that the energy

spectrum scales asE ∼ k−3 for large wavenumbers as expected from the 2D Kolmogorov

theory [43; 56], although the scaling exponent can be strongly altered by the presence of

coherent structures. In contrast to the Hasegawa-Mima model, the Hasegawa-Wakatani

model allows for transport, where the particle flux Γ in x̂-direction is given by

Γx = − 1

B
〈n∂yφ〉 . (2.54)

2.5 Model of the CYTO code

Common nonlinear drift-wave turbulence models, Hasegawa-Mima and Hasegawa-Waka-

tani models, are based on a separation between background quantities and fluctuating

quantities. The background density profile is not affected by the fluctuating quantities,

e.g. due to a perpendicular particle flux. This approach is also known as local approxima-

tion. Within the present thesis the experimental results are compared with fully nonlinear

numerical simulations of drift-wave turbulence using the CYTO code [57]. The numeri-

cal model of the code, outlined in this section, will reduce to the well-known Hasegawa-

Wakatani model in the limit of small fluctuation amplitude and scale separation between

background and fluctuating quantities.

The main difference between the Hasegawa-Wakatani model and the numerical model

of the CYTO code, except for its global character, is that the parallel velocities of elec-

trons and ions are not replaced by currents. The global character becomes obvious in the

vorticity equation, where the drift-approximation is not applied (cf. Sec. 2.4). Thus, the
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modified vorticity equation reads

∇⊥ ·
(
nM

eB2
dt∇⊥φ

)
= µi∇⊥ ·

nM

eB2
∇2
⊥∇⊥φ−∇⊥

nM

eB2
νin∇⊥φ+∇‖n(U − V ), (2.55)

where U = vi,‖ is the parallel ion velocity and V = ve,‖ is the parallel electron velocity.

The second term on the right hand side arises from the Pedersen current [58], which

accounts for a polarizing ion current due to friction forces between ion and neutrals in

low-temperature plasmas (νin denotes the ion-neutral collision frequency). An equation

for the parallel electron and ion velocity is derived from the parallel momentum equation

(2.3) in the electrostatic limit, where thermal forces are neglected and the ions are assumed

to be cold

dtV =
e

m
∇‖φ−

T

m
∇‖ lnn− νei(V − U)− νenV (2.56)

dtU = − e

M
∇‖φ− νie(U − V )− νinV. (2.57)

Similar to the Hasegawa-Wakatani model, the continuity equation closes the system. Scal-

ing of the set of equations, where masses are normalized to the electron mass, yields

∇N · dt∇⊥φ dt∇2
⊥φ = ∇⊥N · (µ∇⊥(∇2

⊥φ)− νin∇2
⊥φ) (2.58)

−νin∇2
⊥φ+∇‖(U − V ) + (U − V )∇‖n+ µ∇4

⊥φ

dtN = −(V∇‖N +∇‖V ) + µn(∇2
⊥N + (∇N)2) (2.59)

dtU = −∇‖φ− νinU − ν‖(V − U) (2.60)

dtV = M∇‖(φ−N)−MνenV −∇‖(V − U), (2.61)

where ν‖ = νeim/MΩci = νie/Ωci and N = lnn. Note that for numerical stabilization of

the scheme an additional viscous damping term is added to the density equation. Physical

input parameter of the code are the source density profile

S ∼ exp
(
−(rκn)2

)
· exp

(
−z2

)
, (2.62)

where κn = |∂r lnn0|, and the collisionalities, which are assumed to be constant across

the plasma profile. At the end plate of the device the density is assumed to have vanishing

parallel derivative, and the parallel boundary conditions of the potential and velocity is

determined by sheath boundary conditions [59]. The typical plasma parameters for the
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experimental results obtained in VINETA (cf. Sec. 4.1) transform into normalized input

parameters for the code as compiled in Tab. 2.1.

normalized input parameter range

density gradient length κ−1
n [ρs] 0.5 - 5

Coulomb collisions ν‖ [Ωci] 2 - 500

ion-neutral collisions νin [Ωci] 0.03 - 0.25

electron-neutral collisions νen [Ωci] 2 - 28

ion viscosity µ [10−2 Ωci] 0.04 - 1

Table 2.1: Normalized input parameters for the CYTO code.

2.5.1 Linear properties

The linear properties of the CYTO model for vanishing parallel ion velocity U , negligible

electron inertia and collisions with neutrals can directly be compared to the Hasegawa-

Wakatani dispersion relation. To account for a stationary and homogeneous parallel elec-

tron current V0, as it occurs in many laboratory discharges, V is substituted by V + V0. In

a local rectangular coordinate system (local slab model) the density gradient points in the

−x̂-direction and any background potential profile φ0 is neglected. Assuming harmonic

perturbations of the form

V, φ, n ∼ exp (−iωt+ ikyy + ik‖z) (2.63)

and neglecting higher order terms yields the linearized form of equations (2.58) and (2.59)

iωk2
yφ = µk4

yφ+ τk2
‖(φ− n)− iV0k‖n+ νink

2
yφ (2.64)

−iωn = −iω? + τk2
‖(φ− n)− iV0k‖n, (2.65)

where τ = M/νen. Substituting ω1 = V0k‖, b = k2
y and τe = τk2

‖ the latter equations can

be combined to a quadratic dispersion relation

bω2 + ω(iτe(1 + b) + ib(νin + µb)− ω1b) (2.66)

−τe(iω? + b(νin + µb)) + ω1(ω
? − ib(νin + µb)) = 0.
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Figure 2.2: Eigenfunctions |ψ(r)|2 (a) and eigenfrequencies ωR and growth rates γ (b) for a
Gaussian density profile and typical VINETA plasma parameters.

In the limit ω, ω1, ω
? << τe the latter equation can be solved for ω = ωR + iγ

ωR =
ω?

1 + b
(2.67)

γ =
ω?

τe(1 + b)

(
bω?

(1 + b)2
+ ω1

)
− b

1 + b
(νin + µb). (2.68)

Similar to the drift wave dispersion obtained from the Hasegawa-Wakatani equations, the

growth rate of the drift-wave instability is strongly affected by collisions. Electron-neutral

collisions act destabilizing and amplify the perturbation, while ion-neutral collisions and

ion viscosity act stabilizing. It is worthwhile to note that ion-neutral collisions damp all

wavenumbers ky while the ion viscosity preferentially damps high ky modes. In the adi-

abatic limit, where the parallel electron flow is not impeded by collisions (τe −→ ∞) the

drift wave is linearly stable. An equivalent dispersion relation for this local slab model

was derived by Ellis et al. [60].

Ellis et al. [60] also developed a non-local cylindrical model that is more comprehen-

sive since background profiles of plasma density n0(r) and plasma potential φ0(r) are

explicitly considered. The set of equations derived in the non-local cylindrical model

can be reduced to a set of first order differential equations that can be solved by Runge-

Kutta shooting algorithms [61] to find the complex eigenfunctions ψ(r) and eigenvalues

ω = ωR + iγ [30; 62]. A solution for typical VINETA plasma parameters is shown in

Fig. 2.2 for azimuthal modenumbers m = kθr = 1−5 (kθ is the azimuthal wavenumber).

The drift-wave modes are located in the maximum plasma density gradient (Fig 2.2a) with

frequencies ωr . Ωci/2 (Fig. 2.2b). The growth rate is positive only for the m = 2 drift

mode. All other modenumbers are damped. For a detailed discussion about the influence

of parameters as collisionality and parallel wavenumber on the dispersion relation, the

reader is referred to Ref. [30; 62].
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2.5.2 Nonlinear properties

An important property of the global CYTO model is that it allows the coherent drift-

wave modes to develop their nonlinearly saturated phase. Such a situation has not been

yet reported for numerical simulations based on the Hasegawa-Wakatani model, in which

drift-wave turbulence is observed predominantly. Nevertheless in numerical simulations

performed with the CYTO code a transition from coherent drift-wave mode regimes to

drift-wave turbulence is also observed, depending on the input parameters as collisional-

ity or magnetic field strength.

In Fig. 2.3 a typical result of the numerical solution for two different input parameter sets

is depicted. Shown are the density fluctuations in the azimuthal (x, y)-plane for a coher-

ent drift-wave mode (Fig.. 2.3a) and weakly developed drift-wave turbulence (Fig. 2.3b).

For the result shown in Fig. 2.3a the input parameters are κn = 0.77, νin = 0.075 and

µ = 0.005, while for the turbulent situation shown in Fig. 2.3b κn = 1.4, νin = 0.05 and

µ = 0.001. All other input parameters are identical. In other words, in the weakly devel-

oped drift-wave turbulence situation the drive of the drift mode is enhanced, the profile

is steeper, and the stabilizing influence of ion-neutral collisions and ion dissipation in the
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Figure 2.3: Density fluctuations in the azimuthal plane and corresponding azimuthal wavenum-
ber spectrum: (a,c) for a coherent drift-wave mode and (b,d) for weakly developed drift-wave
turbulence.
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Figure 2.4: Time evolution of the total fluctuation energy for simulation of Fig. 2.3a.

linear growth rate (2.68) is reduced. In Fig. 2.3a a single coherent drift-wave mode with

modenumberm = 2 is observed while in Fig. 2.3b the weakly developed turbulent state is

characterized by a broadened modenumber spectrum with several interacting drift-wave

modes. Note that both results are obtained in the nonlinearly saturated phase. The time

trace of the total fluctuation energy E =
∫
ñ2 + |∇φ̃|2 dx2 for the drift-wave mode situa-

tion (Fig. 2.3a) is shown in Fig. 2.4. In the linear phase the energy increases exponentially

in time and saturates at t ≈ 800 Ωci.

Figs. 2.3c and 2.3d show the time-averaged wavenumber spectra for both situations. The

wavenumber spectra of the coherent drift-wave mode peaks at the azimuthal wavenumber

kθ that corresponds to the m = 2 mode. For higher wavenumbers a power-law decay

is observed. In comparison the wavenumber spectra of weakly-developed turbulence ex-

hibits no distinct peaks but remnants of drift-wave modes can still be observed at small

wavenumbers kθρs ≤ 2. For larger azimuthal wavenumbers a k−α
θ -decay with a spec-

tral exponent of α = 3.2 is observed, which is in agreement with the findings of other

numerical simulations of drift-wave turbulence based on the Hasegawa-Wakatani model

(cf. Sec. 2.4). Why a m = 2 mode is observed in the coherent drift-wave mode situ-

ation becomes clear by reconsidering the linear dispersion relation. The corresponding

frequencies ωr and growth rates γ for drift-wave modes m = 1 − 5 have already been

shown in Fig. 2.2 and it was found that only the m = 2 mode has a positive growth rate.

The evolution of the drift-wave modes in the nonlinearly saturated phase is not controlled

by the linear growth rates and a detailed analysis of the nonlinear dynamics requires an

estimation of the three-wave coupling coefficient (2.30), which is not trivial.

For a fixed set of collisional input parameters, which are identical with the coherent drift-

wave situation shown in Fig. 2.3a, the growth rate of the various drift modes can efficiently

be influenced by the density gradient length of the (Gaussian) source profile. The result-

ing density fluctuations in the azimuthal plane obtained in the nonlinearly saturated phase

are shown in Fig. 2.5 for four different (Gaussian) input profiles S ∼ exp (−r2κ2
n) with
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n). All other input parameters
are identical with the result shown in Fig. 2.3a.

κn varying between 0.42 and 1.4. For a broad source profile with κn = 0.42 the m = 1

drift mode has the largest growth rate and thus dominates the dynamics of density fluc-

tuations in the azimuthal plane. If the source profile is steepened (for larger κn values)

a transition to higher modenumbers m = 2, 3, 5 is observed. The relative amplitude of

the density fluctuations is ñ/n0 ≤ 10 % which is in agreement with experimental obser-

vations in VINETA for coherent drift-wave modes (cf. Sec. 4.3). In physics terms, the

width of the source profile is determined by 1/κn = L⊥/ρs ∼ B, where the magnetic

field enters via the drift scale ρs. Thus, for an increasing magnetic field at constant den-

sity gradient length and constant collisionality higher modenumbers are observed, which

is in agreement with experimental observations in VINETA [30; 31].

In conclusion, the CYTO code is able to describe the fluctuation dynamics for two dif-

ferent situations, coherent drift modes and weakly-developed drift-wave turbulence. Ac-

cording to the results presented later in Sec. 4.4 this is in agreement with experimental

observations in VINETA, where both situations are observed as well. In the situation of

coherent drift modes the fluctuation dynamics is solely determined by a single drift mode,

which has the largest linear growth rate. All other modes are highly damped. The tran-

sition to the weakly-developed turbulent state is governed by the density gradient drive

κn, ion viscosity µ, and ion-neutral collision rate νin. At low ion viscosity the growth

rate (2.68) of the various drift modes is enhanced, which leads to nonlinear interaction of

the drift modes. Since µ and νin are normalized to the ion cyclotron frequency Ωci, the
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nonlinear interaction occurs predominantly at higher magnetic fields, which is consistent

with the experimental findings presented in Sec. 4.4.

In Chap. 6 the numerical results of the CYTO code in weakly developed drift-wave turbu-

lence are investigated in detail. Special attention is paid to the formation and propagation

of turbulent structures.



3

Plasma diagnostics and signal processing

The main subject of the present thesis is the spatiotemporal analysis of fluctuating plasma

parameters, in particular plasma density and plasma potential. In low-temperature plas-

mas the main diagnostic tool is the electrostatic Langmuir probe, which can either be used

to measure time-averaged or fluctuating plasma parameters. The great advantage of this

diagnostic is that it allows for high temporal resolution and, if arranged on arrays, also

for a reasonable spatial resolution. However, it is an invasive technique that imposes a

certain disturbance to the plasma. The Langmuir probe diagnostics that are used for the

measurements presented in this thesis are described in Sec. 3.1.1.

The measurements discussed in Ch. 7 are obtained in a high-temperature fusion device,

where Langmuir probes are not applicable, mainly due to the high heat load. In such

devices, spatiotemporal fluctuations can be measured with optical techniques as gas puff

imaging, which is described in detail in Sec. 3.1.4.

To characterize the fluctuating quantities several signal-processing tools as probability

distribution functions, cross-correlation and conditional-averaging techniques, Fourier

and wavelet decomposition or bicoherence analysis are utilized. They are briefly reviewed

in Sec. 3.2.

3.1 Plasma diagnostics

3.1.1 Electrostatic probes

Langmuir discovered in 1923 that important plasma parameters as plasma density n,

plasma potential φ, and electron temperature Te can be measured with electrostatic probes,

which are in principle small electrodes exposed to the plasma. The Langmuir probes used

in this thesis have cylindrical geometry. They consist of a tungsten wire immersed in a

ceramic tube to shield the probe electrically from the plasma, except for the probe tip.

Typical dimensions of the probe tips are radius rp = 0.1 mm and length lp = 3 mm. The

insulating ceramic has a diameter of 0.6 mm only to minimize the perturbations of the
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Figure 3.1: Typical setup for the measurement of the IU-characteristic with a cylindrical Lang-
muir probe.

plasma by the probe. Time-averaged plasma parameters are obtained from the current-

voltage (IU) characteristic of the probe. A typical setup for measuring a IU-characteristic

with a cylindrical probe is shown in Fig. 3.1. The probe is biased with a variable voltage

and the probe current is digitally recorded as the voltage drop over a shunt resistor R.

An example of the so-obtained IU-characteristic is shown in Fig. 3.2. It splits into three

different regions, which are separated from each other by the floating potential φf and

the plasma potential φp. At large negative voltages applied to the probe (Ub � φp) all

electrons are repelled and the current to the probe is determined solely by the ion flux.

This branch of the IU-characteristic is called ion saturation region. For a less negative

voltage relative to the plasma potential, the most energetic electrons are able to overcome

the retarding electric field of the probe. The electron current contribution decreases the

measured net probe current. If the applied voltage reaches the floating potential the ion

current to the probe is balanced by the electron current (ambipolar flux) and the mea-

sured probe current is zero. In the transition region between the floating potential φf and

the plasma potential φp the probe attracts increasingly more electrons. For a Maxwellian

electron energy distribution function (EEDF) the electron current contribution to the IU-

characteristic in the transition region is exponential. For probe voltages larger than the

plasma potential (Ub � φp) the electron current is independent of the electron energy.

This is called the electron saturation region. For cylindrical probes, the electron current

to the probe increases monotonically in the electron saturation regime as the sheath thick-

ness around the probe increases with the applied voltage [63].

There is a vast number of probe theories to extract the plasma parameters from a IU-

characteristic and they depend on the geometry of the probe as well as on the plasma

parameters, especially collisionality and magnetic field. Langmuir’s [64] basic ideas of a

probe in a unmagnetized collisionless plasma are the following: The ion saturation cur-

rent Isat,i is determined by the Bohm-criterion, which states that the ions are accelerated

to the ion sound speed cs in the pre-sheath of the probe. The resulting ion current to the
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Figure 3.2: Measured current-voltage (IU) characteristic for a cylindrical Langmuir probe. The
floating potential φf and the plasma potential φp are indicated as dashed lines.

probe reads

Isat,i = eAncs = wneA
√
kBTe/M, (3.1)

where M is the ion mass, A is the surface of the probe and w is a factor that accounts for

the plasma density depletion in the pre-sheath (w = 0.61). At the plasma potential the

electron saturation current Isat,e is given by

Isat,e = −enAv̄e/4 = −neA
√
kBTe/(2πem), (3.2)

where m denotes the electron mass, v̄e =
√

8kBTe/πm is the average electron velocity

(averaged over a Maxwellian EEDF) and the factor 1/4 arises from the estimation of the

electron flux to the probe, Γe = nv̄e/4. In the limit Ti << Te the ratio of the ion and

electron saturation currents is determined solely by the mass ratio, Isat,i/Isat,e ∼
√
m/M .

Assuming a Maxwellian EEDF the electron current in the transition region reads

Ie = Isat,e exp

(
e(V − φp)

kBTe

)
. (3.3)

The balance of ion and electron currents for a floating probe relates the floating potential

φf to the plasma potential φp,

φp = Te ln

(
v̄e

4cs

)
+ φf = ln

(
M

2πme

)1/2

Te + φf = αTe + φf , (3.4)

where α = 4.6 for Argon [63]. The plasma potential φp is usually determined from the

minimum of the first derivative dI/dU . The exponential slope of the IU-characteristic in

the transition region yields the electron temperature. With the knowledge of the electron

temperature the plasma density can be obtained from the ion saturation current (3.1).

The original theory of Langmuir is only applicable in the limit of small collisional-
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regime condition

collisionless λe � d+ h

non-local λε � d+ h� λe

hydrodynamic d+ h� λε

Table 3.1: Regimes of applicable probe theories for an unmagnetized plasma, where d is the probe
dimension, h the sheath thickness, λe the electron mean-free path and λε the energy relaxation
length.

ity, where the sum of probe dimension d and thickness of the sheath around the probe

h ∼ λDebye is much smaller than the electron collisional mean-free path λe = vth,e/νee,

where λDebye is the Debye-length, vth,e is the thermal velocity of the electrons, and νee

is the Coulomb collision frequency for electron-electron collisions. Probe theories for

highly collisional regimes with d+ h >> λe have been developed, which are also known

as non-local and hydrodynamic approximation [65]. The validity of these approximations

is determined by the energy relaxation length λε, the spatial scale on which energy is

dissipated. The different regimes are compiled in Tab. 3.1. According to Ref. [65] the

non-local approximation is valid in plasma regimes where Coulomb collisions dominate

over electron-neutral collisions, νee >> νen, while in partially ionized plasmas the hydro-

dynamic approximation is valid since electron-neutral collisions strongly minimize the

energy relaxation length and d+ h� λε holds.

The situation gets more complex if a magnetic field is taken into account. It imposes

an anisotropic motion of the electrons and the ions. Recently, a non-local kinetic probe

theory for strongly magnetized plasmas has been developed [66]. Due to the anisotropy

perpendicular and parallel to the ambient magnetic field the first derivative of the probe

current density dj/dU yields the EEDF. For a cylindrical probe orientated perpendicular

to the ambient magnetic field one obtains

dje
dV

= − 8πe3ρeU

3m2rp ln πlp/(4rp)
· f(W ), (3.5)

where U = Ub − φp and W is the electron energy in eV, ρe is the electron Larmor ra-

dius, and rp and lp are the the radius length of the probe tip, respectively. Assuming a

Maxwellian EEDF

f(W ) = n
(m

2π

)3/2

exp

(
−W
Te,[eV ]

)
(3.6)

the first derivative of the probe current can be fitted with the free parameters electron

temperature Te, plasma density n, and plasma potential φp.

To take collisionality and the magnetic field in the evaluation of the IU-characteristic into
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account the kinetic approach is used for our measurements. An example of the probe

evaluation is shown in Fig. 3.3.

For rf-driven discharges, the rf-potential oscillations driven by the plasma source strongly

affect the probe sheath, thereby modifying the probe IU-characteristic and leading to an

overestimation of the electron temperature [67]. Several rf-compensation schemes have

been proposed [68]. A typical design of such a rf-compensated probe is shown in Fig. 3.4.

An additional floating electrode, which is capacitively coupled to the probe tip follows the

rf-driven oscillations and thereby re-adjusts the probe current with respect to the rf-voltage

oscillations. As an additional measure, rf-chokes are used to suppress the rf-oscillations.

The fast measurement of IU-characteristics to analyze the fluctuations of the plasma den-

sity, potential and electron temperature is technically challenging since the sweep of the

probe voltage has to be much faster than the typical time scale of the fluctuations [69].

However, if electron temperature fluctuations are assumed to be small (T̃e/Te � ñ/n)

one may consider the fluctuations of the ion saturation current as a measure of plasma

density fluctuations, Ĩsat,i ∼ ñ. Under this assumption the plasma potential fluctuations

can be approximated by the floating potential fluctuations, φ̃p ∼ φ̃f . For the present

measurements fluctuations of the plasma density or plasma potential are recorded with

1.25 MHz sampling frequency and 12 bit amplitude resolution. To obtain spatially re-

RF choke

Figure 3.4: Basic principle of a rf-compensated probe.
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Figure 3.5: (a) Azimuthal probe array (Couronne) made of 64 single Langmuir probes. (b) Verti-
cal probe array with 16 single Langmuir probes mounted on a radial probe positioning system to
cover the entire azimuthal plasma cross-section.

solved measurements single Langmuir probes are mounted on probe positioning systems

or are arranged as arrays. At VINETA the data acquisition system limits the number of

probes to 64. Two different probe arrays are used: The azimuthal probe array Couronne

[70] consists of 64 single Langmuir probes (Fig. 3.5a). The radial position of the single

probes can be varied but is typically rc = 4 cm which results in a Nyquist wavenumber

of kNyquist = 8 cm−1. A second vertical array is made of 16 single Langmuir probes with

a spacing of 8 mm (≈ ρs/2) and a length of 120 mm (Fig. 3.5b). The whole array is

mounted on a radial position system and can be moved across the radial plasma density

profile.

The fluctuation-induced radial particle flux Γ̃ = ñẼθ/B (cf. Sec. 5.1) is measured using a

triple probe which consists of three azimuthally displaced probe tips oriented perpendicu-

lar to the magnetic field (cf. Fig. 3.6). From the potential fluctuations φ̃1 and φ̃2 measured

with the upper and lower probe tip the azimuthal electric field can be calculated as

Ẽθ = −∇θφ̃ = − φ̃2 − φ̃1

∆y
, (3.7)

where the vertical probe spacing of the probe tips ∆y is typically 8 − 22 mm. Together

with density fluctuations measured with the middle probe, the radial particle flux Γ̃ can

be estimated.

B
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Figure 3.6: A triple probe to measure the fluctuation-induced perpendicular particle flux Γ̃.
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3.1.2 Microwave interferometer

In contrast to the Langmuir probe, interferometry is a non-invasive diagnostic to measure

the absolute line-of-sight integrated plasma density. The principle is based on the com-

parison of an electromagnetic wave traveling through the plasma with a phase reference.

The refractive properties of a plasma act on the phase velocity of the traveling wave and

introduce a phase shift with respect to the reference phase. The refractive index is the

ratio of the vacuum speed of light and the phase velocity in the plasma. In a magnetized

plasma the refractive index for a wave with frequency ω propagating perpendicular to the

magnetic field and polarized parallel to the magnetic field (O-mode) is given by [71]

N =
kc

ω
=

√
1−

ω2
pe

ω2
=

√
1− n

ncut

, (3.8)

where ωpe is the electron plasma frequency. The plasma is only transparent for densities

below the cut-off density ncut = ω2ε0m/e
2. The phase shift is given by

∆ϕ =
2π

λ

∫
1−

√
1− n(l)

ncut

dl, (3.9)

where λ is the wavelength and l the path length of the wave propagating through the

plasma. For a frequency ω much larger than the electron plasma frequency, (3.9) can be

approximated as

∆ϕ =
π

λ

∫
n(l) dl. (3.10)

The interferometer system operated on VINETA has a frequency of 160 GHz correspond-

ing to a cut-off density of ncut = 3.1× 1020 m−3. Further information about the interfer-

ometer system can be found in Ref. [72].

The evolution of the line integrated density as measured with the 160 GHz interferometer
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Figure 3.7: (a) Line integrated density for a plasma pulse with duration 350 ms measured with the
160 GHz interferometer system. (b) Measured ion saturation current profile normalized to the line
integrated density obtained from the 160 GHz interferometer system.
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system is shown in Fig. 3.7a for one plasma pulse with duration 350 ms. If the rf-source

is switched on, the plasma density gets stationary after a transient time of typically 50 ms

and decays exponentially after the rf-source is switched off at 350 ms. The decay time of

the plasma density is determined by the parallel flux to the end plate. From Fig. 3.7a a

decay time of 1.5 ms is estimated, which agrees well with the typical time for the plasma

to reach the end plate, tdecay = L‖/cs = 1.7 ms, where L‖ = 4.5 m and cs is the ion

sound speed (estimated for Te = 3 eV). The line integrated density can be utilized to

obtain absolute plasma densities if the radial plasma density profile is known. Shown in

Fig. 3.7b is the measured radial ion saturation current profile normalized to the simulta-

neously measured line integrated density to obtain the radial plasma density profile. The

line integrated density is
∫
n dl = 4.59 ± 0.3 × 1017 m−2, which yields a peak plasma

density of n = 5 ± 0.33 · 1018 m−3. This is in good agreement with the peak density

evaluated from the IU-characteristic of the Langmuir probe n = 4.5 · 1018 m−3.

3.1.3 Thomson scattering

If charged particles are accelerated in the field of an electromagnetic wave they oscillate

and radiate like dipoles. In the classical limit, where the photon mass is much smaller

than the particle mass, ~ω � mc2, this scattering process is called Thomson scattering.

Electrons contribute mainly to the radiation because heavy ions are much less accelerated.

For a single electron the Thomson scattering cross-section reads [71]

σTh =
8π

3
r2
e ∼ 10−24 cm−2, (3.11)

where re is the classical electron radius. If the phases of all contributing electrons can be

assumed to be uncorrelated (incoherent scattering) the differential cross-section is given

by
dσ

dΩ
= ner

2
e sin2 ϕ, (3.12)

where ϕ is the angle between the electric field vector of the incident wave and the ob-

servation direction. The differential cross-section per unit volume is the ratio of power

scattered into a room angle dΩ to incident power per unit area. Measuring the scattered

radiation intensity then yields the electron density ne. As the electrons move they experi-

ence a Doppler-shifted excitation frequency of the incident wave in the moving frame of

reference. But also the scattered radiation from the electrons is Doppler-shifted. Assum-

ing a Maxwellian EEDF the scattered frequency spectrum exhibits a Gaussian shape with
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a FWHM-wavelength [73]

∆λ = 4λ0 sin
θ

2

(
2kBTe

mc2
ln 2

)1/2

. (3.13)

Here θ is the angle between wave vectors of the incident wave and the scattered wave and

λ0 is the wavelength of the incident wave. The electron temperature can be estimated from

the width of the frequency peak of the scattered wave. Since the magnitude of the cross-

section is very small, powerful lasers are typically used as radiation source to prevent

long observation times and to increase the signal to noise ratio. On the National Spherical

Torus Experiment (NSTX, cf. Ch. 7) Nd:YAG lasers operate at λ0 = 1.06µm with high

repetition rates. They are used in a backscatter geometry [74] to measure temporally re-

solved electron density ne(r, t) and electron temperature Te(r, t) profiles. Typical profiles

are shown in Fig. 3.8. The evaluation of the scattered radiation is complicated, since col-

lective effects of the electron motion, e.g. flows, often require a coherent formulation of

the differential cross-section. For electron temperatures larger than 1 keV also relativistic

effects contribute to the scattering spectrum.

3.1.4 Gas puff imaging

The applicability of Langmuir probe arrays for measuring spatiotemporal fluctuations of

plasma parameters in fusion devices is restricted to the far scrape-off layer (SOL) re-

gion. In regions closer to the plasma core, in particular in the plasma edge, Langmuir

probes usually can not withstand the bombardment of plasma particles. The spatiotem-

poral structure of edge turbulence in fusion devices can be observed using optical line

emission from neutral atoms. In contrast to Langmuir probe arrays, visible imaging is



36 Plasma diagnostics and signal processing

0.0 0.5 1.0 1.5 2.0

R(m)

-2

-1

0

1

2

z
(m

)

50

100

150

160 170 180

0

1

2

3

time [ms]

D
a
in

te
n

s
it
y
 [

a
.u

.]

#113734

z
  

[c
m

]

140 150 160
10

20

30

major radius [cm]

a.)

b.)

D
a
in

te
n

s
it
y
 [

a
.u

.]

c.)

Figure 3.9: (a) Poloidal cross-section of the NSTX tokamak for shot #113734 (t = 186 ms).
The GPI field-of-view is indicated by the green rectangular. (b) Time trace of emitted Dα light
obtained from a single photodiode located close to the last closed flux surface (LCFS). The GPI
data acquisition window is shown as red shaded area. (c) Time averagedDα emission as measured
with the PSI5 camera for NSTX shot #113734. The position of the LCFS obtained from LRDFit
is indicated by the solid black line and the minimum position of the limiter by the dashed black
line.

non-invasive and allows for higher spatial resolution. 2D-imaging of fluctuations can be

obtained by using beam emission spectroscopy (BES) [75; 76; 77] or gas puff imaging

(GPI) [78; 28; 79; 29]. The GPI technique is based on a localized gas puff of neutral atoms

(usually Deuterium or Helium) into the plasma edge and a simultaneous measurement of

the visible Balmer α-line emission with optically filtered fast framing cameras. The num-

ber of injected atoms is small enough to not significantly perturb the plasma [78] but the

emission intensity is significantly increased when compared to the intrinsic plasma emis-

sion. The experimental results presented in Ch. 7 are obtained from GPI measurements

at the National Spherical Torus Experiment (NSTX), where Deuterium gas is puffed into

the plasma edge by use of a gas manifold mounted on the outer wall of the tokamak [80].

The visible Dα line emission (656.2 nm) is recorded with a Princeton Scientific Instru-
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ments PSI5 camera (frame rate 250 kHz, 300 frames memory, 64×64 pixel) coupled to

an 8×10 mm coherent optical fiber bundle [81]. The field-of-view spans over 23×23 cm

radially and poloidally, centered near the last closed flux surface. The view is directed

tangentially to the local magnetic field in order to resolve the radial and poloidal structure

of the fluctuations perpendicular to the ambient magnetic field. A poloidal cross section

of the plasma and the in-vessel components together with a Dα intensity recording is

shown in Fig. 3.9 for shot #113734 at time instant t = 186 ms. The PSI5 field-of-view

above the outer midplane is indicated by the green rectangular in Fig. 3.9a. In more detail

the orientation of the GPI field-of-view is shown in Fig. 3.9c, where the time-averaged

Dα emission intensity is displayed. The positions of the last closed flux surface (LCFS,

derived from free boundary equilibrium reconstruction code LRDFIT at t = 186 ms) and

the limiter shadow are indicated by the solid and dashed line, respectively. The field-

of-view spans the entire plasma edge, the SOL region, and part of the limiter shadow.

Complementary to the imaging system the temporal evolution of the Dα intensity is mea-

sured with 13 single views fiberoptically coupled to a photomultiplier tube and arranged

as radial and poloidal one-dimensional arrays. The position of the chords is indicated

in Fig. 3.9c by the black circles. Each chord is digitized with 500 kHz and 65 ksamples.

The signal of the radially and poloidally centered chord close to the LCFS is shown in

Fig. 3.9b. The deuterium gas manifold was opened at t = 165 ms and the gas starts to flow

into the SOL at approximately t = 167 ms. At t ≈ 173 ms a quasi-stationaryDα-emission

intensity level is reached. The data acquisition of the PSI5 camera starts at t = 183 ms

with a total acquisition time of 1.2 ms (the data acquisition time is indicated in Fig. 3.9b

by the red shaded area).

The measured Dα line-emission is a nonlinear function of the electron density and elec-

tron temperature and proportional to the neutral gas density. The Balmer Dα emission

rate Sα (in m−3s−1) is given by [83]

Sα = ngf(ne, Te)A3,2 = ngF (ne, Te), (3.14)

where ng is the ground state density of neutral Deuterium atoms, f(ne, Te) is the branch-

ing ratio between atoms in the upper state (m = 3) and ground state, and A3,2 is the

spontaneous decay rate (Einstein coefficient) of the m = 3 to n = 2 transition. The func-

tion f(ne, Te) is determined by several atomic processes as electron impact excitation,

de-excitation, ionization, recombination and radiative decay [28]. Since the radiative de-

cay rate A3,2 is much larger than the inverse of the autocorrelation time of the fluctuations

the observed emission intensity corresponds to the local plasma parameters [80]. The
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spatial evolution of the ground state Deuterium density ng and the time-resolved Dα light

emission have been calculated using the DEGAS 2 neutral transport code and revealed

consistency with GPI data [84; 83; 85]. For Helium a detailed comparison of the experi-

mental and calculated Heα emission within the local GPI view is shown in Fig. 3.10 for

NSTX shot #112814. For NSTX edge plasma parameters (shots considered in Ch. 7) the

function F (ne, Te) scales as F (ne, Te) = n0.7−0.9
e T 0.6−0.8

e due to the strong radial variation

of the electron density and electron temperature in the plasma edge (cf. Fig. 3.8).

According to (3.14) the measured Dα fluctuations can be attributed to either fluctuations

in ne, Te, ng, or all of them. If the variations of the neutral gas density are assumed

to occur on a much larger time scale than the turbulent fluctuations and assuming small

electron temperature fluctuations at the edge, the Dα emission depends on the plasma

density fluctuations only [29]. We note that temperature fluctuations cannot be assumed

to be small per se, but the interpretation is simplified if electron density and temperature

fluctuations are assumed to be in phase as expected theoretically [28] and confirmed by

Langmuir probe measurements [86].

Figure 3.10: Calculated Heα emission rate of the local GPI view using the DEGAS 2 code for
NSTX shot #112814 (taken from [82]). The Heα emission as measured measured with the PSI5
camera is superimposed as contour lines.
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3.2 Signal processing

The characterization of fluctuating plasma parameters such as density and potential is

based on the analysis of time series. From a time series the dynamical state of the plasma

can be investigated by applying spectral tools as Fourier and wavelet transforms in fre-

quency and wavenumber space or by estimating the probability distribution functions and

their moments. More advanced analysis methods are higher order spectra (bicoherence)

that allow for the investigation of nonlinear interaction of waves. From spatiotemporally

resolved measurements the coherent part of the fluctuations can be extracted using cross-

correlation or conditional-averaging techniques. These signal processing tools mentioned

here are briefly introduced in the following sections.

3.2.1 Wavelet transform

Spectral analysis of time series of fluctuating quantities is mainly performed by applying

the Fourier transform (FT). In 1807 Fourier discovered that sine and cosine functions can

be used as orthogonal basis to represent other functions. Problems arise if the analyzed

signal is non-stationary (signals whose frequency spectrum changes in time e.g. a chirp

signal). Non-stationary signals can be analyzed by windowed Fourier transform, which

averages the spectrum over a fraction of the timeseries and thereby yields time resolu-

tion. The main disadvantage of the windowed FT is the fixed resolution at all times and

frequency scales. The resolution is determined by the Heisenberg uncertainty condition,

which states that the exact time-frequency representation of a signal is unknown. For a

small window width the FT gives good time resolution but poor frequency resolution and

vice versa. In general the wavelet transform is comparable to the windowed FT but the

window width changes for every analyzed spectral component. In contrast to the win-

dowed FT, where the basic functions sine and cosine are not localized in space or time, a

wavelet is a localized wave package [87; 88; 89; 90]. The wavelet transform is based on a

wavelet prototype function, called mother wavelet ψ. A variety of mother wavelets exists,

which all must satisfy certain mathematical criteria. In particular, a wavelet must have

finite energy and no zero-frequency component, the latter requirement is also known as

admissibility condition. Admissible wavelets are in principle bandpass filters. The pass-

ing spectral components are characterized by the Fourier energy spectrum of the wavelet

|ψ̂(f)|2. The wavelet transform presented within the scope of this work is based on the

Morlet wavelet, essentially a modified Gaussian [90],

ψ(t) =
1

π1/4
ei2πf0te−t2/2, (3.15)
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Figure 3.11: Real (solid) and imaginary (dashed) part of the Morlet wavelet (a) and corresponding
energy spectrum for f0 = 0.894 (b).

where the central frequency f0 is the frequency of the complex sinusoidal inside the Gaus-

sian envelope. The complex Morlet wavelet and its Fourier energy spectrum |ψ̂(f)|2 are

shown in Fig. 3.11. The wavelet transform of a continuous signal x(t) is defined as [90]

Ψ(τ, s) = w(s) ·
∫ ∞

−∞
x(t) · ψ∗a,b

(
t− b

a

)
dt, (3.16)

where a and b are the dilation and translation parameter of the wavelet, respectively. The

weighting function w(s) is set to 2/
√
|s| to ensure that the wavelet has on each scale the

same energy. The scale parameter s of the wavelet is related to the frequency via s = 1/f .

An example of a Morlet wavelet transform for a chirped signal is shown in Fig. 3.12. For

detailed informations about using wavelets in plasma physics the reader is referred to

Refs. [91; 92].
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Figure 3.12: Chirped signal with increasing frequency f = 1 − 10 kHz (a) and corresponding
Morlet wavelet spectrum (b).
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3.2.2 Probability distribution function

The probability distribution function is defined as the probability p to find a stochastic

variable x in the interval (x1, x1 + dx),

p(x1 ≤ x ≤ x1 + dx) =

∫ x1+dx

x1

P (x) dx. (3.17)

P (x) is the probability distribution function (PDF), which obeys

P (x) ≥ 0 ∀x1 and
∫ ∞

−∞
P (x) dx = 1. (3.18)

In other words the PDF is a measure of the amplitude distribution of the stochastic variable

x1. For the estimation of the PDF of a fluctuation time series the time series is binned

into N amplitude intervals between the minimum and maximum amplitude of the time

series. The probability p to find an event in the ith amplitude interval is then given by

the ratio of the numbers of events within the ith amplitude interval and the number of

all detected events. From the probability p the PDF is estimated by normalization to the

amplitude interval width. The properties of the PDF are characterized by its moments.

For discretized signals, the summation over the PDF multiplied by (x− < x >)j yields

the jth moment µj of the PDF

µj =
∑

n

(x− < x >)j Pn, (3.19)

with n = 1, 2, · · · , N . The first four moments are:

a) mean value

µ1 =< x >=
∑

n

xnPn, (3.20)

b) variance

σ2 =
∑

n

(xn − µ1)
2Pn, (3.21)

c) skewness

s =
∑

n

(xn − µ1)
3Pn/σ

3, (3.22)

d) kurtosis

K =
∑

n

(xn − µ1)
4Pn/σ

4 − 3. (3.23)

The variance is the squared standard deviation σ. Skewness and kurtosis measure the

asymmetry and the flatness of the PDF compared to a Gaussian PDF, respectively (for
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Figure 3.13: Probability distribution function (PDF) of density fluctuations (black) with skewness
s = 2.7 and kurtosis K = 9.4. A Gaussian fit to the PDF (red) with s = K = 0 is also shown.

a Gaussian PDF skewness and kurtosis are zero). For illustration, a PDF with non-zero

kurtosis and skewness is shown in Fig. 3.13.

The PDF is a robust measure of intermittency. As outlined in Ch. 1, the PDF of self-

similar isotropic turbulence has a Gaussian shape, independent of the scale under con-

sideration due to the concept of self-similarity. Intermittent events, i.e., large amplitude

events with short auto-correlation times, are located in the wings of the PDF and lead to

a deviation of the PDF from a Gaussian shape. This can be quantified by the moments of

the PDF and the kurtosis is a measure how peaked the PDF is, compared to a Gaussian.

For an intermittent signal the kurtosis is expected to grow without bound with frequency

or wavenumber [3].

3.2.3 Bicoherence analysis

The relation of three-wave interaction and nonlinearities and its importance for redis-

tributing energy among various scales of motion was already described in Sec. 2.3. Non-

linear mode-coupling and energy transfer can be investigated by higher order spectra

[93; 94; 95; 96], such as bispectrum or trispectrum. Three wave-interactions that arise

from quadratic nonlinearities can be described by the auto-bispectrum

Bk,l =
〈
ûlûkû

∗
m=k+l

〉
, (3.24)

where û is the fluctuating physical quantity of interest (e.g. plasma density fluctuations) in

Fourier space, k, l,m are the Fourier modenumbers, and ∗ denotes the complex conjugate.

The 〈·〉 denotes ensemble averaging over a large number of realizations of the spectral

function inside the brackets. The bispectrum measures the degree of phase coherence

between three Fourier modes that obey the summation rule ωm = ωk ± ωl in frequency

space and km = kk±kl in wavenumber space. If the phases of the Fourier modes are fully
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uncorrelated, the bispectrum vanishes. It is often more convenient to use the normalized

bispectrum, called bicoherence

b2m =
|Bk,l|2

〈|ukul|2〉 〈|uk+l|2〉
. (3.25)

To illustrate the analysis a signal y(t) is generated, which consists of two coupled sine

waves

ya(t) = A sin(2πfat+ φa),

yb(t) = B sin(2πfbt+ φb),

y(t) = ya(t) + yb(t) + ya(t) · yb(t) + χ,

where fa = 1.2 kHz, fb = 0.8 kHz and χ denotes 10% noise. The amplitudes A and B

and the phases φa and φb are randomly choosen constants. The calculated bicoherence is

shown in Fig. 3.14a and the corresponding frequency spectrum in Fig. 3.14b. The bicoher-

ence peaks at f1± f2 which yields bi-frequencies of 2 kHz and 0.4 kHz. The contribution

of the bi-frequencies to the frequency spectrum is clearly observed in Fig. 3.14b.

The bicoherence is a measure for the coupling of different Fourier modes in frequency

and wavenumber space. The energy that is exchanged by the different Fourier modes of

the spectrum due to three-wave interaction is determined by the energy transfer function

T (ωk, ωl) and is related with to the wave coupling coefficient Λ(ωk, ωl), which measures

the strength of the coupling (cf. Sec. 2.3). Direct measurements of the energy transfer

function are difficult to obtain. A few attempts were made with data obtained in the TEXT
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Figure 3.14: Auto-bicoherence (a) of the signal y(t) (3.26) and corresponding frequency spectrum
(b) of y(t). The frequency domain of the bicoherence in (a) is restricted by the Nyquist limit.
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tokamak [97] and in the TFTR tokamak [98].

3.2.4 Cross-correlation and conditional-averaging techniques

The cross-correlation function of two time series u1(r1, t) and u2(r2, t) with length T is

defined as [99]

R(r1, r2, τ) = lim
T→∞

1

T

∫ T

0

u1(r1, t)u2(r2, t+ τ) dt, (3.26)

where τ is a variable time lag. To compare the cross-correlation amplitude of various

signals with different amplitudes the normalized cross-correlation function

ρ(τ) =
R(r1, r2, τ)

[R(r1, r1, 0)R(r2, r2, 0)]1/2
with ρ(τ) ∈ [−1, 1] (3.27)

is more suitable. R(r1, r1, 0) andR(r2, r2, 0) are the auto-correlation functions of the in-

dividual signals. The auto-correlation function always peaks at τ = 0 and its 1/e decrease

is the correlation length (or time). The cross-correlation is a measure for the phase coher-

ence of the two signals. If one time series is shifted in time by t0, the maximum is found at

τ = t0. If the signals are not correlated (no defined phase relation as for random signals)

ρ = 0 for all time lags. A negative cross-correlation amplitude ρ = −1 results from time

series with a phase shift of π. An efficient way to calculate the cross-correlation func-

tion is to apply the Wiener-Khintchine therorem [100], which relates the cross-correlation

function to the inverse Fourier transform of the cross-power spectral density Su1,u2(ω)

R(r1, r2, 0) =

∫ ∞

−∞
Su1,u2(ω) exp (iωt) dω. (3.28)

The cross-correlation function can be utilized to extract the coherent part of a fluctuating

quantity. If one is interested in the coherent part of the fluctuations that is associated

with specific features such as high-amplitude intermittent bursts that appear occasionally,

the conditional-averaging (CA) technique [101] is more appropriate, which is in many

ways comparable to the cross-correlation function. It can be described as follows: When

the first time series u1(r1, t) fulfills a pre-defined condition p at a certain time instant

ti, a time interval of length ∆τ centered around ti is extracted from both time series.

If the condition is satisfied for N times, the N sub-timeseries are taken as statistically

independent realizations. By ensemble averaging the sub-time series the coherent part

of the fluctuations is extracted while the incoherent part is suppressed. The conditional
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averaging procedure can be formally expressed as

〈RCA〉 (r0 + dr, τ) =
1

N

N∑
i=1

[u2(r0 + dr, ti + τ) | u1(r, ti) = p] , (3.29)

with τ ∈ [−∆τ/2,∆τ/2]. The condition p is a free parameter and is chosen usually as

a threshold condition on the amplitude combined with a slope condition (events can be

detected at rising or falling slope). The choice of ∆τ is not critical. To avoid overlapping

effects, the time between each two detected events must be greater than ∆τ . However,

∆τ should be larger than the autocorrelation time of the signal to ensure that the subseries

are statistically independent realizations of a random process [102].

Both methods are well suited to reconstruct the coherent part of spatiotemporal dynamics

of fluctuations. To recover the dynamics of the coherent fluctuations in the two dimen-

sional (x, y)-plane with sparse spatial resolution, a fixed Langmuir probe acts as reference

probe recording the time series u1(r1, t) while u2(r2, t) is obtained from a single Lang-

muir probe or probe array that is moved across the plasma column. For each position

of the displaced probe, time series of u1(r1, t) and u2(r2, t) are recorded and the cross-

correlation or conditional averaging technique is applied. As a result, the spatiotemporal

evolution of the coherent fluctuations in the time interval ∆τ is obtained. The effect of

extracting the coherent part of the fluctuation from a signal embedded in random noise

is illustrated in Fig. 3.15. Fig. 3.15.a shows the surrogate data u(x, y, t) in the two-

dimensional (x, y)-plane for a certain time instant t0. The spatial grid is 64×64 points

and the length of the dataset is N = 8192 samples (at a sampling frequency of 1 MHz).

The data consists of a circular structure (2D-Gaussian) embedded in 80% Gaussian noise.
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Figure 3.15: Example of extracting a spatiotemporal coherent structure using the cross-correlation
and conditional- averaging techniques for surrogate data: (a) Two-dimensional surrogate data
u(x, y, t), (b) result of the cross-correlation technique and (c) result of the conditional-averaging
technique (see text for details).
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The solid black ring in Fig. 3.15a indicates the area where the amplitude of the structure

dropped to 1/e of its peak amplitude. The structure propagates purely azimuthally in

clockwise direction with an equivalent frequency f = vθ/(2πr) = 8 kHz. The trajectory

of the structure is indicated in Fig. 3.15a with a dashed line and the position of the refer-

ence probe, recording the time series u1(r1, t), is indicated as a black dot. The reference

probe is located in the center of the structure. For the entire grid of 64×64 points, the

cross-correlation and conditional-averaging technique is applied.. The results at time lag

τ = 0 are shown in Figs. 3.15b and 3.15c. We observe that the incoherent fluctuations of

the random noise are suppressed while the coherent structure is clearly identified. Note

that the conditional-average amplitude is the amplitude of the structure itself, whereas the

cross-correlation amplitude is normalized. It is clearly seen that the azimuthal correlation

length is larger than the actual structure size, whereas the structure is well recovered by

the the conditional-averaging technique [102].
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The VINETA device

The VINETA device is a cylindrical linearly magnetized plasma experiment, specifically

designed for studies at plasma waves and instabilities. A schematic drawing of the device

is shown in Fig. 4.1. It consists of four stainless steel vacuum chambers with a diameter

of 40 cm and a length of 1.1 m. The total length of the device is 4.5 m (including the

helicon source region). To ensure good experimental access to the plasma, each module

has 13 CF-40, two CF-63, and two rectangular ports (90×250 mm). The vacuum vessel is

immersed in a set of 36 water cooled magnetic field coils which provide a magnetic field

induction of B ≤ 100 mT. The coil current of each module can be controlled separately

by five 25 kW power supplies. A combination of a turbomolecular and rotary pump at the

end of the device provides a base pressure of p0 < 10−4 Pa. Plasma is generated by wave-

heated discharges, either by rf-heating or electron cyclotron resonance heating (ECRH).

For the experiments presented here only the helicon plasma source was used.

The helicon source consists of a right-handed helical m = 1 antenna with a length of

30 cm placed around a glass vacuum extension with a diameter of 10 cm. The antenna is

typically driven with a rf-frequency of frf = 13.56 MHz and input powers of Prf < 5 kW.

A conventional matching network is used to match the rf-amplifier output impedance of

50 Ω to the antenna impedance [103]. Dependent on the applied rf-power, a capacitive,

inductive or helicon discharge can be established [104; 105]. Typical plasma density

profiles for the three rf-discharge types are shown in Fig. 4.2.

The transition from the capacitive mode to the inductive mode is governed by the skin

Figure 4.1: Schematics of the VINETA device. For illustration the magnetic field coils which
surround the helicon plasma source to the right are not shown.
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Figure 4.2: Radial plasma density profiles for a capacitive, inductive and helicon discharge.
The rf-input power is Prf = 600W (capacitive mode), Prf = 800W (inductive mode) and
Prf = 1000W (helicon mode), respectively. All other operational parameters are kept constant.

depth, which reads in the collisionless limit (νen << ω) [63]

δp =
c

ωpe

=

√
me

e2µ0n
. (4.1)

The skin depth δp is a measure for the penetration depth of electromagnetic waves into

the plasma. Shielding of electric fields is attributed to the rf-induced skin current within a

skin depth layer of thickness δp. For low electron densities, the skin depth becomes larger

than the plasma radius and no shielding of electric fields occurs. This is called capacitive

mode, where the heating of the plasma is achieved only by Ohmic and stochastic heat-

ing in the rf-sheaths near the antenna [63]. For higher electron densities, the skin depth

gets smaller than the plasma radius and the skin current dominates the plasma heating in

addition to Ohmic and stochastic heating. This mode is known as inductive discharge.

Capacitive and inductive discharges are well understood and commonly used for indus-

trial applications. While capacitive and inductive discharges can be operated without a

magnetic field, a helicon wave discharge requires a certain magnetic field strength, as

outlined in the following brief excursion.

4.0.5 Helicon waves

Helicon waves were observed in the mid 1960’s first in solid state plasmas [106; 107]

and then in gaseous plasmas [108]. In the late 1970’s Boswell discovered that helicon

waves can be used to produce dense plasma with densities up to 1019 m−3 with only a

few kW of rf-power [109; 110]. Nowadays, helicon sources are widely used for practical

applications, e.g. materials processing [111] and Hall thrusters [112]. However, it is still a
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scientific debate what mechanism leads to the high ionization efficiency and strong damp-

ing of the helicon waves. The energy transfer from the wave to the plasma particles has

been investigated with respect to Coulomb collisional damping [113], Landau damping

[113; 114], mode conversion near the lower hybrid frequency [110; 115], and nonlinear

trapping of fast electrons [116; 117]. In some operation regimes, non-Maxwellian elec-

tron distributions were found to contribute significantly to the ionization process [118].

However, the results are not fully conclusive.

Helicon waves are bounded whistler waves. Whistler waves in turn are right-handed

circularly polarized electromagnetic waves in the low frequency range Ωci � ω � Ωce

which can be naturally observed in the ionosphere. The dispersion relation of the whistler

wave is
k2c2

ω2
=

ω2
pe

ωΩce cos θ
. (4.2)

Here k is the wave vector and θ is the angle between k and the axial magnetic field Bz.

In the low-frequency limit, Helicon waves satisfy the same dispersion relation (4.2) [63].

The conducting boundaries of the vacuum vessel require that the tangential components

of the wave electric fields vanish and thus impose an eigenmode structure on the helicon

wave. The boundary condition can be written as [63]

mkJm(k⊥r) + kzJ
′

m(k⊥r) = 0, (4.3)

where m is the azimuthal mode number and Jm the mth-order Bessel function of the

first kind. One assumes wave field quantities to vary as E,B ∼ exp [i(ωt− kzz −mθ)].

For the m = 1 antenna design used in VINETA , (4.3) can be solved numerically with

k⊥r = 3.83 in the limit kz << k⊥. The axial wavelength of the helicon mode yields in

this limit [63]

λz =
3.83

r

B

eµ0nfrf

. (4.4)

For a given parallel wavelength λz = 2π/kz of the helicon wave, which is mainly deter-

mined by the antenna length, the plasma density is proportional to the applied magnetic

field. This is in agreement with experimental observations (cf. Sec. 4.2). Inserting the

experimental parameters (frf = 13.56 MHz, B = 0.08 T, λ = 0.3m, r = 0.05 m) in (4.4),

one obtains a plasma density of n = 2.2 · 1018 m−3, which is in excellent agreement with

the experimental observations (cf. Fig. 4.2). For detailed measurements of the helicon

wave fields in VINETA the reader is referred to Ref. [104].
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4.1 Operation and plasma parameters

Typical plasma parameters for Argon helicon discharges are compiled in Tab. 4.1. Impor-

tant frequencies, lengths, velocities and collisionalities are summarized in Tab. 4.2. Three

parameters are worthwhile to note: The drift scale ρs as the typical spatial scale of fluc-

tuations in drift-wave turbulence is ≈ 10 − 25 mm for our measurements. The plasma-β

is relatively small, β ≈ 0.2 %, and satisfies the electrostatic assumption (2.39). For the

typical plasma parameters shown in Tab. 4.2, Coulomb collisions dominate over colli-

sions with neutrals. This does usually not hold for the entire radial plasma profile, since

plasma density and electron temperature exhibit specific radial profiles. Profiles of the

different collisionalities are not shown here, but for the considered plasma parameters a

transition between two collisional regimes are observed, i.e. the plasma core is dominated

by Coulomb collisions and the plasma edge by collisions with neutrals [62].

parameter typical value

rf-power Prf [kW] 1 - 4

rf-frequency frf [MHz] 13.56

neutral gas pressure p0 [Pa] 0.1 - 0.3

magnetic field B [mT] 35 - 100

peak electron density ne [1019 m−3] 0.01 - 2

peak electron temperature Te [eV] 2 - 3.5

peak ion temperature Ti [eV] ≤ 0.5

parallel connection length L‖ [m] 4.5

density gradient length L−1
⊥ [m−1] 50-112

Table 4.1: Typical operational and plasma parameters for Argon helicon discharges.
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parameter unit range typical value

frequencies

ion cyclotron frequency Ωci [105 rad/s] 0.84 - 2.4 1.45
electron cyclotron frequency ωce [1010 rad/s] 0.6 - 1.8 1.05
plasma frequency ωpe [1011 rad/s] 0.2 - 2.5 1.26

lengths

electron gyroradius rce [mm] 0.05 - 0.2 0.09
ion gyroradius rci [mm] 6 - 11 7
Debye length λDebye [µm] 2.4 - 30 5.8
collisionless skin depth δp [cm] 0.1 - 1.7 0.24
drift scale ρs [mm] 12 - 49 19

velocities

ion sound speed cs [km/s] 2.2 - 2.9 2.7
electron thermal velocity vth,e [103 km/s] 0.8 - 1.1 1.03
ion thermal velocity vth,i [km/s] 0.9 - 1.5 0.98
Alfvén velocity vA [103 km/s] 0.028 - 1 0.092

plasma−β [%] 0.0008 - 2 0.2

collisions

electron-electron νee [107 s−1] 0.04 - 13 2
electron-ion νei [107 s−1] 0.06 - 18 2.9
ion-ion νii [106 s−1] 0.03 - 15 4.4
electron-neutral νen [106 s−1] 0.5 - 4 1.6
ion-neutral νin [104 s−1] 0.8 - 4 1.1
charge-exchange νcx [104 s−1] 0.9 - 4 1.35

Table 4.2: Derived plasma parameters for Argon helicon discharges: The range of values is cal-
culated for the plasma parameters compiled in Tab. 4.1 and typical values are calculated for the
reference set B = 60 mT, p0 = 0.15 Pa, Te = 3 eV, Ti = 0.2 eV and n = 5 · 1018 m−3.

4.2 Time-averaged profiles

Time-averaged radial profiles of plasma density n, plasma potential φ, and electron tem-

perature Te of helicon discharges are shown in Fig. 4.3 for different values of the magnetic

field B, an Argon neutral gas pressure p0 = 0.15 Pa and rf-power Prf = 1.5 kW.

In general, the radial profiles of the plasma parameters follow the shape of a function
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n, φ, Te ∼ exp ([(r − a)/b]c) + d with the 1/e-folding length of the plasma potential

(Fig. 4.3b) being larger than that of the plasma density and the electron temperature

(Figs. 4.3a and 4.3c). For increased magnetic field, the peak density increases from

n = 4.5 · 1018 m−3 at B = 62 mT to n = 7.5 · 1018 m−3 at B = 102 mT, which is in

agreement with the helicon dispersion relation (4.4). From the fits to the data, the first

order perpendicular drift velocities, vE×B ∼ −∇rφ and vd,e ∼ ∇r lnn/Te can be esti-

mated. The modulus of these drift velocities together with the resulting azimuthal drift

frequencies is shown in Fig. 4.4. Both, the E×B- and electron diamagnetic drift ex-

hibit absolute peak values of 1.2-2 km/s but they have opposite azimuthal directions. Due

to the different radial profiles of plasma density and plasma potential, respectively, vd,e
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peaks in the maximum density gradient at r = 50 − 70 mm while vE×B reaches its peak

value in the plasma edge at r = 100 − 120 mm. The corresponding drift frequencies

ω/2π = v/2πr are shown in Fig. 4.4c-d. The peak value of the electron diamagnetic

drift frequency ωd,e/2π is in a range of 4− 6 kHz while the E×B-frequency ωE×B/2π is

typically smaller with 2 kHz.

4.3 Basic characterization of fluctuations

For a wide range of external control parameters as neutral gas pressure p0 and magnetic

field B low-frequency oscillations with ω << Ωci of plasma density and plasma potential

can be observed in VINETA. The fluctuations are localized in the region of maximum

radial plasma pressure gradient, indicating that the fluctuations are due to the gradient

driven drift-wave instability. This conjecture is confirmed by other experimentally ob-

servable features:

• The plasma density and plasma potential fluctuation levels peak in the ra-

dial plasma pressure gradient region and the normalized plasma density and

plasma potential fluctuations are of similar magnitude, ñ/n ∼ eφ̃/Te.

• The phase shift between plasma density and plasma potential fluctuations

is non-zero, δ(ñ, φ̃) > 0, with ñ ahead of φ̃.

• The phase velocity vph = ω/k is determined by the electron diamagnetic

drift velocity, Doppler shifted by the E×B-drift.

• The parallel wavelength λ‖ = 2π/k‖ is non-zero and much larger than the

perpendicular one k‖ � k⊥.

• The fluctuations develop a spatiotemporal mode structure in the radial-

azimuthal plane due to the periodic boundary conditions in the cylindrical

geometry of VINETA.

A detailed investigation of the observed fluctuations unambiguously showed that the gov-

erning instability in VINETA is the drift-wave instability [30; 31]. The main experimental

characteristics of the drift-wave instability are summarized in Fig. 4.5. In Figs. 4.5a and

4.5b, the radial frequency spectra profiles of plasma density and plasma potential fluc-

tuations are shown. The background density profile n0(r) is superimposed as the white

solid line. The spectra peak in the region where the density gradient ∇rn0(r) peaks,

at a frequency of ω/2π = 6.5 kHz and higher harmonics. The phase relation between

plasma density and plasma potential fluctuations in the radial plasma density gradient
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region is shown in Fig. 4.5c. The cross-power spectrum (blue curve) peaks at the fre-

quency of the drift wave. The phase spectrum δ(ñ, φ̃) (red curve) displays large vari-

ations in the frequency range 1-10 kHz but has a well defined value at the drift-wave

frequency, where δ(ñ, φ̃) ≈ 0.1 − 0.15π. The most important property to distinguish

drift waves from Rayleigh-Taylor type instabilities that may also occur in the pressure

gradient (flute modes), is the finite parallel wavelength λ‖ = 2π/k‖. The wavelength

is estimated from the phase δ[ñ(z1), ñ(z2)] between density fluctuations simultaneously

measured at two axial positions z1 and z2 along the magnetic field. The axial separation

is ∆z = z2− z1 = 0.27 m. The cross-power spectrum and phase spectrum δ[ñ(z1), ñ(z2)]
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are shown in Fig. 4.5d. At the drift-wave frequency the phase is constant and yields for

the parallel wavelength λ‖ = 2π∆z/δ = 5.9± 0.6m. Detailed measurements in different

parameter regimes revealed that the parallel wavelength λ‖ is mainly determined by low

multiples of the machine length [30]. The spatiotemporal structure of a drift wave with

azimuthal mode number m = 9 is shown in Fig. 4.5e. For measurement reasons only half

of the azimuthal plane is shown. The coherent part of the density fluctuations is extracted

by applying the cross-correlation technique (cf. Sec. 3.2.4). The amplitude is renormal-

ized to the relative fluctuation amplitude ñ/n0. In Fig. 4.5e the result for correlation time

lag τ = 0 is shown. The m = 9 drift-wave mode is located in the plasma density gradient

and propagates azimuthally counterclockwise in the direction of the electron diamagnetic

drift vde. Details of the mode structure have been investigated, e.g. the radially sheared

shape has been shown to be a consequence of the radial profiles of collision frequencies

[31].

The potential fluctuations φ̃ associated with a drift wave gives rise to an azimuthal electric

field Ẽθ, which is typically of the order Ẽθ ∼ 10−20 V/m. Due to the non-vanishing phase

shift δ(ñ, φ̃) the resulting radial particle flux Γ̃ = ñẼθ/B has a non-zero mean value, even

if the density and potential fluctuations are mean-free. Since the density perturbation ñ is

ahead of the potential perturbation φ̃, the net radial particle flux associated with the drift

mode is outwards directed.

4.4 Transition to weakly developed turbulence

In the previous section it was demonstrated that the governing instability in VINETA

is the drift-wave instability, characterized by a spatiotemporal mode structure with az-

imuthal modenumber m = kθr. The growth rate of a drift wave with modenumber m

can be estimated from the linear dispersion relation (2.53) that depends on external con-

trol parameters such as neutral gas pressure p0 (influencing the collisionality) and the

magnetic field B. In the present section the transition from a single coherent drift-wave

mode to weakly developed turbulence is characterized. The major control parameter is

the ambient magnetic field. In contrast to a single coherent drift-wave mode, weakly

developed turbulence is characterized by a broadened azimuthal wavenumber spectrum.

Based on the linear dispersion relation (2.25) the influence of the magnetic field B on the

growth rate of the drift waves is twofold: First, it enters the dispersion via the drift scale

ρs ∼ 1/B. With increasing magnetic field predominantly higher drift-wave modenum-

bers are destabilized. This is generally observed in VINETA [31]. The drift scale ρs is

the typical spatial scale for the fluctuations. It decreases with increasing magnetic field.

The azimuthal periodic boundary condition, imposed by the cylindrical geometry, allows
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for higher modenumbers at smaller ρs on an azimuthal circumference. Second, the mag-

netic field strength enters the linear growth rate via the electron diamagnetic frequency

ω? ∼ ∇r lnn0/B. For an increasing magnetic field the background density profile n0 gets

steeper (cf. Fig. 4.3), which releases more free energy to drive the drift-wave instability.

However, this effect can be balanced by the factor 1/B in the definition of ω?.

The spatiotemporal dynamics in the radial plasma density gradient, the frequency-mode-

number spectrum, and the temporal evolution of the modenumber spectrum obtained from

wavelet analysis are shown in Fig. 4.6 for increasing ambient magnetic field. All other

external operational parameters are kept fixed (Argon neutral gas pressure p0 = 0.27 Pa,

rf-power Prf = 1.4 kW). Spatiotemporal density fluctuations are measured with the az-

imuthal probe array Couronne (cf. Sec. 3.1.1) located in the maximum plasma density

gradient at r = 4 cm.

At low magnetic field B = 40 mT the plasma density fluctuations (normalized to stan-

dard deviation σ) reveal the presence of a coherent m = 7 drift wave mode that prop-

agates in the direction of the electron diamagnetic drift (Fig. 4.6a). The correspond-

ing frequency-modenumber spectrum (Fig. 4.6b) peaks at the azimuthal modenumber

m = 7 and frequency ω/2π = 3.1 kHz (corrected for E×B-Doppler shift). This is in

good agreement with the linear dispersion relation ωlin = ω?/(1 + (kθρs)
2) which yields
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ωlin/2π = 3.7 kHz. The resulting phase velocity of the drift mode is vph = ω/k ≈ 95 m/s.

The temporal evolution of the modenumber spectrum based on a wavelet decomposition

(cf. Fig. 4.6c) confirms the high coherency of the m = 7 drift-wave mode.

For higher magnetic field, B = 52 mT, the dynamical state of the system is getting more

complex. The spatiotemporal evolution of the density fluctuations in the density gradi-

ent (Fig. 4.6d) is characterized by rapid changes of the fluctuation amplitude and phase

velocity. Moreover, no dominant coherent drift-wave mode can be identified. From the

frequency-wavenumber spectrum (Fig. 4.6e) it is found that mainly drift waves with mod-

enumbers m = 6 − 10 in the frequency range ω/2π = 3 − 5 kHz contribute to a broad-

ened frequency and modenumber spectrum. From the temporally resolved modenumber

spectrum (Fig. 4.6f) it is observed that, in contrast to the dynamics at B = 40 mT, not

only the dominant modenumber itself, but also its energy changes in time. While the

energy in the drift wave modenumber spectrum at B = 52 mT is mainly concentrated

at high modenumbers, the opposite behavior is observed if the magnetic field is further

raised to B = 85 mT. The density fluctuations in the radial density gradient reveal strong

modifications of the fluctuation amplitude and phase velocity similar to the situation for

B = 52 mT but with larger phase velocity (Fig. 4.6g). The frequency-modenumber spec-

trum shows contributions from the low-number drift-wave modes with m = 1 − 4 at

frequencies ω/2π = 1− 5 kHz (Fig. 4.6h). A similar behavior is observed in the tempo-

rally resolved modenumber spectrum (Fig. 4.6i). The m = 3 is the governing drift-wave

mode that is present for a large fraction of the displayed time window. Co-existing drift-

wave modes with m = 2 and m = 4− 7 are observed as well.

In summary, the variation of the ambient magnetic field B is a robust external parameter

to modify in a controlled way the dynamical state of the plasma fluctuations from sin-

gle linear stable coherent modes (predominantly be found at lower magnetic fields), to

a weakly turbulent state (at higher magnetic fields). The turbulent state is characterized

by broad frequency and modenumber spectra around m ≤ 10. The fluctuation energy is

not equally distributed over the modenumber spectrum but dominant modes with small

modenumbers are generally observed. The latter findings are consistent with experimen-

tal observations in the linear CSDX experiment presented recently in Ref. [119]. In the

theoretical model (cf. Sec. 2.3), the energy transfer between drift-wave modes due to

three-wave interaction is a specific property of the nonlinearity. However, the observa-

tion of coexisting drift-wave modes in the temporally resolved modenumber spectra is

no proof of wave interaction because the linear growth rate for the various modes may

change in time due to a modification of the background density profile n0. Higher order

spectra as the bicoherence analysis (cf. Sec. 3.2.3) allow for a direct investigation of mode

coupling.
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Mode coupling due to three-wave interaction is investigated in detail for a magnetic field

strength of B = 75 mT, Argon neutral gas pressure p0 = 0.28 Pa and Prf = 1.4 kW.

Time-averaged wavelet frequency and wavenumber spectra measured in the maximum

density gradient with the azimuthal probe array Couronne are shown in Fig. 4.7c. In the

wavenumber spectrum, four distinct peaks at drift-wave modenumbers m = 1 − 4 are

observed while the frequency spectrum shows only one pronounced peak at f = 0.9 kHz

and a broad hump in the frequency range f = 1.5 − 3 kHz. The temporally resolved

wavenumber spectrum (cf. Fig. 4.7a) reveals that the m = 1 and m = 2 mode are present

for a large fraction of the displayed time range while higher modenumbers are observed

only occasionally. The temporal occurrence of modenumber m = 4 − 5 coincides with

a decrease of the energy contained in the lower modenumbers, which already indicates

the mode transition due to mode coupling. The fine structure of the modenumber spec-

trum is barely seen in the temporally resolved frequency spectrum (cf. Fig. 4.7b). The

reason for that is that a frequency based analysis in the low frequency range of the fluctu-

ations f < 10 kHz requires long time intervals. Thus the frequency based analysis is not

capable to detect mode coupling on a short time-scale with 0.1 ms typically. As a con-

sequence, the frequency bicoherence barely exceeds the statistical noise level [91; 120].

The mode coupling is investigated by applying a wavenumber based bicoherence anal-

ysis. Details of the analysis can be found in Ref. [120]. The temporal evolution of the

summed bicoherence is shown in Fig. 4.8a. The statistical noise level is indicated by

the dashed line and the total bicoherence b2m always exceeds the noise level. The mode-

number bicoherence displays large variations in time, characterized by short bicoherence
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increases on time scales of typically 0.1 ms, which is much shorter than the typical fre-

quency of the fluctuations (Fig. 4.7b). The shaded box in Fig. 4.8a indicates the time

interval t = 1.04 − 1.24 ms for which mode coupling is investigated in detail. At the

beginning of the bicoherence increase the modenumber spectrum is dominated by modes

m = 1, 2, 5 (Fig. 4.8, t = 1.04 ms). The modenumber bicoherence shows a peak at

m = 3 that does not exist in the modenumber spectrum at this time. The resonance con-

dition 1kθ +2kθ =3kθ yields that the peak in the modenumber bicoherence is either based

on coupling between m = 1 and m = 2 or m = 2 and m = 5. For subsequent times the

modenumber bicoherence still peaks at m = 3 and also a peak at m = 3 in the modenum-

ber spectrum evolves. In other words, from the bicoherence spectrum at t = t0 it can be

derived how the modenumber spectrum at t = t0 + ∆t evolves. After the modenumber

bicoherence at m = 3 reaches its maximum value at t = 1.16 ms the m = 3 drift-wave
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mode becomes the dominant peak in the modenumber spectrum at t = 1.24 ms. Thus

mode coupling is a possible mechanism to explain the sporadic occurrence of spatiotem-

poral structures associated with drift-wave modes. However the presented bicoherence

analysis is not capable to give direct insight into the direction of the energy transfer, since

several drift-wave modes are present that allow a variety of coupling scenarios that fulfill

equally well the resonance condition.



5

Intermittent transport events

Already the early investigations of the drift-wave instability and drift-wave turbulence

were motivated by the related fluctuation-induced transport. The principle of the trans-

port mechanism is schematically illustrated in Fig. 5.1. A density perturbation (blue) and

potential perturbation (red) are oriented perpendicular to the ambient magnetic field B.

The electric field associated with the potential perturbation gives rise to an E×B-rotation

of the potential eddy (counterclockwise in this representation). If density and potential

perturbations are in phase δ(ñ, φ̃) = 0 (Fig. 5.1a), as in the case of adiabatic electron re-

sponse, the density advected by the potential eddy to the left equals the density advected

by the potential eddy to the right such that the resulting net radial particle flux is zero.

For a non-zero phase shift δ(ñ, φ̃) 6= 0 an imbalance of plasma density advected by the

eddy occurs and higher plasma density is advected to the left than to the right in Fig. 5.1b

resulting in a net radial particle flux with a maximum for δ(ñ, φ̃) = π/2.

As shown in Sec. 4.3 a coherent drift wave has a small phase shift ( δ(ñ, φ̃) ≈ 0.1−0.15π)

and the density perturbation is ahead of the potential perturbation. Consequently, the net

radial particle flux is directed radially outwards down the radial plasma density gradient.
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Figure 5.1: Schematic illustration of fluctuation induced transport.
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The fluctuation-induced particle flux, written in Fourier representation [121] as

Γ̃ =
1

B
ñẼθ = 2kθ|ñk||φ̃k| sin (

δ(ñ, φ̃)

B
) (5.1)

can be experimentally measured using a triple probe (cf. Sec. 3.1.1). The main char-

acteristics of the measured particle flux Γ̃ in weakly developed drift-wave turbulence in

VINETA are compiled in Fig. 5.2. The time series of the radial particle flux Γ̃ in the max-

imum plasma density gradient normalized to standard deviation σ is shown in Fig. 5.2a,

where positive values correspond to a particle flux directed radially outwards. The particle

flux is strongly asymmetric. It has a non-zero positive mean and is characterized by short

positive bursts with high amplitudes reaching Γ̃ ≈ 6σ. The wavelet frequency spectrum

(Fig. 5.2b) shows remnants of drift-wave modes in the frequency range f = 2 − 4 kHz.

A f−α-decay for higher frequencies (f > 8 kHz) is observed with a spectral exponent

of α = 4.3. The observation of asymmetric fluctuations of the radial particle flux Γ̃ is

confirmed by the PDF (Fig. 5.2c). The PDF is peaked and skewed towards positive am-

plitudes of Γ̃ with skewness s = 1.26 and kurtosis K = 8.3. Note that the non-Gaussian

distribution of Γ̃ = ñẼθ/B is not necessarily related to a non-Gaussian distribution of
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either ñ or Ẽθ [122]. Even if the fluctuations of plasma density ñ and poloidal electric

field Ẽθ are Gaussian-distributed (where K = 0 and s = 0) the product Γ̃ = ñẼθ/B may

exhibit a peaked distribution with a kurtosis

K = 3
3 + 14γ2 + 3γ4

(1 + γ2)2
− 3 > 0, (5.2)

where γ is the cross-correlation amplitude of ñ and Ẽθ . For the present data the maximum

cross-correlation amplitude is γ = 0.3 resulting in a calculated kurtosis ofK = 7.7, which

is close to the experimentally observed value of K = 8.3.

The sporadic occurrence of high amplitude bursts of the radial particle flux Γ̃ is usually

considered as intermittency. As outlined in Ch. 1, for an intermittent signal the kurtosis

is expected to grow without bound for increasing frequency. A wavelet decomposition of

the particle flux for the spectral range of the drift-wave fluctuations (f < 30 kHz) has been

done and the kurtosisK for increasing frequency is shown in Fig. 5.2d. Its value increases

from K ≈ 1 at f = 1 kHz to K ≈ 17 at f = 28 kHz. This behavior demonstrates that the

fluctuation-induced transport is indeed intermittent and characterized by sporadic high-

amplitude transport events.

5.1 Formation and propagation of spatiotemporal turbu-

lent structures

In the weakly-developed drift-wave turbulence on VINETA the character of the plasma

density fluctuations changes across the radial plasma density profile. While in the radial

plasma density gradient quasi-coherent oscillations of the plasma density are observed,

which are related to remnants of drift-wave modes, the plasma density fluctuations in the

plasma edge region are governed by intermittent positive density bursts with high ampli-

tudes similar the fluctuating radial particle flux (cf. Fig. 5.2a). In the following sections it

is demonstrated that the density bursts in the plasma edge are associated with spatiotempo-

ral turbulent structures originating in the density gradient region and propagating radially

outwards with typical radial velocities of 10 % cs in agreement with observations in other

linear plasma devices [123].
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5.1.1 Time-averaged profiles and temporal evolution of plasma den-
sity fluctuations

The (time-averaged) radial plasma density and plasma potential profiles are shown in

Fig. 5.3a. Both have a Gaussian shape but with different 1/e–folding lengths (46 mm

for the plasma density and 169 mm for the plasma potential profile). Fig. 5.3b shows the

modulus of the azimuthal E×B-drift vE×B ∼ −∇rφ and the electron diamagnetic drift

vd,e ∼ ∇r lnn as calculated from the exponential fits to the profiles. The electron dia-

magnetic drift velocity vd,e has a peak value of 2.1 km/s in the region of maximum plasma

density gradient at r = 61 mm and decreases towards plasma edge and center. Due to the

different shapes of the density and potential profiles, the electron diamagnetic drift domi-

nates over the E×B-drift in the plasma bulk. At a certain radial position (r = 82 mm) the

E×B-drift exactly balances the electron diamagnetic drift, such that the effective drift ve-

locity is zero (note that both drift-velocities are in opposite directions). In the far plasma

edge, only the E×B-drift contributes significantly to the total drift. The E×B-drift ve-

locity has a maximum value of 1.5 km/s at r = 124 mm and decreases towards smaller

and larger radii.

Three main regions can be distinguished (Figs. 5.3a and 5.3b): Region A is in the density

gradient region, where the electron diamagnetic drift dominates. Region B is the plasma

edge, where the density drops down to below 7 % of the peak density and the effective

drift almost vanishes. In the far plasma edge C, the time-averaged density further de-

creases to below 4 % of the peak density and the drift is governed by the E×B-velocity.

For a characterization of the temporal evolution of turbulent density fluctuations measure-

ments were done at positions A, B, and C. The results are depicted in Fig. 5.4. Shown

are the density fluctuation time series normalized to standard deviation ñ/σ, the prob-
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Figure 5.3: (a) Radial plasma density (blue) and plasma potential (red) profile. (b) Modulus of the
perpendicular drift velocities electron diamagnetic drift (blue) and E×B-drift (red) as calculated
from the fits to the data shown in (a).
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Figure 5.4: Time series of density fluctuations, probability distribution function (PDF) and fre-
quency power spectra at radial positions A (a-c), B (d-f) and C (g-i) as indicated in Fig. 5.3a.

ability distribution function (PDF), and frequency power spectra S(f). The statistical

character of the plasma density fluctuations changes significantly across the radial plasma

density profile: In the region of maximum density gradient (position A, Fig. 5.4a-c), co-

herent density fluctuations with relatively low amplitude (ñ/σ ≤ 2) are observed. This is

confirmed by the frequency power spectrum, which peaks at a frequency of 4.1 kHz; for

higher frequencies (f > 8 kHz) a power-law decrease is observed. The PDF is symmetric

and double-humped, as expected for sinusoidal fluctuations. The density fluctuations in

the plasma edge (position B, Fig. 5.4d-f) have an intermittent character with positive den-

sity bursts of peak amplitudes ñ/σ ∼ 5. The fluctuations are asymmetric, and the peaked

PDF has a pronounced positive tail. This is quantified by the PDF skewness s = 1.1 and

kurtosis K = 1. The frequency power spectrum is broader and no pronounced peak is ob-

served. However, the occurrence of the positive density bursts is not completely random

in time but is centered around a characteristic time scale, which results in a broadened

small peak at f = 1.3 kHz. The intermittent character of the density fluctuations further

increases towards the far edge (position C, Fig. 5.4g-i). Here the time-averaged density

almost vanishes. Positive density bursts are observed with normalized amplitudes up to

ñ/σ ∼ 7. The corresponding PDF is asymmetric and strongly peaked with skewness

s = 2.9 and kurtosis K = 11. The frequency power spectrum shows a power law de-

crease for frequencies f ≥ 10 kHz and no pronounced peaks are observed.

Comparing the amplitudes of the density fluctuations at positions A and B (Fig. 5.5), it

is found that although the fluctuation level is considerably higher, the positive density

bursts in the plasma edge region have a similar amplitude as the density fluctuations in

the region of maximum plasma density gradient. This is already a strong indication that
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Figure 5.5: Absolute amplitude of density fluctuations in the radial plasma gradient region (Pos.
A) and plasma edge region (Pos. B).

the density bursts observed in the plasma edge actually originate from the radial density

gradient region and propagate radially outwards (downwards the density gradient).

As already mentioned, the frequency spectra measured at position B shows a peak at

f = 1.3 kHz (cf. Fig. 5.4f). To relate the occurrence of the density events to the frequency

spectrum, the temporal distribution of events in the density fluctuation time series at the

plasma edge (position C) is determined by detecting the time instant of each fluctuation

peak that meets a predefined amplitude condition (an amplitude window of 5% is imposed

to increase the number of detected events). After averaging over the time delay between

two consecutive events one obtains a burst ”frequency”, related to the respective ampli-

tude condition. Fig. 5.6 shows the so-obtained burst frequency for increasing amplitude

condition p = 1 − 5σ. The error bars represent the standard deviation of the frequency

distributions. For smaller amplitudes p ≤ 1σ, noise-like small amplitude fluctuations

contribute dominant to the measured frequencies, leading to a wide spread of frequen-

cies and thereby to large error bars. However, the occurrence of large-amplitude bursts

(p ≥ 1σ) is not completely random but corresponds to a characteristic frequency range of

0.5-1 kHz. This is particularly evident for the largest amplitude bursts, for which the error

bars are mainly determined by the relatively small numbers of detected events (only 40
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Figure 5.6: Frequency of positive density bursts in the far plasma edge (pos. C in Fig. 5.3a).
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detected events for an amplitude condition of p = 3σ) and not by a larger velocity spread.

5.1.2 Spatiotemporal evolution of plasma density fluctuations

To understand the relation between radial fluctuation-induced convective particle flux and

turbulent structure propagation across the axial magnetic field, measurements of density

fluctuations in the entire azimuthal cross-section have been performed. The reconstruction

of the spatiotemporal density fluctuations in the azimuthal plane is done by applying

the conditional average (CA) method described in Sec. 3.2.4. Two reference positions

are located in the maximum density gradient region (position A in Fig. 5.3) and in the

plasma edge (position B in Fig. 5.3). The result of the CA analysis for the reference probe

located in the maximum density gradient region (position A) is shown in Fig. 5.7 for three

different time lags τ , spanning over the range τ = −104 . . . 4µs.

A quasi-coherent m = 1 drift wave mode dominates the conditional average density

fluctuations. The peak fluctuation amplitude of the mode is located in the maximum

gradient region. The mode propagates purely azimuthally in the direction of the electron

diamagnetic drift (clockwise in Fig. 5.7). No radial component for the mode propagation

is observed. The azimuthal phase velocity of the mode is vph ≈ 0.9 km/s, a factor of

1.2 smaller than the E×B Doppler-shifted electron diamagnetic velocity. The linearized

drift-wave dispersion relation as derived from the Hasegawa-Mima model (2.25)

ω = ω?/(1 + (k⊥ρs)
2)

yields for the observed m = 1 mode with k⊥ = 0.29 cm−1 and ρs = 1.86 cm a mode

frequency of ω(m=1) = ω?/1.3, which is in excellent agreement with the observations.

In addition to the actual drift mode structure, a specific event is observed for the time lag
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Figure 5.7: Conditionally averaged (CA) density fluctuations in the azimuthal plane for three
different time lags τ . The reference probe (indicated by a black dot) is located in the maximum
density gradient region. The amplitude condition was chosen to be p = σ/2. The CA amplitude
is normalized to standard deviation σ. The black circle denotes the purely azimuthal direction.
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τ=-32 µs. A turbulent density fluctuation structure peels radially off the drift mode struc-

ture and propagates into the plasma edge. The turbulent structure propagates opposite to

the m = 1 drift mode, due to the local dominance of the E×B-velocity over the electron

diamagnetic drift velocity (cf. Fig. 5.3b). Since the reference signal is located at the drift

mode structure the turbulent structure must be coherently related. The turbulent structure

is azimuthally distorted with an azimuthal extent of ∆y ≈ 60 mm and a radial extent of

∆x ≈ 50 mm. With 0.8σ its peak amplitude is slightly smaller than the mode structure

amplitude. Note that the formation process of the turbulent structure occurs in a region

where the azimuthal velocity has a strong radial shear (cf. Fig. 5.3b).

To investigate specifically the spatiotemporal dynamics of the turbulent structure, the CA

procedure is repeated with the reference signal recorded in the plasma edge (position B

in Fig. 5.3). The result is shown in Fig. 5.8 for four different time lags τ = 40 . . . 40µs.

The CA amplitude condition is now chosen to be p = 3σ in order to extract the positive

high-amplitude density fluctuations. A propagating coherent turbulent structure is clearly

observed in the plasma edge. Its amplitude exceeds six times the time average density,

indicating a strong transport event. In contrast to the coherent m = 1 mode (Fig. 5.7), the

turbulent structure propagates in E×B-drift direction, opposite to the the electron diamag-

netic drift. The correlation length is estimated from a cross-correlation analysis. One ob-

tains lcorr,pol ≈ 70 mm in azimuthal direction and lcorr,rad ≈ 50 mm in radial direction. An

analysis of the correlation time τc of the turbulent structure turned out to be not possible

due to the spatial limitation of the measurement in the azimuthal plane. From the results

shown in Fig. 5.8, only a lower limit of τc > 150µs could be estimated. However, the tra-

jectory of the structure is not anymore purely azimuthal (indicated by the dashed circle in

Fig. 5.8) but has a significant radial component. The azimuthal and radial propagation ve-

locities are analyzed in detail by tracking the turbulent structure over the two-dimensional
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Figure 5.9: Azimuthal (a) and radial velocity (b) of the turbulent coherent structure observed in
Fig. 5.8.

domain for time lags τ = −40 . . . 40µs in steps of ∆τ = 4µs. Only the high-amplitude

area of the structure with amplitudes exceeding 80 % of the peak value is considered.

The center-of-mass position of this area is tracked through the domain and the resulting

positions are decomposed in azimuthal angle θ and radial displacement r. The result of

the tracking is shown in Fig. 5.9. It yields the azimuthal and radial structure velocities,

vpol = ∆θ/∆τ and vrad = ∆r/∆τ , respectively. The averaged velocities are obtained

from a linear fit to the azimuthal and radial positions. A constant azimuthal velocity of

vpol = 760 m/s is found for all analyzed time instants in Fig. 5.9.a. This corresponds to

a rotation frequency of fpol = 1.35 kHz, which is in good agreement with the burst fre-

quency of the high-amplitude density fluctuations (cd. Fig. 5.6). The estimated azimuthal

velocity vpol is roughly 50 % of the local E×B-velocity vE×B = 1.42 km/s. A possible

explanation for this deviation is a non-negligible contribution of the electron diamagnetic

drift-velocity, which lowers the effective azimuthal velocity to vpol,eff = 572 m/s, which

agrees roughly with the experimental value vpol = 760 m/s.

Although the scatter in the radial velocities (Fig. 5.9b) is larger, an averaged radial struc-

ture velocity of vrad = 230 m/s can be obtained, corresponding to ≈ 10% cs (with cs

being the local ion sound speed). Note that vrad is a factor of 3.5 smaller than vpol and

the structure performs a ”spiral” motion in the azimuthal plane. During propagation the

structure is distorted and develops a tail in the plasma edge (x ≤ −130 mm), which lags

behind the actual structure. The distortion is the direct result of the radial shear of the

E×B-drift in the far plasma edge (cf. Fig. 5.3b). Consequently, the tail propagates with a

smaller azimuthal velocity and the structure smears out to form a spiral. It is worthwhile

to note that the radial velocity of the turbulent structure of vrad = 230 m/s corresponds to

a radial displacement of ∆r = 17 cm during one azimuthal turn, such that every turbulent

structure is detected only once within the azimuthal plane covered by the diagnostics.
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More insight must be gained into first the driving mechanism of the turbulent structure’s

peel-off process from the quasi-coherent drift-wave mode in the maximum plasma den-

sity gradient region and second the radial propagation of the turbulent structure in the

plasma edge. For that measurements of the space-time history of the potential fluctu-

ations that are associated with the density structure have been done. The result of the

CA analysis (reference probe located in the radial plasma density gradient, position A)

is shown in Fig. 5.10a for a discrete time lag τ = −60µs. The conditionally averaged

density fluctuations RCA(ñ, ñ) are shown color-coded. For simplicity only the positive

potential fluctuations RCA(ñ, φ̃ > 0) are superimposed as contour lines. Since the quasi-

coherent m = 1 drift mode propagates clockwise (cf. Fig. 5.7) the potential perturbation

lags behind the density perturbation. An azimuthal cut through the positive potential and

density perturbation along a chosen trajectory (indicated by the dashed line in Fig. 5.10a)

is shown in Fig. 5.10c, where θ0 is the azimuthal position of the maximum density per-

turbation. The azimuthal displacement of the density and potential structure corresponds

to a phase shift of δ(ñ, φ̃) ≈ π/2. This phase shift results in a radially outwards directed
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Figure 5.10: CA amplitude of plasma density fluctuations RCA(ñ, ñ) (color-coded) and positive
plasma potential fluctuations RCA(ñ, φ̃ > 0) (superimposed as contour lines) for the reference
probe located in the radial plasma density gradient (position A). (b) Same as (a) but for the ref-
erence located in the plasma edge (position B). (c, d) Cut through the normalized ñ and φ̃ > 0
structures along the azimuthal trajectory in terms of angle θ for the situation depicted in (a) and
(b). The cut is indicated in (a) and (b) as dashed line.
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particle flux Γ̃. Hence, the positive density perturbation is advected radially outwards,

which is in agreement with the peel-off process of the turbulent structure from the quasi-

coherent m = 1 drift-wave mode, as observed in Fig. 5.7.

The conditionally averaged density fluctuations RCA(ñ, ñ) (color-coded) and positive po-

tential fluctuationsRCA(ñ, φ̃ > 0) (superimposed as contour lines) for the reference probe

located in the plasma edge (position B) are shown in Fig. 5.10b. Density and potential

perturbation are phase-shifted, but in contrast to the maximum density gradient region,

the potential perturbation is ahead of the density perturbation since the propagation in

the plasma edge is determined by the E×B-drift, corresponding to a counter-clockwise

azimuthal propagation (cf. Fig. 5.8). However, the associated fluctuating electric field Ẽθ

leads to a Ẽθ× B-drift, which is directed radially outwards. An azimuthal cut through the

density and potential structure along a chosen trajectory (indicated in Fig. 5.10b by the

dashed black line) is shown in Fig. 5.10d. Due to the broad distribution of the potential

perturbation, a quantitative analysis of the phase shift is difficult to do, but the bounds

0 < δ(ñ, φ̃) < π/2 are observed for the central part of the density perturbation.

Based on the cut along the azimuthal trajectory of the turbulent structure in the plasma

edge (Fig. 5.10d), the fluctuation-induced advection velocity ṽE×B can be estimated. The

result is shown in Fig. 5.11. The normalized density perturbation ñ associated with the

turbulent structure is shown as a red line and the phase-shifted positive potential pertur-

bation φ̃ as a blue line. The radial E×B-velocity ṽE×B = −∇θφ̃/B as calculated from

the azimuthal profile of the potential perturbation is shown as the black line. Note that

ṽE×B > 0 corresponds to a drift directed radially outwards. The main fraction of the

density perturbation is advected radially outwards. A quantitative comparison with the
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Figure 5.11: Normalized plasma density fluctuations ñ (blue) and normalized positive plasma
potential perturbations φ̃ (red) associated with the turbulent structure in the plasma edge along the
azimuthal cut shown in Fig. 5.10b as dashed line. The advection velocity ṽE×B calculated from
the azimuthal run of the potential is shown as the black line, where positive values correspond
to a radial outward propagation. For comparison the dashed line shows the radial velocity of the
turbulent structure as obtained from structure tracking (Fig. 5.9).
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radial velocity of the turbulent structure (Fig. 5.9) yields excellent agreement: The exper-

imentally observed radial velocity of the turbulent structure is vrad = 230 m/s (indicated

in Fig. 5.11 by a dashed line) and the calculated radial advection velocity approaches the

same value in the region where the amplitude of the density perturbation peaks. However,

the advection velocity ṽE×B exhibits large variations across the density perturbation. If

the position of the 1/e amplitude of the density perturbation is considered as the refer-

ence, the value of the advection velocity ṽE×B varies between −400 m/s and 910 m/s.

The fluctuation-induced perpendicular particle flux Γ̃burst
⊥ =< nburst vrad >, caused by

large-amplitude turbulent structures with ñburst/σ > 3, can be compared to the parallel

particle flux Γ‖ =< n0 cs > towards the end plate at x = −90 mm. One finds that the par-

allel flux still dominates the transport by several orders of magnitude, Γ̃burst
⊥ /Γ‖ ≈ 6·10−4.

Thus the radially propagating fluctuation structures are strongly damped by parallel trans-

port and do not contribute to a significant broadening of the time-averaged plasma density

profile.

5.2 Limiter operation

The analysis of the space-time history of fluctuating structures in weakly developed drift-

wave turbulence, as presented in the previous sections, revealed the existence of a quasi-

coherent m = 1 drift-wave mode propagating in the maximum radial density gradient

region. To drive the plasma into a fully developed drift-wave turbulence state, one ap-

proach is to increase the radial density gradient, i.e., to decrease the radial density gradi-

ent length L⊥ = |∇ lnn0|−1. The density gradient length enters directly into the growth

rate of the drift-wave modes via the the electron diamagnetic drift (2.53). To achieve this

an azimuthally symmetric limiter (annulus) was introduced into the VINETA plasma. A

schematic illustration of the limiter operation is shown in Fig. 5.12. It shadows the entire

azimuthal cross-section of the magnetized plasma column, except for a circular area with

radius rl = 2 cm. The limiter extends 20 cm and is aligned parallel to the magnetic field.

s
o

u
rc

elimiter shadow

B

Figure 5.12: Schematic illustration of the annulus limiter operation which shadows the entire
azimuthal plasma crosssection.
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annulus limiter.

The limiter length is larger than the mean free path of ionizing collisions of the neutral

Argon atoms λion = vth,0/n 〈σionvth,e〉 = 10 cm for the present plasma parameters.

A comparison of the radial plasma density profiles with and without applied limiter is

shown in Fig. 5.13. With limiter, the peak plasma density in the center is 4 · 1017 m−3,

much smaller than without limiter. However, the density gradient length decreases from

L⊥ = 0.02 m−1 without limiter to L⊥ = 0.009 m−1 with limiter. The increased drive

of the drift waves in limiter operation is partly compensated by a systematic decrease of

the peak electron temperature (Te ≈ 3 eV without limiter and Te ≈ 2 eV with limiter).

A comparison of the modenumber spectra at the position of the maximum radial density

gradient with and without limiter is shown in Fig. 5.14. The temporally resolved wavelet

modenumber spectrum shown in Fig. 5.14a corresponds to the discharge without limiter,

analyzed in Sec. 5.1. In good agreement with the results of the previous section, the

quasi-coherent m = 1 drift-wave mode turns out to be the dominant mode. Occasionally

higher modenumbers m = 2 and m = 3 occur, but typically with significantly smaller

energy. The situation changes in the limiter operation (Fig. 5.14b): The m = 1 drift
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Figure 5.14: (a) Temporally resolved wavelet modenumber spectra in the radial density gradient
without limiter and (b) with limiter. Time-averaged modenumber spectra for both situations are
shown in (c).
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wave is still the dominant mode but its coherency drops significantly. The m = 1 mode

appears on typical time scales of 0.2 ms but then its energy decreases and at the same

time the energy of higher modenumbers with m = 2, 3, 4, 5 increases. An estimate of the

correlation time of the density fluctuations in the maximum density gradient region yields

the value τc = 220µs, which is in agreement with the typically observed duration of the

m = 1 drift-wave mode. The corresponding time-averaged modenumber spectra for both

regimes are shown in Fig. 5.14c. They are consistent with the above findings, i.e., more

energy is contained in the higher modenumbers if the limiter is introduced. In both cases,

the power spectrum decays for modenumbers m > 5 with a spectral index of α = 3.4 is

observed, which agrees well with numerical simulations of drift-wave turbulence (α ≈ 3,

cf. Sec. 2.4). In summary, the introduced limiter allows one to steepen the radial den-

sity gradient. As a result the coherency of the turbulent fluctuations can be significantly

reduced, indicating a more developed turbulence due to the stronger drive.

5.2.1 Temporal evolution of plasma density fluctuations

Fig. 5.15 shows the temporal behavior of the density fluctuations measured at three differ-

ent radial positions, corresponding to the maximum density gradient region (position A,

r = 20 mm), the plasma edge (position B, r = 50 mm) and the far plasma edge (position

C, r = 80 mm). In the maximum plasma density gradient region (Fig. 5.15a) turbulent

fluctuations with peak amplitudes of 3σ are observed. The PDF is symmetric almost

Gaussian with skewness s = 0.3 and kurtosis K = −0.15. In the frequency spectrum

(Fig. 5.15c) no pronounced peaks are observed and for f > 11 kHz the spectrum follows
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Figure 5.15: Time series of density fluctuations, probability distribution function (PDF) and fre-
quency power spectra at radial positions A (a-c), B (d-f) and C (g-i).
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a power-law decay. This is different from the case without limiter, in which the coherent

drift mode dominates (see above). The plasma density fluctuations in the plasma edge

(Fig. 5.15d-f) and in the far plasma edge (Fig. 5.15g-i) exhibit the same intermittent fea-

tures as discussed previously in Sec. 5.1.1: Positive density bursts occur with amplitudes

> 7σ leading to non-Gaussian PDFs, skewed towards positive density fluctuations with

skewness s = 1.8 and kurtosis K = 3.4 in the plasma edge at position B and s = 2.6 and

K = 10.2 in the far plasma edge at position C, respectively.

The direct comparison between the two different experiments with and without limiter

(Fig. 5.4) shows that the plasma fluctuation dynamics in the maximum density gradient

region is strongly affected by the limiter, whereas the dynamics in the plasma edge re-

mains essentially unchanged. In particular, if the limiter is introduced, a more broadband,

fully developed turbulence situation is achieved.

5.2.2 Spatiotemporal evolution of plasma density fluctuations

An analysis of the space-time fluctuation dynamics has been done using the CA technique,

similar to Sec. 5.1.2 for the experiments without limiter. However, a less developed probe

array was used, with lower spatial resolution. The array consists of 9 probe pins with a

vertical spacing of ∆y = 4 mm. As above the array is moved across the radial plasma

density profile. Reference probes are placed at positions A and B.

In the maximum density gradient region the dynamics of structures is not much changed

by the limiter. The coherent part of the fluctuations is dominated by a m = 1 drift mode,

propagating in direction of the electron diamagnetic drift. Also peel-off structures from

the drift mode and their radial propagation are observed. These results were published in

a research paper [124]. The result of the CA analysis with the reference probe located in
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Figure 5.16: CA amplitude for the reference probe located in the plasma edge at position B. The
CA amplitude condition is chosen to be p = 2σ. The CA amplitude is normalized to standard
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the plasma edge at position B is shown in Fig. 5.16 for four different time lags between

τ = −24 . . . 48µs. Similar to Fig. 5.8, a turbulent structure is observed, propagating

counterclockwise in the direction of the background E×B-drift. A cross-correlation

analysis yields maximum radial and azimuthal correlation lengths of lrad = 35 mm and

lpol = 40 mm. The structure propagates not purely azimuthally but exhibits also a radial

velocity component. The azimuthal and radial velocity of the turbulent structure is ob-

tained by applying the same tracking technique as in Sec. 5.1.2. The result is shown in

Fig. 5.17. The azimuthal velocity of the structure is vpol = 388 m/s. The radial velocity

of the structure is vrad = 137 m/s, much less than without limiter. It corresponds to 7 % of

the local ion sound speed (for Te = 1.8 eV) and is similar to the situation without limiter

on a normalized scale.

In summary, introducing a poloidal limiter into the plasma column is an efficient way

to destabilize drift waves in the density gradient, which leads to stronger developed tur-

bulence. The plasma fluctuations in the edge region, however, exhibit the same inter-

mittent features as in without limiter, i.e., turbulent structures are observed to propagate

azimuthally in the E×B-drift direction and radially outwards. The radial velocities are

similar in dimensionless units vrad ≈ 5− 10 % cs for both cases.



6

Numerical simulations

In this chapter numerical simulations with the global three-dimensional CYTO code are

discussed. The input parameters are chosen to be close to the experimental situation

of VINETA (Ch. 5). The key issue of the present chapter is the comparison of weakly-

developed drift-wave turbulence between experiment and simulation. In particular the for-

mation and propagation of turbulent structures is investigated. The numerical simulation

yields fluctuation time series for single spatial positions as well as for two-dimensional

fields, which are evaluated in exactly the same way as the experimental data. The high

spatial resolution of the simulation data at each time instant provides a more detailed

insight into the formation and propagation mechanism of turbulent structures.

6.1 Simulation initialization and basic fluctuation char-

acteristics

The model of the CYTO code was already outlined in Sec. 2.5. The chosen plasma and op-

erational input parameters used for the CYTO run discussed in the following sections are

compiled in Tab. 6.1. The normalized collisional parameters are ν‖ = 10.8, νen = 4.81,

νin = 0.05 and the density gradient length of the Gaussian source profile is κ−1
n = 1.3.

The equations of the CYTO code are numerically solved in a cylindrical co-ordiante sys-

tem on a grid with 32 × 64 × 16 points in radial, azimuthal and parallel direction, re-

spectively. Two-dimensional fields of the plasma density and the plasma potential are

recorded with a sampling frequency of 0.8 MHz.

A time trace of the total fluctuation energy of the run is shown in Fig. 6.1. In the phase

of linear growth the fluctuation energy increases exponentially. This region can clearly

be distinguished from the phase of nonlinear growth saturation, starting at t ≈ 2.5 ms.

From here on the fluctuation energy remains essentially constant. Snapshot profiles of

the background density and density fluctuations in the radial-azimuthal plane are shown

in Fig. 6.2 for two simulation time instants, representing the linear and the nonlinearly



78 Numerical simulations

parameter value

electron temperature Te [eV] 3
ion temperature Ti [eV] 0.1
peak density n [1017 m−3] 4.6
magnetic field B [mT] 60
Argon neutral gas pressure p0 [Pa] 0.15
Argon neutral gas temperature T0 [K] 400
density gradient length L−1

⊥ [m−1] 50

Table 6.1: Plasma and operational input parameters for the CYTO code.

saturated phase, respectively (the time instants are indicated in Fig. 6.1 by a red and a

blue line). The density fluctuations are obtained by subtracting the azimuthally averaged

density. In the linear phase, the density profile is given by the Gaussian source profile

S ∼ exp (−(rκn)2). The density fluctuations are governed by a m = 3 drift mode with

relatively small amplitude (3 % of the peak density amplitude), which propagates in elec-

tron diamagnetic drift direction (upwards in Fig. 6.2). With increasing simulation time

the amplitude of the m = 3 mode decreases and the plasma develops a weakly turbu-

lent state, characterized by incoherent fluctuations. Due to nonlinear interactions, the

energy is transferred towards both larger and smaller scales, which leads to a broadened

modenumber spectrum. Fig. 6.3a shows the temporally resolved modenumber spectrum

in the maximum density gradient region, obtained by wavelet analysis. The plasma is

in the nonlinearly saturated phase (a similar diagram for the experiment was shown in

Fig. 5.14a). An incoherent drift mode with mode number m = 1 dominates but strong

contributions from m = 2 are observed as well, especially during the decrease of energy

of the m = 1 mode. This already indicates a direct energy transfer from the m = 1 mode

to higher modenumbers. The same is observed for them = 3 mode, which has less energy

and occurs preferentially if the lower modenumbers vanish. A comparison between two

time-averaged modenumber spectra in weakly-developed drift-wave turbulence is shown
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Figure 6.1: Time trace of the total fluctuation energy.
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in Fig. 6.3b. One is obtained for experimental data (red line) and the other from the CYTO

code data (blue line). Both spectra exhibit similar features: m = 1 − 3 are the dominant

drift modes and the power-law decay for higher modenumbers follows approximately the

same spectral index (α = 3.4 experimental and α = 4.2 numerical).

In the nonlinearly saturated phase, the amplitude of the density fluctuations reaches 30 %
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line in (b).
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of the peak density and thus strongly modifies the density profile. As a consequence,

the time-averaged radial density profile is broadened due to fluctuation-induced transport

(Fig. 6.4a). In the plasma center the density profile still has mainly the Gaussian shape

given by the source profile, but for r > 35 mm it strongly deviates from the source profile

and develops a shoulder. The self-consistent plasma potential, which develops in response

to the sheath-boundary conditions, is positive and has a convex shape (Fig. 6.4a), again

in agreement with the experimentally observed potential profiles. The corresponding per-

pendicular drift velocities vE×B and vd,e are shown in Fig. 6.4b. The electron diamagnetic

drift peaks in the maximum density gradient region at a value of vd,e ≈ 2 km/s and de-

creases towards the plasma edge. For the entire density profile the E×B-velocity is

smaller than the electron diamagnetic drift, vE×B < 400 m/s.

6.1.1 Temporal evolution of plasma density fluctuations

The time history of the density fluctuations across the radial plasma density profile is an-

alyzed at three different positions ( for the corresponding experimental data cf. Fig. 5.4).

The selected positions A, B and C are indicated in Fig. 6.4. Position A and B are in

the maximum density gradient region (r = 20 mm and r = 41 mm) and position C is in

the plasma edge (r = 70 mm). Fig. 6.5 shows the density fluctuation time series normal-

ized to standard deviation ñ/σ, the respective probability distribution function (PDF), and

frequency power spectra S(f). The density fluctuations in the maximum density gradi-

ent region (Fig. 6.5a) are quasi-coherent with typical amplitudes of 1 − 2σ but they are

asymmetric. The asymmetry is caused by sporadically occurring density bursts with peak

amplitudes ≈ 3σ. These bursts lead to a skewed PDF (Fig. 6.5b) with skewness s = 0.75

and kurtosis K = 0.45. In the frequency spectrum (Fig. 6.5c) there is a frequency peak

at f = 3.2 kHz. For frequencies f > 10 kHz the spectral energy decreases following a

power-law decay with spectral index α = 4.6. For larger radii the intermittent character of

the density fluctuations systematically increases. At position B the coherency in the time
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Figure 6.5: Time series of density fluctuations, probability distribution function (PDF) and fre-
quency power spectra at radial positions A (a-c), B (d-f) and C (g-i) as indicated in Fig. 6.4.

series is completely lost. Density bursts with amplitudes of 3−4σ govern the time series.

The bursts occur on a typical time scale of ≈ 1 ms. The contribution of the density bursts

to the fluctuation spectrum is seen in the broadened hump at a frequency of f ≈ 1 kHz

(Fig. 6.5f). The skewness and kurtosis of the PDF are both increased (s = 0.86 and

K = 1.17). In the plasma edge (Fig. 6.5g) the non-Gaussian character of density fluctua-

tions further increases, indicated by a highly skewed and peaked PDF (Fig. 6.5h, s = 3.4

and kurtosis K = 21). The frequency spectrum (Fig. 6.5i) is flat for f < 10 kHz but a

broadened small hump at f ≈ 1 kHz is observed as well, indicating the only sparse con-

tribution of the occasional density bursts to the total spectral energy.

A comparison of the fluctuation time series in the plasma edge (Fig. 6.5e) with the two-

dimensional plot of the density fluctuations in the nonlinearly saturated phase (Fig. 6.2)

already suggests that the density bursts in the plasma edge are associated with turbulent

structures, propagating downwards the radial plasma density gradient. This picture is

supported by a detailed study of the the radial particle flux Γ̃ that is calculated from the

density and the potential fluctuations. The time-averaged radial particle flux < Γ̃ > plot-

ted across the plasma density profile is shown in Fig. 6.6a. The particle flux is positive

at all radii, corresponding to outward directed flux, and peaks in the maximum density

gradient region.

The time series of the particle flux at the maximum density gradient region (Fig. 6.6b)

shows that Γ̃ is strongly asymmetric and intermittent, characterized by high-amplitude

transport bursts with Γ̃ ≈ 5σ. This is in agreement with the positive mean flux observed

in Fig. 6.6a. The intermittent character is further confirmed by the increase of the kurtosis
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for increasing signal frequency, as obtained from wavelet decomposition (Fig. 6.6c).

6.1.2 Space-time analysis

On VINETA, the formation and propagation of turbulent structures was investigated by

applying statistical techniques (cross-correlation or conditional averaging). The main ad-

vantage of numerical simulations is that structure formation can be directly observed at

each time instant and the dynamics of each single fluctuation event can be obtained. An

example of the time evolution of a turbulent structure is shown in Fig. 6.7, for six dis-

crete simulation time instants in a range t = t0 . . . t0 + 55µs. For all displayed time

lags an azimuthally distorted m = 1 drift mode is observed in the maximum density

gradient region (r ≈ 20 − 40 mm). The mode propagates in direction of the electron

diamagnetic drift, which is upward in the representation of Fig. 6.7. Its phase velocity

is approximately vph = 585 m/s. This is in rough agreement with the linear dispersion

relation (2.25), which yields for k⊥ = 0.67 cm−1, ρs = 1.86 cm, and a Doppler-corrected

electron diamagnetic drift velocity of vd,e = 1.9 km/s (cf. Fig. 6.4) a phase velocity of

vm=1 = 748 m/s.

At t = t0 and t = t0 + 11µs the positive potential perturbation φ̃ > 0 is azimuthally

phase-shifted against the positive density perturbation, thereby causing a radial flux of

the positive density perturbation. Consequently, the density perturbation is radially elon-

gated and extends into the plasma edge (r ≈ 60 mm) at t = t0 + 22µs. Due to the

azimuthal propagation of the drift mode, the turbulent structure peels-off them = 1 mode

for t > t0 + 22µs and propagates azimuthally in direction of the background E×B-drift

(downwards) and radially outwards.

A detailed analysis of the average propagation speeds of the turbulent structures is difficult

to obtain, since the structures strongly change their amplitude and shape during propaga-

tion. Therefore, and for the purpose of a comparison with the experimental findings, a sta-

tistical analysis using the conditional-average technique is chosen. The CA analysis has
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Figure 6.7: Density fluctuations in the radial-poloidal plane for six discrete simulation times
t = t0 . . . t0 + 55µs. The positive potential fluctuations φ̃ > 0 are superimposed as contour
lines. The ambient magnetic field points out of the plane.

been applied for two reference positions. The resulting CA amplitude for the reference

position r = 54 mm in the peel-off region of the turbulent structure is shown in Fig. 6.8.

The amplitude condition was chosen to be p = 1σ. For the direct comparison with the

experimental results, the fluctuations are mapped to a cartesian co-ordinate system. For

the three time lags τ = −140 . . . 120µs (Fig. 6.8) a m = 1 drift mode relict propagates

azimuthally counter-clockwise in vd,e-drift direction. The positive density perturbation of

the drift mode exhibits a radial velocity component. At time lag τ = 120µs, a density

portion peels radially off the drift mode, consistent with the observations in Fig. 6.7. A

magnified view of the spatial phase between density and positive potential perturbations

(obtained from the CA analysis of density fluctuations RCA(ñ, ñ) and positive potential
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fluctuations RCA(ñ, φ̃ > 0)) is shown in Fig. 6.9 for time lag τ = 140µs. The potential

perturbation lags behind the density perturbation with an azimuthal phase shift of ≈ π/2.

The phase shift results in a maximum fluctuation induced transport Γ̃ that is directed ra-

dially outwards but has an azimuthal component, due to the radial displacement of the

positive potential perturbation.

The result for the conditionally averaged density fluctuations for the reference probe lo-

cated in the plasma edge at r = −84 mm is shown in Fig. 6.10 for four time lags in the

range τ = −345 . . . 415µs. The amplitude condition was chosen to be p = 2σ. A turbu-

lent structure is observed, which propagates mainly clockwise in background E×B-drift

direction but exhibits also a significant radial velocity component. The driving mechanism

is the same as for the peel-off process: An azimuthally phase-shifted potential causes an

electric field Ẽθ and the resulting fluctuation induced ṽE×B-velocity propels the turbulent

structure radially outwards. The spatial phase relation between the density and the poten-
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Figure 6.9: Conditionally averaged (CA) density fluctuations RCA(ñ, ñ) and positive potential
perturbations RCA(ñ, φ̃ > 0) superimposed as contour lines for time lag τ = −140µs. The
black dot indicates the reference probe and the black circle indicates azimuthal direction. The CA
amplitude is normalized to standard deviation σ.



6.1 Simulation initialization and basic fluctuation characteristics 85

t=-345 µs

-100 -50 0

-50

0

50

-100 -50 0 -100 -50 0 -100 -50 0
-2

0

2
t=-140 µs t=140 µs t=415 µs

x [mm] x [mm] x [mm] x [mm]

y
 [

m
m

]

C
A

a
m

p
lit

u
d

e
 [

]
s

Figure 6.10: Conditionally averaged (CA) density fluctuations for three different time lags τ in
the azimuthal plane. The reference probe is located in the plasma edge at r = −84 mm (indicated
by a black dot) and the amplitude condition was chosen to be p = 2σ. The CA amplitude is
normalized to standard deviation σ. The black circle denotes the purely azimuthal direction.

tial of the turbulent structure is shown in Fig. 6.11. The phase shift is similar if compared

to the peel-off region (cf. Fig. 6.9). The propagation speeds of the turbulent structure are

obtained by applying a tracking routine similar to the one used for the experimental case

(Sec. 5.1.2). The structure was tracked for a range τ = −200 . . . 400µs and the respective

center-off-mass positions are shown in Fig. 6.12. The velocities are obtained from linear

fits to the data.

The turbulent structure propagates with approximately constant azimuthal velocity of

vpol = 133 m/s, which is in agreement with the background E×B-drift velocity at the

position of the turbulent structure (vE×B = 150 m/s at r = 90 mm, Fig. 6.4b). The radial

velocity exhibits two different scaling regions (Fig. 6.12b). For r ≈ 80−90 mm the struc-

ture propagates with a radial velocity of vrad = 111 m/s. For larger radii r ≈ 90−100 mm

the radial velocity of the structure decreases to vrad = 40 m/s. The decrease of the radial
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Figure 6.11: Conditionally averaged (CA) density fluctuations RCA(ñ, ñ) and positive potential
perturbations RCA(ñ, φ̃ > 0) superimposed as contour lines for time lag τ = 0µs. The black dot
indicates the reference probe and the black circle indicates azimuthal direction. The CA amplitude
is normalized to standard deviation σ.
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Figure 6.12: Azimuthal (a) and radial velocity (b) of the turbulent coherent structure observed in
Fig. 6.10.

structure velocity is caused by a change of the spatial phase δ(ñ, φ̃) and by a decreasing

amplitude of the related electric field Ẽθ, which drops from 12−14 V/m at r ≈ 80−90 mm

to 5 − 7 V/m at larger distance. For two representative time lags, τ = −175µs and

τ = 350µ (corresponding to the two scaling regions of the radial velocity) an azimuthal

cut through the density and positive potential perturbation is shown in Fig. 6.13. Here

θ0 is the azimuthal position of the maximum density perturbation. The normalized den-

sity perturbation ñ associated with the turbulent structure is shown as a blue line and the

phase-shifted positive potential perturbation φ̃ > 0 as a red line. The radial E×B-velocity

ṽE×B = −∇θφ̃/B calculated from the azimuthal profile of the potential perturbation is

shown as a black line. At τ = −175µs the phase shift is greater than π/2 and for the
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Figure 6.13: Normalized plasma density fluctuations ñ (blue) and normalized positive plasma
potential perturbations φ̃ > 0 (red) associated with the turbulent structure in the plasma edge
along its azimuthal trajectory. The different time lags shown in (a) and (b) correspond to the
two scaling regions of the radial structure velocity (Fig. 6.12b). The advection velocity ṽE×B as
calculated from the azimuthal profile of the potential perturbation is shown as black line, where
positive values correspond to a radial outward propagation. For comparison the dashed lines shows
the radial velocities of the turbulent structure obtained from the structure tracking (Fig. 6.12b).
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Figure 6.14: Single-point time trace of the density perturbation (red) and corresponding parallel
flux (blue) of a turbulent structure in the plasma edge.

peak density perturbation the advection velocity ṽE×B is in good agreement with the re-

sult of the tracking routine vrad = 111 m/s (indicated in Fig. 6.13a as dashed line). At

τ = 345µs the phase shift is much smaller (Fig. 6.13b). This, together with the decreased

amplitude of the fluctuating electric field, lowers the advection velocity to ṽE×B ≈ 50 m/s

for the peak density perturbation, which is again in good agreement with the result of the

tracking routine vrad = 40 m/s.

In the last section it has been reasoned that the driving mechanism of the radial structure

propagation in the plasma edge is caused by the self-consistent electric field. The forma-

tion of the electric field can be explained by the three-dimensional structure of the density

perturbation: Shown in Fig. 6.14 is a time trace of a positive density fluctuation, associ-

ated with a turbulent structure, at a single point in the azimuthal plane. The corresponding

parallel particle flux Γ̃‖ = ñ(ṽ‖− ũ‖) is shown as blue line. Here ṽ‖ and ũ‖ are the parallel

velocities of electrons and ions, respectively. The density perturbation is followed by a

slightly phase-shifted parallel particle flux. Due to the fast electron response along the

magnetic field the flux is non-zero and consequently a positive space-charge results. Hav-

ing in mind that the turbulent structure propagates azimuthally with E×B-velocity during

the charge build-up process, a spatial phase shift is obtained (Fig. 6.13). This process is

similar to the drift-wave mechanism (cf. Sec.2.1). For a deeper analysis of the space-time

evolution of the fluctuating electric field the development of the density perturbation must

be considered as an isolated event. However, because of the self-consistent formation of

the density perturbation as a result of fluctuation-induced radial transport this cannot be

studied.
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6.2 Comparative discussion of experimental and numer-

ical simulation results

The experimental observations on the space-time evolution of turbulent fluctuations (Ch. 5)

and the numerical simulations are both focused on the topic formation and propagation

of turbulent structures. To be able to perform a close comparison between experiment

and simulation the input parameters of the CYTO code (Gaussian density source profile,

collisionalities and geometrical parameters) are chosen to resemble the plasma and oper-

ational parameters of the experiment.

A key result of the CYTO code is already the observation of coherent drift-wave modes in

the nonlinearly saturated phase, similar to what was observed in the experiment. We note

here that this has never accomplished in for Hasegawa-Wakatani-like simulation runs.

In experiment the azimuthal modenumber m of the drift wave increases with increasing

magnetic field [30]. The same behavior is observed in the CYTO simulations (Fig. 2.5).

While in the experimental situation a transition to a weakly developed drift-wave tur-

bulence state is observed for increasing magnetic field at reduced collisionality, in the

numerical simulation such a transition is mainly controlled by the ion-neutral collision

frequency and ion viscosity. At low ion-neutral collision frequency and ion viscosity,

their stabilizing influence in the linear dispersion relation is reduced and the plasma de-

velops a weakly developed turbulent state. In the nonlinearly saturated phase the energy

of the linear mode is transferred to larger and smaller scales due to nonlinear interac-

tion. Both in experiment and simulation results the weakly-developed turbulent state is

governed by a m = 1 drift-wave mode, which has the largest spatial scale. The mode

is located in the maximum density gradient region and propagates in direction of the

electron diamagnetic drift. The phase velocity of this mode agrees in both cases with

the linear drift-wave dispersion relation. The time-averaged modenumber spectra show a

good agreement for low modenumbers m < 4. For higher modenumbers the fluctuation

energy decreases following a power-law decay both with spectral indices α = 3.4 in the

experiment and α = 4.2 in numerical simulation. The deviation can be attributed to the

numerical dissipation of the CYTO code at high modenumbers. The density perturba-

tion of the m = 1 mode exhibits a potential perturbation, which lags behind the density

perturbation with a phase shift of δ(ñ, φ̃) ≈ π/2. The resulting azimuthal electric field

gives rise to a radial ṽE×B-drift, which propels plasma particles radially outwards. This

peel-off process is observed in the conditionally averaged fluctuations as obtained from

experimental data and from numerical simulation data. The same is observed for single

fluctuation events in the simulation data. The erratic occurrence of these transport events

leads to the prominent intermittent behavior of the radial particle flux. It is dominated
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by high-amplitude positive events, which cause an average outward particle flux < Γ̃ >.

When a turbulent structure peels-off the drift mode, it propagates azimuthally with the

background E×B-drift and radially outwards, driven by the self-consistent electric field.

These structures strongly contribute to the fluctuation-induced radial transport. However,

the velocities of the turbulent structures are different in experiment and in simulation.

Both velocity components, the azimuthal and the radial ones, are higher in the experiment

by a factor of 2-5. The deviation in the azimuthal velocity component is caused by the

differences in the background potential profile, which is the main difference between the

experiment and numerical simulation. In both cases it has a convex shape but with steeper

radial gradients in the experiment, which leads to higher E×B-velocity. A direct conse-

quence is, that the high-amplitude density bursts in the plasma edge occur less frequently

in the simulation. The potential profile in the CYTO code results self-consistently from

the parallel sheath-boundary conditions. Discharge physics and its effect on the balance

of electron and ion fluxes are neglected and for the density drive a Gaussian profile is

imposed. In helicon wave heated discharges (as the VINETA device) the plasma heating

due to an energy transfer from the wave to the plasma particles is known to be non-local

[125]. This creates local heating and ionization sources, which may strongly modify the

particle fluxes.

The radial advection velocity ṽE×B of the turbulent structures is controlled by the am-

plitude of the self-consistent azimuthal electric field Ẽθ, associated with the potential

perturbation of the turbulent structure. Ẽθ is typically 20 − 30 V/m in the experiment,

slightly larger than in the numerical simulation (Ẽθ . 14 V/m). However, the resulting

radial velocity of the turbulent structures also depends on the spatial phase δ(ñ, φ̃), which

is slightly smaller in the simulation data than in the experiment. This leads to a lower

radial velocity of the turbulent structures.
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Intermittent transport events in the edge plasma
of fusion devices

The experimental results presented in the previous section were obtained in a linear mag-

netized plasma column. Here the plasma is confined only perpendicular to the magnetic

field. The plasma dynamics parallel to the magnetic field is governed by the plasma

sheath at the end plates. The perpendicular particle flux across the magnetic field is rather

convective than diffusive and is dominated by radially propagating, large-scale coherent

structures that develop out of drift-wave turbulence. The driving force for this fluctuation-

induced transport can be solely attributed to the self-consistent formation of poloidal elec-

tric fields that are associated with the turbulent structures. The latter give rise to a radially

outwards directed E×B-drift. As expected in magnetic geometries with open magnetic

field lines the parallel transport exceeds the fluctuation-induced transport by orders of

magnitude.

The cross-field transport in toroidal magnetic confinement devices is particularly impor-

tant since it affects entirely the radial evolution of the plasma profiles and is a main cause

for the degradation of the plasma confinement. However, the convective transport of

plasma particles and energy across the confining magnetic field can also exceed the par-

allel transport [97; 126]. The experimental observation of high cross-field transport has

been the subject of research during the last two decades [127; 23; 24; 128; 129]. Fluc-

tuation induced transport is also referred to as ”anomalous” diffusion, although it is a

convective process. The observed perpendicular diffusion coefficients D⊥ = Γ̃⊥/∇⊥n0

are orders of magnitudes higher than those predicted by classical or neo-classical diffu-

sion theory. In a magnetic fusion device there are two distinct regions: the plasma core

(confined region) and the scrape-off layer (SOL). In Fig. 7.1 a poloidal cross-section of

a tokamak device is schematically shown. In the plasma core the magnetic flux surfaces

are closed and radial transport is the only mechanism of plasma loss towards the mate-

rial surfaces. In the SOL, the magnetic lines are intersected by material boundaries (end

plates, limiters or the vacuum vessel). Here the plasma is strongly transported along the
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Figure 7.1: Poloidal cross-section of a tokamak with lower signal null configuration.

magnetic field to material surfaces. The last closed flux surface (LCFS) separates these

two regions. The region close to the LCFS but in the confined region is referred to as the

plasma edge. The SOL extends from the LCFS to the wall or limiter shadow. Similar to

linear magnetic geometry, the radial plasma gradients in the plasma edge (Fig. 7.4) act as

a source of free energy to drive instabilities, in particular the drift-wave instability. Due

to the rather complex magnetic field topology of fusion devices, several other instabili-

ties exist in the plasma edge. For example curvature driven instabilities as the trapped

electron mode (TEM) and the ion temperature gradient mode (ITG) are expected to be

largely responsible for anomalous cross-field heat transport of electrons and ions, respec-

tively [130]. Numerical simulations revealed that drift-wave turbulence is dominant in the

plasma edge region [131] while in the SOL a transition to the interchange instability is

observed [132]. The fluctuation dynamics in the plasma edge is strongly influenced by the

magnetic shear [133], X-point geometry [134], or flow shear layers generated by radial

electric fields [135]. In contrast to the plasma edge, any fluctuation dynamics in the SOL

is strongly affected by the parallel boundary conditions. In particular the plasma sheath

at the end plates. The enhanced perpendicular particle flux across the magnetic field does

not only lead to an unwanted broadening and flattening of radial density and tempera-
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ture profiles but affects key fusion issues like first wall recycling of plasma particles or

first wall heat load [126]. Although plasma fluctuations are generally considered to be of

electromagnetic nature, the transport contribution due to fluctuations in the magnetic field

(the so-called magnetic flutter transport) has been shown to be negligible when compared

to the electrostatic E×B-transport [127; 24] .

Regardless of the specific magnetic field topology, edge turbulence in toroidal fusion

devices is characterized by intermittent fluctuations of the density, potential, and trans-

port. Intermittent fluctuations are characterized by a non-Gaussian probability distribu-

tion function (PDF). It was observed in major tokamak devices as DIII-D [27], Alcator

C-MOD [26], and MAST [136], in stellarators as W7-AS [137] and reversed field pinches

as RFX [138; 139]. The intermittent bursts occur predominantly in the SOL and can be

ascribed to large-amplitude self-organized coherent structures - called ’blobs’ - that prop-

agate radially outwards through the SOL with a velocity of less than one tenth of the ion

sound speed typically [28]. Blobs are localized in the poloidal plane perpendicular to the

ambient magnetic field but they are strongly elongated along the magnetic field thereby

forming extended filaments with k⊥ >> k‖ [29].

Recently it was demonstrated that approximately 50 % of the perpendicular turbulent

transport in the SOL is carried by blobs [140]. Although blob propagation seems to be an

universal phenomenon, important details of blob formation and radial propagation are far

from being well understood.

Different model descriptions have been proposed to specifically describe the radial prop-

agation of blobs. In the two-dimensional interchange model developed by Garcia et al.

[141], both the formation and the self-consistent radial propagation of blobs are consid-

ered. Another model approach is to neglect the turbulent origin of the blobs and to focus

on the radial propagation mechanism of the detached blob in the SOL [142; 143; 144].

The radial blob propagation in those models is not necessarily connected with the tur-

bulent formation process of blobs. In the next sections these two model approaches are

briefly outlined with particular attention to the radial blob propagation. In a later section

the experimental results of a study on the radial blob propagation in the edge of the Na-

tional Spherical Torus Experiment (NSTX) are presented and the results are compared

with the model predictions.

7.1 Interchange instability

The interchange instability is the plasma analogon of the Rayleigh-Taylor instability that

is observed in neutral fluids when a heavy fluid is supported against gravity by a lighter

fluid. Since in a plasma gravitational effects usually can be neglected, the gravitational
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Figure 7.2: Schematic illustration of the interchange instability for the unfavourable curvature
region (low-field side) of a toroidal fusion device (a) and the formation of poloidal electrid fields
associated with a localized density perturbation in the SOL due to the interchange mechanism in
the absence of a background plasma (b).

force is replaced by the net force due to the curvature of the magnetic field in toroidal

devices. In contrast to configurations with homogeneous magnetic field like the VINETA

device, where the diamagnetic current is incompressible, ∇ · Jd = 0, the curvature and

gradient of the magnetic field in toroidal devices result in a compressible diamagnetic

current

∇ · Jd = ∇ · (n0vd) =
1

B
(∇× b + b×∇ ln B) · ∇p0 6= 0, (7.1)

where b = B/B is the unit vector along the magnetic field [145]. Note that only the

compressible part of the diamagnetic current describes a collective motion of plasma par-

ticles, which corresponds in the single particle picture to the center drifts, ∇B-drift and

curvature drift [48]

v∇B + vcurv. =
2T

q

B ×∇B

B3
. (7.2)

The mechanism of the interchange instability is schematically illustrated in Fig. 7.2a for

the so-called unfavourable curvature region, in which the magnetic field gradient∇B is in

parallel to the plasma pressure gradient ∇p0. Consider a pressure perturbation orientated

perpendicular to the background plasma pressure gradient ∇p0. The curvature and ∇B

drifts lead to charge separation and consequently an electric field Ẽ, which gives rise to a

radial E×B-drift and amplifies the initial perturbation. The spatial phase shift between

the density and potential perturbation is δ(ñ, φ̃) = π/2, which leads to a maximum radial

particle flux Γ̃ (cf. Ch. 5). If the gradients of magnetic field and plasma pressure are anti-

parallel initial perturbations are damped and the plasma is stable. In fusion devices the

magnetic field strength scales with the major radius as B ∼ 1/R. Thus, the unfavourable

curvature region is located on the low-field side, while the favourable curvature region
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is located on the high-field side. The interchange mode mechanism is basically a two-

dimensional one and the parallel wavelength is infinite (k‖ = 0). However, due to the

rotational transform of the magnetic field, the favourable and unfavourable regions are

connected along the magnetic field [54], which leads to a three-dimensional structure of

interchange modes, the so-called ballooning modes with k‖ 6= 0. The interchange mech-

anism is not only crucial for the amplification of small perturbations in the plasma edge

region but also for the formation of electric fields associated with a density perturbation.

The latter situation is depicted in Fig. 7.2b for a blob in the SOL in the absence of a back-

ground plasma. Due to the charge-dependent curvature drift, a dipolar potential vortex

develops. The resulting poloidal electric field then causes a radial E×B-drift of the blob.

7.2 Scaling of radial blob velocity

The model approaches addressing the radial blob propagation are either based on a fully

self-consistent interchange model or on isolated structure propagation models. A com-

mon feature of all descriptions is the mechanism of the radial blob propagation, which

was outlined in the last section. The poloidal electric field, which develops due to charge

dependent curvature and ∇B-drift, determines the radial E×B-velocity of the blob. The

charge polarization of the blob acts as a current source and the closure of this current path

is determined by the current along and perpendicular to the ambient magnetic field. A par-

allel current along the open magnetic field lines to the end plates can inhibit the formation

of poloidal electric fields and thus inhibit radial propagation of a blob [132]. For each

closure of the current path, a specific scaling of the radial blob velocity is obtained from

the model descriptions. In the simplest approach, the influence of parallel currents on the

blob dynamics is neglected. This is the case in the self-consistent model description of

Garcia et al. [141; 146; 145], which addresses both the formation and radial propagation

of blobs across the SOL. In this model the obtained radial blob velocity scales as

vr = cs

(
2ab

R

ñ

n

)1/2

, (7.3)

with ab being the spatial scale of the blob and R the major radius. The effect of parallel

currents is retained in this model as sheath dissipation that linearly damps predominantly

large-scale fluctuations. Retaining the sheath dissipation in the model equations, it has

been shown that the radial blob velocity significantly drops with increasing dissipation

[145], but a clear scaling of the radial blob velocity has not been given.

In contrast, in the model description derived by Krasheninnikov, Myra and D’Ippolito

[142; 143; 144; 147; 148] the formation process of the blob is ignored and the blob is
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treated as an isolated structure in the SOL. In this model the effect of parallel currents is

explicitly considered in the current path.

Parallel plasma resistivity η = mνei/ne
2 ∼ 1/T

3/2
e can prevent the current from flowing

to the plasma sheath of material boundaries. For low parallel plasma resistivity the blob

is connected to the plasma sheath and the parallel current J‖ is determined by the sheath-

boundary conditions [59]

Jsheath = −encs
[
1− exp

(
−eφ
T

)]
n̂ · b, (7.4)

where n̂ is the surface unit normal vector and b = B/B is the magnetic-field unit vector.

The parallel boundary conditions determine the blob potential φ and consequently affect

the resulting radial blob velocity. For high plasma resistivity η the blob is disconnected

from the end plates and the dynamics of the blob is solely determined by the interchange

dynamics (ballooning). This process holds especially in the divertor region where the

electrons are cooled by refueled neutrals. The disconnection of the blobs from the sheath

with increasing parallel plasma resistivity has been observed in numerical simulations

[149; 132]. In regions with a specific magnetic field topology as e.g. X-points, where the

flux tubes become long elongated fans, cross-field current is greatly eased [150; 132; 148].

In these regions the parallel current associated with the blob can be short-circuited by any

process that can provide a perpendicular current J⊥, for instance electron-ion collisions,

ion viscosity or ion polarization drifts.

The discussed possible closures of the parallel current are schematically illustrated in

Fig. 7.3. The curvature drift is the current source JC and for low parallel resistivity η

the blob is connected with the sheath and the parallel current J‖ is determined by the

sheath-current Jsheath. In the X-point region with its specific magnetic field topology, the

parallel current can be short-circuited by a cross-field current, as the ion polarization cur-
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Figure 7.3: Possible closures of the current loop associated with a blob.
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blob instability regime normalized radial blob velocity vr

2D sheath-connected csqρ
2
s/a

2
b

3D disconnected (X-point) q2/3csρ
1/3
s ν

1/3
ei /a

1/3
b Ω

1/3
ce

3D ideal ballooning csa
1/2
b /R1/2

Table 7.1: Scaling of the radial blob velocity vr in the various instability regimes, where
q = L‖/R is the safety factor, L‖ is the parallel connection length, R is the major radius and
ab is the blob scale size (nominal blob radius).

rent Jpol
⊥ . For high plasma resistivity the blob is disconnected from material boundaries.

Each instability regime of the blob, sheath-connected, resistive X-point and resistive bal-

looning, obeys characteristic scaling properties of the blobs radial velocity [147] which

are compiled in Tab. 7.1. Note that the blob velocity scaling given in Tab. 7.1 is for

isolated blobs in the absence of a background plasma [147]. In the presence of a back-

ground plasma the scaling must be modified to f/ab, where f ∼ ñ/n denotes the relative

density perturbation of the blob. In the disconnected ballooning regime the radial blob

velocity is proportional to the square-root of the blob radius ab, while in the other regimes

smaller blobs are expected to propagate faster than larger blobs. Regardless of the scaling

predictions for the radial blob velocity, the minimum blob velocity occurs in the sheath-

connected regime, where the current associated with the blob is free to flow along the

field lines [148]. The scaling obtained in the self-consistent interchange model of Garcia

et al. [141] corresponds to the ballooning regime in Tab. 7.1.

Within the framework of the present thesis, experimental data from the National Spherical

Torus Experiment (NSTX) [151] has been obtained. Optical imaging of plasma edge tur-

bulence in a two-dimensional plane perpendicular to the magnetic field has been analyzed

with respect to the scaling of the radial blob velocity in order to compare the findings

with the scaling predictions of the various models. The applicability of the different blob

instability regimes is mainly determined by geometrical parameters and external control

parameters, as magnetic field strength and magnetic field topology, but also by plasma

parameters, as collisionality that vary across the SOL. A detailed analysis for NSTX edge

plasma parameters [148] reveals that the governing blob instability regimes are the X-

point regime and the sheath-connected regime, where larger blobs are expected to prop-

agate faster than smaller blobs. In the following sections a detailed comparison of this

prediction with experimental observations is done.
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7.3 Turbulent structure propagation in the edge and SOL

of NSTX

NSTX is a medium-sized spherical tokamak experiment with major radius R = 0.85 m

and minor radius a = 0.68 m. The device is located at the Princeton Plasma Physics

Laboratory, New Jersey (USA). For a general overview of NSTX the reader is referred to

Ref. [151]. As a spherical tokamak, NSTX has a very low aspect ratio ofA = R/a = 1.3;

a typical tokamak has A ≈ 3. This allows for operations at high plasma pressure since

β =
p

B2
t /2µ0

∼ Ip
aBt

∼ 1

Aq
, (7.5)

where Ip is the plasma current and Bt is the toroidal magnetic field. The limit is at

βmax ≈ 40 %. The measurement results presented here are obtained from 11 similar

L-mode discharges (shot numbers #113733-#113744), heated by neutral beam injection

(NBI) of power PNBI = 2−4 MW, toroidal magnetic field on axis of B = 0.3 T with near

double-null configuration, a plasma current of Ip = 800 kA and β = 10 %. The magnetic

configuration is shown in Fig. 3.9a. Radial profiles of the electron density and electron

temperature are measured with Thomson-scattering along the outer midplane. The pro-

files are shown in Fig. 7.4a. In the plasma core the peak electron density and temperature

are ne ≈ 3 · 1019 m−3 and Te ≈ 0.6 keV, respectively, while in the SOL the values drop to

ne ≈ 0.2− 2 · 1019 m−3 and Te ≈ 3− 50 eV.

The turbulent edge and SOL fluctuations are measured using the Gas Puff Imaging tech-

nique (GPI) [78; 28], which records the visible Dα line emission from a localized deu-
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Figure 7.4: (a) Radial profiles of electron density and temperature for NSTX shot #113737 at time
t = 176.7 ms in the shot obtained from Thomson-scattering along the outer midplane. The red
shaded box indicates the radial localization of the GPI view. (b) Magnified radial profiles of ne

and Te for the GPI field-of-view. The positions of the LCFS and the limiter shadow are indicated
as red boxes.



7.3 Turbulent structure propagation in the edge and SOL of NSTX 99

parameter LCFS SOL (r − rsep = 5 cm)

electron density n [1019 m−3] 0.7 0.05

electron temperature Te [eV] 20 3

drift scale ρs [mm] 1.5 0.58

ion sound speed cs [km/s] 44 17

Table 7.2: NSTX parameters derived from Thomson scattering measured along the outer mid-
plane. rsep is the radial position of the LCFS obtained from the free boundary equilibrium recon-
struction code LRDFIT.

terium gas puff at the outer midplane. Complementary to the two-dimensional GPI di-

agnostics, an array of fast diode Dα views is arranged radially and poloidally within the

GPI field-of-view. This spectroscopic diagnostic is described in detail in Sec. 3.1.4. Al-

though theDα emission intensity is a nonlinear function electron density and temperature,

the contribution of temperature fluctuations can be neglected for Te & 10 eV. Therefore

the Dα intensity fluctuations are being taken as proportional to density fluctuations. The

two-dimensional GPI field-of-view (cf. Fig. 3.9c) is oriented tangentially to the local

magnetic field in order to resolve the radial and poloidal structure of the plasma fluctua-

tion structures propagating perpendicular to the ambient magnetic field. It spans a range

from r = 133.5 − 160.4 cm radially and z = 9 − 31 cm poloidally, covering the plasma

edge region and the entire SOL. The radial localization of the GPI view is indicated in

Fig. 7.4a by the red shaded box. The radial profiles of the electron density and temper-

ature within the GPI field-of-view for the discharges under consideration are shown in

Fig. 7.4b. The uncertainty of the position of the LCFS is indicated by the red shaded area.

Typical plasma parameters for the edge and SOL region are compiled in Tab. 7.2.

7.3.1 Temporal evolution of fluctuations across the SOL

The first step is the characterization of the temporal evolution of the fluctuations in the

plasma edge and SOL. Single-point measurements at three positions A, B, and C as mea-

sured with the Dα diodes are shown in Fig. 7.5 (the positions A, B and C are indicated

in Fig. 7.4b). Position A corresponds to the plasma edge region inside the LCFS (r −
rsep ≈ −2 cm), while position B is outside the LCFS in the near SOL (r− rsep ≈ 2 cm).

Position C is in the mid-SOL region (r − rsep ≈ 4 cm). Shown are the fluctuation time

series normalized to standard deviation σ, the corresponding PDFs and frequency power

spectra. Regardless of the confined or unconfined region (inside or outside the LCFS),

the density fluctuations close to the LCFS exhibit the same characteristics (Figs. 7.5a and
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Figure 7.5: Time series of density fluctuations, probability distribution function (PDF) and fre-
quency power spectra at radial positions A (a-c), B (d-f) and C (g-i) as indicated in Fig. 7.4b for
NSTX shot #113734.

7.5d) with a non-Gaussian distribution of the fluctuation amplitude and sporadic density

bursts at relatively large amplitudes ñ ∼ 4σ. This behavior is confirmed by the PDFs

(Figs. 7.5b and 7.5e) showing pronounced positive tails. The skewness and kurtosis of

the PDF increase from s = 0.97 and K = 1.9 (position A) to s = 1.1 and K = 1.9

(position B). The frequency power spectra are flat in the low frequency range f < 30 kHz

(Figs. 7.5c and 7.5f) . For higher frequencies (f > 30 kHz) the spectral power drops fol-

lowing a power law S ∼ f−α. The spectral index is lower inside the LCFS with α = 2.5

compared to the near SOL region with α = 5. The density fluctuations in the mid-SOL

are characterized by intermittent bursts with amplitudes ñ > 12σ (Fig. 7.5g), which leads

to a highly non-Gaussian PDF (Fig. 7.5h) with skewness s = 5.8 and kurtosis K = 47.5.

The frequency of the bursts with amplitudes ñ > 3σ is fb = 1.52 ± 0.6 kHz. It is indi-

cated in the frequency spectrum (Fig. 7.5i) as a black vertical line. The red shaded box

corresponds to the (estimated) uncertainty. At this particular frequency a small hump is

found in the spectra, not only here but also close to the LCFS.

7.3.2 Spatiotemporal evolution of fluctuations across the SOL

The space-time evolution of plasma fluctuations are measured with a Princeton Scientific

Instruments (PSI5) camera with frame rate of 250 kHz and 300 frames memory. Thus, the

total acquisition time is 1.2 ms. The pre-processing of the raw camera images includes

bandpass filtering with passband f1 < f < f2 , f1 = 1 kHz and f2 = 115 kHz, respec-

tively, to remove the contribution of the background emission. To reduce the random

pixel noise, mainly due to the neutron/gamma background, a two-dimensional median fil-
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tering over 3 pixel and a two-dimensional singular value decomposition are done for each

frame. A sequence of six pre-processed camera images is shown in Fig. 7.6. In total the

structure was tracked for 120µs, corresponding to 30 camera frames (in this sequence a

time of 100µs is covered). The position of the LCFS and the limiter shadow are indicated

as solid and dashed line, respectively. A turbulent structure is observed that propagates

poloidally downwards in the direction of the ion diamagnetic drift and radially outwards

from the LCFS into the limiter shadow, across the entire SOL. When the structure emerges

at the LCFS, it is slightly elongated with kθ < kr but approaches a circular shape during

propagation. The amplitude of the structure increases while propagating into the SOL.

For larger radii, however, the amplitude decreases and a strong drop in amplitude occurs

in the limiter shadow. The decrease of the amplitude in the region close to the limiter

shadow is a self-consistent feature of the turbulent structures. It cannot be explained by

the evolution of the time-averaged emission profile (Fig. 3.9c) and it is likely to be caused

by the parallel plasma flow to material boundaries.

The poloidal wavenumber spectrum S(r, kθ) is investigated using wavelet transform of

the camera images. Fig. 7.7a shows the radially resolved poloidal wavenumber spectrum

S(r, kθ) averaged over all camera frames. Large-scale structures with kθ ≈ 1 cm−1 cor-

responding to a scale size of approximately 6 cm are predominant in the near SOL. The

contribution of small-scale structures to the spectrum has a maximum close to the LCFS

and decreases for larger radii. For the radial position indicated in Fig. 7.7a by a dashed

line the temporally resolved poloidal wavenumber spectrum was calculated. It is shown

p
o

lo
id

a
l 
 [

c
m

]

10

20

30

radial  [cm]
140 150 160

10

20

30

140 150 160 140 150 160

0

50

100

p
o

lo
id

a
l 
 [

c
m

]

radial  [cm] radial  [cm]

t =183.056 ms0 t = +20 µs0 t0 t = +40 µs0 t0

t = +60 µs0 t0 t = +80 µs0 t0 t = +100 µs0 t0

n
 [

a
.u

.]
~

Figure 7.6: Pre-processed raw images of the PSI5 camera (shot #113734). A coherent structure
propagates from the LCFS region (indicated by the solid black line) across the SOL towards the
limiter shadow (indicated by the dashed black line).
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Figure 7.7: (a) Radially resolved poloidal wavenumber spectrum of density fluctuations for NSTX
shot #113734. The shaded area corresponds to the position of the LCFS. (b) Temporally resolved
poloidal wavenumber spectrum of Dα fluctuations in the SOL at the radial position indicated in
(a) as dashed line.

in Fig. 7.7b. The occurrence of fluctuation events with kθ ≈ 1 cm−1 is sporadic and

resembles the occurrence of large-amplitude fluctuations in the time series of Fig. 7.5g.

The poloidal scale of the occasionally occurring structures is not uniform but typically

centered around kθ ∼ 0.5− 1.5 cm−1.

7.3.3 Propagation of individual structures

In the context of fluctuation-induced transport, the investigations on the propagation and

the amplitude evolution of structures are of major importance. For this purpose individual

fluctuation structures are tracked over their lifetime and their specific properties (propa-

gation speeds, sizes and amplitudes) are evaluated.

After the data pre-processing step, the camera images are decomposed using an ampli-

tude and area threshold condition to extract localized structures. The condition for the

amplitude was set to one standard deviation of each pixel time series, and the condition

for the total area was set to five pixel, which corresponds to a spatial area of 0.7 cm2. All

identified objects in each frame are labeled and the individual properties (area, amplitude,

center of mass position, position of maximum, bounding box, orientation) are extracted

from the data. The actual spatial area of a structure is defined as the area, in which the

amplitude of the structure exceeds 20 % of the local time-averaged Dα intensity. Struc-

tures are considered as being related to each other in consecutive frames if the center of

a structure in frame i + 1 is found in the bounding box of a structure in frame i. This

criterion implies an upper limit for the structure velocity of 4 − 5 km/s for small scale

structures (5 cm2), 5 − 6 km/s for medium scale structures (10 cm2) and ∼ 7 − 10 km/s

for large scale structures (25 cm2). Typical structure velocities in the SOL region are

≤ 5 km/s in poloidal and 1 km/s in radial direction [81]. However, turbulent small-scale
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Figure 7.8: Specific properties for three long living individual structures propagating from the
plasma edge to the limiter shadow across the SOL. Shown are the structure trajectory (a), the
radial (b) and poloidal (c) structure velocities and the evolution of the relative structure amplitude
normalized to the time-averaged backgroundDα emission (d) as well as the structure area (e). The
dashed black line corresponds to the minimum radial position of the limiter edge.

structures propagating with a high poloidal or radial velocity are not taken into account in

the analysis. The radial evolution of the specific properties of three long-living events is

shown in Fig. 7.8.

The structures are detected at r − rsep ≈ 2 . . . 3 cm and can be tracked over a radial

distance of 6. . . 9 cm. In Fig. 7.8a the trajectories are shown. All structures propagate

downwards in the direction of the ion diamagnetic drift and simultaneously radially out-

wards. The evolution of the radial velocity of the structures with increasing distance to the

LFCS is shown in Fig. 7.8b. A positive radial velocity corresponds to a structure prop-

agation radially outwards. Although all structures have approximately the same spatial

origin a relatively large spread of the radial velocities in the range 0.5-2 km/s is observed.

The radial velocity decreases while the structure propagates into the far-SOL. This is a

general feature and has also been reported by other authors [27; 148]. A similar spread

is observed in the poloidal velocities of the structures shown in Fig. 7.8c. The poloidal
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velocities peak closely behind the LCFS (r−rsep ≈ 3 cm) at a value of 2−3 km/s and de-

crease towards the limiter shadow to 0− 1 km/s. Negative poloidal velocities correspond

to a downward propagation of the structures.

The radial evolution of the structure amplitudes, normalized to the time-averaged back-

ground Dα emission is shown in Fig. 7.8d. The relative amplitudes generally increase

while the structures propagate through the SOL and decrease close to and in the limiter

shadow. The relative amplitude increases due to the radial evolution of the background

radial Dα emission profile (cf. Fig. 3.9c) but also the absolute structure amplitude in-

creases while propagating from the LCFS to the mid-SOL (cf. Fig. 7.6). The decrease of

the amplitudes in the limiter shadow region is not a result of the background Dα emission

profile but is most likely caused by a strong damping of the structures, due to plasma flow

to the limiter. Note that the connection lengths parallel to the magnetic field are consider-

ably reduced in this region. The radial evolution of the structure area (Fig. 7.8e) exhibits

almost the same characteristics as the normalized amplitude of the structures.

The analysis of the three individual structures reveals that there is no clear correlation

between their radial velocities and specific structure properties. In contrast to the model

predictions for structure propagation, the radial velocity is not entirely determined by their

relative fluctuation amplitudes and sizes. It must be taken into account, however, that the

present analysis is based on three individual events. To investigate the dependence on

a statistical solid basis, the same kind of analysis must be done for a large ensemble of

events. This is done in the next section.

7.4 Statistical analysis of the radial structure velocities

To gain a better picture of the scaling statistics of the radial structure velocity with respect

to the structure amplitude and structure area, a large number of events has been collected,

that satisfy the imposed amplitude and area conditions. 11 shots (#113733-#113744) with

similar plasma conditions have been analyzed. For the statistical analysis, all extracted

structures with a minimum lifetime of τ ≥ 40µs (corresponding to 10 frames) are taken

into account. The scaling properties of the blobs radial velocities are investigated in detail

for two different radial segments of the PSI5 camera field-of-view.

The first segment (r − rsep = −3 . . . 2 cm) corresponds to the LCFS and near SOL, the

second segment covers the remaining SOL and limiter shadow (r−rsep = 2 . . . 8 cm). All

structures detected in those two regions are extracted with respect to an area and amplitude

threshold. The radial and poloidal velocities are calculated for two consecutive frames,

respectively. In this way, 338 structures contribute to the statistics in the plasma edge and

1980 structures in the SOL region. The resulting probability distribution function (PDF)
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Figure 7.9: Normalized probability distribution functions (PDF) of the radial structure velocity in
the range r − rsep = −3 . . . 2 cm for structures with various amplitudes (a) and areas (b).

of the radial structure velocity in the range r− rsep = −3 . . . 2 cm is shown in Fig. 7.9 for

three different amplitude and area threshold conditions. In general the PDFs of the radial

structure velocity confirm the findings from the individual structure analysis (see above).

The distributions are broad with a large spread in the velocity. For structures with high

amplitudes p > 2σ, the PDF is asymmetric and skewed towards positive radial velocities

(directed radially outwards). The same holds when considering the area dependence of the

radial structure velocity in Fig. 7.9b. While the mean value of the radial structure velocity

is approximately constant, the PDFs are non-Gaussian and are strongly skewed towards

positive radial structure velocities. The resulting PDFs of the radial structure velocity

for propagation in the SOL are shown in Fig. 7.10, taking various structure amplitude

and structure area conditions. Compared to the plasma edge (Fig. 7.9) the PDFs are

generally much more symmetric. However, the widths of the PDFs are significantly larger,

corresponding to a larger spread in radial velocities. In contrast to the edge and near SOL,

the center-of-mass position of the PDFs are shifted towards higher radial velocities if

either the structure amplitude or size increases. This means, on average, higher amplitude

structures propagate faster in the SOL. The results for the area dependence of the radial

structure velocity in the SOL are not as clear as in the plasma edge (Fig. 7.9b). But a
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similar dependence as for the structure amplitude is observed.

7.5 Discussion of NSTX results

In the previous section it has been demonstrated that the convective cross-field trans-

port in the SOL, observed in NSTX L-mode discharges, is governed by large-scale tur-

bulent structures. Typical poloidal wavenumbers normalized to the ion gyroradius are

kθrci ≈ 0.1 − 0.3 (assuming Ti = Te). This scaling has also been observed in other

fusion devices [23; 129; 152]. The structures propagate poloidally in the direction of the

ion diamagnetic drift and radially outwards, crossing the SOL and drifting towards the

limiter shadow. Typical poloidal structure velocities are 2 − 4 km/s in the plasma edge

and 0 − 2 km/s in the SOL. Estimated radial velocities are 0.5 − 2 km/s (corresponding

to approximately 1 − 10 % of the local ion sound speed). Previous studies of GPI data

from NSTX mainly confirm the results presented here [28; 81]. In contrast to the re-

sults presented here, in those studies the structure velocities are analyzed using two-point

cross-correlation techniques. The observed radial blob velocity is in agreement with ob-

servations made in other toroidal machines [27; 153; 29]. The radial propagation of

structures from the LCFS position into the far SOL causes the intermittent behavior of

density fluctuations in the SOL, which is also observed in the fluctuation time series. A

statistical analysis of the scaling of the radial structure velocity with structure amplitude

and area for long-living structures with lifetimes τ ≥ 40µs reveals that structures with

larger amplitudes propagate faster in the SOL than smaller ones. Also a scaling of the ra-

dial structure velocity with the spatial size of the structures has been observed. However,

the distributions are broad and a detailed quantitative analysis is difficult to achieve.

Different model descriptions addressing the formation and radial propagation of the struc-

tures have been developed. They usually rely on an interchange-type polarization of the

structure due to curvature and ∇B-drifts (Fig. 7.2b). The resulting poloidal electric field

then gives rise to a radial E×B-drift of the structure. The radial velocity of the structure

in the SOL is strongly influenced by parallel currents along the magnetic field. They bal-

ance the electric field and can inhibit a radial propagation of the structure. It is evident

that the magnetic field topology and the plasma resistivity both affect the parallel current.

Different instability regimes addressing these effects have been proposed (Tab. 7.1). Each

instability regime makes a distinct scaling prediction for the radial structure velocity.

The experimental findings of the present work are consistent with a velocity scaling as

predicted in the so-called ballooning regime, where the structure is not connected along

the magnetic field lines with the sheaths at the end plates. This is caused by high plasma
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resistivity. This velocity scaling, in which the turbulent origin of the structure is neglected,

is identical to the scaling predicted by the interchange model, developed by Garcia et al

[141]. That model considers both the formation and the radial propagation of the struc-

ture. One may conclude that the radial propagation of the structure in the SOL is a self-

consistent feature of the structure and is not associated with the actual formation process

out of the turbulence. However, it has been observed that the amplitude of the structures

strongly decreases in the far-SOL and limiter shadow. This cannot be explained by the

profiles of the backgroundDα emission intensity but is most likely due to a parallel flow to

the material boundaries. This yields evidence that the parallel dynamics must be retained

in the model descriptions. Indeed, in the two-dimensional interchange model, a decrease

of the radial structure velocity is observed if the parallel currents are explicitly taken into

account as a dissipation mechanism. The three-dimensional models which consider this

effect (the X-point and sheath-connected instability regime) are expected to be valid for

NSTX edge plasma parameters [148], but they predict a scaling law for the radial blob

velocity, which is not observed here.

In Ref. [148] GPI data of NSTX L-mode shots has been analyzed and was found to be

consistent with the theoretical predictions of theX-point and sheath-connected instability

regime. In particular it was observed that smaller structures propagate in the SOL faster

than larger structures. These different conclusions are mainly caused by the subtle defi-

nition of the structure area. It is based here on the amplitude of the structure, normalized

to the time-averaged Dα emission. In Ref. [148] the background Dα emission intensity

profiles and radial profiles of the electron density and temperature (measured with Thom-

son scattering) are used to obtain directly the density fluctuations. These are nonlinearly

coupled to the Dα emission intensity. However, it has been demonstrated recently by

numerical simulations of the self-consistent structure dynamics in the SOL (based on the

interchange instability [154]), that the propagation models compiled in Tab. 7.1 are not

sufficient to describe the structure propagation across the SOL. In these models the struc-

tures are treated as isolated structures. It was found that the interaction of background

poloidal flows with the structures due to radial electric fields strongly affect their dynam-

ics. Fluctuations in the density, potential and vorticity fields act as a noise that randomly

varies the structure dynamics and thereby broadens the distributions of the radial blob

velocity.
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Summary and conclusion

In the present thesis intermittent plasma fluctuations and their relation to the spatiotem-

poral dynamics of turbulent structures have been investigated. During the last few years

experimental observations in the edge and scrape-off layer (SOL) of fusion devices with

toroidal geometry revealed that turbulent transport across the confining magnetic field

is dominated by large-scale coherent structures - called ”blobs” - that form in the steep

radial pressure gradient region close to the last closed flux surface and propagate radi-

ally outwards. Different model approaches have been proposed for the explanation of

the radial blob propagation. They predict a scaling of the radial blob velocity based with

specific blob parameters as amplitude (relative to the background) and scale size. Two-

dimensional fluctuation data obtained from fast-framing camera recordings on the NSTX

device has been discriminated against those parameters. The analysis of fluctuation events

reveals a large spread of the radial blob velocity with a nearly Gaussian probability dis-

tribution function. The results clearly demonstrate that the radial velocity is not entirely

controlled by the above mentioned blob parameters. Various effects as dissipation, mag-

netic field geometry and large-scale flows, which are intuitively expected to influence the

blob dynamics, are not properly taken into account in the established model descriptions.

Furthermore an evaluation has been made for events that occur at nearly identical param-

eters, which strongly suggests that the actual blob propagation is significantly influenced

by the small-scale turbulent fluctuations. This leads to the observed statistical spread. We

note that small-scale turbulent fluctuations have not yet been included in the blob models.

However, the general trends of radial velocity scaling as obtained from the measurements

are roughly along the line of the model predictions.

Intermittent fluctuations have also been reported in linearly magnetized plasmas. Their

origin has been experimentally investigated in the VINETA device. In addition three-

dimensional global numerical simulations with the CYTO code were done. A major ad-

vantage of VINETA is the good control of the governing instability, the density gradient

driven drift-wave instability. Both in experiment and computer simulation a transition

from single coherent drift modes to a weakly-developed turbulent state is observed if ex-
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ternal control parameters are varied, as e.g. the magnetic field, that controls the ratio of the

pressure gradient scale length to the drift wave scale L⊥/ρs. The observation of saturated

coherent drift wave modes and the clear demonstration of the role of the ratio L⊥/ρs in the

simulation (in agreement with the experiment) is a novel observation and has never been

reported for Hasegawa-Wakatani-like simulations. The transition to weakly developed

turbulence is accompanied by nonlinear coupling of drift modes. In particular the devel-

opment of drift modes by three-wave interaction has been investigated using bicoherence

analysis. In the turbulent state two different spatial regions must be distinguished: The

maximum radial density gradient region is dominated by quasi-coherent drift mode rem-

nants and in the plasma edge an intermittent behavior of turbulent fluctuations is observed.

They are characterized by high-amplitude density bursts. A causal connection between the

turbulent structures and the quasi-coherent drift-wave mode could be established in exper-

iment and simulation. The formation of the turbulent structures in the maximum density

gradient region is caused by an increase of the phase shift δ(ñ, φ̃) between the density

and the potential perturbations, associated with the quasi-coherent drift mode. While the

phase shift is small for single coherent drift modes, in the turbulent state δ(ñ, φ̃) ≈ π/2

is observed. Consequently the radially outwards directed fluctuation-induced transport is

strongly increased. As a result, plasma density peels-off the quasi-coherent drift mode

and further propagates radially outwards. This picture is supported by the observation

that the density bursts in the plasma edge have a similar amplitude as the quasi-coherent

drift mode in the maximum pressure density region. After the structures peeled-off the

drift mode, their radial propagation in experiment and simulation is determined by the

self-consistent electric field perturbation Ẽθ that leads to a radial Ẽθ ×Bz-drift. The sim-

ulation results show that the development of Ẽθ is due to the three-dimensional structure

and not caused by interactions with neutrals, as suggested by Krasheninnikov [155] and

concluded by Carter [123]. The azimuthal velocity of the turbulent structures is mainly

given by the background Er × Bz-velocity. In simulation the turbulent structures propa-

gate azimuthally exactly withEr×Bz-velocity, whereas in the experiment their azimuthal

velocity is a factor of two smaller than the Er × Bz-velocity. This is probably an artifact

introduced by uncertainties in the measurement of the radial potential profile. A contribu-

tion of the electron diamagnetic drift to the azimuthal velocity of the turbulent structures

would explain the difference, but this is not expected since the structures are disconnected

from the drift mode. Different from the SOL of fusion devices, the azimuthal velocity of

the turbulent structures is by a factor of 2−3 higher than their radial velocity, which leads

to a spiral motion in the azimuthal plane. A comparison between the azimuthal veloc-

ity and the typical burst frequency as observed in single-point measurements leads to the

conclusion that each observed density burst is related to a propagating turbulent structure.
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As a result the fluctuation-induced transport leads to an intermittent behavior of the par-

ticle flux in the maximum density gradient region. Quantitatively, however, the parallel

losses dominate over the perpendicular transport and hence no significant broadening of

the plasma density profile is found. This is again very much different from the SOL of

fusion devices, in which the perpendicular fluctuation-induced transport is of the same

order as the parallel loss. This results in increased plasma pressure (shoulders).

The detailed comparison between experiment and simulation has revealed a significant el-

ement of the formation and the propagation mechanism of large turbulent structures that

form in region of steepest plasma density gradient and then propagate radially outwards.

Laboratory experiments, observations in a fusion device and computer simulation form

together a consistent physical picture.
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[31] C. Schröder, O. Grulke, T. Klinger, et al.. Drift waves in a high-density cylindrical

helicon discharge. Phys. Plasmas, 12, 042103 (2005).

[32] N. D’Angelo and R. W. Motley. Low-frequency oscillations in a potassium plasma.

Phys. Fluids, 6, 422 (1963).

[33] H. Lashinsky. Universal instability in fully ionized inhomogeneous plasma. Phys.

Rev. Lett., 12(5), 121 (1964).

[34] F. F. Chen. Normal modes for electrostatic ion waves in an inhomogeneous plasma.

Phys. Fluids, 7(7), 949 (1964).

[35] F. F. Chen. Spectrum of low-beta plasma turbulence. Phys. Rev. Lett., 15(9), 381

(1965).

[36] H. W. Hendel, T. K. Chu, and P. A. Politzer. Collisional drift waves–identification,

stabilization, and enhanced plasma transport. Phys. Fluids, 11(11), 2426 (1968).

[37] T. K. Chu, B. Coppi, H. W. Hendel, et al.. Drift instabilities in a uniformly rotating

plasma cylinder. Phys. Fluids, 12(1), 203 (1969).

[38] S. T. Tsai, F. W. Perkins, and R. F. Ellis. Parallel current and sheath effects on

collisional drift waves in an axially symmetric device with end plates. Phys. Fluids,

15(2), 345 (1972).



116 BIBLIOGRAPHY

[39] H. L. Pecseli, J. J. Rasmussen, and K. Thomsen. Nonlinear interaction of convec-

tive cells. Phys. Rev. Lett., 52(24), 2148 (1984).

[40] H. L. Pécseli and T. Mikkelsen. Turbulent diffusion in two-dimensional, strongly

magnetized plasmas. J. Plasma Phys., 34(1), 77 (1985).

[41] E. Mazzucato. Small-scale density fluctuations in adiabatic toroidal compressor.

Phys. Rev. Lett., 36(14), 792 (1976).

[42] A. Hasegawa and K. Mima. Pseudo-three-dimensional turbulence in magnetized

nonuniform plasma. Phys. Fluids, 21(1), 87 (1978).

[43] A. Hasegawa and M. Wakatani. Plasma edge turbulence. Phys. Rev. Lett., 50, 682

(1983).

[44] V. Naulin, K. H. Spatschek, S. Musher, et al.. Properties of a two-nonlinearity

model for drift wave turbulence. Phys. Plasmas, 2, 2640 (1995).

[45] F. J. Øynes, H. L. Pécseli, and K. Rypdal. Fluctuations in a magnetized plasma

without rotational transform. Phys. Rev. Lett., 75(1), 81 (1995).

[46] W. Horton. Drift waves and transport. Rev. Mod. Phys., 71(3), 735 (1999).

[47] S. I. Braginskii. Reviews of plasma physics, vol. 1. Consultants-Bureau (1965).

[48] R. J. Goldston and P. H. Rutherford. Introduction to plasma physics. Inst. of

Phys. Pub. (1995).

[49] M. Ottaviani and J. A. Krommes. Weak-turbulence and strong-turbulence regimes

of the forced Hasegawa-Mima equation. Phys. Rev. Lett., 69(20), 2923 (1992).

[50] P. Terry and W. Horton. Stochasticity and the random phase approximation for

three electron drift waves. Phys. Fluids, 25(3), 491 (1982).

[51] P. W. Terry and W. Horton. Drift wave turbulence in a low-order k space. Phys.

Fluids, 26(1), 106 (1983).

[52] J. A. Crotinger and T. H. Dupree. Trapped structures in drift wave turbulence.

Phys. Fluids B, 4(9), 2854 (1992).

[53] M. Lesieur. Turbulence in Fuids. Fluid mechanics and its applications, second edn.

Kluwer Academic Publishers, Dordrecht (1990).

[54] A. Zeiler and D. Biskamp. Three–dimensional fluid simulations of tokamak edge

turbulence. Phys. Plasmas, 3(8), 2951 (1996).



BIBLIOGRAPHY 117

[55] M. Wakatani and A. Hasegawa. A collisional drift wave description of plasma edge

turbulence. Phys. Fluids, 27(3), 611 (1984).

[56] S. J. Camargo, B. D. Scott, and D. Biskamp. The influence of magnetic fluctuations

on collisional drift–wave turbulence. Phys. Plasmas, 3(11), 3912 (1996).

[57] V. Naulin, T. Windisch, and O.Grulke. Three dimensional global fluid simulations

of cylindrical magnetised plasmas. to be submitted.

[58] W. Baumjohann and R. A. Treumann. Basic space plasma physics. Imperial Col-

lege Press, London (1996).

[59] P. C. Stangeby. The plasma boundary of magnetic fusion devices. Series in Plasma

Physics. IOP Publishing, Bristol, UK (2000).

[60] R. F. Ellis, E. Marden-Marshall, and R. Majeski. Collisional drift instability of a

weakly ionized argon plasma. Plasma Physics, 22, 113 (1980).

[61] V. Naulin. priv. comm.
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