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Zusammenfassung

Die Untersuchung von magnetisch eingeschlossenen Plasmen wurde durch die
Fusionsforschung motiviert. Diese ist besonders durch den Bau des Forschungs-
reaktors ITER von aktuellem Interesse. Eine Schlüsselgröße für einen ökono-
mischen Fusionsreaktor ist die Einschlussqualität. In Fusionsexperimenten
sind turbulente Fluktuationen von Dichte, Temperatur und Potential für den
größten Teil der Teilchen- und Energieverluste verantwortlich, welche zur Ver-
schlechterung der Einschlussqualität von heißen Plasmen führen. Dieser tur-
bulente Transport bestimmt die Einschlussgüte des Experiments und daher
letztendlich die Größe eines Fusionsreaktors. Deshalb wurden umfangreiche
theoretische und experimentelle Untersuchungen zu turbulenten Fluktuatio-
nen in Plasmen durchgeführt. Die Fluktuationen werden abhängig von den
Parametern im Plasma von verschiedenen Instabilitäten angetrieben. Jede
dieser Instabilitäten besitzt eine typische zeitliche und räumliche Skala. Dabei
ist die Kreuzphase zwischen Dichte- und Potentialfluktuationen eine entschei-
dende Größe. Sie unterscheidet zwischen den zwei wichtigsten Instabilitäten,
der Driftwellen- und der MHD-Austauschinstabilität und ist für die Höhe des
turbulenten Transports ausschlaggebend.

Erste Untersuchungen in TJ-K geben Hinweise darauf, dass im Plasmarand
die Turbulenz Driftwellendynamik aufweist. Die Driftwellen besitzen eine
endliche Wellenlänge parallel zum Magnetfeld und eine Kreuzphase in der
nähe von Null, während die Austauschinstabilitäten eine Kreuzphase um π/2
und eine unendliche parallele Wellenlänge haben. Eine Kreuzphase ungleich
Null kann auftreten, wenn die parallele Dynamik von unterschiedlichen Effek-
ten beeinflusst wird. Jedoch steht die parallele Dynamik mit der Dynamik
senkrecht zum Magnetfeld in Zusammenhang. Daher sollte die Untersuchung
der parallelen Dynamik mit der Untersuchung der senkrechten Dynamik ein-
hergehen. Schwerpunkt dieser Arbeit ist die Untersuchung der parallelen und
senkrechten Dynamik der Turbulenz und der Vergleich der Ergebnisse mit the-
oretischen Vorhersagen zur Driftwellenturbulenz. Das Verständnis des turbu-
lenten Transports und der Instabilitäten, welche zur Entstehung der Turbulenz
im Plasmarand beitragen, ist Gegenstand dieser Arbeit.

Zur Untersuchung der Fluktuation des radialen Transports in einem mag-
netisch eingeschlossenen Plasma werden Diagnostiken benötigt, die Änderungen



der Dichte und des Plasmapotentials auf Zeitskalen von einigen Mikrosekun-
den messen können. Langmuir-Sonden liefern die notwendige Zeitauflösung
bei ausreichend guter Ortsauflösung. Langmuir-Sonden sind in Fusionsex-
perimenten jedoch nur im kalten Randbereich außerhalb der Einschlusszone
einsetzbar. Das Niedertemperaturplasma im Torsatron TJ-K ist demgegenüber
im gesamten Einschlussbereich für Sonden zugänglich und darüberhinaus in
den für die Turbulenz relevanten dimensionslosen Größen dem Plasma im
Randbereich von Fusionsexperimenten ähnlich. Mit Langmuir-Sonden können
Fluktuationen in der Dichte und im Floatingpotential gemessen werden. Der
kritische Punkt dieses Verfahrens ist die Bestimmung der für den turbulen-
ten Transport benötigten Fluktuationen im elektrischen Feldes Ẽp = ∇φ̃p aus
Messungen des Floatingpotentials, welches vom wahren Plasmapotential abwe-
icht. Gegenüber Langmuir-Sonden erlauben Glühsonden die direkte Messung
des Plasmapotentials. Jedoch ist die Glühsonde im Gegensatz zur Langmuir-
Sonde sehr anfällig und experimentell sehr viel schwieriger zu handhaben. Ins-
besondere ist es undenkbar, ganze Sondenarrays, wie hier verwendet, damit
auszurüsten. Im Rahmen dieser Arbeit wurde mit wenigen Sonden eine ver-
gleichende Untersuchung des durch Messungen mit Glüh- und Langmuir-Sonden
ermittelten Transports durchgeführt. Hierzu wurden sowohl die Gleichgewichts-
profile als auch die Fluktuationen im Potential und im poloidalen elektrischen
Feld gemessen. Zum ersten Mal wurde das Plasmapotential im ganzen polo-
idalen Plasmaquerschnitt direkt vermessen. Experimentell ergab sich eine gute
Übereinstimmung zwischen den statistischen Eigenschaften von Floating- und
Plasmapotentialfluktuationen. Diese Untersuchungen zeigen, dass die Turbu-
lenzmessungen mit Langmuir-Sonden statt mit schwierig zu handhabenden
Glühsonden ausgeführt werden können.

Zur Erfassung der turbulenten Strukturen in einem weiten Bereich räum-
licher Skalen benötigt man eine hohe räumliche Auflösung, welche mit Hilfe von
Multisondenarrays erreicht werden kann. Dazu wurden in TJ-K 64 Langmuir-
Sonden poloidal auf einer Flussfläche angeordnet. Diese Diagnostik erlaubt
zusätzlich zur Messung der räumlichen Kreuzphase zwischen Dichte- und Po-
tentialfluktuationen auch den Vergleich des turbulenten Transports auf der
Hoch- und Niederfeldseite im Torus. Im Rahmen dieser Arbeit wurde gezeigt,
dass die Dichte- und Potentialfluktuationen auf allen räumlichen Skalen annäh-
rend in Phase sind. Ein weiteres wichtiges Resultat dieser Untersuchung ist,
dass die turbulenten Fluktuationen auf der Niederfeldseite hauptsächlich für
den Transport verantwortlich sind. Der Transport nimmt mit Erhöhung der
Magnetfeldstärke ab. Dieses Verhalten spiegelt sich wieder in einer Skalierung
der Wellenzahlspektren mit dem Drift-Parameter ρs ∼ B−1. Die Erhöhung
der Magnetfeldstärke führt also zu einer Reduktion der Strukturgröße. Weiter
folgen die Energiespektren der turbulenten Fluktuationen einem Potenzgesetz
von E(k) ∼ k−3 unabhängig von Magnetfeldstärke und Arbeitsgas.

Erstmals wurden in dieser Arbeit Untersuchungen zur parallelen Dynamik
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der Turbulenz in der Einschlusszone eines toroidalen Plasmas durchgeführt.
Dazu wurden die mit einer 8 × 8-Sondenmatrix erfassten Fluktuationen mit
einer mobilen Sonde an unterschiedlichen toroidalen Positionen korreliert. Die-
ses Verfahren gibt Aufschluss über parallele Wellenzahl und Geschwindigkeit
der dreidimensionalen Strukturen der Turbulenz. Um die Verbindung zwi-
schen zwei Sonden entlang des Magnetfeldes herzustellen, wurden zunächst
die Durchstoßpunkte einer Feldlinie durch einen Plasmaquerschnitt mit einer
thermionischen Mikroentladung bestimmt. Die Ergebnisse werden mit Daten
aus dem Turbulenzsimulationscode GEM3 verglichen. Es wurde gezeigt, dass
die turbulenten Strukturen eine endliche parallele Wellenzahl besitzen. Diese
parallele Wellenzahl wurde für die verschiedenen Arbeitsgase gemessen. Auf-
grund der Alfvéndynamik bewegen sich die turbulenten Strukturen parallel
zum Magnetfeld schneller als mit Ionenschallgeschwindigkeit. Es zeigte sich
ein sehr gute Übereinstimmung mit dem auf Driftwellenturbulenz basierenden
theoretischen Modell.

Insgesamt konnte in dieser Arbeit bestätigt werden, dass die Kreuzphase
auf der gesamten Flussfläche ungefähr Null ist. Es wurde erstmals eine endliche
parallele Wellenzahl k‖ im Einschlussbereich gemessen. Dadurch wurden mit
dieser Arbeit die ersten Hinweise bestätigt, dass die Driftwelle im Randbereich
von Fusionsplasmen die dominierende Instabilität ist.
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1

Introduction

In fusion plasmas, the turbulent fluctuations in density ñ, temperature T̃e and
potential φ̃p are responsible for a major fraction of the particle and energy
losses. This is an important issue, since transport reduces the confinement
quality of a fusion reactor. The responsible turbulent fluctuations are driven
by different micro-instabilities and a detailed understanding of the instabili-
ties is required, in order to minimise or control turbulent transport in future
experiments.

There is ample evidence, that in the plasma core, the turbulent transport
is driven by ion-temperature-gradient [1, 2, 3, 4] or trapped particle modes [3,
4, 5], whereas in the plasma edge, the dominant turbulent driving mechanisms
are still not clearly identified. While the core turbulence is of the interchange-
type, which is similar to the Rayleigh-Taylor instability in fluids, the drift wave
is considered as a possible candidate to explain the turbulence in the plasma
edge [6, 7, 8, 9, 10]. The important properties of drift-wave turbulence are a
cross phase between density and potential fluctuations smaller than π/4 and a
finite parallel wave number k‖ [11, 12]. The turbulent structures are expected
to be elongated in the direction of the magnetic field lines with k‖ ≪ k⊥.
In contrast to the drift wave, interchange turbulence is two-dimensional with
k‖ ≈ 0 and a cross phase of π/2.

The key element of the drift wave is the parallel electron dynamics. It can
couple the drift wave to the shear-Alfvén wave [13, 14] and determines the de-
gree of instability and the level of transport. On the other hand, the turbulence
dynamics parallel to the magnetic field is strongly coupled to the dynamics per-
pendicular to it. Hence, detailed understanding of drift-wave turbulence needs
both information on the perpendicular and the parallel dynamics.

For the experimental investigation of plasma turbulence, diagnostics with
high temporal and spatial resolution are required. Langmuir probes are well
suited for such measurements. In dense and hot fusion plasmas, however, the
use of Langmuir probes is limited to the scrape-off layer, which is the region
outside the last closed flux surface.

The toroidally confined low-temperature plasma in the torsatron TJ-K is
dimensionally similar to the edge plasma in fusion devices [15]. Hence, the
results obtained in this work are of relevance for the understanding of turbulent
transport in the edge of fusion plasmas. At the same time, the excellent
accessibility of the TJ-K plasma for Langmuir probes allows to investigate such
a plasma with high spatial and temporal resolution. A further major advantage
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1. Introduction

of the device is that its plasma can be simulated by high-level turbulence codes
such as GEM3 [16]. This allows to carry out a close comparison between
experiment and theory.

In previous investigations carried out on tokamaks [17, 6, 18, 19, 20, 21] and
stellarators [22, 23], the turbulent structures were found to be highly elongated
along the magnetic field. However, the dynamics parallel to the magnetic field
was investigated only in the scrape-off layer. From these studies, no uniform
picture emerged, whether the structures are 2D or 3D.

In this work, the parallel dynamics of turbulence has been investigated
for the first time in the core of a toroidally confined plasma. In contrast
to previous experiments, multi-probe measurements were carried out to get
simultaneous information on the shape and the propagation direction of the
turbulent structures. The investigations of the parallel dynamics of drift waves
requires detailed knowledge of the topology of the magnetic field lines. This
has been carefully measured and compared to calculations. Finally, the exper-
imental results have been compared with GEM3 simulations performed for the
parameters of the TJ-K plasma.

For the investigation of the perpendicular structures of the turbulence,
previous investigations [24, 15, 25] have been extended to smaller scales and
a larger range of parameters k⊥ρs = 0.02 to 15, where ρs is the characteristic
turbulent scale. In fusion plasmas, such a wide range of parameters cannot
be realised. For the measurements, a 64 tip Langmuir probe array has been
used, which is positioned on a flux surface. With this diagnostic, the poloidally
resolved turbulent transport can be measured and differentiated between the
low- and the high-field side. Of special interest is the wave number spectrum,
which gives information on the spectral energy distribution and shows how
energy is transferred between various scales [26, 27]. Furthermore, the scaling
of the fluctuations with the drift scale ρs has been studied.

For all these investigation, the plasma potential is an important physical
parameter. However, Langmuir probes can only measure the floating poten-
tial directly. It is well known that a non-zero cross phase between plasma
(φ̃p) and floating potential fluctuations (φ̃fl) can exist, if electron-temperature
fluctuations (T̃e) are present. In this case, the cross phase between density
and floating potential fluctuations differs from the one between density and
plasma potential fluctuations. In contrast to Langmuir probes, the emissive
probe gives a direct measure of the plasma potential. It should be stressed that
there is strong interest in using Langmuir probes instead of emissive probes,
since the use of the Langmuir probe is much more reliable. In this work, it has
been very carefully shown, that for the TJ-K plasma, the floating potential
fluctuations give results, which are almost identical to the plasma potential
fluctuations.

This thesis is organised as follows: In chapter 2, an introduction to magnetic
confinement is presented and the turbulent transport with the underlying in-
stabilities is described. Furthermore, the simulation code GEM3 is introduced.
Chapter 3 gives a brief review of the analysis tools and the basic statistical
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properties of turbulence. In Chapter 4, the torsatron TJ-K and the experimen-
tal setup are described together with the plasma production and diagnostics.
Finally, radial equilibrium profiles of density, floating potential and electron
temperature are given. Chapters 5 and 6 are devoted to the presentation of
the main experimental results. Chapter 5 presents a comparative study of
turbulence measurements carried out with Langmuir and emissive. In chapter
6, the description is divided into the perpendicular (see Sec. 6.1) and parallel
dynamics (see Sec. 6.2). The results are discussed at the end of the respective
chapters. The final summary and conclusions can be found in Chapter 7.
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Transport in a

magnetically confined

plasma

In this chapter, a brief introduction to magnetic confinement is presented.
Furthermore, the radial transport of particles and energy is discussed, which
limits the confinement quality in fusion devices.

2.1 Magnetic confinement

A criterion for a positive energy balance in a thermonuclear reactor was given
by John D. Lawson in 1967 [28]. For ignition, a temperature around 10 keV
and a density of about 1020 m−3 are required, which can be achieved in a
plasma confined by strong magnetic fields. Since in a linear configuration the
magnetic field lines are open, large losses of particles and energy occur. These
losses are avoided in a toroidal configuration [29]. However, the plasma is
not confined in a purely toroidal magnetic filed. This can be understood in
the particle picture of the plasma. In a toroidal configuration, the magnetic
curvature and gradient drifts are present. They are defined by

vc,∇B = (2W‖ + W⊥)
Rc × B

qR2
cB

2
(2.1)

= (2W‖ + W⊥)
∇B × B

−qB3
, (2.2)

where Rc is the curvature radius and ∇B magnetic-field gradient. W‖ and
W⊥ are the parallel and perpendicular kinetic energies, respectively, and q
is the particle charge. vc is sometimes called toroidal drift. Because of the
charge dependence, electrons and ions drift vertically in opposite directions.
The result is a charge separation, which causes a vertical electric field E. So,
the E field drives the E × B drift. It is given by

vE×B =
E × B

B2
. (2.3)
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2. Transport in a magnetically confined plasma
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Fig. 2.1: Charge separation due to the toroidal drift and resulting radial ExB drift.

As shown in Fig. 2.1, the resulting E × B drift transports the ions and
electrons into the same direction towards the outside of the torus. Hence,
the simple toroidal configuration will be unstable. In order to compensate
the charge separation, the magnetic field lines are twisted by an additional
poloidal magnetic component. The twisted magnetic field lines connect the
negatively and positively charged areas. This causes the so-called the Pfirsch-
Schlüter current running parallel to the magnetic field line, which reduces the
charge separation and stabilises the plasma. The field lines trace magnetic flux
surface, where the plasma pressure is constant. The twisting of the magnetic
field lines is described by the safety factor q. For a magnetically confined
plasma with a major radius R0 and a minor radius r, the safety factor is
defined by

q =
rBΦ

R0Bθ

(2.4)

where Bθ and BΦ are the poloidal and toroidal magnetic field component,
respectively.

Already in the 50’s, various concepts for twisting the magnetic field lines
have been developed. The two most common principles are the tokamak and
the stellarator.

2.1.1 The tokamak

The tokamak has been invented and realised as early as 1952 in Russia. Planar
coils generate the toroidal magnetic field in a tokamak. Vertical field coils are
used for the plasma shaping. To twist the magnetic field, a toroidal plasma
current is induced from an external transformer coil. This toroidal current
produces a poloidal magnetic field component [30]. However, the transformer
can induce the plasma current only during a finite time. Hence, the tokamak
cannot be operated continuously. In spite of this disadvantage, the first ther-
monuclear reactor ITER will be constructed according to the tokamak concept
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2.2 Radial transport

because of its simple magnet field configuration.

2.1.2 The stellarator

The stellarator concept has been developed in 1951 in Princeton, USA. In con-
trast to the tokamak, the twist of the magnetic field lines is achieved purely by
external magnetic field coils without the use of a transformer. The advantage
of this concept is a steady-state operation. On the other hand, the topology
of the magnetic field lines in the stellarator is very complicated compared to
that in the tokamak. Additionally, this topology can lead to unfavourable neo-
classical effects, which are not present in the tokamak. For more details on
stellarators, see Refs. [31, 32].

2.2 Radial transport

Despite of the magnetic confinement of the particles, there is still radial trans-
port caused by various micro instabilities, which causes a problem for the con-
finement quality of the plasma. In magnetically confined plasma, the radial
transport is divided into classical, neoclassical and turbulent transport.

2.2.1 Classical transport

The classical transport represents collisional diffusion perpendicular to strong
magnetic filed lines. The particles move along a magnetic field line with the
thermal velocity, until they collide with each other. An estimate for the col-
lision frequency 1/τ can be found in [33, 34]. In general, it depends on the
temperature, the density and the particle mass. According to a random walk
model, the diffusion coefficient is given by

D = l2/2τ (2.5)

where l is the average displacement between collisions. In the case of magnet-
ically confined particles, the displacement is one Larmor radius

ρL,α =
√

MαTα/B, (2.6)

where α denotes ions or electrons. In a toroidal plasma, the diffusion coefficient
has to be corrected by the Pfirsch-Schlüter factor

D = (1 + 2q2)ρ2
L,α/2τ, (2.7)

where q is the safety factor. Details on classical transport can be found in Ref.
[30].
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2. Transport in a magnetically confined plasma

2.2.2 Neoclassical transport

Transport processes, which occur due to the deviation of the particle guiding
centre trajectories from the flux surfaces, are called neoclassical. The parti-
cles, which are trapped along the magnetic fields due to the magnetic mirror,
are called trapped particles. The projection of trajectories of these trapped
particles onto the poloidal cross section has a banana like shape with a cer-
tain width. Therefore, these particles are usually called banana particles. The
fraction of the trapped particles is given by

ft ≈
√

2ǫ, (2.8)

where ǫ = a/R is the ratio of the minor plasma radius a to the major plasma
radius R. With a = 0.1 and R = 0.6 m, 58% of the particles are trapped
in magnetic mirrors. Especially, because of their high perpendicular velocity,
the trapped particles obtain a radial drift. Due to neoclassical effects, the
corresponding radial transport is a factor of q2/ǫ3/2 larger than the classical
one [35].

Because of the inhomogeneity of the magnetic field in the stellarator, the
particles can be trapped in local mirrors within the ripples of the magnetic
field. As a consequence, the so-called helically-trapped particles can rapidly get
lost to the plasma boundary. However, the poloidal drifts of the particles can
reduce the neoclassical transport. For example, the presence of a sufficiently
large radial electric field leads to a poloidal drift Er × B, which can eventually
correct the trajectories of the particles. Detailed studies on the neoclassical
transport in TJ-K can be found in Ref. [36].

2.2.3 Turbulent transport

The turbulent transport makes the major contribution to the lost particles and
energy in the plasma edge [37]. In low-β (see Eq. (2.19)) plasmas in tokamaks
and stellarators, the electrostatic fluctuations are responsible for the turbulent
transport [38, 39]. The electrostatic turbulent transport is caused by E × B

drifts. The potential fluctuations φ̃ lead to poloidal electric field fluctuations
Ẽθ = −∇φ̃. For the mean transport, the cross phase between the density
and potential fluctuations plays an important role. Only if the cross phase is
non-zero, the E × B drift causes a non-zero mean transport.

Fig. 2.2 (left) shows a localised potential perturbation φ̃ on an unperturbed
background density with a gradient in the radial direction. The resulting E×B

drift leads to a circular flow. In this case, no net transport will be expected,
because the same amount of density is transported outward as inward at the
bottom and top of the potential perturbation, respectively. This will also be
the case if in addition a density perturbation is present but with a cross phase
of zero with respect to the potential perturbation (see Fig 2.2, middle). Net
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2.2 Radial transport

Fig. 2.2: Left: The potential perturbation creates an E × B drift. Middle: The

potential and density perturbations are in phase. No net transport is caused. Right:

The cross phase between potential and density perturbation leads to net transport.

The high density region is marked with dark colour. Adapted from [35].

transport is a result of a non-zero cross phase. Maximum outward transport
will be observed at a cross phase of π/2 as shown on the right hand side of
Fig. 2.2.

The mean of the electrostatic turbulent transport averaged over a flux
surface and over time is given by

Γ = 〈ñṽr〉F,t, (2.9)

where ñ and ṽr are the density and the radial velocity fluctuations, respectively.
To extract the transport fluctuation level at each spatial scale, the turbulent
transport has to be calculated in Fourier space. Using ṽr = Ẽθ/B and the
Fourier representation of ñ = nk exp[i(kr − ωt + α)] and Ẽθ = Eθ,k exp[i(kr −
ωt)] Eq. (2.9) becomes

Γ(k) =
1

B

〈
∑

k

Re (Eθ,kn
∗
k)

〉

t

(2.10)

=
1

B

∑

k

|Eθ,k||nk| cos(αE,n
k ), (2.11)

where αE,n
k is the cross phase between the poloidal electric field and the den-

sity fluctuations. In general, the density and the potential fluctuations are
the measured quantities. In this case, the cross phase between potential and
density fluctuations αφ,n

k has to be used. Substituting the relation E = −∇φ
into Eq. (2.10), the radial transport becomes

Γ(k) = − 1

B

∑

k

k|φk||nk| sin(αφ,n
k ). (2.12)

9



2. Transport in a magnetically confined plasma

According to Eq. (2.12), a negative cross phase leads to outward transport,
whereas the positive cross phase is associated with inward transport. Regard-
ing the cross phase between density and potential fluctuations αn,φ = −αφ,n,
the negative cross phase leads to inward transport, whereas the positive cross
phase creates outward transport. In this work, the cross phase between poten-
tial and density fluctuations αφ,n is used.

2.3 Micro-instabilities in a magnetically con-

fined plasma

In this section, the different micro-instabilities which drive the turbulence are
presented. It is generally assumed that in the edge of the plasma the dominant
instability is the drift wave [6, 7, 8, 9, 10], whereas the magneto-hydrodynamic
interchange instability drives the turbulence in the scrape-off-layer (SOL) with
open magnetic field lines. Turbulence in the plasma core is attributed to
the ion- and electron-temperature gradient (ITG and ETG) and the trapped-
electron mode TEM [1, 2, 3, 4, 5, 40]. Fig. 2.3 summarises the locations
of the different instabilities in a magnetically confined plasma. It is believed
that turbulence at large scales, i.e. due to ITG and TEM, makes the major
contribution to the transport in the plasma core. Fig. 2.4 shows essential
criteria for the identification of the different instabilities. In the following, the
basic mechanisms of these micro-instabilities will be outlined.

2.3.1 Interchange instability

The first fundamental electrostatic instability is the interchange instability,
which is similar to the Rayleigh-Taylor instability in fluid dynamics [41]. Fig.
2.5 shows two cases of the interchange instability in regions of good curvature
(left) and bad curvature (right). A curvature is regarded as good or bad, if
the curvature radius Rc of the magnetic field and the density gradient ∇n
are in the same or the opposite direction, respectively. Due to Eq. (2.2), a
density perturbation is subjected to the charge separating. In case of the good
curvature, the electrons and ions move upward and downward, respectively.
The resulting poloidal electric field leads to the E×B drift which reduces the
initial density perturbation. In the bad curvature case, the electrons and ions
move downward and upward, respectively. The created poloidal electric field
results in an E × B drift, which pushes the density into the direction of the
initial density perturbation. In this case, the density perturbation grows and
becomes unstable. The important feature of the interchange instability is a
cross phase of π/2 between potential and density perturbations. Furthermore,
the interchange instability relies rather on a two dimensional mechanism with
a wave number parallel to the magnetic field of k‖ = 0.

10
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ITG, ETG,TEM

Drift wave

Interchange

SOL

R

core

edge

Fig. 2.3: The locations of different micro-instabilities are shown in a typical poloidal

cross-section of a tokamak (here: ASDEX upgrade).
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Fig. 2.4: The micro instabilities in the magnetically confined plasma and their typical

scales. α is the cross phase between the plasma potential and density fluctuations

and v⊥ is the flow velocity in the poloidal direction.

2.3.2 ITG and ETG instabilities

ITG and ETG stands for the ion- and electron-temperature gradient, respec-
tively. Similar to the density gradient, the temperature gradient can drive an
instability, according to the toroidal drift proportional to (W⊥ + W‖), which
varies with temperature of the particle species under consideration. This means
that the particles in hot plasma regions drift faster than those in cold plasma
regions. Hence, the difference in temperature leads to a charge separation. As
an example, the basic ITG mechanism is illustrated in Fig. 2.6. Assuming an
initial perturbation of the ion temperature, a charge separation is introduced
according to Eq. (2.2) as in the case of the interchange instability. The as-
sociated poloidal electric field creates an E × B drift, which transports the
hot plasma down the temperature gradient and the cold plasma into the op-
posite direction. Therefore, the initial temperature perturbation is increased.
An increase of the ion-temperature perturbation leads to an amplification of
the heat transfer and of the energy loss. The ITG instability is a possible
candidate to explain radial transport in the plasma core. Details on the ITG
instability can be found in Ref. [1].

The turbulence drive of ETG is similar to that of ITG instability. The
instability is introduced by the electron-temperature gradient. Only transport
at very small scales, i.e. high kρi ≫ 1, is linked with ETG. Recent numerical
studies have shown that ETG could be responsible for the electron heat trans-
port due to vortices with high radial elongation [42, 43], but the importance
of ETG for turbulent transport is still disputed.
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Fig. 2.5: The interchange instability. The toroidal drift causes a charge separation

in a density perturbation, which leads to an E × B drift. Left: In good curvature

regions, curvature radius is parallel to the density gradient. The resulting E × B drift

stabilises the initial perturbation. Right: In bad curvature regions, the curvature

radius are anti-parallel to the density gradient. The resulting E × B drift destabilises

the initial perturbation.

In the plasma core, the trapped-electron mode (TEM) can appear in addi-
tion to the ITG instability [44, 3, 45]. The electrons, which are trapped on the
low-field side, cannot respond adiabatically to the local potential perturbation.
This leads to a non-zero cross phase between potential and density perturba-
tions. Due to Eq. (2.12), the resulting cross phase causes net transport.

2.3.3 Drift-wave instability

The second fundamental electrostatic instability is the drift wave. Generally
the drift wave is a small perturbation, which occurs in a magnetised plasma
with a density gradient perpendicular to the magnetic field. Due to the density
gradient ∇n, the drift wave propagates perpendicular to the magnetic field
in the direction of the electron-diamagnetic velocity [46]. Fig. 2.7 depicts
the simplest case of the drift-wave mechanism. Assuming a periodic density
perturbation with a finite parallel length k‖ ∼ 1/L‖ 6= 0, electrons and ions
escape from the region of the positive density perturbation along the magnetic
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along the magnetic field than ions, which causes a charge separation. If the electron

response is adiabatic, the resulting potential perturbation is in phase with the density

perturbation. In this case, the drift wave is stable. Due to the parallel dynamics of

electrons, the drift wave has a three-dimensional dynamics with k‖ 6= 0.

field line. However, the electrons travel according to their high mobility much
faster than the ions. Hence, the region of the positive and negative density
perturbation is charged positively and negatively, respectively. This charge
separation creates a poloidal electric field E, which leads to a E × B drift. If
the parallel movement of the electrons is assumed to be instantaneous, the cross
phase between the potential and the density perturbation will be zero. In this
case, the resulting net transport is zero. The electrons with an instantaneous
parallel response are called adiabatic. A non-adiabatic response of the electrons
introduces a non-zero cross phase which leads to the destabilisation of the
drift wave. The electrons can become non-adiabatic by a couple of effects,
such as kinetic shear-Alfvénic activity or kinetic and resistivity effects like
Landau damping and electron-ion collisions. Hence, the dynamics parallel to
the magnetic field plays an important role for the destabilization of drift waves.

Previous investigations have shown that, in agreement with theory predic-
tions, turbulence in TJ-K is dominated by drift waves [15, 47]. Therefore,
the theory of the linear drift-wave turbulence is briefly presented in the next
section.
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2. Transport in a magnetically confined plasma

2.4 Electromagnetic drift waves

In this section, the theory of linear drift-wave turbulence is described. In the
following, a detailed derivation of the fluid drift equations in the slab geometry
is presented. A plasma of non uniform density and with the magnetic field B0

in the z-direction is considered.

2.4.1 Charge neutrality

The definition of a plasma requires that any deviation from charge neutrality
Zini = ne = n must be very small. In this case, the continuity equation for
ions and electrons can be combined

∂n

∂t
+ ∇ · (nv) = 0. (2.13)

The net current J is given by

J = en(u − v), (2.14)

where u and v are the ion and electron velocity, respectively. From Eq. (2.13)
the divergence of the net current J becomes

∇ · J = ∇⊥ · J⊥ + ∇‖ · J‖ = ∇ · en(u − v) = 0. (2.15)

Through Eq. (2.15), it turns out that the electron flows are predominantly
in the direction parallel to the magnetic field, while the ion flows are due to
drifts in the direction perpendicular to the magnetic field. The parallel electron
dynamics is connected to the perpendicular ion dynamics.

2.4.2 Assumptions and drift ordering

In a magnetized plasma, the parallel correlation length is much longer than
perpendicular one

k|| ≪ k⊥ (2.16)

with

k2
⊥ = k2

x + k2
y. (2.17)

By assuming that the drift wave propagates without significant damping, the
following relation holds

cs ≪ ω/k‖ ≪ ve, (2.18)
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2.4 Electromagnetic drift waves

where cs =
√

Te/Mi is the ion acoustic speed and ve =
√

Te/Me the electron
thermal velocity. Furthermore a low-βe plasma is assumed

βe =
2µ0pe

B2
≪ 1. (2.19)

For the characteristic time 1/ω and spatial scale l⊥ it is assumed that

ω ≈ cs

L⊥

≪ ωci (2.20)

ρs

L⊥

≤ l⊥
L⊥

≪ 1, (2.21)

where L⊥ = |∇ log ne|−1 is the perpendicular gradient length and ωci = qB/Mi

the ion cyclotron frequency. The drift scale ρs is the typical perpendicular
spatial scale. It is the ion-Larmor radius at the electron temperature. It is
defined by

ρs =

√
MiTe

eB
. (2.22)

In addition a small relative amplitude of all disturbances is assumed

eφ̃

Te

≈ ñe

ne

≪ 1 (2.23)

B̃⊥

B0

≪ 1. (2.24)

The density and the magnetic field can be divided into a mean and a fluctuating
part

n(x, y, z, t) = n0(x) + ñ(x, y, z, t) (2.25)

B(x, y, z, t) = B0z + B̃⊥(x, y, t) (2.26)

with

dn0(x)

dx
= − n0

L⊥

. (2.27)

Using B̃ = ∇× Ã, Ã‖ = Ã‖ẑ and the Maxwell equations, relations

B̃⊥ = ∇Ã‖ × ẑ (2.28)

Ẽ‖ = −∇‖φ̃ − 1

c

∂Ã‖

∂t
, (2.29)
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2. Transport in a magnetically confined plasma

can be derived, under the assumption of B̃‖ = 0.

Ã‖ and Ẽ‖ are the fluctuations of the vector potential and electric field
in the parallel direction to the magnetic field, respectively. Furthermore the
parallel gradient ∇‖ is given by

∇‖ =
B

B0

· ∇. (2.30)

Inserting Eq. ((2.26) in Eq. (2.30) yields

∇‖ =
∂

∂z
+

B̃

B0

· ∇. (2.31)

2.4.3 Perpendicular velocity

Considering Ti ≈ 0 and Te =const., the ion and electron momentum equations
are given by:

Mini

(
∂

∂t
+ u · ∇

)
u = +eni(∇φ + u × B) (2.32)

Mene

(
∂

∂t
+ v · ∇

)
v = −ene(∇φ + v × B) − Te∇ne. (2.33)

Using the cross product of Eq. (2.33) with B0 and neglecting the electron
inertia, the perpendicular velocity of the electrons can be obtained

v⊥ =
−∇φ × B0

B2
0

− B0 × Te∇ne

eneB2
0

= vE×B + vde. (2.34)

Eq. (2.34) shows that the perpendicular electron dynamics is determined by
the sum of electron-diamagnetic drift and E × B velocities. Using the cross
product of Eq. (2.32) with B0, the perpendicular velocity of the ions u⊥ can
be obtained similar to Eq. (2.34)

u⊥ = vE×B + up, (2.35)

where up is called the polarization drift is given by

up =
Mi

eB2
B ×

(
∂

∂t
+ vE×B · ∇

)
vE×B. (2.36)
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2.4 Electromagnetic drift waves

2.4.4 Fluid-drift equations

For small perturbations in potential φ̃ and density ñ, the continuity equation
(2.13) becomes

∂ñ

∂t
+ ∇ · (n0ṽ + ñṽ) = 0. (2.37)

Using Eq. (2.34), the velocity of electrons is

ṽ = ṽ⊥ + ṽ‖ = ṽE×B + vde + ṽ‖. (2.38)

Inserting Eq. (2.38) in Eq. (2.37) and using the relations ∇ · (vE×B) = 0 and
∇ · (nvde) = 0, the continuity equation for electrons becomes:

∂ñ

∂t
+ ṽE×B · ∇(n0) + n0∇ṽ‖ = 0. (2.39)

Assuming u‖ = 0 and using Eq. (2.34) and (2.35), Eq. (2.15) can be rewritten
as

∇ · J̃ = ∇ · (en(ũ⊥ − ṽ⊥) + enṽ‖) = ∇ · ũp −∇‖ · ṽ‖ = 0. (2.40)

Using Eq. (2.33) and taking into account collisions of electrons with ions
(R = neMeνeiv‖) with collision frequency νei, the parallel dynamics of the
electrons can be written as

Mene

(
∂

∂t
+ v · ∇

)
v‖ = −eneE‖ − Te∇ne − neMeνeiv‖ (2.41)

Using Eq. (2.29) and (2.31), Eq. (2.41) becomes

n0Me

∂ṽ‖
∂t

= −T0(
B̃⊥

B0

· ∇n0 +
∂ñ

∂z
) + en0(

∂φ̃

∂z
+

1

c

∂Ã‖

∂t
)−n0Meνeiṽ‖. (2.42)

Finally, a relation between the parallel velocity ṽ‖ and the vector potential Ã‖

is needed. Such a relation is given by Ampereś law:

en0ṽ‖ =
c

4π
∇2

⊥Ã‖. (2.43)

The equations (2.39, 2.40, 2.42, 2.43) are fluid-drift equations. They describe
dependent variables φ̃, ñ, Ã‖.
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2. Transport in a magnetically confined plasma

2.4.5 Dispersion relation of drift waves

Using the Fourier transformation ( ∂
∂t

7→ −iω,∇ 7→ ik) with frequency ω and
wave number k and eliminating the dependent variables in the drift equations,
the dispersion relation for resistive drift waves can be obtained. It is given by
[48]

[
(βe + µek

2
⊥)ω − βekyvde

]
−µek

2
‖v

2
e

[
(1 + k2

⊥ρ2
s)

ω
− kyvde

ω2
)

]
= −iµeνeik

2
⊥ρ2

s,

(2.44)

where µe = Me/Mi is the mass ratio.

In the case that βe ≈ µe ≪ 1 and νei ≈ 0, the dispersion relation can be
divided into two pairs of two waves each. For the frequencies much higher than
k⊥vde, it is given by

ω2 = k2
‖v

2
A

1 + k2
⊥ρ2

s

1 + k2
⊥δ2

s

, (2.45)

with the Alfvén speed given by

vA = ve

√
µe

βe

. (2.46)

δs in Eq. (2.45) is the collisionless skin depth given by

δs = ρs

√
µe

βe

. (2.47)

In case of βe ≈ µe, the dispersion relation is given by

ωA = k‖vA. (2.48)

For lower frequencies ω ≈ k⊥vde, the dispersion relation becomes

ω =
k⊥vde

1 + k2
⊥ρ2

s

, (2.49)

where kx = 0 and k⊥ = ky is assumed. Furthermore, vde = ρscs/L⊥ can be
substituted in Eq. (2.49). The dispersion relation becomes

ω =
cs

L⊥

k⊥ρs

1 + k2
⊥ρ2

s

. (2.50)

In Fig. 2.8, the frequency f = ω/2π is plotted versus k⊥ρs for a typical
hydrogen discharge in TJ-K due to Eq. (2.50). At k⊥ρs = 1, the maximum of
f is observed to be 25 kHz. At k⊥ρs > 1, the propagation velocity starts to
slow down.
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Fig. 2.8: Dispersion relation of the linear drift wave computed for typical hydrogen

discharge parameters in TJ-K with L⊥ = 0.096 m and cs = 3 × 104 m/s.

2.4.6 Parallel dynamics and Alfvénic activity

As shown in Eq. (2.45), the parallel propagation is derived for fast time scales
by using the parallel dynamics of the electrons. It is given by

v‖ = va

√
1 + k2

⊥ρ2
s

1 + k2
⊥δ2

s

. (2.51)

By assuming smaller frequencies, the parallel propagation can be obtained by
using the parallel dynamics of ions. In this case the electrons are adiabatic

ñe

n0

≈ eφ̃

Te

. (2.52)

Parallel propagation of these waves occurs at velocities given by

v‖ = cs

√
1

1 + k2
⊥ρ2

s

. (2.53)

At the limit k2
⊥ρ2

s 7−→ 0, the wave propagates at the sound speed. Eqs. (2.51)
and (2.53) show that the wave propagation parallel to the magnetic field de-
pends on the perpendicular scales. An important aspect is that the slower
wave may be coupled to the faster one. It is well known that the finite ñ
causes always shear Alfvén waves. Nevertheless ñ can be coupled to shear
Alfvén waves, if ∇‖J̃‖ interacts with ñ. In this case the coupling between the
Alfvénic activity and the density fluctuations is strong enough that the density
fluctuation can be transported in the direction parallel to the magnetic field by
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Fig. 2.9: As a reaction to a density perturbation ñ, the electrons escape from the

initial perturbation along the the magnetic field B with the parallel velocity v‖,

causing a kinetic shear Alfvén wave. The electron flows v‖ are balanced by the ion

polarisation drift u⊥. The ions flow into and out of the flux tube in a spiraling

motion, whereas the electron current oscillates along B. The reaction of the density

perturbation depends on the perpendicular scale of the flux tube. If the perpendicular

scale of ñ and the flux tube are comparable and close to ρs, the density perturbation

spreads out along the magnetic field by the Alfvénic activity.

a combination of the Alfvénic activity and ion sound speed [13]. This is seen
in Fig. 2.9. Further details on the dispersion relation of the electromagnetic
drift wave can be found in Refs. [48, 14].
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HFSMFSLFS

Fig. 2.10: Flux tube coordinates in a toroidal magnetic field geometry. The connec-

tion length is Lc = 2πqR.

2.5 GEM3

In this work, the turbulence code GEM3 [16] has been used to interpret the
experimental results in Sec 6.2. GEM3 is a two-moment version of the gy-
rofluid model, which is derived from the gyrokinetic equation [49]. GEM3 has
been developed for the simulation of turbulence in the edge of fusion plasmas
and therefore is also adequate for the dimensionally similar plasma in TJ-K.
GEM3 involves both MHD and drift-wave mechanisms. The model geometry
is approximated by a simple circular torus with the global parameters of TJ-K.
Flux surface shaping effects are here neglected. Some studies on the additional
effects of local and global magnetic shear related to the stellarator geometry
can be found in Refs. [50, 51]. Simulations are carried out in flux-tube geom-
etry with the coordinates x and y in direction perpendicular to the magnetic
field and the z coordinate parallel to it. Fig. 2.10 shows the slab geometry
and its equivalent torus geometry with Φ, θ and r. The xy domain is 64×256
points, with 16 planes in the z direction along one connection length of 2πqR
[52]. Data are stored on a spatial grid of nx×ny points in x and y directions at
three toroidal planes, corresponding to the high-field side (HFS ), the low-field
side (LFS ) and a plane in-between (MFS ). Details on the model metric can
be found in Refs. [13, 53]. GEM3 is a gyrofluid generalisation of DALF3 code
used previously for comparison with TJ-K data [53, 54].
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Gas ne/m−3 Te/eV ρs/cm β̂ ν̂ µ̂
hydrogen 1.5 × 1017 7 0.40 0.01 2.3 0.2
deuterium 2.0 × 1017 7 0.56 0.01 2.4 0.1

helium 2.0 × 1017 8 0.85 0.02 3.5 0.05
neon 3.0 × 1017 7 1.70 0.03 28 0.01
argon 3.0 × 1017 5 2.10 0.02 39 0.004

Table 2.1: Physical and normalised parameters for typical ECRH discharges in TJ-

K at a magnetic field of B = 0.1 T. The perpendicular gradient length L⊥ is 9.6

cm.

2.5.1 Normalised parameters in GEM3

The dynamics in GEM3 is controlled by dimensionless parameters [9], which
are given by

β̂ = βe

(
qR

L⊥

)2

(2.54)

ν̂ = νe
L⊥

cs

(2.55)

µ̂ =
Me

Mi

(
qR

L⊥

)2

(2.56)

C = 0.51νe
L⊥

cs

µ̂, (2.57)

where β̂ and ν̂ are called the normalised plasma beta and the collisionality,
respectively. µ̂ is the normalised mass inertia. In GEM3, density ñ, potential
φ̃ fluctuations and the time t are normalised according to [9, 54]

φcode = e
φ̃

Te

L⊥

ρs

(2.58)

ncode =
ñe

n0

L⊥

ρs

(2.59)

tcode = t
cs

L⊥

. (2.60)

In the simulation, the spacing of the grid points is hx = hy = (2πρs)/(Kny),
where K = (k⊥ρs)min defines the maximum wave length on the grid. In Tab.
2.1, physical and dimensionless parameters are opposed for typical discharges
in TJ-K.
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2.5.2 Main model equations

The equations in GEM3 are given by

(
∂

∂t
+ uE×B · ∇

)
ni = −B∇‖

ũ‖

B
+ K(φ̃G + τiñi) (2.61)

β̂
∂Ã‖

∂t
+ (qR/L⊥)2

(
∂

∂t
+ uE×B · ∇

)
ũ‖ = −∇‖(φ̃G + τiñi) − CJ̃‖ (2.62)

for the ions and

(
∂

∂t
+ vE×B · ∇

)
ne = −B∇‖

ṽ‖
B

+ K(φ̃ − ñe) (2.63)

β̂
∂Ã‖

∂t
+ µ̂

(
∂

∂t
+ vE×B · ∇

)
ũ‖ = −∇‖(φ̃ − ñe) − CJ̃‖ (2.64)

for the electrons, where K is the curvature operator

K ≡ −∇ · B ×∇
B2

. (2.65)

τi is defined as the ratio Ti/Te. Eqs. (2.61) and (2.63) are continuity equations
for the ions and electrons, respectively, whereas Eqs. (2.62) and (2.64) describe
the parallel force balance on the ions and electrons, respectively. In Eq. (2.61),
the ions experience a reduction of the potential φ̃ due to finite ion-gyroradius
effects, which leads to the different E × B drift velocities for the ions uE×B

and the electrons vE×B. The reduced potential is given by

φ̃G = Γ1(φ̃) = (1 − 1

2
ρi∇2

⊥)−1φ̃. (2.66)

The finite gyroradius effects can be neglected for the electrons. Furthermore,
the electrons and ions are connected by polarisation, which replaces the charge
neutrality relation

Γ1ñi +
Γ0 − 1

τi

φ̃ = ñe (2.67)

Γ1 = Γ
1/2

0 . (2.68)

The parallel component of the vector potential Ã‖ is linked to J̃‖ through
induction

−∇2
⊥Ã‖ = J̃‖ = ũ‖ − ṽ‖. (2.69)

Details on the equation set in GEM3 can be found in Ref. [16].
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Data analysis methods

In plasma turbulence, the values of the parameters velocity, potential and
density are fluctuating. Their exact temporal and spatial evolution cannot
be determined analytically. Nevertheless, they can be described in term of
statistical properties. A broad range of mathematical and statistical techniques
is available to characterise turbulence in fluids and plasmas [27, 55, 56, 57].
In this chapter, a brief review of the statistical tools and methods, which are
used in this work, is presented. Furthermore, the general statistical properties
of turbulence are outlined.

3.1 Statistical analysis

In the following, statistical methods needed for this work and their application
to the analysis of turbulence data are presented.

3.1.1 Probability-distribution function and their moments

A random variable u is characterised by its probability-density function (PDF).
If u(t) is the fluctuating quantity, the PDF gives the probability for u to assume
a certain value.

The first moments of the PDF are as follows: The mean value is given by

ū =
1

N

N∑

j=1

u(tj), (3.1)

where N is the number of available discrete points. The variance is defined as

σ2
u =

1

N − 1

N∑

j=1

(u(tj) − ū)2. (3.2)
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A Gaussian PDF with mean ū and standard deviation σ is defined by

P (u) =
1√
2πσ

exp

(
−(u − ū)2

2σ2

)
. (3.3)

In general, the moment mn is given by

mn =
1

N

N∑

j

(
u(tj) − ū

σu

)n

. (3.4)

The skewness S and the kurtosis K are the third and the forth moment,
respectively. They are given by

S =
m3

m
3/2

2

(3.5)

K =
m4

m2
2

− 3. (3.6)

Skewness and kurtosis give a measure for the deviation of the PDF from a
Gaussian. For a Gaussian distribution with ū = 0 and σ = 1, the skewness
and kurtosis are S=0, K=0, respectively. The skewness is a measure for the
asymmetry of a probability distribution function and the kurtosis measures
the flatness. A PDF with K > 0 is centrally peaked and has broad wings.
For the characterisation of intermittency, the skewness S and kurtosis K are
of particular interest (see Sec. 3.2.2).

3.1.2 Correlation function

One powerful statistical tool for the characterisation of turbulence is the cross-
correlation function (CCF). It measures the degree of similarity of two mean-
free time series ũ(t) and ṽ(t + τ), which in addition can be shifted in time
relative to each other. As a function of the time lag τ , The CCF is given by

C(τ) =
〈ũ(t)ṽ(t + τ)〉t

σuσv

∈ [−1, 1]. (3.7)

For two statistically independent time series, the value of the cross-correlation
goes to zero for N 7→ ∞, whereas the total agreement between two time series
leads to a cross-correlation of 1 or −1. In this case, the relationship between
two signal is linear. In the case of cross-correlation of 1 or −1, this linear
relationship increases or decreases, respectively. In the case of ũ = ṽ, the
function is called the auto-correlation function, which gives information on the
time scales of the fluctuating time series. Consequently, the auto-correlation
function has its maximum at τ = 0, with Cu,u(0) = 1. In this work, the
cross-correlation is used to detect the three dimensional turbulent structure of
turbulence along the magnetic field and its parallel velocity (see Sec. 6.2).
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3.1 Statistical analysis

3.1.3 Conditional averaging

The cross-correlation function reveals valuable information on the life time
and the size of coherent structures. On the other hand, the cross-correlation
is insensitive to absolute amplitudes. If also information on the fluctuation
amplitude associated with turbulent structures is needed, further statistical
methods are required. For this purpose, conditional averaging is an appropriate
tool [58, 59, 60, 61]. This method is based on the fact that the mean-free
fluctuating time series consists of a coherent part ũc(t) and a random part
ũr(t). The goal of the method is to detect the coherent part and to reduce
the incoherent part by averaging. Therefore, a condition C is assumed to be
fulfilled at the occurrence of a coherent structure and used as a trigger for
the averaging process. In practice, a fixed reference signal ṽ provides a certain
condition C, which is simultaneously recorded to main signal at different spatial
position. The conditional average of the fluctuating ũ at position (r, t) is given
by

UCA(r, t) =
1

N

N∑

j=1

ũ(r, tj + t). (3.8)

t ∈ [−τ/2, τ/2] (3.9)

UCA is an average over N sub-time series of length τ , which are selected from
the time series in [tj − τ/2, tj + τ/2] around a point in time tj, when the
condition C is fulfilled. For detection of turbulent structures in TJ-K, a C = 2σu

is applicable. Further details on the detection of the coherent structures in TJ-
K can be found in Refs. [24, 62, 63].

3.1.4 Fourier analysis

Each fluctuating time serie ũ(t) can be represented in terms of Fourier com-
ponents. The Fourier transform and its inverse transform are given by

û(ω) =
1√
2π

∫ +∞

−∞

ũ(t) exp(−iωt)dt (3.10)

ũ(t) =
1√
2π

∫ +∞

−∞

û(ω) exp(iωt)dω. (3.11)

Considering two fluctuating time series ũ(t) and ṽ(t), the cross-power spectrum
is defined as

Px,y = 〈û∗(ω)v̂(ω)〉, (3.12)

where û∗ denots the complex-conjugate of û. One can rewrite Pu,v as

Pu,v = pu,v(ω) exp(iα(ω)), (3.13)
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3. Data analysis methods

where px,y(ω) and α(ω) are the cross-amplitude spectrum and the cross phase
spectrum, respectively. They are given by

pu,v(ω) = |Pu,v(ω)|, (3.14)

αu,v =
ℑ(Pu,v(ω))

Re(Pu,v(ω))
. (3.15)

pu,v is the auto-power spectrum, which gives information on the power distri-
bution of fluctuations in the frequency space. It is often given in decibel units
(dB)

pdB(ω) = 10 log10(p(ω)). (3.16)

Furthermore, the cross-coherency spectrum is defined as

γu,v(ω) =
pu,v(ω)√

pu,u(ω)pv,v(ω)
∈ [0, 1]. (3.17)

Similar to the cross-correlation in time space, the cross-coherency measures
the degree of phase coherence in frequency space.

Using the Wiener-Khintchine theorem [64], the cross-correlation between
two fluctuating time series ũ(t) and ṽ(t) is given by

C(τ) =

∫ ∞

−∞

û∗(ω)v̂(ω) exp(iωτ)dω. (3.18)

The advantage of this relation is that the the Fast-Fourier-Transform (FFT)
algorithm [65, 66] can be applied to calculate the cross-correlation function,
which is less time consuming than calculating the convolution integral in Eq.
(3.7).

In this work, the FFT algorithm is used to compute the discrete Fourier
transform. In order to obtain different realisation of the spectral functions,
each time series is divided into sub-series. Then the Fourier transform of each
sub-series is calculated. Finally, spectral functions are obtained by averaging
over all realisations. Note that according to the sampling theorem, the time
series measured with a sampling frequency ω only contain information in the
range [−ωNy, ωNy], where ωNyquist = ω/2 is the Nyquist frequency. The reso-
lution in frequency space is limited by the number of points measured divided
by the number of realisations.

3.1.5 Average cross phase

As shown in the previous chapter, the cross phase between potential and den-
sity fluctuations is a key parameter for the radial net transport. In general,
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3.2 Statistical nature of turbulence

the cross phase between two signals u(t) and v(t) can be calculated in Fourier
space according to Eq. (3.15). However, this calculated phase is meaningful
only at high coherency (see Eq. (3.17)). The cross phase weighted by the
cross-coherence and the relative signal power is called the average cross phase.
It is given by [62]

cos(α) =
∑

ωj

γ(ωj)

{
pu,u(ωj)pv,v(ωj)

σ2
uσ

2
v

}1/2

cos(α(ωj)). (3.19)

Moreover, the average cross-spectrum can be regarded as the cross-correlation
of both signals at time lag τ = 0 [67]

cos(α) =
〈ũ(t)ṽ(t)〉t

σuσy

. (3.20)

3.2 Statistical nature of turbulence

The fundamental equation for describing turbulence in an incompressible fluid
is the the Navier-Stokes equation. It is a momentum equation of the form

ρ

(
∂u

∂t
+ (u · ∇)u

)
= −∇p + ν△u, (3.21)

where u and ρ are the velocity and the mass density, respectively. ν denotes
the viscosity and p the pressure. The Navier-Stokes equation can be put into
the dimensionless form

ρ

(
∂u1

∂t1
+ (u1 · ∇)u1

)
= −∇p1 +

1

Re
△u1, (3.22)

using definitions

t = t1T (3.23)

r = r1L (3.24)

u = u1U0 (3.25)

p = p1ρU2
0 , (3.26)

where L, U0 and T are the characteristic scale length and flow velocity and
time. Re is called the Reynolds number and given by

Re =
LU0

ν
. (3.27)

The Reynolds number determines the characteristics of a fluid flow in a given
system. For example, a pipe flow is laminar when Re ≤ 2300 [68]. For large
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Reynolds numbers, vortices arise. At high Reynolds numbers, non linear in-
teractions dominate on a wide range of temporal and spatial scales. At very
high Reynolds number, the turbulence is fully developed.

In incompressible fluid turbulence, the fluctuating quantity is the velocity,
whereas in plasma turbulence, the fluctuating quantities are density, potential
(or electric field), temperature and magnetic field. These fluctuations occur
on all scales, while the energy is transferred within scales.

3.2.1 The spectral properties of turbulence

One of the most established theories, which gives an important prediction
for the energy scaling in turbulence, is the Kolmogorov-41 theory [26]. It is
assumed that the regions of energy input and dissipation are separated in k-
space. At large scales, the energy is injected into the system. Subsequently,
the injected energy is transferred to smaller scales, until it is completely dis-
sipated in very small scales. In-between the energy injection and dissipation
ranges, there is a so-called inertial range, in which the turbulence energy is
conserved. In the inertial range, the energy cascades down from large to small
scales through non-linear interactions. Assuming self-similar and isotropic 3D
turbulence, the Kolmogorov spectrum can be obtained from the Navier-Stokes
equation:

Ek = Cǫ2/3k−5/3, (3.28)

where Ek [m3s−2] is the spectral energy per unit wave number and ǫ the energy
transfer rate with the dimension of energy per second [m2s−3]. k [m−1] and
C indicate the wave number and the Kolmogorov constant, respectively. Eq.
(3.28) gives an important property of 3D turbulence, which is a global spectral
index of −5/3.

In magnetised plasmas, the turbulence can be treated as two dimensional
due to strong anisotropy k‖ ≪ k⊥. In this case, two inertial regions with the
spectral indices of −5/3 and −3 are expected. In the region with a spectral
index of −3, the enstrophy is transferred from small k to large k (direct cas-
cade), whereas the energy is transferred from large k to small k in the region
with spectral index of −5/3 (inverse cascade) [69]. Therefore, the spectrum
for 2D turbulence is referred to as a dual cascade. In Fig. 3.1, the energy
spectrum according to the K41 and 2D turbulence theories are presented.

Note, there exist a lot of effects, which are not considered in Kolmogorov
theory. These effects can lead to a deviation from K41. An example is the
non-Gaussian behaviour of the small scale intermittency in the inertial range,
which is discussed in the next section.

32



3.2 Statistical nature of turbulence

lo
g
 (

E
)

k

log (k)

in
je

c
ti

o
n

dissipation
range

k
-5/3

a)

inertial
range

lo
g
 (

E
)

k

log (k)

k
-5/3

b)

k
-3

inertial range

inertial range

dissipation
range

in
je

c
ti

o
n

inertial
range

inertial
range

Fig. 3.1: Left: Energy spectrum according to K41 for 3D turbulence. Right: Dual

cascade in the energy spectrum for 2D turbulence.

3.2.2 Intermittency

The derivation of the K41 theory is based on the assumption of a cascade
of space-filling self similar turbulent structures. The self-similarity leads to a
single exponent in the inertial range of the spectrum and to probability density
functions (PDF) of Gaussian shape. However, deviations from self-similarity
are ubiquitous in turbulent fluids. In general, large amplitude events with
short auto-correlation times are observed more frequently than expected from
a Gaussian PDF, which leads to an increase of the kurtosis. This intermittent
behaviour, which signifies a breakdown of self-similarity, shows up as strong
wings in the PDF and is frequently observed not only in neutral fluids but also
in experiments [70, 71, 57, 72] and simulation [73, 74, 75, 76] of magnetised
high-temperature plasmas.

The deviation from a Gaussian PDF is a central research issue in many
fields, because it is indicative of the microscopic turbulence process. In high-
temperature plasma physics, intermittency has attracted a special interest.
The rather stiff electron temperature profile observed in tokamak and stel-
larator experiments [77, 78, 79] might be generated by a turbulent state in
self organised criticality (SOC). SOC would lead to avalanche-type of events
[80, 67] and therefore to a bursty or intermittent nature of radial transport.
Furthermore, an 1/f decay of the power spectra and a long-time correlation
in turbulent fluctuations can be expected [81, 82]. As a matter of fact, a non-
gaussian PDF and a 1/f scaling of power frequency spectra were interpreted
as a sign of SOC [83]. It was pointed out, however, that both observations are
a necessary but not a sufficient condition and that SOC cannot be concluded
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from this observation [84]. As mentioned, the intermittent events occur on
very short time scales. Therefore, in order to investigate intermittency, the
PDF of the turbulent fluctuations at small scales is required. Scale separation
of the fluctuations can be achieved by wavelet transforms, which has proven
suitable for this kind of studies [57, 56, 85]. Further details on wavelet trans-
formation can be found in [86]. To search for the existence of such long-time
correlation in the turbulent fluctuation, the rescaled-range (R/S) analysis can
be used [83, 82] .

The intermittent behaviour of the turbulent fluctuations has already been
investigated in TJ-K [56]. The transport fluctuations analysed in TJ-K exhibit
a substantial amount of intermittency. Nevertheless, they cannot develop into
a SOC state caused by critical gradients as generated by ITG or ETG turbu-
lence. The major result is that a substantial fraction of the bursty nature of
turbulent transport is not related to avalanches caused by a critical gradient
due to ITG or ETG turbulence.
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4

Experiment and

diagnostics

In this section, the experiment TJ-K and diagnostics used in this work are
presented. Finally, the radial profiles of ion-saturation current, floating poten-
tial and electron temperature are shown for different working gases and two
magnetic field strengths.

4.1 Experimental setup

Previously, the experiment TJ-K was located at CIEMAT, Madrid under the
name TJ-1U and from 1999 to 2005 at IEAP university of Kiel under the
present name TJ-K. Since may 2005, TJ-K is operated at IPF in Stuttgart
(see Fig. 4.1) for the studying of turbulence in a fusion-oriented magnetic field
geometry. TJ-K is a torsatron with a major radius of R0 = 0.6 m and a minor
radius of a = 0.1 m. In toroidal direction, one helical coil (l = 1) winds six
times around the vacuum vessel (m = 6). According to this toroidal symmetry,
the shape of the flux surfaces repeats every 60◦ in toroidal direction. TJ-K
has a rotational transform of  ι ≈ 1/3 [87, 88]. Fig. 4.2 shows the torus-shaped
vacuum vessel of TJ-K and its helical and vertical magnetic-field coils. 18 ports
on the bottom, the top and the outboard of the vacuum vessel are ISO-KF250
flanges, which allow for sufficient access to the plasma. On the inboard side of
the vacuum vessel six ISO-KF63-flanges are located.

A 2000 A, 500 V DC power supply provides the required currents through
the coils. In TJ-K, the flux surfaces can be positioned by varying the ratio
(Rv/h) of the current in the vertical (Iv) and main helical (Ih) field coils. Us-
ing the GOURDON field line tracing code [89], the magnetic flux surfaces can
be calculated. For Rv/h = 0.57, the cross sections of the flux surfaces at the
toroidal angels Φ = 0◦, 10◦, 30◦, 50◦ are shown in Fig. 4.1. The numerical calcu-
lations of the flux surfaces have been experimentally verified with a thermionic
discharge [90, 91]. By decreasing the current ratio Rv/h, the magnetic axis can
be moved from inward to outward side with respect to the torus axis. Fig.
4.3 shows the magnetic flux surface of TJ-K at the toroidal angle Φ = 30◦ for
current ratios Rv/h = 45%, 57% and 64%. The presented measurements were
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Fig. 4.1: Photograph of the TJ-K device in Stuttgart

carried out at Rv/h = 57%.

In TJ-K, a vacuum down to 2 × 10−7 mbar is achieved by a 1000 L turbo
molecular pump. Working gases are hydrogen, deuterium, helium, neon and
argon. The neutral pressure can be varied during plasma operation from 10−5

to 10−4 mbar, which is measured by a PIRANI (above 10−2 mbar) and PEN-
NING (below 10−2) mbar vacuum gauge. Since, the measured working gas
pressure from a PIRANI and a PENNING gauges depends on the type of the
working gas, the actual value is corrected by using a Baratron gauge as ref-
erence [92]. In this work, the pressure measured by the PENNING gauge is
meant when working gas pressure is quoted.

4.2 Plasma production

The plasma is produced by electron-cyclotron-resonance heating (ECRH). In
ECRH discharges, microwaves are resonantly absorbed at the electron cy-
clotron frequency ωce = eB0/Me at the corresponding local magnetic field
strength (B0). For this purpose, the microwave is coupled into the plasma
in the so called O-mode configuration, i.e. the electric field of the microwave
(E) is parallel to the back ground magnetic field E‖B0. Details on the ECRH
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Fig. 4.2: Coil system and vacuum vessel of TJ-K. For access ports, the magnetic flux

surfaces in the poloidal cross section are shown for Rv/h = 57%. The closed surfaces

are depicted as solid curves inside the separatrix. The dashed curves show the open

flux surfaces outside the separatrix.
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Fig. 4.3: Calculated magnetic flux surface of TJ-K at the outer port (Φ = 300) for

various current ratios Rv/h. The closed and open flux surfaces are shown as solid and

dashed curves, respectively.

process can be found in Ref. [93, 94].

In TJ-K, two microwave sources at different frequencies are available to
produce the plasma. The first is a magnetron at 2.45 GHz and 6 kW. It is used
for ECRH in O-mode configuration with a cut off density of ne,c = 7.5 × 1016.
The radial density profile is centrally peaked, although the measured density in
TJ-K is well above the cut-off density [95, 96]. Due to the resonance condition,
at 2.45 GHz, the nominal magnetic field is limited to the range B = 70–100
mT. Furthermore, a traveling wave tube (TWT) amplifier is available with a
frequency of 8.25 GHz and 1 kW. The nominal magnetic field here is in the
range B = 240–320 mT. Fig. 4.4 shows how the microwaves at 2.45 and
8.25 GHz are injected using waveguides adapted for each frequency through a
quartz window at the bottom and the top port of the experiment, respectively.
The typical parameters of ECRH plasmas in TJ-K are a electron density ne

of 1 − 5 × 1017 m−3 and a electro temperature Te of 5 − 15 eV. The ions are
treated as cold [97]. Details on the parameter studies of ECRH plasmas in
TJ-K can be found in Ref. [96].

4.3 Diagnostics

Main diagnostics in TJ-K are a microwave interferometer and electrostatic
Langmuir and electromagnetic probes. The interferometer is used to measure
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3-stub tuner
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Fig. 4.4: View of the connections of the wave guides of the microwave at TJ-K. Left:

The 8.25 GHz microwave passes a wave guide and is injected at a top port at Φ = 50◦.

Right: The 2.45 GHz microwave passes a wave guide and is injected at a bottom port

at Φ = 10◦.

line-integrated densities with high resolution [93, 98].

To obtain local plasma parameters, Langmuir and emissive probes are used.
In the low temperature plasma of TJ-K, the whole plasma is accessible for
Langmuir probes. Generally, the local electron density and temperature as
well as the plasma potential can be obtained from the current-voltage char-
acteristics of a Langmuir probe. Furthermore, Langmuir probes are used to
measure turbulent fluctuations with high temporal resolution.

4.3.1 Microwave interferometry

Microwave interferometry is commonly used for measuring the line-integrated
density of plasmas. The principle of density measurements by interferometry
is based on the fact that a phase shift occurs when a microwave passes through
a plasma. From the phase shift ∆Θ the line-averaged density of the plasma n̄e

can be derived using

∆Θ ≈ e2

4πcǫ0Mef

∫ L

0

ne(l)dl ≈ e2

4πcǫ0Mef
n̄eL, (4.1)

where L is the length of the path of the wave through the plasma and f is the
microwave frequency. The microwave interferometer used in TJ-K works at a
frequency of 64 GHz and it is injected at an outer port (Φ = 30◦), where it
travels through the plasma and is reflected at a mirror located on the inboard
side of the vacuum vessel. The total path through the plasma is L = 0.34
m. The reflected microwave is received via a second waveguide. The phase
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shift between the wave which traveled through the plasma and a reference is
measured by using a HF diode, which yields the output voltage U . From this,
the line-averaged density can be calculated as:

n̄e ≈
2.28 × 1016

L
· ∆U

U
. (4.2)

Further details on the interferometer in TJ-K can be found in Ref. [99].

4.3.2 Langmuir probes

Local measurements of plasma parameters can be obtained by means of elec-
trostatic probes, which are called Langmuir probes. The technique has already
been developed in 1924 by I. Langmuir. Experimentally, the Langmuir probe is
an extremely simple and effective diagnostic [100]. In TJ-K, Langmuir probes
consist of 0.1-0.2 mm diameter tungsten wire insulated in a alumina tube. The
probe tip has a length of 2-3 mm.

Due to the higher mobility of the electrons, a floating Langmuir probe
inside a plasma will be negatively charged relative to the plasma potential and
the electron and ion currents onto the probe become ambipolar. In this case,
the measured voltage is referred to as the floating potential φfl.

A probe characteristic is obtained when the probe is connected to a power
supply, which biases the probe at various positive and negative voltages with
respect to the floating potential. Fig. 4.5 shows a typical probe voltage char-
acteristic. At large negative bias voltages, all electrons are repelled and only
an ion current is drawn by the probe. At a certain negative bias, all ions in
front of the probe are collected and the ion current is saturated (region A).

Increasing the probe voltage, the electron current increases exponentially.
At the point φfl, the probe current is zero. Applying a positive voltage, more
and more electrons are collected until the plasma potential φp is reached. This
region is called electron repelling region (region B).

Increasing the probe voltage beyond the plasma potential, the probe goes
into electron saturation (region C). The electron-saturation current varies with
the shape of the probe. The electron current saturates only for a large planar
probe. For cylindrical probes, which are mostly used in practise, no electron
saturation is observed.

The probe characteristic gives information on the electron density, temper-
ature and plasma potential. For an unmagnetised, collisionless plasma with
cold ions, a formula for the electron repelling region can be derived, which
includes the electron density n and temperature Te and the floating potential
φfl. It is given by

I = 0.61enS

√
Te

Mi

{
1 − exp

(
−e(φfl − U)

Te

)}
, (4.3)
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Fig. 4.5: Current-voltage characteristic of a Langmuir probe.

where S and U are the surface of the probe and the probe bias voltage, re-
spectively. Mi is the ion mass. Eq. (4.3) is valid for sufficiently planar probes
in collisionless unmagnetised Maxwellian plasmas with Ti = 0.

An extension of Eq. (4.3) for a collisionless magnetised plasma is given by
[46, 101]

φfl = φP − Te

e
ln

(
Se

Si

(1 − γe)

(1 + γi)

je,sat

ji,sat

)
, (4.4)

where ji,sat = 0.61en
√

Te/Mi and je,sat = en
√

Te/2πMe are the current
densities for ions and electrons, respectively. γi,e and Si,e are secondary emis-
sion coefficients and the effective collecting areas, respectively. Me denotes the
electron mass and e the elementary charge. Floating and plasma potential are
related by this expression, which can be applied for the plasma in TJ-K with
single charged, cold ions (<1 eV). The collecting areas for electrons and ions
can differ.

In a magnetised plasma, as the present one, with ion gyro radii larger than
the probe dimension, the calculation of Si is not a simple task [102]. If electrons
are magnetised and ions unmagnetised, a ratio of Se/Si = 2/π can be deduced
[103]. In cases where Si = Se and γi = γe = 0 is valid, the equation reduces to

e(φP − φfl) =
(6.7 + ln Ai)

2
Te, (4.5)

where Ai is the atomic mass number.

For turbulence measurements, long time series with sample rates of f ≥ 1
MHz are required. If all, ñ, φ̃p and T̃e fluctuations have to be measured, the

41



4. Experiment and diagnostics

probe characteristic has to be acquired with a comparable frequency. This
has been done by means of fast swept Langmuir probes on the W7-AS and
ASDEX experiments [104, 105, 106]. This technique needs a strong effort on
the electronics and the data turned out to be difficult to interpret.

In TJ-K, as in most plasma experiments, a different technique is used:
long time series are taken either of ion saturation-current (fixed bias voltage
U ≈ −90 V) or of floating potential fluctuations. Due to the flat electron tem-
perature profile Te, temperature fluctuations play a minimal role. The floating
potential fluctuations φ̃fl are interpreted to be equal to plasma potential fluc-
tuations φ̃p.

For low temperature plasmas, emissive probes [100] can be used to test this
assumption by directly measuring the plasma potential. This is presented in
the next section.

4.3.3 Emissive probes

It is well known that plasma and floating potential fluctuations can have differ-
ent phases if temperature fluctuations are present in the plasma. The emissive
probe is a diagnostic, which can directly estimate plasma potential fluctua-
tions. The technical design used for the probes is similar to that given in Ref.
[107], a copper wire is twisted around the tungsten wire and squeezed into an
alumina tube (see Fig. 4.6). Emissive probes are very fragile but they also
have a number of advantages. The acquisition of the floating potential of an
emissive probe is simple and fast. In addition, due to its symmetric char-
acteristics, the impendency of a floating emissive probe is much lower than
that of a floating Langmuir probe. The emissive probes used here have been
constructed of a 0.1 mm diameter tungsten wire that forms a loop of about
2 mm diameter connected to two 0.3 mm diameter copper wires embedded in
a 2.7 mm alumina tube with two bores. This probe is operated in two modes
referred to as cold and emissive. In cold mode it acts as a Langmuir probe and
measures the floating potential. The floating potential measured in emissive
mode, obtained by heating with an external current through the loop, is in-
terpreted as the plasma potential. The loop was oriented perpendicular to the
magnetic field. Figure 4.6 also shows the electrical circuit consisting of a power
supply for the heating current and a network of two resistors, which shifts the
reference point for the potential measurement to the centre of the tungsten
loop, where strongest emission due to highest temperature is assumed.

Figure 4.7 depicts the characteristics of an emissive probe for different
probe temperatures, which are set by the heating current. in heating mode,
an electron current flows from the probe to the plasma. Increasing the heating
current through the probe leads to a shift of its floating potential towards the
plasma potential, determined by the maximum of the slope of the cold probe
characteristics. This good agreement is different from previous observations,

42



4.3 Diagnostics

IH

5.6 kW

5.6 kW

UH

ffl

tungsten wire

alumina tube

2.7 mm

copper wire

Fig. 4.6: Typical design of an emissive probe. The electrical circuit is depicted,

consisting of a power supply for the heating current and a network of two resistors,

which shifts the reference point for the potential measurement to the centre of the

tungsten loop.

Fig. 4.7: Current-voltage characteristic of an emissive probe for different heating

currents IH as indicated in the figure. The inserted graph shows that the floating po-

tential approaches the plasma potential with increasing heating current. The plasma

potential is determined by the maximum of the slope of the cold probe characteris-

tics, as depicted in the upper part. Data are from a helium discharge (B = 90 mT,

P0 = 5 × 10−5 mbar) at R − R0 = 7 cm, the acquisition time for each characteristic

was 2 s.
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where the floating potential of the emissive probe has been found to be be-
low the plasma potential. The difference between true plasma potential and
floating potential of a sufficiently emissive probe has been attributed to the
formation of an electron-rich space charge in front of the probe [108, 103]. It is
still an unresolved issue to what extent an emissive probe measures the plasma
potential. A virtual cathode around the probe tip can move the floating po-
tential away from the plasma potential [108]. The size of this effect is not well
established yet. The comparison of cold with emissive probe characteristics
indicates that, for parameters of the TJ-K plasma, the floating potential of
the emissive probe is close to the plasma potential (see Sec. 5). For the sake
of a clearer presentation, the floating potential of the emissive probes will here
be referred to as ”plasma potential”.

A current of IH ≈ 2.3 A yields a symmetric characteristics, i.e. the cur-
rents in the ion and electron saturation regimes are approximately equal. This
condition is a reasonable and commonly used compromise between small errors
in the potential measurement, a long life time of the probe and small errors
due to the establishment of a virtual cathode in front of the probe. As seen in
Fig. 4.7, due to the strong dependence of the Richardson emission on temper-
ature, one has to be careful not to fall below a critical value for the heating
current. The second derivative of the cold characteristics does not show a clear
deviation of the electron distribution function from a Maxwellian.

4.3.4 The transport probe

In order to study turbulent transport,

Γ̃r ∼ ñẼθ, (4.6)

fluctuations in density ñ and in poloidal electric field Ẽθ have to be measured
simultaneously. This is achieved with the transport probe depicted in Fig. 4.8.
It consists of three Langmuir probes at a distance of d = 5.0 − 7.5 mm. The
poloidal electric field at the position of the central Langmuir probe is calculated
from the signals of the outer probes according to

Ẽθ = (φ̃2 − φ̃1)/2d. (4.7)

If temperature fluctuations are negligible, the relations Īsat ∼ S
√

Ten0 and
Ĩsat ∼ S

√
Teñ are valid. Therefore the factor S

√
Te can be cancelled and the

normalised density fluctuation cab be substituted into Eq. (4.6)

Γ̃r ∼ n0ĨisatẼθ/Īisat, (4.8)

where n0 is taken from interferometer. In this case, to compute the radial
particle transport there is no need for any assumptions about the calculation
of the density from ion-saturation current.
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Fig. 4.8: Schematic drawing of the transport probe. The transport probe consists

of three cylindrical Langmuir probes. The central tip measures Ii,sat, the two outer

probes the floating potential φfl. The vertical distance between adjacent probes is

5 mm.

Two servo motors are used to move the probes in the whole poloidal cross
section (see Fig. 4.8). The movement of the probes and the data acquisition are
controlled by a LabVIEW program. The signals from the probes are connected
via SMB adapter and RG-175 cables to AM502 amplifiers, where they are high-
pass filtered at 1 kHz. The acquisition of the data is achieved by using a 12-Bit
National-Instruments card with a maximum acquisition rate of 2 MHz.

4.3.5 The poloidal probe array

The dynamics of turbulent structures perpendicular to the magnetic field is
investigated by using a poloidal probe array. The poloidal array consists of
64 Langmuir prob tips, which are aligned on a flux surface in the region of
the maximum density gradient. The photograph of the array is shown in
Fig. 4.9. Each probe is made of a tungsten wire of 200 µm diameter and
an isolation ceramic tube of 0.8 mm diameter. Each tip has a length of 3
mm. They are connected via a RG-175 cable to a SMB adapter. Before
acquisition, a modular probe circuit is used to measure either ion-saturation
currents or floating potential fluctuations. In this modular probe circuit, the
DC part of the signal is eliminated by a capacitor. For ion-saturation current
measurements, all probes are negatively biased by a DC power supply, which
provides a bias voltage of -90 V. Details on the circuit and biased operation
can be found in Refs. [24, 62]. All 64 signals are acquired simultaneously by a
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Fig. 4.9: Photograph of the poloidal probe array. The 64 probes are mounted on a

clamp.

Nicolet 64-channel 16-bit transient recorder at sample rate up to 1 MHz.

In this work, the poloidal probe array is used with the spatial resolution of
dx = 0.7 cm and after remodelling of dx = 0.5 cm.

4.3.6 The matrix probe array

The parallel dynamics of the turbulent structures is investigated by use of an
array of 8 × 8 Langmuir probes (named matrix in the following). The matrix
has a full size of 7 × 7 cm, i.e. the distance between neighboured probes is 1
cm in both vertical and horizontal direction. A picture of the matrix is shown
in Fig. 4.11. The construction of the probes and the data acquisition is the
same as for the poloidal array in Sec. 4.3.5. The matrix can be positioned in
the range R − R0 = 9 cm to 13 cm with respect to its centre.

4.4 Plasma properties

Measurements were carried out for magnetic field strengths of B = 0.1 and 0.3
T. The working gases were hydrogen, deuterium, helium, neon and argon at a
neutral pressure of 2 − 5 × 105 mbar. The line-averaged density was n̄ ≈ 1017

m−3. Typical values of plasma parameters in TJ-K can be found in Refs.
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Fig. 4.10: Sketch of the poloidal probe array. The figures are underlayed with the

contours of the calculated magnetic flux surface. Left: The 64 probes are aligned to

the flux surface at the region of maximum density gradient at half the plasma radius

with a spatial resolutions of dx = 0.7 cm. Right: After remodelling, the 64 probes are

positioned only on the low-field side of the flux surface with a resolution of dx = 0.5

cm.

[15, 24, 62, 109]. In the following, selected equilibrium profiles are presented
of ion-saturation current, floating potential and electron temperature for all
working gases.

4.4.1 Equilibrium profiles

In Fig. 4.12, selected equilibrium profiles at the discharge parameters B = 0.1
T, P = 1.8 kW, and B = 0.3 T, P = 600 W are shown. The neutral gas
pressure was p0 = 2−3×10−5 mbar and current ratio Rv/h = 0.57. All profiles
were measured with the transport probe. The radial profiles of the floating
potential and ion-saturation current were measured by using the upper and
central tip of the transport probe, respectively. The temperature profiles were
measured by the sweeping the lower probe. In all discharges, the ion-saturation
current profile is centrally peaked (see Fig. 4.12). The maximum densities are
observed in argon and neon discharges. The values are up to 1018 m−3 at
B = 0.1 T and 5 × 1017 m−3 at B = 0.3 T. In contrast to the discharge at
B = 0.1 T, at B = 0.3 T the observed maximum of the radial density profiles
is shifted in the direction of the high-field side to R −R0 = 3 cm. At B = 0.1
T, the floating potential profiles have a maximum at the plasma centre with
values up to 6 V. In the region of the separatrix, the floating potential achieves
negative values between −30 and −10 V. This indicates that ions are better
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Fig. 4.11: Images of the 8×8 matrix probe (Left: View from front. Right: Isometric

view). The probe distance is in both vertical and radial direction 1 cm.

confined inside the separatrix. As discussed in Sec. 4.3.3, the floating potential
deviates from the plasma potential. This will be discussed again in Sec. 5.2.1.
The electron temperature profiles are hollow. Since the density is above the
ECRH cut off value of ne,c = 7.5×, 1016, it is expected that a part of the
power is absorbed in the outer plasma [96]. The electron temperature achieves
maximum values of 20 eV at the separatrix. The lowest electron temperature
is found in argon discharges with about 4 eV in the centre of plasma.
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Fig. 4.12: Radial equilibrium profiles of plasma density (upper row), floating po-

tential (middle row) and electron temperature (lower row) which were measured at

two magnetic fields and heating powers B = 0.1 T, Pheating = 1.8 kW (left) and

B = 0.3 T, Pheating = 0.6 kW (right) for the gasses hydrogen (#3651, #3848),

deuterium (#3670,#3844), helium (#3643.#3855), neon (#3690,#3841) and argon

(#3858,#3862). The neutral gas pressure was p0 = 2− 3× 10−5. The open flux sur-

face regions are marked in gray. The computed separatrix is located at R−R0 = 13.5

cm on the low field side and at R − R0 = −6.1 cm in the high field side.
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5

Comparison of

Langmuir and emissive

probes as diagnostics

In order to investigate coherent structures or turbulent transport in a plasma,
the phase between plasma potential and density fluctuations is a crucial quan-
tity (see Sec. 2.2.3). It is indicative of the turbulence driving mechanism and
determines the level of radial transport. Although Langmuir probes give only
an indirect measure of the plasma potential, they are applied in virtually all
fluctuation measurements and the floating potential is interpreted as if it was
the plasma potential [110, 39, 6, 111, 112, 109].

This chapter is devoted to a comparative study of turbulent transport mea-
surements carried out with Langmuir and emissive probes in the entire poloidal
cross-section. On TJ-K, all previous turbulence studies have been carried out
by means of Langmuir probes [56, 15]. In order to assess potential errors which
might be introduced by using the floating potential instead of the plasma po-
tential, the following questions are addressed: (i) How far do the background
floating φfl and plasma potentials φP agree and can the observed difference be
explained in terms of the measured electron temperature Te. (ii) What is the
influence of an emissive probe on measurements of the ion-saturation current
by an adjacent Langmuir probe in a typical setup used for transport studies.
(iii) What is the difference between fluctuations in the two potential measure-
ments φ̃fl and φ̃P and what is their phase with respect to the ion-saturation
current fluctuations Ĩi,sat.
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5.1 Experimental setup

In the present experiments, the working gas was argon at a neutral gas pressure
of p0 = 5×10−5 mbar and a heating power of 1.8 kW. The electron temperature
was Te ≈ 6 eV and the line-average density about 1.2 × 1017m−3.

The transport probe was used to measure the radial equilibrium profiles
and the fluctuations. Here, it consists of a central Langmuir probe sandwiched
between two emissive probes in a distance of d = 7.5 mm. When the heating
system is disconnected from the probe, the tips of transport probe can be used
as Langmuir probes. This makes it possible to get direct comparisons between
potential measurements with a Langmuir and a hot, emitting probe. The
term ”cold probe” will be used for the emissive probe when it is not heated
and therefore acts as a Langmuir probe. It has been carefully checked that the
loop geometry of the cold probe gives the same results as a cylindrical probe.
Probe data have been taken over the entire poloidal plasma cross-section for
time intervals of 64 ms at a rate of 2 MHz. For density measurement, the
ion-saturation current Ii,sat of the central Langmuir probe is used. The probe
tip is connected with short cables via a resistor of 1 kΩ to a battery with a
voltage of −90 V.

5.2 Results

5.2.1 Equilibrium profiles

Before investigating fluctuations and transport, attention is drawn to equilib-
rium profiles of potential and density. Radial profiles of the potential and the
ion-saturation current Ii,sat have been measured with both the cold and the
emitting probes.

Fig. 5.1: Influence of the emissive probe on the plasma equilibrium. Radial profiles

of the ion-saturation current in argon from the central tip of the transport probe for

cold (solid line) and emissive (dashed line) outer probes (#2189). The position of the

separatrix is marked by grey vertical bars.
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Fig. 5.2: Left: radial potential profiles measured with cold (solid) and emitting

probes (dashed) (#2189). The floating potential shows a pronounced minimum in the

region of the separatrix marked by grey bars. Right: electron temperature profile T cal
e

computed out of Eq. (4.5) from a simultaneous measurement with one cold and one

emitting probe (solid line) compared with a profile T sweep
e from probe characteristics

(dots). The temperature measurements are from a different discharge at the same

nominal parameters. The dashed line gives the ratio between measured and estimated

temperatures.

Figure 5.1 shows the influence of the electron emission from the two outer
probes on ion-saturation current measurements carried out with the central
probe. The agreement of the two profiles measured with the outer cold and
emissive probes is excellent. Hence for a probe separation of 7.5 mm there is
no limitation in using Langmuir probes in the vicinity of an emissive probe.

Figure 5.2 depicts a comparison of potential measurements carried out with
the same probe, once operated cold and once emissive. The floating potential
is more negative compared to the plasma potential. It assumes strong negative
values in the region of the separatrix at R − R0 ≈ 12 cm, where the electric
field reverses sign. The shape of the plasma potential is smoother with only
a small dip at the separatrix. The measurements have been extended to the
whole poloidal cross-section. Fig. 5.3 shows the poloidal profiles of the floating
and the plasma potential. The plasma potential profiles are very similar to
those of the floating potential. Both profiles are peaked in the centre. In the
region of the separatrix, a large dip is observed in the floating potential profile.

Using simple probe theory (see Sec. 4.3.2), the electron temperature profile
can be deduced from the two profiles. Since φP and φfl have been measured,
equation 4.5 can be used to calculate the electron temperature. This has been
done with the data of Fig. 5.2a. In Fig. 5.2b, the obtained radial tempera-
ture profile is compared with temperature measurements deduced from swept
Langmuir probe characteristics, which have been carried out in another dis-
charge at the same nominal parameters. The temperature has been derived
from the exponential region of the probe characteristics restricted to a range
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Fig. 5.3: Profiles in poloidal cross-section of the potential measured with emitting

(top) and cold (bottom) probes. The floating potential shows a pronounced minimum

in the region of the separatrix. The dash curves indicate the separatrix. The flux

surfaces are marked by the solid curves.
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up to about Te/e above the floating potential. Different upper limits have been
checked to yield the same temperature values. The two temperature profiles
in Fig. 5.2b deviate by an almost constant factor of about 2.

In order to compare this factor with previous results from one-point mea-
surements in the CASTOR tokamak, plasma with hot hydrogen ions [103], the
factor ∆ = e(φP −φfl)/Te is introduced. The simple expression (4.5) yields for
an argon plasma ∆cal = (6.7 + ln Ai)/2 = 5.2. If the measured potentials and
temperatures (T sweep

e ) are used, the factor decreases to ∆sweep = 2.6. Hence
the ratio is ∆cal/∆sweep = 2.0. This confirms the trend reported from CAS-
TOR, where the ratio was 1.5. It should be noted, however, that in Ref. [103]
the expression for ji,sat was used without the Bohm factor of 0.61. If this factor
is included, the value changes from ∆cal/∆sweep = 1.5 to 1.2.

According to Eq. (4.4), this ratio can be interpreted by differences in sec-
ondary electron-emission coefficients or effective collecting areas between elec-
trons and ions. In order to reproduce the measured electron temperature, the
effective probe surface for the ions needs to be 14 times larger than that of
the electrons, which is an unrealistic value. Also a needed value of γi ≈ 13
is not realistic. Hence, as in Ref. [103], there is no simple explanation of this
difference. However, since the ratio ∆cal/∆sweep is almost constant across the
plasma radius, explanations depending on the local density or electron temper-
ature are ruled out. Since the magnetic field changes by a factor of 2 across the
scanned range, also the ion gyro radius cannot be used as leading parameter
to account for this difference.

5.2.2 Fluctuation and radial transport measurements

For the same discharges as used for the equilibrium profiles, also full sets of
fluctuation data are available. Therefore, all data were consistently taken for
two discharges, one measured with emitting and the other with cold probes.
The probability density functions (PDF) of density and potential fluctuations
depend on the radial position. For the two cases of cold and emitting outer
probes, Fig. 5.4 shows the PDF of ion-saturation current fluctuations measured
with the central probe at two different radial positions (left-hand side) and
the dependence of the moments of the PDF, which are the standard deviation,
the skewness and the kurtosis, on radius (right-hand side). The comparison
shows, that emissive probes operated in a distance of 7.5 mm from a Langmuir
probe do not substantially influence the ion-saturation current measurements
carried out with the latter. This holds for both equilibrium and fluctuation
measurements and is an important finding for the use of emissive probes in
our system, since for the investigation of turbulent transport potential and
saturation current have to be measured in close vicinity.

The turbulent transport fluctuations have been computed according to
Eq. (4.6). The poloidal electric field at the position of the central probe is
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Fig. 5.4: Influence of the emissive probe on plasma fluctuations. Left: comparison of

the PDFs of Ii,sat fluctuations measured with the central probe for the cases of cold

(line) and emitting (dashed) outer probes measured at the radial positions R−R0 =

3.5 and R − R0 = 6.5 cm. Right: dependence of the moments of the PDFs of Ii,sat

fluctuations on radius. The figures show the standard deviation (a), the skewness (b)

and the kurtosis (c).

56



5.2 Results

s
E
(V

/m
)

Fig. 5.5: Poloidal gradient of the potentials measured with the two outer probes

which measured the floating potential (solid line) or the plasma potential (dashed).

(a) shows the DC components and (b) the standard deviation of fluctuations (#2189).

deduced from the difference of the potentials measured with the two outer
probes. Results obtained with cold and emitting outer probes are compared.
Fig. 5.5a shows the DC values while the standard deviation of the fluctuations
can be found in Fig. 5.5b.

Compared to the radial gradient of the floating and plasma potentials,
which are of the order of 200 V/m for φfl and 40 V/m for φP (see Fig. 5.2),
the values of the poloidal gradients are smaller with values <100 and <10
V/m, respectively. The deviation of the poloidal gradient from zero can be
attributed to misalignment of the probes on the flux surface so that they
pick up a contribution from the radial component. The strongest deviations
are in the region of the separatrix, where the radial gradient is the largest.
The fluctuations in the poloidal gradient, which are the poloidal electric field
fluctuations in Fig. 5.5b, on the other hand, show rather good agreement.

A further important quantity for turbulent transport is the cross phase
between density and potential fluctuations. The relevant parameter is the
cross-phase frequency spectrum α(f), which has to be regarded in context
with the coherency spectrum γ(f) between both signals [113]. Only in the
frequency domain where signals are coherent, determines the cross phase the
magnitude and the direction of transport. The cross spectrum shows strong
variations with the radial position.

Figure 5.6a depicts coherence and phase spectra in the density gradient
range at the position of R − R0 = 10 cm. Again, all quantities were calcu-
lated for cold (solid lines) and emissive (dashed lines) outer probes. Excellent
agreement is found for the two different measurements. The coherency is rea-
sonably large for the low-frequency range f < 20 kHz and the cross phases
are close to zero as also measured previously in wave-number space [24]. The
coherency of the cold-probe measurements is somewhat lower for frequencies
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Fig. 5.6: (a) Cross-phase and coherency spectra between density and potential fluc-

tuations where the potential was measured with cold (solid line) and emissive (dashed)

outer probes. (b) Power spectra of ion-saturation current (upper) and poloidal electric

field fluctuations (lower) for cold (solid) and emissive (dashed) probes.

above 7 kHz. In the range f > 20 kHz, the coherency strongly decreases for
two measurements, resulting in a higher uncertainty of the cross phase.

Fig. 5.6b shows the corresponding power spectra of ion-saturation current
and poloidal electric-field fluctuations. The spectra are averaged over 32 re-
alisations of 2048 data points each. Also the agreement of the power spectra
measured with cold an emissive probes is very good. The spectra of poloidal
electric field fluctuations computed from the floating and the plasma poten-
tial fluctuations are very similar. This shows again that the influence of the
emitted electrons on the ion-saturation current fluctuations is marginal.

Finally, Fig. 5.7 shows the radial turbulent transport profile evaluated
from the data discussed above. The qualitative agreement is satisfactory in
the sense that the reproducibility of such complex measurements is not perfect,
especially if emissive probes are involved. In addition, the main discrepancy
appears outside the last flux-surface at R − R0 ≥ 12 cm. Transport is the
largest in the region of the density gradient and is small in the centre of the
plasma where the density gradient vanishes. The largest value is found on the
low-field side. These results show that, at least for plasmas at the parameters in
TJ-K, the use of Langmuir probes is justified for the investigation of potential
fluctuations.
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Fig. 5.7: Radial profile of the mean turbulent transport measured with cold (solid

line) and emitting probes (dashed). For both curves, the density has been measured

with the same probe and both curves have been normalised with the same factor.

Hence, the comparison is quantitative.

5.3 Discussion and conclusions

Measurements of radial turbulent transport and related quantities were carried
out with a conventional transport probe and a transport probe equipped with
two emissive probes. In contrast to the conventional probe, where the poloidal
electric field fluctuations are estimated from the floating potential, the emissive
probes measure plasma potential fluctuations. The DC potentials from the
two probes are, of course, different, but it has been demonstrated that the
fluctuating components measured with the two probe systems and derived
quantities agree rather well.

The differences in the equilibrium values of the floating and the plasma po-
tential were found to be larger than expected from simple probe theory, i.e. the
deviations were larger than estimated from Eq. (4.5) with the measured elec-
tron temperature profile. As mentioned before, this is consistent with results
from the edge plasma of the CASTOR tokamak [103] and is also consistent
with previous studies on TJ-K. Since the difference is approximately constant
across the plasma radius, explanations depending on the local density, electron
temperature or ion gyro radius are ruled out. One candidate for an explana-
tion is a higher effective collection area for the ions. Detailed simulations of
the orbits of gyrating ion around the probe are needed to address this problem.
From the comparison, however, the effective ion collecting surface needs to be
14 times larger than that of the electrons, which is an unrealistic value. A sim-
ilar statement is true for the secondary electron-emission coefficient where one
needs a value of γi ≈ 13. Recently, data from the stellarator W7-AS have been
analysed, where the same kind of analyses produced agreement with probe
theory [114]. Since there is an order of magnitude increase of magnetic field
strength from TJ-K to CASTOR and W7-AS, the magnetisation of the ions
could be important. On the other hand, the magnetic field in TJ-K changes
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across the radius by a factor of two while the measured correction factor stays
constant.

In contrast to the DC values, the potential fluctuations measured with
cold and emitting probes have very similar properties. Power spectra, the
PDF and the moments of the PDF resulting from cold and emissive probes
agree very well. The cross phases between the two potential measurements
with the ion-saturation current are close to zero for all radial positions. This
is in agreement with drift-wave dynamics found in previous work on turbulent
transport and coherent structures in TJ-K [24, 15] and with simulation results
given in Refs. [10, 115]. The turbulent transport measured with the transport
probe shows the same radial dependence, whether floating or plasma potential
is measured.

As a byproduct this study showed that there is only little influence of
emissive probes on Langmuir probes operated in close vicinity. The inspected
ion-saturation current data from the Langmuir probes were not altered when
an emissive probe was operated in a poloidal distance of 7.5 mm. Mean val-
ues, moments of the PDF and power spectra were almost identical when the
adjacent probes were operated cold or emissive. Hence emissive probes can be
operated together with Langmuir probes without a visible drawback for the
latter.

It should be pointed out that there is strong practical interest in using
Langmuir instead of emissive probes. Langmuir probes have a much simpler
design and an almost unlimited lifetime. Emissive probes are extremely fragile
with a lifetime in TJ-K of at best two hours. The actual state of emissive probes
has to be checked frequently and for optimal results, the heating current has
to be adjusted to the plasma parameters. Furthermore, the background noise
level rises due to additional power supplies and wiring. It turned out rather
time consuming to measure a complete set of reliable radially resolved data.
In addition, for multi-probe measurements with up to 64 probes as used in
Ref. [24] it is virtually impossible to use emissive probes.

In conclusion, for the plasma parameters of the torsatron TJ-K the fluctu-
ations in plasma and floating potential have very similar statistical properties.
Hence it is possible to carry out turbulence studies with Langmuir probes only
and to interpret floating potential as plasma potential fluctuations. Therefore
this study provides the basis for the use of multi-probe arrays which in practice
can be built only with Langmuir probes.

60



6

Three-dimensional

turbulent structures

The turbulence in TJ-K has turned out to governed by drift-wave instability
[15, 47, 56, 25]. The important properties of drift-wave turbulence are the
propagation into the electron-diamagnetic direction, a cross phase between
density and potential fluctuations of close to zero and a finite parallel wave
number with k‖ ≪ k⊥. Due to the finite parallel length, the turbulent struc-
tures exhibit three-dimensional dynamics. Therefore a detailed understanding
of drift waves requires fully three-dimensional investigations, i.e. the dynamics
perpendicular and parallel to the magnetic field.

This chapter is organised as follows: in Sec. 6.1, the perpendicular dy-
namics of the turbulence is investigated. The characteristics of the turbulent
fluctuations on the low- and the high-field side are compared. In particular,
the characteristics are examined on different scales. In Sec. 6.2, the results
from the investigation of the parallel dynamics in TJ-K are presented. Here,
the results from Sec. 6.1 are used to interpret the parallel propagation of the
turbulent structure.
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6. Three-dimensional turbulent structures

6.1 Turbulence dynamics perpendicular to the

magnetic field

6.1.1 Status of research and motivation

In fusion devices, the major fraction of particle and heat transport perpendic-
ular to the confining magnetic field is due to electrostatic turbulence [38]. It is
characterised by fluctuations in density, plasma potential and temperature on
a wide range of spatial and temporal scales. Consequently, the investigation of
the dynamics perpendicular to the magnetic field is essential for understand-
ing the mechanisms, which reduce the confinement quality in tokamaks and
stellarators. Furthermore, understanding the scaling behaviour of turbulence
models and their dependence on global dimensionless parameters is important
for the prediction of confinement for the various fusion machines [116, 25].
Therefore, turbulent transport of energy and particles across magnetic surfaces
is subject for investigations in many fusion devices. In the plasma edge, it is
believed that drift-wave instabilities are responsible for the turbulence drive.
In the SOL, interchange instabilities cause the turbulence. Furthermore, lo-
calised regions of high plasma density, so-called blobs have been observed in
many tokamaks, which appear frequently in the plasma edge and propagate
radially outward to SOL [117, 118, 119]. In the plasma core, many observa-
tions of the turbulence can be explained by ITG, TEM and ETG instability.
Furthermore, due to the dominant instability, turbulent structures occur at
various scales.

In order to identify the mechanism of turbulence driven transport, it is
required to measure the perpendicular wave number spectra of fluctuations
on a wide range of scales. Of further interest is that the power spectrum
characterises the energy distribution and its spectral index gives information
on the energy transfer between various scales [26, 27].

For the measurement of spectral structures, Langmuir probes, Laser scat-
tering, Reflectometry and Ultra-Fast Cameras have been used. Some impor-
tant examples are given here: In the SOL of W 7AS, turbulent structures
were measured with a poloidal width of 1 cm and a typical life time of 10 µs
by using Hα diagnostics. With the Langmuir probe measurements, a spectral
index of -3 was found for the wave number spectra of floating potential fluctu-
ations [120, 22]. On TEXTOR tokamak, laser scattering was used to measure
the wave number spectra of density fluctuations in the parameter range of 3
cm−1 < k⊥ < 130 cm−1. The wave number spectra had a spectral index be-
tween -3 and -5.5 [121]. In the plasma core of the Microtor tokamak, the wave
number spectrum was measured by using far-infrared laser scattering [122].
A spectral index of -3.5 was observed. The wave number spectra were mea-
sured at the stellarator TJ-II with a Laser-scattering system in a parameter
range of 3 cm−1 < k⊥ < 40 cm−1. The spectral index was reported to be
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6.1 Turbulence dynamics perpendicular to the magnetic field

about −4 [123]. In the Tore Supra tokamak, the wave number spectra were
measured in the parameter range of 6 cm−1 < k⊥ < 28 cm−1 with a Back-
scattering system in the plasma core. The spectral index was found to be -3
for small scales k⊥ρi > 1 and -6 for the large scales k⊥ρi < 1 [124]. In the
edge plasma of the ASDEX tokamak, electrostatic fluctuations were measured
with Langmuir probes and optical fibers measurements of Hα light [6]. In the
SOL of ASDEX, turbulent structures with a typical life time of 10 µs and a
typical poloidal wavelength of 4 to 8 cm were found. In the edge of NSTX, the
poloidal wave number spectra was measured by using of an ultra-fast-speed
camera [117]. A spectral index of 3 was observed. In the ASDEX upgrade
tokamak, many observations in turbulent transport in the plasma core could
be described by ITG and TEM instability [125].

In previous experiments, the experimental problem is mainly the absence
of the diagnostics in the plasma edge with high spatial resolution. In TJ-K,
perpendicular dynamics of turbulence has been investigated with the objective
to study the poloidal wave number spectra and the scaling of the turbulent
structure with ρs. Previous investigations [1,2], which used poloidal and 2D
probe arrays with 64 tips, have been extended to smaller scales and to a
larger ρs variation. This has been achieved by remodelling the probe array
(increasing the spatial resolution up to dx = 0.5 cm) and by increasing the
magnetic field from B = 0.1 up to 0.3 T. Discharges are compared, where
ρs =

√
Mi/B was changed through both ion mass Mi and magnetic field

strength B0. Finally, poloidally resolved turbulent transport was measured
and differentiated between low-field and high-field side. The experiments were
carried out in hydrogen, deuterium, helium, neon and argon for both magnetic
field B = 0.1 and 0.3 T. Discharges were performed at a current ration of
Rv/h = 0.57 and a neutral gas pressure of p = 2 − 3 × 10−5 mbar.

6.1.2 Basic properties of fluctuations

For helium discharges at B = 0.1 T and 0.3 T, radial profiles of the relative
fluctuation levels ñ/n0 and eφ̃/Te are shown in Fig. 6.1. Large fluctuation
levels are observed in the region of maximum density gradient, as marked
in gray. Furthermore, the relation ñ/n0 ≥ eφ̃/Te is found in this region for
both magnetic field strengths. This is characteristic for drift-wave turbulence
[126]. The relative fluctuation levels at B = 0.1 T are larger than those at
B = 0.3 T. This is again consistent with the drift-wave model, which predicts
that the fluctuation levels change according to ñ/n0 ∼

√
ρs/L⊥, where L⊥

is the pressure gradient length [127]. Note that ρs decreases with increasing
B. The same behaviour is found for discharges with other gases varying from
hydrogen to argon. Fig. 6.2 shows the radial variation of the amplitude ratio
(ñ/n0)/(eφ̃/Te) for all discharges at B = 0.1 and 0.3 T. In the region of density
gradient, (6 < R − R0 < 13 cm), the relative density amplitude ñ/n0 is of
the same order as eφ̃/Te, which is an indication for the drift-wave instability.
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B=0.1 T

R-R (cm)0

Fig. 6.1: Comparison of measured radial variation of relative potential (diamond

symbols) and density (asterisk symbols) fluctuations for helium discharges at B = 0.1

T (black symbols) and B = 0.3 T (gray symbols). The region of the density gradient

on the low-field side is in the shaded area.

Because of the high electron temperature in the regions of (R −R0 < −2 cm)
and (R −R0 > 13 cm the value of (ñ/n0)/(eφ̃/Te) increases from 1.5 in argon
up to 4.5 in deuterium discharges. This could be explained by assuming a
non thermal electron component generated by the heating around the upper
hybrid resonance layer [92]. Therefore, the values of (ñ/n0)/(eφ̃/Te) can be
regarded as spurious in these regions. The strength of the magnetic field does
not influence the ratio (ñ/n0)/(eφ̃/Te).

Fig 6.3 shows the power spectra of the relative density fluctuation ampli-
tudes ñ/n0 for B = 0.1 T (left) and 0.3 T (right) measured at radial position
R−R0 = 10.5 cm. For all discharges, the spectra show a power law behaviour
with a decay over several decades. At B = 0.1 T for argon and neon dis-
charges, a large prominent mode is observed at about 6-9 kHz. At the higher
magnetic field, this mode is absent. This could be explained by the presence of
non-magnetised ions for argon and neon discharges at B = 0.1 T. At B = 0.3
T the Larmor radius of the ions becomes small and all ions are regarded as
magnetised. In this case, no prominent mode is present. At B = 0.3 T, the
inertial range of the spectra is shifted to higher frequencies in comparison to
those at B = 0.1 T. For example, the inertial range of the power spectrum
in deuterium and argon at B = 0.1 T begins at 10 and 7 kHz, respectively,
whereas it is shifted to 14 and 23 kHz at B = 0.3 T.

For the same discharges, the poloidal variation of skewness and kurtosis
of the density fluctuations are shown in fig. 6.5. They have been measured
with the poloidal array and allow to distinguish the properties at the high-
and low-field side of the torus. A positive value of the kurtosis indicates
that large deviations of the mean value are more frequent than in a Gaussian
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Fig. 6.2: Averaged radial profiles of the ratio (ñ/n0)/(eφ̃/Te) at B = 0.1 (left) and at

B = 0.3 T (right). The discharges were in hydrogen (#3651, #3652, #3824, #3825),

deuterium (#3670, #3671, #3827, #3828), helium (#3639, #3640, #3808, #3809),

neon (#3685, #3686, #3806, #3807) and argon (#3660, #3661, #3804, #3805) with

1.8 kW at B = 0.1 T and 0.6 kW at B = 0.3 T. For all discharges, the neutral gas

pressure was 2 − 3 × 10−5 mbar.
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Fig. 6.4: Probability distribution functions for density fluctuations in neon (top) and

argon (bottom) discharges at B = 0.1 T (solid line) and B = 0.3 T (dashed line).

Data are taken from the prob at the low-field side (at θ = 27◦ and 53◦ for neon and

argon, respectively).

distribution, whereas a negative kurtosis is an indicator of the presence of a
periodic mode with large amplitudes. The PDF deviates from the Gaussian,
when the large mode is present. For poloidal positions on the low-field side,
two examples in neon and argon discharges are given in Fig. 6.4. At B = 0.1
T, a prominent mode is observed at f = 6 and 8 kHz for neon and argon
discharges, respectively, as shown in Fig. 6.3. This leads to negative values of
the kurtosis at B = 0.1 T.

For hydrogen discharges, the skewness is close to Gaussian for both B = 0.1
and 0.3 T on the low-field side, whereas the skewness increases on the high-
field for both fields and the PDF becomes asymmetric. In helium discharge,
the skewness behaves similar to hydrogen at B = 0.1 T. At B = 0.3 T the
skewness remains close to Gaussian on both low- and the high-field sides. A
significant feature of hydrogen and helium discharges is the asymmetry of the
fluctuation on the high-field side at B = 0.1 T.

For the neon discharge, the skewness is close to Gaussian on the low-field
side and increases on the high-field side at B = 0.1 T. An exception is the
value of the skewness in the neon discharge at B = 0.3 T, which becomes more
positive on the low-field side, while it is close to a Gaussian on the high-field
side. In the argon discharge, the poloidal behaviour of the skewness at B = 0.1
and 0.3 T is very similar and the values of the skewness are close to a Gaussian
on both low- and the high-field side. For all discharges, the kurtosis becomes
more negative at B = 0.1 T than those at B = 0.3 T.
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Fig. 6.5: Poloidal profiles of the skewness (top) and the kurtosis (bottom) at B = 0.1

T with 1.8 kW (asterisk symbols) and B = 0.3 T with 0.6 kW (diamond symbols).

The discharges were in hydrogen, helium, neon and argon with a neutral gas pressure

of 2 − 3 × 10−5 mbar. A poloidal angle of θ = 0◦ correspond to the outboard-side of

the torus where the array is at R − R0 = 10.5 cm.
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6. Three-dimensional turbulent structures

6.1.3 Turbulent transport

The radial transport results from the poloidal array are presented in this sec-
tion. The poloidal array allows the simultaneous measurements of the fluctu-
ations in the ion-saturation current Ĩisat and in the floating potential φ̃fl over
a flux surface. In addition, the mean value of density and ion-saturation cur-
rent Īisat can be measured on the same flux surface with the transport probe
normalised to the density from interferometer as described in Sec. 4.3.1. Ne-
glecting the temperature fluctuations, the relation ñ/n0 ≈ Ĩisat/Īisat is valid.
Using

〈Γ〉t =
〈
ñẼθ

〉
t
/B, (6.1)

the mean radial transport due to electrostatic fluctuation at one location on
flux surface can be represented as

〈Γ〉t ≈
n0

ĪisatB0(θ)

〈
ĨisatẼθ

〉
t
. (6.2)

The fluctuations in the poloidal electric field Ẽ have been already defined in
Eq. (4.8). The advantage of the Eq. (6.2) is that the mean radial transport
can be determined without any assumption on the effective probe area.

In Figs. 6.6 and 6.7 from top to bottom, the relative fluctuation levels in
density and poloidal electric field, the cross phase between density and floating
potential and at last, the mean radial transport are plotted versus the poloidal
angle for hydrogen and helium discharges. For all discharges, the relative
fluctuations in density and poloidal electric field were found to be larger on
the low-field side than on the high-field side. The maximum fluctuation levels
at B = 0.1 T were found to be ñ/n0 ≈ 0.2 in helium discharges. As expected
for drift waves, the fluctuation levels at 0.1 T were observed to be larger than
those for 0.3 T. In numerical studies using DALF3, this has already been
verified in the β̂ scan, where the density fluctuations in the simulated data
grew by decreasing the magnetic field strengths or increasing the β̂ [53].

The measured cross phase has a maximum at α ≈ 0.2π on the low-field
side at B = 0.3 T. The phase shift could be related to various effects such as
Alfvénic activity, resistivity, Landau damping and magnetic field curvature.
The maximum on the low-field side is most likely related to the latter effect,
since, on the low-field side the magnetic curvature is such that it increases the
cross phase. The possibility of the coupling of the electrostatic fluctuations
to the shear Alfvén wave (Alfvénic activity) will be discussed in Sec. 6.2.
However, the cross phase does not vary considerably between high- and low-
field side. This is not surprising, because turbulence has turned out to be
dominated by drift waves in the regions with closed field lines. A similar
behaviour for the cross phase at both poloidal positions was found in the
simulated data from DALF3 [53].
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6.1 Turbulence dynamics perpendicular to the magnetic field

Finally, the maximum of the mean transport is located on the low-field side
for all discharges at both B = 0.1 and 0.3 T. Furthermore, the mean transport
is outward on the low- and high-field side due to a negative cross phase on both
sides. In comparison to the low-field side, the mean transport on the high-field
side is clearly small. Although, the effect of bad curvature on the cross phase is
small. This asymmetry points to the importance of interchange turbulence and
ballooning character for transport. Note worthy is that maximum transport
is not observed at θ = 0◦ but rather at θ = 50◦, which is the position shifted
in the direction of the E × B drift.

6.1.4 Poloidal wave number spectra

As mentioned in Sec.6.1, the dependence of turbulence length scales on the
typical plasma length is important both to identify driving mechanism of tur-
bulence and to develop scaling laws for turbulent transport models. A further
important question concerning the turbulent cascade is how the energy is trans-
ferred among the scales. The poloidal dependency of the fluctuations on the
low-field and high-field side has already been shown in the last section. Of
further interest for analysing fluctuations is at which scales the fluctuations
have their maximum and how is the distribution of the cross phase between the
density and floating potential fluctuations on the different scales. The poloidal
wave number and wave number resolved cross phase spectra presented in this
section contain all this information. The wave number spectra were measured
with the poloidal probe array. By changing the magnetic field, the ion mass
and the spatial resolution of the poloidal array, k⊥ρs was varied on a wide range
from 0.02 in a hydrogen discharge at B = 0.3 T to 15 in an argon discharge at
B = 0.1 T.

Figs. 6.8 and 6.10 show two examples of measured poloidal wave number
spectra of the normalized fluctuation amplitudes (top left), the mean trans-
port (top right) and the wave number resolved cross phase spectra between
density and floating potential fluctuations (bottom) in hydrogen and helium
discharges, respectively. For each plot, series of discharges at B = 0.3 T (dots)
and 0.1 T with spatial resolution of dx = 0.7 cm (dashed line) and at B = 0.1
T with spatial resolution of dx = 0.5 cm (solid line) were performed.

For hydrogen discharges (see Fig. 6.8), k⊥ρs was varied from the large
scales k⊥ρs ≈ 0.03 to small scales k⊥ρs ≈ 2.5. According to the ρs scaling of
turbulent structures, the maximum of the wave number spectra of normalized
density and floating potential fluctuations is located between 0.15< k⊥ρs < 0.4
for all hydrogen discharges. In the inertial range k⊥ρs > 0.4, the shapes of
the spectra are similar and fall off following the power law k−3. Although, ρs

has been changed by a factor of 3.3, in terms of k⊥ρs the spectra coincide.
This is in agreement with the predicted linear scaling of the spectral turbulent
structures with ρs . The wave number spectra of the transport fluctuations
have their peak at k⊥ρs ≈ 0.3. The maxima of the mean transport 〈Γ〉 are
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Fig. 6.6: Poloidally resolved relative fluctuations in density (a), poloidal electric field

(b), cross phase between density and floating potential fluctuations (c) and mean
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for helium discharges in the same representation as in Fig. 6.6.
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observed at k⊥ρs ≈ 0.3, too. Furthermore, the mean transport is observed
to be outward for all scales with the exception of the discharge at B = 0.1
T with spatial resolution of dx = 0.7 cm. The observed mean transport at
B = 0.1 T and dx = 0.7 cm becomes very small and negative for k⊥ρs > 0.7.
For all discharges, the cross phase is tightly distributed around zero. This is
clear evidence that drift-wave dynamics is dominant on all scales. At small
scales, the cross phase displays a broad distribution for all discharges. This
could be explained with the fact that the signal-to-noise ratio is rather low at
small scales.

Fig. 6.9 shows a typical cross-correlation function in space and time of
the normalised density fluctuations between the probe at the poloidal position
θ = 0 (outboard) and all probes on the poloidal array for the magnetic field
strengths of B = 0.1 (left) and 0.3 T (right). The correlation angle θcorr is
the full width at half of the maximum correlation function at τ = 0. The
correlation time τcorr here is defined as the life time of the structure. In both
discharges, a localised turbulent structure is observed, which propagates in the
direction of the electron-diamagnetic drift according to the drift-wave dynam-
ics. With the relation Lcorr(= θcorr/8.12) ∼ ρs for a gyro-Bohm-like scaling
[128] and measured correlation angles θcorr ≈ 38◦ and θcorr ≈ 17◦ at B = 0.1
and 0.3 T, respectively, one finds (Lcorr)B=0.1T /(Lcorr)B=0.3T = 2.1. This value
agrees within error bars with the value (ρs)B=0.1T /(ρs)B=0.3T = 3.3 obtained
with ρs =

√
TeMi/eB. The correlation length Lθ shows a power law scaling

ρ0.6
s . It is also consistent with dedicated studies on the scaling carried out ear-

lier in TJ-K [25], where a scaling of the type ρ0.4
s was found. This shows clear

trend that the structure size grows with ρs due to a gyro-Bohm-like scaling.
Furthermore, from the correlation lengths Lcorr ≈ 4.7 and 2.1 cm, the wave
numbers at correlation lengths kcorr ≈ 2π/Lcorr ≈ 1.3 and ≈ 2.8 cm−1 can
be obtained. With ρs ≈ 0.4 and 0.13 cm at B = 0.1 and 0.3 T, respectively,
one gets kcorrρs ≈ 0.37 − 0.5. These values are in the range, where the mean
transport 〈Γ〉 has its maximum. For the correlation time τcorr, one finds the re-
lation (τcorr)B=0.1T /(τcorr)B=0.3T ≈ 3, which shows that τcorr increases as L1

corr

or decreases as k−1
corr.

For helium discharges (see Fig. 6.10), the maxima of the wave number
spectra of the normalized density and floating potential fluctuations are located
between 0.25< k⊥ρs < 0.7. In the inertial range k⊥ρs > 0.7, the shapes of the
spectra are similar to each other and fall off following the power law k−3. The
maximum of the mean transport was observed at k⊥ρs ≈ 0.5− 0.6. The mean
transport was found to be outward directed in the range k⊥ρs < 1.2. At small
scales, k⊥ρs > 1.2, the transport was found to be inward (see Fig. 6.10). In
simulated data from DALF3, also the inward-directed transport was found at
small scales k⊥ ≈ 1.8 cm−1 [53]. Because of small fluctuations in density and
poloidal electric field at k⊥ρs > 1.2, the maximum value of the inward-directed
transport is up to 10 times smaller than that of the outward transport. At
k⊥ρs < 2, the cross phases are distributed closely around zero. For small scales,
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6.1 Turbulence dynamics perpendicular to the magnetic field

the cross phase spectrum becomes again broadly distributed around zero.

For helium discharges, the correlation angles of θcorr ≈ 50◦ and θcorr ≈ 20◦

were observed at B = 0.1 and 0.3 T, respectively (see Fig. 6.11). From the
measured correlation angles a ratio of (Lcorr)B=0.1T /(Lcorr)B=0.3T = 2.5 was
found. This value is again in good agreement with the expected value of 3.3
obtained by ρs =

√
TeMi/eB. Similar to hydrogen discharges, the value of

kcorrρs lies in the range 0.6 − 0.8 for helium discharges, where the measured
mean transport has its maximum. The life time structure τcorr was found to
be decreased as k−1.25

corr .

In Fig. 6.12, the wave number spectra of the normalised density fluctua-
tions are plotted versus the wave number at B = 0.1 (top) and 0.3 T (bottom)
for each gas from hydrogen to argon. For all discharges, the wave number
spectra decay almost with the index spectral of m ≈ −3. This finding is con-
sistent with the Kolmogorov hypothesis, which predicts a universal form of
the inertial range, independent of the changes of the magnetic field and gases
[26]. Due to ρs scaling, the wave number spectrum is shifted to large scales,
when ρs increases. However, no significant ρs scaling behaviour was found
between hydrogen and deuterium discharges. The characteristic feature of the
ρs scaling is apparent, when one compares the argon discharge with hydrogen
discharges at both B = 0.1 and 0.3 T. According to the ρs scaling, the wave
number spectrum of the density fluctuations in argon discharges is shifted to
large scales in comparison to those in neon discharge at B = 0.3 T.

In Fig. 6.13, k spectra of the normalised density fluctuations are plotted
for the discharges in argon at B = 0.1 and 0.3 T. The same dependence
of the fluctuation level with ρs (gyro-Bohm-like) is obtained in argon when
changing the magnetic field. With k ∼ 1/Lcorr, the value kB=0.3T /kB=0.1 ≈
(ρs)B=0.1T /(ρs)B=0.3T ≈ 2.3 is in good agreement within error bars with the
value 3.3 determined by the definition of ρs.

6.1.5 k-f spectra

The poloidal probe array allows to simultaneous measurements of wave num-
ber and frequency (k-f) spectra. Fig. 6.14 shows a typical k-f spectrum of
the normalized density fluctuations in a hydrogen discharge at B = 0.3 T. The
power spectrum is plotted in a logarithmic colour scale versus the wave num-
bers k (cm−1) (y-axis) and the frequencies f (kHz) (x-axis). Due to presence
of the saturated turbulence in TJ-K, the k-f spectrum is a rather broad and
no clear dispersion relation is apparent.

73



6. Three-dimensional turbulent structures

~n
n0

2

| |

Te

2~
ef| |

B=0.1 T

B=0.1 T

B=0.3 T

G
2
(a. u.)

Fig. 6.8: Top left: Wave number spectra of the normalised density (top) and floating

potential (bottom) fluctuations as a function of k⊥ρs. Top right: Mean transport

〈Γ〉 Bottom right: Wave number spectra of the turbulent transport fluctuations. The

wave number spectra were measured with a spatial resolution of dx = 0.7 cm at

B = 0.1 (dashed line) and B = 0.3 T (dots) and dx = 0.7 cm at B = 0.1 T (solid

line). The symbols are depicted in the top left plot. Bottom row: Wave number

resolved cross phase spectra for the spatial scales of dx = 0.7 cm at B = 0.3 T (left)

and B = 0.1 T (middle) and dx = 0.7 cm at B = 0.1 (right) T. The discharges were

carried out in hydrogen ECRH plasmas.
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Fig. 6.9: Contour plot of the typical cross-correlation function in space and time

of the normalised density fluctuations in helium discharges at B = 0.1 T (left) and

B = 0.3 T (right). The fix reference probe is at the position (θ = 0) on the low-field

side.
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Fig. 6.10: Wave number spectra of the fluctuations, the mean transport and wave

number resolved cross phase spectra for helium discharges in the same representation

as in Fig. 6.8.
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of the normalised density fluctuations in helium discharges at B = 0.1 T (left) and

B = 0.3 T (right) in the same presentation as in Fig. 6.9
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Fig. 6.14: Top: The k-f spectrum of the normalized density fluctuations for a hydro-

gen discharge at B = 0.3 T (#3824).
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6.1 Turbulence dynamics perpendicular to the magnetic field

6.1.6 Summary and discussions

In all discharges presented here, the largest fluctuation levels were observed in
the region of the density gradient. The fluctuation amplitudes were found to be
smaller at B = 0.3 T than those at B = 0.1 T. In the framework of the mixing-
length estimate, this is consistent with a smaller mixing-length at larger ρs.
The normalised density and floating potential fluctuations were observed to be
of the same order. Hence, the Boltzmann relation is fulfilled, which is expected
for drift-wave turbulence. The frequency spectra show a power law scaling in
all discharges. The inertial range of the spectra is shifted to higher frequencies,
when the magnetic field is increased. Generally, the normalised density and
poloidal electric field fluctuations are larger on the low-field side than on the
high-field side, which leads to increasing of the turbulent transport on the low-
field side. This is an interesting observation, since this asymmetry could be a
sign of interchange drift, which leads to ballooning of the turbulent structures
and to dominant transport in the bad-curvature region. Nevertheless, the cross
phase α ≈ 0 shows the dominance of drift-wave dynamics. At B = 0.1 T, the
turbulent transport on the low-field side is somewhat larger than in the case of
B = 0.3 T. The cross phase between floating potential and density fluctuations
is close to zero. The turbulent transport was observed to be always outward
on both low-field and high-field side.

By the increasing the magnetic field up to 0.3 T and the spatial resolution
of the probe array up to 0.5 cm, the fluctuations in density and potential could
be measured in a wide range of turbulent scales were measured. When, the
wave spectra are plotted versus k⊥ρs, they fall off together, which show the
validity of the ρs scaling behaviour. This finding is consistent with results from
the measurements, where ρs was varied through the ion mass in TJ-K [25].

For the hydrogen and helium discharges, the maxima of wave spectra were
observed to lie in the range 0.2 < k⊥ρs < 0.7. This is in good agreement
with theory, which predicts a typical scale longer than ρs for the drift-wave
dynamics. For all discharges, the maximum of the mean transport is observed
at k⊥ values, which correspond to kcorr as obtained from correlation analysis
of the dominant turbulent structures. The lifetime of the turbulent structure
scales with k−1

corr. This dependence was already found in previous experiments
with Tore Supra [124]. However, the Kolmogorov power law predicts a scaling

of τcorr ∼ k
−2/3
corr [26].

For all discharges, the wave number spectra were observed to be turbulent
with the spectral index of −3. This is consistent with the measurements in
the edge of various tokamaks and stellarators [129, 22, 117]. A k−3 power law
has also been suggested by 2D simulations of Hasegawa-Mima and Hasegawa-
Wakatani turbulence [130, 131]. However, numerical simulations of 2D Navier-
Stokes turbulence predict generally a steeper energy spectrum with the spectral
index of m = 4.3 [132].
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6. Three-dimensional turbulent structures

In TJ-K, the k-f spectra are a rather broad and no clear dispersion relation
is apparent.
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6.2 Dynamics parallel to the magnetic field

6.2 Dynamics parallel to the magnetic field

6.2.1 Status of research and motivation

In Sec. 6.1, the turbulence dynamics perpendicular to the magnetic field has
been studied. This section is devoted to the experimental exploration of the
3-dimensional properties and the parallel dynamics of drift-wave turbulence.
The parallel dynamics, which has the potential to couple the drift wave to
the shear Alfvén wave [13, 14], is closely related to the stability of the drift
wave and therefore an important and scientifically very interesting element.
Investigations of the dynamics parallel to the magnetic field have already been
undertaken in the outer plasma boundary of tokamaks [17, 6, 18, 19, 20, 21] and
stellarators [22, 23]. Generally, the results were obtained by using two-point
measurements with probes in the vicinity of the same field line but separated
in the toroidal direction.

The important properties to know are the extension of the turbulent struc-
tures parallel to the magnetic filed and whether or not they are perfectly
aligned with the magnetic filed. The parallel extent is studied through a cor-
relation analysis along the magnetic field, while the second question requires
to in look at 3-dimensional data and at the cross phases along the magnetic
field.

On the ASDEX tokamak, a maximum of correlation of 82% and an upper
limit of k‖/k⊥ < 10−2 were found for a connection length of 10 m [6]. On the
Wendelstein 7-AS stellarator, a high degree of correlation of up to 93% was
measured for a connection length between the probes of 6 m. The parallel
wave number was found to be k‖ ≈ 0 cm−1 [22]. At a longer distance of 12 m,
a finite value of the parallel phase velocity of v‖ ≈ 2.9×106 m/s was found [23],
which is slower than the Alvén velocity for the given edge plasma parameters.
On the TEXT tokamak for the short connection length of 1.2 m, the parallel
wave number was reported to be k‖ = 0.015 ± 0.001 cm−1 and the correlation
was up to 100% [17]. For a longer connection length of 6 m, the correlation
went down to 60% [17]. The parallel velocity was observed to be close to the
Alfvén velocity [18]. The parallel correlation study on the JET tokamak was
performed for three different connection lengths. At 0.75 m, a high correlation
value of 83% was observed. At the long distances of 23 m and 66 m, the
degree of correlation decreased to 53%. For the average parallel wave number,
the obtained result was k‖ ≈ 0. As a lower limit for the parallel velocity the
value v‖ ≈ 4.3 × 105 m/s was reported, which is again slower than the Alfvén
velocity [21]. In summary, the experiments agree that the turbulent structures
are highly elongated along the magnetic field. However, no uniform picture
exists, on whether the structures are 3D or 2D. A finite parallel wave number
was only observed in the TEXT and TEXT-U tokamaks, while the results from
other devices are consistent with an interchange-like structure with k‖ = 0.
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6. Three-dimensional turbulent structures

While the previous investigations were concentrated on the scrape-off layer
and the region just inside the separatrix, the present measurements have been
taken in the core plasma. Instead of short time series where the radial reso-
lution is achieved with reciprocating probes, a 2-dimensional probe array was
used to take time series with typically 1 million points at each position of the
2-dimensional plane. The advantage of the multi-probe measurements is that
the information about the shape and the propagation direction of the three
dimensional coherent structures can be extracted unambiguously. The experi-
ments were carried out in hydrogen, neon and argon discharges. Furthermore,
a close comparison with simulations with GEM3 done for the parameters of
the TJ-K plasma is carried out for hydrogen. In the experiments the neutral
gas pressure was 3×10−5 mbar and a heating power 2 kW. The electron tem-
perature was Te ≈ 7 eV and the line-average density about 2.0 × 1017m−3.
The three-dimensional structure of turbulence is investigated by means of an
8×8 Langmuir-probe array (termed matrix ) and a 2D-movable probe system
(termed reference probe). The matrix is oriented perpendicular to the mag-
netic field. The reference probe can be moved over the entire poloidal plasma
cross section with a spatial resolution of 1 mm. Details on the probe systems
can be found in Refs. [25, 133]. As shown in Fig. 6.15, both systems are located
at equivalent positions toroidally separated by 120 degrees. Due to the 6-fold
toroidal symmetry the magnetic flux surfaces have the same triangular con-
tours at both locations. The distance along the magnetic field line connecting
the reference probe with the matrix is referred to as connection length. View-
ing the device from the top (upper part of Fig. 6.15), the connection length
in the clockwise direction is referred to as short path (1.25 m) and the one in
counterclockwise direction as long path (2.5 m).

This section is organised as follows: In Sec. 6.2.2, the results of the field line
tracing are described. The results for the numerical simulation for hydrogen
is presented in Sec. 6.2.3. To interpret the results, in Sec. 6.2.4 drift-wave dy-
namics is revisited on the basis of simple models and the experimental outcome
is discussed. The results of the parallel correlation measurements in numeri-
cal simulation and experimental data are presented for hydrogen in Sec. 6.2.5.
The results for the helium and argon discharges are presented in Sec. 6.2.6.

6.2.2 Magnetic field tracing

Investigation of the 3D dynamics of drift waves requires a detailed knowledge
of the magnetic field line mapping between the reference probe and the matrix
for both long and short paths. A numerical mapping was carried out using
the GOURDON field line-tracing code [89]. Fig. 6.15 shows the calculated
mapping from the 64 matrix probes (middle) along the short path (right) and
the long path (left) to the toroidal location of the reference probe. Along
the long path, a probe column of the matrix is rotated counterclockwise to
become a row at the position of the reference probe. The effect is comparable
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2D system (long path) Matrix

Matrix

2D system (short path)

2D probe system

Fig. 6.15: Upper part: top view of TJ-K indicating the locations of matrix and

reference probe and the long and the short connection lengths between them. Lower

part: mapping of the field lines from the probe tips of the matrix to the toroidal

position of the reference probe along the long (left) and the short path (right).
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6. Three-dimensional turbulent structures

Fig. 6.16: A thermionic micro discharge in argon inside TJ-K crossing the matrix.

for the short path. However, the rotation is smaller and in the clockwise
direction. The numerical mapping has been verified experimentally by using a
thermionic micro discharge. To this end, a small negatively biased hot cathode
was fixed on the reference probe and a localised discharge has been established
between the cathode and a metal plate, which was inserted into the vacuum
vessel behind the matrix (seen from the cathode). Optimum conditions were
achieved when the vacuum vessel was filled with argon gas at 10−4 mbar. When
the micro discharge crosses a probe tip of the matrix, it creates a distinct
potential jump. The cathode was moved in the poloidal cross-section until
local potential maxima were detected on the different probe tips of the matrix.
Fig. 6.16 shows a typical thermionic micro discharge in argon. One sees the
filamentary discharge, which follows the magnetic field crossing the matrix. In
Fig. 6.17, the result of the experimental mapping are depicted for 5 probes
of the matrix, showing excellent agreement with the calculations for the long
path and only slight deviations for the short one. For the analysis of the data,
the experimental mapping was used and the main results are derived from the
long path geometry.

The fluctuation measurements were, of course, carried out with the filament
replaced by a standard Langmuir probe. For data acquisition, the 64-channel
16-bit system was used. Generally, for each channel 1 MSample of data was
recorded with 1 MHz resolution. More details of the diagnostics and the data
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6.2 Dynamics parallel to the magnetic field

Fig. 6.17: Comparison of field line calculations (coloured symbols) and experimental

verification with a thermionic micro discharge (black symbols), for both long (dia-

monds) and short connection (squares).

acquisition system can be found in [133, 62].

6.2.3 Numerical simulations for hydrogen

For the interpretation of the experimental results, comparisons with simula-
tions using the three-dimensional gyrofluid code GEM3 (see Sec. 2.5) have
been carried out. The simulations are carried out at dimensionless param-
eters, which are very close to the hydrogen discharges investigated in this
study. Tab. 6.1 lists the dimensional and dimensionless parameters as used
in the simulation and measured in the experiment. The exact definitions of
the normalised parameters collisionality ν̂, pressure β̂ and mass ratio µ̂ were
already presented in Sec. 2.5.1. In the simulation, the spacing of the grid
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6. Three-dimensional turbulent structures

vdia

Fig. 6.18: 3-dimensional sketch of a drift wave front together with the diagnostic

setup. Shown is an elongated density perturbation under an angle θ with a magnetic

field line.

points was ρs/2. Data are stored on a spatial grid of 64×256 points in x and
y directions at three toroidal planes. Since the experimental value of the drift
parameter was ρs =

√
MiTe/eB ≈ 0.4 cm, the simulation covers an area of

6.6×48.6 cm2 in real space. For each grid point, 5000 time points were stored
with a temporal resolution of L⊥/cs, which corresponds to 3.48 µs in physical
units. The resolution of the experimental data was 1 µs.

Experiment Simulation

B (T) Te (eV) ne (m−3) ρs (cm) ν̂ β̂ µ̂ ν̂ β̂ µ̂
0.1 7.0 2.5 × 1017 0.4 3.7 0.03 0.19 4.0 0.05 0.20

Table 6.1: Comparison of parameters in the experiment and the simulation. The

dimensionless parameters have been calculated using the density fall-off length of

L⊥ = 9.6 cm and hydrogen ions.

6.2.4 Model predictions

In order to introduce the crucial parameters to be investigated and to be used
as a basis for the interpretation of the data, the physical constituents of models
for the parallel propagation of turbulent structures are discussed. Fig. 6.18
shows the circumstances for the simplest drift-wave model as introduced by
Chen [46]. The fluctuations are assumed to be due to wavelike structures
propagating with an angle close to 90◦ to the magnetic field. This leads to
a finite parallel wave number k‖ 6= 0. The relevant information that can be
deduced from a correlation analysis between reference probe and 2D matrix
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6.2 Dynamics parallel to the magnetic field

located at a distance Lc from each other are (i) the time delay τ1 or phase φ1

measured between two probes on the same field line and (ii) the displacement
d⊥ of the point of maximum correlation on the matrix measured at a time
delay of τ2 = 0.

Theoretical estimates for the expected value of d⊥ can be obtained from
the linear drift-wave dispersion relation (see Eq. (2.49) )

ω =
vdia

1 + (k⊥ρs)2
k⊥, (6.3)

which is derived from the drift-fluid equations described in Sec. 2.4.5. For
larger scales (k⊥ρs ≪ 1), the propagation of the wave is due to advection of
the background density in the fluctuating electric field, which is generated by
adiabatic electrons in response to the parallel pressure gradient. Since the po-
tential is in phase with the density fluctuations, the advection causes a density
perturbation which is shifted in perpendicular direction by λ⊥/2. As a result,
the wave propagates with the electron-diamagnetic velocity. The deviation of
the denominator of Eq. (6.3) from one reflects the increasing importance of the
polarisation drift at large k⊥ρs. The perpendicular polarisation current carried
primarily by the ions balances the parallel electron current and, hence, creates
density perturbations which are on the same field line but in the parallel di-
rection out of phase by λ‖/2. For k⊥ρs ≥ 0.3, this effect becomes important.
It results in a slower perpendicular phase velocity, the angle θ becomes smaller
and d⊥ decreases.

The perpendicular displacement can be calculated from both phase and
group velocities uph and ugr, respectively. The result from the phase velocity
is independent of the polarisation drift:

dph
⊥ = uph 2π

ω

Lc

λ‖

=
k‖

k⊥

Lc. (6.4)

The displacement for structures, on the contrary, which is related to the group
velocity, depends on the influence of the polarisation drift. It can be calculated
from

dgr
⊥ =

∂ω

∂k

2π

ω

Lc

λ‖

= dph
⊥

{
1 − 2(ρsk⊥)2

1 + (ρsk⊥)2

}
. (6.5)

Without the polarisation drift or for k⊥ρs → 0, the drift wave does not show
dispersion and both expressions yield the same value. For k⊥ρs = 1, dgr

⊥ will
become zero even though k‖ 6= 0. The reason for this is the following: If the
effect of the polarisation drift is negligible, the parallel propagation velocity of
the structure is just the result of a projection of the perpendicular one, which
goes with the diamagnetic velocity vdia onto the direction of the magnetic field
line. The parallel dynamics of the perturbation is restricted to the ion-sound
velocity, which can be neglected. The appearance of the polarisation drift is a
synonym for the increasing importance of the shear Alfvén wave which leads
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hydrogen

helium
argon

Fig. 6.19: Normalised perpendicular displacement of drift waves showing the in-

fluence of the polarisation drift, which has been neglected in the calculation of the

dashed curve. The grey-dashed lines indicate typical values to be expected in TJ-K

for typical hydrogen, helium and argon discharges.

to parallel spreading of a density perturbation with the Alfvén velocity [14].
Hence for k⊥ρs ≥ 0.3, the parallel group velocity cannot be neglected anymore
and for k⊥ρs ≥ 1, the density perturbation propagates in parallel direction due
to the Alfvén wave.

Fig. 6.19 depicts values calculated from the two equations. Starting at
k⊥ρs ≈ 0.3, the polarisation drift starts to substantially alter the drift-wave
propagation. For typical parameters of a hydrogen discharge (see below) with
k⊥ρs ≈ 0.35 and k‖Lc ≈ 1, a displacement of the order d⊥ = 2.2ρs or 0.9 cm
can be expected. The value without the polarisation drift is 1.1 cm. At these
scales, it will be difficult to experimentally discriminate between the two values
and it would be interesting to go to smaller scales to see the onset of Alfvénic
activity.

Since d⊥ will be deduced from a correlation analysis, which averages in
frequency space, the measurement can in principle be used in Eq. (6.5) to
calculated the parallel wave number. However, for k⊥ρs ≥ 0.3, where d⊥ 7→ 0,
even for k‖, this is not possible anymore.

As a consequence, k‖ can only be deduced from a measurement of d⊥ if
k⊥ρs ≪ 1. In this limit, Eqs. 6.4 and 6.5 merge into the same expression
which can be transformed to

k‖ =
d⊥k⊥

Lc

. (6.6)

For k⊥ρs ≥ 0.3, on the other hand, the time delay τ1 or the phase φ1

measured with two probes on the same field line has to be used to investigate
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6.2 Dynamics parallel to the magnetic field

the parallel wave number. From φ1/Lc = 2π/λ‖ it follows

k‖ =
φ1

Lc

, (6.7)

where the phase φ1 is calculated from Eq. (3.19) as an average in frequency
space weighted by the coherency. For large scales one can use Eq. (6.4) to
show that expressions (6.6) and (6.7) yield the same value for k‖.

It should be noted, that a density perturbation, which is periodic in the
parallel coordinate, does not lead to parallel propagation but rather to an os-
cillation. Only localised density structures will spread with the Alfvén velocity.
With increasing k⊥ρs, the parallel velocity

v‖ = Lc/τ1 (6.8)

has to be expected to increase from v‖,dia = vdiaLc/d⊥ up to the Alfvén velocity
vA.

So far, the statistical fluctuations of the spatial structure and the wave
numbers have not been addressed. For a two-point measurement, the sim-
plest model like the one in Fig. 6.18 predicts the cross-correlation function
to be equal to the auto-correlation function. The maximum cross correlation
between the probe and the tips 1 and 2 of the matrix would be observed
at time lags τ1 6= 0 and τ2 = 0, respectively. For coherent structures, with
a final extension in parallel and perpendicular direction, the width of cross
and auto-correlation functions would be still comparable, but due to the par-
allel expansion of the structures, a non-zero time lag τ2 at maximum cross
correlation would arise. If the turbulent structures arise at locations which
are homogeneously distributed on the flux surface and propagate with equal
probability parallel and antiparallel to the magnetic field, the contributions of
single events to φ1 or d⊥ will lead to broad distributions with average values
close to zero. As a signature, the width of the cross-correlation function will
now be larger than that of the auto-correlation function. Only if the structures
depart with a preferred direction from one or the other position, the parallel
dynamics can be detected. Hence the correlation functions will also give us
information on the statistical distribution of the turbulent structures.

As mentioned in Sec. 3.1.3, an alternative method to the correlation anal-
ysis is conditional averaging technique. To estimate the displacement d⊥, both
methods were used and in Fig. 6.20, the results are compared for a helium
discharge. One sees, that the displacement d⊥ derived by both methods is in
good agreement and a displacement d⊥ ≈ 1 cm is observed with both methods.
Therefore, only the results from the cross-correlation analysis are shown from
now on.
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Fig. 6.20: Spatial cross-correlation functions for a helium discharges calculated by

cross-correlation analysis (left) and conditional averaging with a trigger condition of

2σ (right) at time τ = 0 for a connection length of 2.5 m. The black cross marks the

intersection point of the magnetic field line connected with the reference probe, the

arrows point to the position of maximum correlation.

6.2.5 Results from experiment and simulation for hy-

drogen discharges

Auto and cross-correlation analyses have been applied to experimental and sim-
ulated density-fluctuation data. The typical lifetime of the turbulent structures
is about 50 µs. In order to obtain sample averages, sub-windows of 4096 µs
were used which amount to 244 samples for each pair of probes in the exper-
iment and 1 sample per grid point in the simulation. Further averaging has
been obtained by using 5 equivalent probes on the matrix together with the
reference probe at the respective positions and the 256 equivalent grid points
in poloidal direction in the simulation. To speed up computation, the correla-
tion analyses have been carried out in Fourier space on the sub-windows. As
an example, Fig. 6.21 depicts the comparison of the characteristic correlation
functions from signals measured with two probes at a distance Lc on the same
field line, with Lc ≈ 2.5 m in the experiment and 3.7 m in the simulation. The
auto-correlation functions have similar widths, indicating a typical lifetime of
the turbulent structures of about 50 µs. The cross-correlation functions are
both somewhat broader and shifted by τ1 ≈ −5 and -20 µs in the experiment
and the simulation, respectively. The fact that auto- and cross-correlation
functions have similar widths and that τ1 6= 0 indicates, that the structures
propagate with a preferential direction, which points from the matrix to the
probe and is anti-parallel to the magnetic field.

The final results are obtained by further averaging the τ1 values obtained
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Fig. 6.21: Auto (top) and cross-correlation function (bottom) for experimental (solid

line) and simulated data (dotted line). For the experimental and simulated data, the

connection length is 2.5 and 3.7 m, respectively.

from five equivalent matrix probes as shown in Fig. 6.17 and by averaging
the 256 poloidal grid points in the simulation. In order to give information
on the statistical scatter present in the entire dataset, Fig. 6.22 presents the
value of highest correlation versus the time delay, at which the correlation is
measured. The experimental data are taken for the case of a long connection
length and the simulated ones between the planes LFS and MFS (see Sec. 2.5).
For the experimental and simulated data, the mean values of the time delay
are τ̄1 = 8.8 ± 3.1 and 19.9 ± 1.6 µs, respectively.

Eq. (6.8) is now used to calculate the parallel group velocity from the
measured time delay. The connection length in the simulation is about 50%
longer than in the experiment but the time delay is twice as long. Therefore
the experimental propagation velocity of turbulent structures of v̄‖ = (3.44 ±
1.9)×105 m/s is somewhat higher than the one found in the simulation, which
amounts to v̄‖ = (1.9 ± 0.2) × 105 m/s. For the hydrogen discharge, these
values are in-between the ion sound velocity of cs = 2.8 × 104 m/s and the
Alfvén velocity of vA = 2.0 × 106 m/s.

These values have to be compared with the slowest possible value of v‖,dia =
v‖,diaLc/d⊥, which applies if Alfvénic activity is negligible. In this case, the par-
allel propagation of the density perturbation is entirely due to the diamagnetic
drift tilt by the angle θ with respect to the field line. From equilibrium profile
measurements it follows vdia = 1200 m/s and from this v‖,dia = 2.40×105 m/s.
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6. Three-dimensional turbulent structures

Fig. 6.22: The maximum correlation of the experimental (left, #3173) and simulated

data (right) versus the time delay for each sub-window of 4096 µs.

Hence the observed velocity is 70% higher than v‖,dia, which could be a result
of the coupling to the Alfvén wave. In the previous section it has been stressed,
that Alfvén dynamics or the polarisation drift will start to become important
for scales with k⊥ρs ≥ 0.3. From measurements with a poloidal probe array,
a maximum in the wave-number power spectrum of density fluctuations at
k⊥ ≈ 0.85 cm−1 has been found, a number which will also be confirmed below.
Hence, the relevant parameter is k⊥ρs ≈ 0.34, which is consistent with the
Alfvénic activity being already relevant for drift waves in the TJ-K plasma.

As discussed above, information on the parallel wave number can be ob-
tained from the average cross phase φ1 between signals from two probes on the
same field line. Fig. 6.23 depicts the cross phase as calculated from Eq. (3.19)
and the coherency for experimental and simulated data after sample averag-
ing. For frequencies ≤ 20 kHz, the coherency is above 40% and the cross phase
increases up to |φ̄1| ≈ 0.4π. The average including all equivalent probe tips
yields for the long path a cross phase of φ̄1 = (0.33 ± 0.02)π. Due to the
longer connection length in the simulated data, the larger value found for the
cross phase of φ̄1 = (0.4 ± 0.01)π is consistent. According to Eq. (6.7), these
values result in estimates for the parallel wave number of k‖ = 0.41 ± 0.03
and 0.34 ± 0.01 m−1 for experiment and simulations, respectively. Hence, the
typical parallel turbulent wavelength in TJ-K is about 15 m, whereas the per-
pendicular one amounts only to typically 7 cm. If one identifies the structure
size with λ‖/2, this means, that it extends about twice around the torus. The
simulations yields very similar values and the drift-wave condition k‖/k⊥ ≪ 1
is clearly fulfilled.

Next, the perpendicular displacement d⊥ of the location of maximum par-
allel correlation from the connecting magnetic field line is investigated. A
value of d⊥ 6= 0 at τ2 6= 0 would be a hallmark of the three-dimensionality
of the turbulent structures. To demonstrate the results, series of snapshots of
the averaged spatio-temporal structure are generated. Fig. 6.24 presents the
results of the correlation analysis between the reference probe and the two-
dimensional plane perpendicular to the magnetic field line at a distance Lc. In
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Fig. 6.23: For the experimental (solid line) and simulated data (dotted line) the

cross phase (top) and the coherency (bottom) are plotted versus frequency. For the

experimental and simulated data, the connection length was 2.5 and 3.7 m, respec-

tively.

the experimental case (left), the plane represents the cross correlation of the
reference with the 64 positions on the matrix and in the simulation (right) with
the 64×256 mesh points. The intersection of the field line connected with the
reference probe is marked by a cross. In both cases, maximum correlation is
observed at a distance from the field line of the order of 1 cm. What is needed
for a quantitative analysis is the displacement for τ2 = 0. This value averaged
over equivalent probes or mesh points amounts to d⊥ = 0.7 ± 0.56 cm in the
experiment and about d⊥ = 1.2 ± 0.2 cm in the simulations. This is a clear
demonstration of the 3-dimensionality of the turbulent structures . The plots
also give information on the perpendicular size of the structures. It can be
seen, that the value of k⊥ = 0.85 cm−1 or λ⊥ = 7 cm quoted above is consis-
tent with these measurements. As discussed in the previous section, under the
assumption that Alfvén dynamics is negligible, the measurement of d⊥ can be
used in Eq. (6.6) to estimate an experimental value of the parallel wavenum-
ber. With Lc = 2.5 m and k⊥ = 0.85 cm−1 one finds k‖ = 0.24 ± 0.2 m−1,
which is smaller than the the value of 0.41 m−1 derived above from the phase
φ1. Or if one puts it the other way round: Given the measured parallel wave
number, the measured displacement d⊥ = 0.7±0.56 cm is within the error bars
in good agreement with the value predicted by the dispersion relation, which
is d⊥ = 2.2ρsk‖Lc = 0.9 cm (see Fig. 6.19). Hence parallel wave numbers
extracted from the independent measurements of φ1 and d⊥ are consistent.
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Fig. 6.24: Spatial cross-correlation functions for experimental (left) and simulated

data (right) at the time delay of τ2 = 0. The black cross marks the intersection point

of the magnetic field line connected with the reference probe, the arrows point to the

position of maximum correlation.

Finally, the values of maximum correlation along a field line are compared
for different connection lengths. Fig. 6.25 summarises all data available, where
the error bars indicate the scatter from the various discharges and probe tips
used for the analyses. In the simulations, the correlation drops from 0.6 to 0.4
when the connection length increases from Lc = 3.7 to 7.4 m. The reduction
of the correlation can be attributed to dissipation through resistivity and the
parallel viscosity. In the experimental data, the correlation stays at about
50%. This might be due to the fact, that the change from 1.25 to 2.5 m is too
small and that dissipation becomes visible only at larger distances.

6.2.6 Results from experiment with helium and argon

In order to disentangle the effect of the shear Alfvén wave, the study of the
parallel dynamics is extended to large values of k⊥ρs. To this end, the measure-
ments have been performed also in helium and argon. The results presented
next are for helium and argon discharges at a connection length of Lc = 2.5
and 1.25 m, respectively.

As in the hydrogen discharge, the auto- and cross-correlation analyses have
been applied to density-fluctuation data. The typical life time of the turbulent
structures is about 50 µs. Similar to the case of the hydrogen discharge, the
width of the auto- and the cross-correlation function are comparable (see Fig.
6.26 (left)). In both gases, the maximum of the cross-correlation function is
observed at τ1 6= 0. In Fig. 6.26 (right), the value of the highest correlation
in each sub-window is plotted versus the time delay. The mean value of the
time delay averaged over all probes is τ̄1 = −9.2 ± 5.6 µs for helium and
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Fig. 6.25: Values of maximum correlation versus the different connection lengths for

experimental and simulated data.

τ̄1 = −3 ± 1.87 µs for argon. Using these values in Eq. (6.8), parallel group
velocities of v̄‖ = (4.01 ± 2.8) × 105 and (3.45 ± 0.79) × 105 m/s are obtained
for helium and argon, respectively. Similar to the hydrogen results, for helium
the value of the parallel group velocity is in-between the ion sound (cs =
1.9 × 104 m/s) and the Alfvén velocity (vA = 1 × 106 m/s). For argon, the
measured parallel group velocity is much larger than the ion sound velocity
of cs = 3.7 × 103 m/s and near the Alfvén velocity vA = 4.5 × 105 m/s.
Subsequently, the measured parallel velocities were compared with v‖,dia =
vdiaLc/d⊥. The results are shown in Tab. 6.2. For helium and argon, the
measured velocities are 2-3 times faster than v‖,dia. This is again a sign for
the coupling of the structures to Alfvénic activity. The increases importance
of the Alfvénic activity is consistent with the higher values of k⊥ρs, which is
0.5 in helium and 1.5 in argon. Therefore, in argon the parallel propagation
can also be expected to be due to Alfvénic wave coupling.

Fig. 6.27 depicts cross phase and coherency between signals from two
probes on the same field line for helium (left) and argon (right). Due to the
presence of a coherent mode in the argon discharge, a maximum coherency of
1 is found at 9 kHz. As done for hydrogen in Sec. 6.2.5, from the average cross
phases for helium (φ̄1 = (0.34 ± 0.01)π) and argon (φ̄1 = (0.54 ± 0.37)π), the
parallel wave numbers are computed to be k‖ = 0.42 ± 0.02 and 0.58 ± 0.04
m−1, respectively.

Fig. 6.28 depicts the spatial cross correlation for helium (left) and argon
(right), in the same representation as in Fig. 6.24. At the time of the maximum
correlation, the displacement is 1.6 and 4 cm for helium and argon, respectively.
At τ2 = 0, the displacement d⊥ becomes small with averaged values of d⊥ =
0.67± 0.4 cm for helium and d⊥ = 0.54± 0.37 cm for argon. As shown in Sec.
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Fig. 6.26: Left: Auto (black) and cross-correlation function (grey) for helium (top)

and argon (bottom). Right: The maximum correlation versus the time delay for

helium (top) and argon (right) for each sub-window of 4096 µs. The connection

length was Lc = 2.5 m for helium and Lc = 1.25 for argon. The maximum correlation

was observed at τ1 = −9 and −3 µs for helium and argon, respectively.

6.1.4, the maxima of the wave number spectra of turbulent structures were
found at k⊥ρs ≈ 0.5 and 1.5 for helium and argon, respectively. Using these
values of k⊥ρs and the measured k‖, from Fig. 6.19 the displacements d⊥ ≈ 1
and 0.7 cm can be extracted for helium and argon, respectively. Within the
error bars, the measured displacements agree well with the values predicted
by the dispersion relation including the polarisation drift, which are d⊥ ≈ 0.9
cm for helium and d⊥ ≈ 1 cm for argon.
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6.2.7 Summary and discussions

A detailed study of the three-dimensional structure of turbulence has been
carried out. The discussion in Sec. 6.2.4 stressed for the parallel dynamics the
coupling of the density perturbation to the Alfvén wave becomes important for
k⊥ρs ≥ 0.3. The experiments were carried out in hydrogen, helium and argon
discharges. The experimental results obtained from hydrogen were compared
with those obtained from dimensionally similar simulations performed with the
GEM3 code. The key parameters for the investigation were (i) the time delay
at maximum correlation between density-fluctuation data from two probes on
the same field line at a distance Lc and (ii) the perpendicular displacement at
a time τ2 = 0 of the maximum spatial correlation function from the connecting
field line measured with the probe matrix. The basis for these measurements
was an exact mapping of the field-line geometry.

For hydrogen discharges, a parallel velocity in-between the ion-sound and
the Alfvén velocity is found for both experiment and theory. The values of v̄‖ =
(3.44±1.9)×105 and (1.9±0.2)×105 m/s were found in the two cases. Taking
into account the difference between the magnetic fiel configuration of TJ-K
and the slab used in GEM3, this is a quite good result. The observed velocity
is about 70% faster than the value expected from the dispersion relation if
the polarisation drift is neglected. Therefore the difference is a signature of
the importance of Alfvénic activity in drift-wave turbulence in TJ-K. This is
consistent with the expectation from the realistic dispersion relation taken at
the experimental value of k⊥ρs ≈ 0.35.

For helium discharges with the higher value of k⊥ρs = 0.5, the Alfvénic
activity becomes more important. Therefore, the value of v‖ = (4.02 ± 2.8) ×
105 m/s is a factor of 2.6 higher than the one derived from the simplified
dispersion relation. However this value is still in-between ion-sound and the
Alfvén velocity.

Finally, for the argon discharges at k⊥ρs = 1.5, the Alfvén dynamics domi-
nates the propagation in the direction parallel to the magnetic field. Therefore,
the value of the parallel velocity v‖ = (3.45±0.79)×10−5 m/s is 3 times faster
than the value expected from the dispersion relation with the polarisation drift
neglected. This value is near the Alfvén velocity. Fig. 6.29 shows this signifi-
cant dependence of the parallel group velocity v‖ on k⊥ρs. As a general trend,
the ratio of the parallel group velocity to the Alfvén velocity v‖/va increase
with k⊥ρs.

Furthermore, the average cross phase between probes on the same field line
gives information on the parallel wave number. For hydrogen discharges, the
results from this measurement are k‖ = 0.41 ± 0.03 and 0.34 ± 0.01 m−1 for
experiment and simulations, respectively. For the helium and argon discharges,
the parallel wave numbers are k‖ = 0.42 ± 0.02 m−1 and k‖ = 0.58 ± 0.04
m−1, respectively. As is characteristic for drift-wave turbulence, the parallel
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Fig. 6.29: The ratio of the parallel group velocity to the Alfvén velocity v‖/va versus

different k⊥ρs for experimental and simulated data.

Gas k⊥ρs Lc cs vA v‖ v‖,dia k‖
(m) (km/s) (km/s) (km/s) (km/s) (m−1)

H simulation 0.34 3.7 28 2000 190 150 0.34
H experiment 0.34 2.5 28 2000 344 235 0.41
He experiment 0.50 2.5 19 1000 401 153 0.42
Ar experiment 1.50 1.25 3.7 450 345 112 0.58

Table 6.2: Overview of the results.

extension of the turbulent structures of about 15 m is much larger than the
perpendicular one of typically only 2-8 cm. The results are summarised in
Tab. 6.2.

From the 2-dimensional spatial cross-correlation function, the displacement
of the density structures with respect a the field line has been estimated. After
averaging over all data available, a value of d⊥ = 0.7 ± 0.56 cm has been
obtained for the hydrogen discharges. For the helium and argon discharges,
values of d⊥ = 0.67 ± 0.4 and 0.54 ± 0.4 cm, respectively, were observed. For
the experimental and simulated data, the average of the maximum correlation
between two points at the distance Lc was observed to be below 60%. This
small value could be a signature of damping due to parallel viscosity and
resistivity. For experimental data, the correlation for the long (2.5 m) and
short connection length (1.25 m) were comparable.
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7

Summary and

conclusions

In fusion plasmas, the turbulent transport is responsible for the major fraction
of particle and heat losses, which degrade the confinement quality in a fusion
reactor. Therefore, the investigation of the turbulence dynamics is of great
importance. In the core of fusion plasmas, instabilities of interchange-type
drive the turbulence, whereas in the plasma edge, the driving mechanism of
turbulence is not yet clear. However, numerical simulations of plasma tur-
bulence show that the drift wave should be the dominant instability in this
region. It is well known that the edge plasma influences strongly the global
confinement properties. Furthermore, the turbulence in the edge sets up a
boundary condition for core and scrape of layer transport, which has still not
been understood. Hence, the understanding of the physics of the plasma edge
is an important issue of fusion research.

The toroidal low-temperature plasma in TJ-K is dimensionally similar to
the one in the edge of fusion plasmas. In contrast to fusion plasmas, the whole
plasma volume in TJ-K is accessible to Langmuir probes. This allows the
use of probe arrays with a large number of tips and high temporal and spatial
resolution. Such highly resolved spatial and temporal measurements cannot be
carried out in fusion plasmas. A further important advantage of TJ-K is that
the comparison of experimental and simulated data is possible in the plasma
confinement region. To this end, simulations for the parameters of the TJ-K
plasma were carried out using the turbulence code GEM3.

In this work, the turbulence dynamics perpendicular and parallel to the
magnetic field have been investigated. To achieve these objectives, the follow-
ing studies have been carried out:

i) The first objective was to see, whether for fluctuation measurements
in TJ-K it is sufficient to use the floating potential φfl from Langmuir
probes or whether the plasma potential φp measured with more compli-
cated emissive probes has to be used.

ii) The second objective was to investigate the perpendicular dynamics of
turbulence with the focus on the poloidal wave number spectra and the
scaling of the turbulent structure with the drift scale ρs =

√
MiTe/eB.
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7. Summary and conclusions

iii) The third objective was the investigation of turbulence dynamics in the
direction parallel to the magnetic field.

The following results have been achieved:

Equilibrium profiles of the floating potential and the plasma potential are
different. The temperatures Te calculated from the difference between plasma
and floating potential are found to be smaller than expected from simple probe
theory. A higher effective collection area for the ions could be responsible for
this deviation. Nevertheless, the potential fluctuations measured with cold
and emitting probes show very similar statistical properties. Power spectra
as well as the PDF and its moments derived from both signals are in good
agreement. The cross phases between fluctuations in the ion-saturation current
and the potential are in both cases close to zero for all radial positions inside
the separatrix. Hence, the radial transport measured with emitting probes
agrees well with the one measured with cold probes. Therefore, fluctuation
measurements in TJ-K can be carried out with Langmuir probes.

In order to differentiate turbulent fluctuations between low- and high-field
sides and to study the poloidal wave number spectra, a poloidal Langmuir
probe array with 64 tips was used. Discharges were compared, where ρs was
changed from 0.12 to 2.5 cm through the ion mass and the magnetic field
strength. For this purpose, the gases were varied within hydrogen, deuterium,
helium, neon and argon at two magnetic field strengths B = 0.1 and 0.3 T. In
all discharges, the normalised amplitudes of density and potential fluctuation
were found to be of the same order of magnitude, which is an indication for the
drift-wave instability. Furthermore, the relative fluctuation levels in density
and poloidal electric field are largest on the low-field side. The cross phase
between density and potential fluctuations is small on both low- and high-field
side, but a maximum of the cross phase was observed on the low-field side. This
maximum phase shift could be related to magnetic field curvature effects, which
becomes important on the low-field side. Subsequently, the measurements
show that turbulent fluctuations on the low-field side are responsible for a
major fraction of turbulent transport, which was found to be larger at B = 0.1
T than at 0.3 T. This finding is consistent with results from numerical studies
using the simulation codes.

The k spectra of the normalised density fluctuations were obtained for
all discharges. The wave number spectra are shifted to large scales, when
ρs increases. The correlation lengths of the normalised density fluctuations
show the feature consistent with a scaling as Lcorr ∼ ρ0.6

s . The lifetime of the
turbulent structure τcorr was observed to scale with k−1

corr. The same dependence
was also observed in the Tore Supra tokamak. It deviates from the theoretical
prediction of Kolmogorov, which has a scaling of τ ∼ k−2/3.

For all discharges, a spectral index of −3 was found for the k spectra,
which is consistent with the measurements in the edge of various tokamaks
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and stellarators. A k−3 power law has also been suggested by 2D simula-
tions of Hasegawa-Wakatani turbulence. The measured k-f spectra indicate
fully developed turbulence, therefore no clear dispersion relation is apparent.
Finally, the maximum of the mean transport was located near kcorrρs.

For the first time, the parallel dynamics of turbulence has been studied in
the plasma core with closed magnetic field surfaces. In contrast to measure-
ments with only two probe in previous experiments, an array of 8 × 8 probe
tips and a 2D probe system have been used to get simultaneous spatial and
temporal information on the parallel dynamics of turbulence. A finite parallel
wave number of turbulent structures has been clearly identified. The value
of typical parallel wavelength was found to be of 15 m and is much longer
than the perpendicular one of typically 2 to 8 cm. The measured parallel ve-
locity is larger than expected from a simple perpendicular propagation of the
structures with the diamagnetic velocity. It was found to be in-between the
ion-sound and the Alfvén velocity. This could be interpreted as a signature of
a relevant contribution of the shear Alfvén wave to the parallel propagation of
the density perturbation in drift-wave turbulence, which becomes important
for k⊥ρs ≥ 0.3. The results for the parallel wave number k‖ and the parallel
propagation velocity are in very good quantitative agreement with results from
the simulation code GEM3.

To conclude, Langmuir probe measurements provide reliable information
on the dynamics of turbulence. In TJ-K, fluctuations clearly show a drift wave
signature on all spatial scales in a wide range of discharge parameters.

For the first time, the three-dimensional nature of drift waves has been
verified experimentally inside the confinement region of a toroidal plasma. It
is demonstrated that the propagation in the direction parallel to the magnetic
field is affected by Alfvén dynamics. Together, these results strongly confirm
previous investigations, which have demonstrated the importance of drift-wave
turbulence in TJ-K and therefore also in fusion edge plasma.

For the future, measurement with two matrix probe arrays instead of only
one reference probe are suggested. This diagnostic setup would enable to si-
multaneously extract the form of the turbulent structures parallel and perpen-
dicular to the magnetic field and therefore allows to investigate the influence
of magnetic and shear flow on turbulence.
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