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Abstract

The magnetohydrodynamic (MHD) model is the basic model for describing much of the
dynamic phenomena in a magnetised plasma. The MHD model provides a context for
the study of fluctuations, which are known to influence transport and confinement in a
magnetically confined plasma. The focus of this thesis is the time and space resolved
study of these dynamical phenomena.

Experimental studies are performed on the reversed-field pinch (RFP) experiments,
EXTRAP-T2 and T2R, at the Alfv́en Laboratory, Royal Institute of Technology (KTH) in
Stockholm, Sweden and on the Wendelstein 7-AS (W7-AS) stellarator at the Max-Planck-
Institut für Plasmaphysik (IPP) in Garching bei München, Germany. On the RFP experi-
ments, an insertable multi-coil magnetic probe, surface barrier diodes as well as a single-
and a multi-channel multilayer mirror spectrometer are implemented to monitor fluctua-
tions in the plasma. Windowed fast Fourier transform is one tool to describe the fluctua-
tions in time- and frequency- space. This allows the direct comparison of signals obtained
from different diagnostics and with different sampling rates. For example axisymmetric os-
cillations in the soft x-ray signal from the surface barrier diodes are found to be related to
toroidally localised oscillations observed in both magnetic and spectroscopic signals. Evi-
dence is found that is indicative of a decrease in confinement during these oscillations. In
another study correlations are found between the data obtained from the multi-coil probe
and data obtained from a Langmuir probe which are identified as coupling between the
high-frequency part of the magnetic spectra and the electrostatic spectra.

On the W7-AS stellarator, the soft x-ray emission is measured with a miniature soft
x-ray camera system. The data is tomographically reconstructed and analysed. In a series
of dedicated experiments on the device, the influence of toroidal plasma currents on sta-
bility is investigated. Disruption-like events with a partial energy loss and current collapse
are observed. In the phase preceding the thermal collapse, tearing modes are identified
associated with the presence of rational surfaces. The experimental observations of the
stability behaviour in the presence of finite currents are consistent with predications from
a tearing mode stability analysis using a1′ code. The results address the importance of
taking into account operational limits imposed by current driven instabilities in the design
of new stellarator concepts that utilise significant currents.
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EXTRAP-T2, T2R, reversed-field pinch, W7-AS, stellarator, fluctuations, magnetohydro-
dynamic spectroscopy, tearing mode, plasma, confinement

ISBN 91-7283-089-1

iii



iv



Preface

This thesis is neither about magnetohydrodynamics (MHD) nor about spectroscopy despite
the fact that the title of the thesis might suggest this conclusion. This title has been chosen
to indicate that the subject of the thesis lies just in between these two essential topics in
fusion research. Here are presented the quantitative results of experiments on phenomena
in magnetically confined plasmas that are observed both time- and space resolved and
described in the context of the MHD model.

Included are first results of a still on-going study on observations which have been
obtained recently on the rebuilt T2R reversed-field pinch (RFP) experiment. The rebuild
of the device took as long as two years and although diagnostics have just started to acquire
the new T2R data base, the time has come to finish up my PHD study. However, the first
experiments on T2R clearly indicate that the rebuild was worthwhile and will have its
harvest in a number of results that can contribute to a better understanding of the physics
in plasmas.

Doing research is a team effort. Therefore I would like to thank, first of all, all the
people who directly or indirectly had an influence on the work presented in this thesis.
During my time as a PHD student I have had the privilege to work in two different environ-
ments on three different fusion devices and with four different diagnostics. I thank my
supervisors, Professor Jim Drake and Professor Elisabeth Rachlew, for their support and
encouragement. You offered me the freedom to do fusion research from different points of
view but gave me your help when needed.

A number of persons have given me constructive ideas and advice in the different
stages of this work, and I like to thank them all: Einar Tennfors and Sam Hokin at the
Alfv én Laboratory and in particular Arthur Weller, who I had the privilege to collaborate
with at the W7-AS stellarator experiment. I am grateful to you for introducing me to
the physics of stellarators and giving me the opportunity to take responsibility on the soft
x-ray system right from the very first day of my work at the laboratory. Special thanks
to Professor Friedrich Wagner for the suggestion of the subject of this project and the
continuous support. The experiments would not have been possible to perform without
the assistance from the staff, in particular Rolf Jaenicke, at the Max-Planck Institut für
Plasmaphysik (IPP). Thanks to the people at IPP for their hospitality. I also acknowledge
Caio G̈orner for making the tomographic reconstruction programmes available.

The work presented in this thesis is an example of the close international collaboration
within the fusion research community. The surface barrier diodes used at the RFP ex-
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vi Preface

periments in Stockholm are from the Madison Symmetric Torus (MST) RFP in Madison,
Wisconsin, USA. The single-channel multilayer mirror (MLM) spectrometer is calibrated
in wavelength with the help of a soft x-ray source which has been borrowed for that pur-
pose from the RFP experiment (RFX), Padova, Italy. Recently, a multi-channel MLM
spectrometer from the former Rijnhuizen Tokamak Project (RTP) experiment at the FOM
Insituut voor Plasmafysica in Rijnhuizen, the Netherlands, has been implemented on the
rebuilt T2R experiment. Thanks to Frans Meijer for the introduction to this spectrometer
and for the help in its wavelength calibration.

The RFP experiments at the Alfvén Laboratory are relying both on the technical staff
by: Rolf Ekman, H̊akan Ferm, Jesper Freidberg, Dieter Haslbrunner, Gunder Hägerstr̈om,
Bengt Johansson, Gunnar Kindberg and Lars Westerberg and on the scientific assistance
by: Per Brunsell, just to mention some of them. Thanks, to all of you and to the whole
T2 team for keeping the experiments going. In particular, the collaboration with Anders
Möller and Anders Hedqvist, former PHD students at the EXTRAP-T2 experiment, is
appreciated.

Finally, I want to thank my husband, Jesper1. I am grateful to you for just being there.

1Thanks to you, I have been able to include a thumb animation of figure 6, paper IV, in this thesis (pages
1–66).
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Chapter 1

Introduction

This thesis deals with the investigation of magnetohydrodynamic (MHD) dynamical phe-
nomena, resolved both in time and space, in magnetically confined plasmas. The theory
of MHD describes the dynamics of electrically conducting fluids, so-called plasmas, con-
sisting of ions and free electrons in the presence of magnetic fields (App B). The work
described in this thesis is performed within the European (EURATOM) fusion research
programme.

The ultimate goal of fusion research is the production of energy by means of thermo-
nuclear fusion, that is by merging light nuclei and extracting the resultant excess en-
ergy. The particles must have sufficiently high kinetic energies to overcome the repulsive
Coulomb barrier that prevents the nuclei from approaching within the nuclear dimensions.
At the temperatures where the cross section for fusion reactions start to become signifi-
cant, the particles are fully ionised, i.e. in a plasma state. The fusion of two isotopes of
hydrogen, nuclei of deuterium (D) and tritium (T), produces an alpha particle and releases
a neutron,

2
1H+ 3

1H −→ 4
2He+ n+ 17.6 MeV. (1.1)

According to Einstein’s law of equivalence of mass and energy, the reduction of mass
during the reaction implies a release of energy, which for the D-T reaction (equation 1.1) is
17.6 MeV. Since the D-T reaction has a higher cross section at low relative kinetic energies
as compared to other fusion reactions, it is one of the most promising to be employed in
the first attempts to build a reactor.

1.1 Magnetic confinement

Fusion reactions are common in nature. In stars, such as our sun, the plasma is confined
by gravitational forces. One approach to “bring the sun to earth” [1] is to confine plasmas
with the help of magnetic fields by utilising the Lorentz force (figure 1.1) that controls
the perpendicular motion of charged particles in a magnetic field. The parallel motion is
unaffected by the magnetic field. Therefore, in many fusion confinements configurations,

1



2 Chapter 1. Introduction
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Figure 1.1. A charged particle (here of positive charge,+q) moves with a velocity,v, which
has a component parallel (v‖) and a component perpendicular (v⊥) to the magnetic field,B. The
particle experiences a magnetic deflecting force,F = qv×B. As a result of the Lorentz force, the
particle follows a helical path. Note that a particle of the opposite charge gyrates in the opposite
direction.

the magnetic field is bent into a torus (App A) to prevent the loss of particles due to their
velocity parallel to the magnetic field.

The plasma must be simultaneously confined in a state of high temperature and high
density, for the fusion reactions to be self sustaining. The criterion for a positive energy
balance, first derived by Lawson [2], is usually expressed as the fusion triple product of the
ion plasma density,ni , the ion temperature,Ti , and the energy confinement time,τE. The
energy confinement time is derived from the ratio of the energy content in the plasma to
the power supplied to the plasma and hence it constitutes a measure of the effectiveness of
the plasma confinement. The fusion triple product [3] for the Lawson criteria is,

ni Ti τE > 5× 1021 m−3 keV s. (1.2)

This figure of merit has not been achieved in fusion experiments, but it has been improved
by seven orders in magnitude during the last fifty years [1]. Recently, a fusion power of
16 MW and a triple product less than one order of magnitude from reactor conditions has
been produced [4] in the Joint European Torus (JET), the largest tokamak experiment in
Europe, sited at Abingdon, UK. As an example of the magnitude of parameters involved in
a high fusion power experiment, the density (≈ 1019m−3) is typically six orders of magni-
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tude lower than the atmospheric density, but, since the temperature (≈ 10 keV1) exceeds
the temperature in the atmosphere by about the same number of orders in magnitude, the
pressure is at a comparable level in both environments. Good confinement is required to
prevent this hot, fourth state of matter, with temperatures that even exceed those in the
core of the sun (≈ 1 keV), from being cooled in contact with the surrounding materials
of the containing vessel. In a tokamak experiment, such as JET, magnetic confinement is
achieved with a magnetic field strength of several Tesla, which is almost four orders of
magnitude larger than the earth magnetic field. The plasma parameters obtained in the de-
vices (App A) studied in this thesis are lower than those required for a fusion reactor. MHD
stability and fluctuations and their effect on transport are basic phenomena. The observa-
tions made on these physics experiments contribute to the understanding of the phenomena
and provide a base for future improvement in magnetic confinement concepts.

There are several different concepts to magnetically confine a plasma. The main ones
are the tokamak, the stellarator and the reversed-field pinch (RFP) configuration. This va-
riety in approaches to magnetically confined fusion is required in order to study plasma
performance in a wide range of parameters and different geometries and conditions. Mod-
els are applied to interpret experimental observations and these models are tested in the
different devices to obtain a consistent description of the plasma behaviour. This broad
approach is the basis for the improvement of concepts.

1.2 Outline of this thesis

The experiments described in this thesis are performed on the EXTRAP-T2, and T2R RFP
experiments (App A.1) in Stockholm, Sweden and on the Wendelstein 7-AS (W7-AS)
stellarator (App A.2), in Garching bei M̈unchen, Germany. The experiments deal with
basic questions of plasma performance which include such issues as stability, confinement
and transport of heat and particles. MHD dynamical activity is known to influence the
overall plasma performance. Since the signature of MHD dynamical phenomena is seen as
fluctuations in plasma parameters, this thesis deals with the measurement of fluctuations
with the help of different diagnostics.

The fluctuations in the plasma are classified and studied according to their mode struc-
ture. Modes are perturbations to the equilibrium which have a characteristic spatial depen-
dence (wave length) and time dependence. Modes can grow if the equilibrium is linearly
unstable for that mode. They can saturate due to non-linear effects. If there are a variety of
modes continuously growing and saturating, a turbulence can develop in the plasma. The
study of dynamics of these modes is aimed at insight into their effect on the plasma con-
finement performance in RFP configurations. On the EXTRAP-T2 RFP experiment plasma
discharges are dominated by the presence of so-called wall-locked modes [5, 6] which are
modes that are stationary in the laboratory frame and have a global scale. Fluctuations
observed in the signal of different diagnostics and related to these modes are correlated to
each other to address the nature of the heat and particle transport in an RFP configuration.

Stellarators [7,8] are devices inheritably capable to run steady state since the magnetic

1The temperature equivalent to 1 eV is eV/kB = 1.160 104 K, or about 11000◦C. (FromE = kT).



4 Chapter 1. Introduction

field topology of a stellarator is entirely produced by currents in external coils without
the need for an external drive of a net toroidal current in the plasma. Compact stellara-
tors [9, 10] can be considered as hybrids of tokamaks and stellarators. Gradients in the
radial pressure profile cause the plasma to drive so-called bootstrap currents [11]. In
a tokamak experiment these bootstrap currents are added to the transformer-driven cur-
rents [12] and the idea is that this may help a reactor based on the tokamak concept to
be operated in a steady state [13]. There are plans to utilise these currents in compact
stellarator concepts [10]. Experimental studies concerning the role of internal currents for
the plasma performance in a stellarator can contribute to improve the concept of compact
stellarators [14]. On the W7-AS stellarator, this issue is addressed in a series of dedicated
experiments on the device using non-vanishing current densities.

This thesis is based on five published papers. Paper I–III deal with experiments per-
formed on the EXTRAP-T2 RFP while papers IV–V cover the study conducted on the
W7-AS stellarator.

Paper I is a summary of the results of several studies made to understand the role of
the boundary conditions, a resistive wall in the EXTRAP-T2 device, on the behaviour of
the plasma. This paper was also presented at the biennial International Atomic Energy
Agency (IAEA) conference on Fusion Energy and summarises results from the EXTRAP-
T2 experiment. I have been a member of the experimental team during the campaigns and
have participated in the operation of the experiment and the discussion of the results. In
this paper my contribution has been the measurement of the soft x-ray emission using a
surface barrier diode (SBD)2 array and the analysis of these data.

Paper II continues to follow up the observations made in the soft x-ray emission and
presents the correlations found with other diagnostics. J. Sallander and A. Hedquist per-
formed the spectroscopic measurements in the visible and vacuum ultraviolet (VUV) wave-
length region and they analysed these data. In this paper I am responsible for the measure-
ment in the soft x-ray wavelength region using both the SBD array and a single-channel
multilayer mirror (MLM) spectrometer. I did the analysis of the data and conducted the
correlation study. I am responsible for the interpretation and conclusions presented in the
paper and I wrote the paper.

Paper III combines results from electrostatic and magnetic measurements using probes.
In this paper my contribution was the measurement of fluctuations using a triple magnetic
coil array. I designed the probe and performed the measurements. I also contributed to the
interpretation and discussion of the results in the areas concerning my measurements.

Paper IV presents the study on the influence of internal currents on stability in a stel-
larator configuration. I participated in the experiments and analysed the soft x-ray data.
In collaboration with A. Weller I performed the comparison with results from the tearing
mode stability (1′) code and discussed the observations with him. I also wrote the paper.

Paper V completes the study presented in paper IV by lifting it into a wider framework.
I participated in the experiments regarding the study on the influence of internal currents
on stability in a stellarator configuration as described earlier. I also contributed to the
discussion of the results in the areas concerning this study (paper IV).

2Some of the commonly used abbreviations are found in App C.
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After a brief introduction to the terminology used in plasma physics (chapter 2, 3) and
the main tools used in this work (chapter 4, 5), follows a presentation of their application
to experiments on magnetically confined plasmas (chapter 6).
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Chapter 2

The self-organising plasma

Part of the work presented in the thesis is based on experiments performed on an RFP
device. Since the process of plasma relaxation is essential for the sustainment of the RFP
configuration the following chapter addresses the issue of self-organisation in the RFP.

2.1 Self-organisation

There is a conceptual analogy relating thermodynamics and the theory of self-organisation.
Both theories are based on the postulate that the outcome of complicated dynamics results
from the maximisation or minimisation of some particular physical quantity while some
other physical quantity is conserved [15]. In thermodynamics, a system evolves naturally
into a state of maximised entropy, that is into a state of increased disorder with the con-
straint of conservation of energy. It could be said that, the second law of thermodynamics
establishes the direction of time. In the theory of self-organisation [16], the process of
dissipation is selective. The system evolves towards a state that is determined by the most
robust (least dissipative) quantity. The system gains order in one quantity by letting the
other quantities assure the overall entropy increase. The self-organised state is described
by the variational principle which describes the final state of the system by minimising one
quantity on the constraint that the others are kept invariant. The principle characterises
the final state but does not supply the information to realise this state. Self-organisation
occurs in continuous media [16]. The occurrence of self-organisation has a role in mag-
netically confined plasmas. In the RFP, the process is also called plasma relaxation [17].
When a current is externally driven in the axial direction of a cylindrical plasma confined
in a perfectly conducting vessel, free energy is pumped into the system. In a spontaneous
process the internal free energy can be converted into fluctuations as unstable modes can
be excited. If this system is allowed to evolve naturally, the system may approach a state
of equilibrium, that is marginally stable (chapter 3).

7



8 Chapter 2. The self-organising plasma

2.2 The Taylor state

Taylor applied the model of self-organisation to the RFP to explain the experimental obser-
vation of spontaneous field reversal in toroidal configurations [18]. The RFP [19, 20] and
the spheromak [15] represent toroidal configurations of laboratory plasmas that result from
self-organisation [21]. The RFP derives its name from the fact that in the self-organised
equilibrium, the toroidal magnetic field component spontaneously reverses direction in the
outer region of the plasma with respect to the core (figure 2.1).

Taylor conjectured that the RFP configuration relaxes into a minimum energy state
consistent with the conservation of global magnetic helicity [18]. The magnetic helicity of
a configuration is a global topological property and remains unchanged during continuous
deformations of the configuration. Its physical meaning is to give a measure of the topology
writhe, linking and crossing of flux tubes [15]. Already in the late 1950’s, Woltjer showed
that the magnetic helicity and the magnetic energy are conserved in a perfectly conducting
plasma [23]. He conjectured that, in the presence of dissipation, the time for the decay
of the magnetic field would be longer than for the magnetic energy. Taylor extended this
hypothesis [15] by the conjecture that, in the presence of small deviations from perfect
conductivity, the global magnetic helicity is a conserved parameter in the relaxation of the
plasma to a low energy state. Taylor showed that the minimum energy state is described
by the relationship,

∇ × B = µB, (2.1)

whereµ corresponds to the normalised parallel current density [17] and is,

µ = µ0
J · B
B2

, (2.2)

with the current density,J, the magnetic field,B, and the magnetic permeability constant,
µ0. For the case whereµ is constant in space, Bessel functions form the simplest ap-
proximation to the magnetic field of the relaxed state that results from axial current drive
in a cylindrical plasma surrounded by a perfect conductor [18]. However, a better agree-
ment with experiment is obtained with a semi-empirical model called polynomial function
model [22]. This model includes the effects of finite plasma pressure and accounts for the
vanishing of the current density at the containing boundary. The profiles predicted by the
polynomial function model (figure 2.1) are close to those observed experimentally [19,24].

The evolution of an RFP discharge to a Taylor state is usually illustrated by means of
a F versusθ diagram (chapter 6, [19]). The toroidal magnetic field-reversal parameter,F ,
is a measure of the toroidal magnetic field,Bφ, at the plasma edge,r = a, wherer is the
distance vector anda denotes the minor radius of the plasma (figure 5.1),

F ≡ Bφ(a)

〈Bφ〉 , (2.3)

with 〈Bφ〉 denoting the average toroidal magnetic field. The pinch parameter,θ [19], is a
measure of the toroidal current,

θ ≡ Bθ (a)

〈Bφ〉 =
2πaIφ
8

, (2.4)
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Figure 2.1. Radial profiles from the polynomial function model [22], from top to bottom: current
density, j , safety factor,q (full curve), respectively the rotational transform,ι (broken curve),
the magnetic field strength,B and the plasma pressure,p. The current density (broken dotted
curve) is a sum of the toroidal (full curve) and of the poloidal current density (broken curve).
In an RFP configuration the magnetic field components (figure A.1, App A), that is the toroidal
(full curve) and the poloidal magnetic field (broken curve), are of comparable strength. The shear
is largest at the location of the toroidal magnetic field reversal surface (marked by the vertical
dotted line). The vertical dash-dotted and broken lines mark the axis,r = 0, and the minor
radius,r = a, respectively of the RFP plasma. The RFP configuration arises spontaneously as a
result of the interplay of resonant modes depicted on the radial profile of the safety factor,q(r ),
for m = 1 (open circles) andm = 0 modes (full circle). Here, physical units are used and the
variables correspond to a typical discharge (#6775 at 6.5 ms into the discharge, paper II) with a
total plasma current,I p, of 200 kA obtained at EXTRAP-T2.
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with the toroidal flux,8. When the pinch parameter exceeds a critical value (θ ∼ 1.2, [18]),
then the toroidal magnetic field at the plasma edge is reversed.

2.3 Magnetic topology

The magnetic topology of a magnetically confined toroidal plasma such as the RFP plasma
is described by the rotational transform,ι [7]. This parameter denotes the average change
in poloidal angle that a magnetic field line makes as a function of the toroidal angle (see
figure A.1, App A for a description of the coordinate system used in a toroidal geometry).
The rotational transform is a measure of the pitch of the helical magnetic field lines. Mag-
netic field lines that close afterm toroidal andn poloidal turns on a toroidal surface form
so-called mode rational flux surfaces with,

ι = 2π
n

m
, (2.5)

wherem andn are integers. In between these surfaces, the field lines are ergodic and cover
the full surface. Magnetic field lines that fill up a volume but never join on themselves
form a stochastic region. Due to magnetic perturbations, all three types of field lines are
present in an RFP configuration.

If there are magnetic perturbations the rational surfaces are vulnerable to instabilities
because helical plasma deformations can be resonant with the magnetic field on these sur-
faces. Instabilities are classified by their poloidal mode number. Modes are called resonant
if their mode numbers coincide with the pitch of the magnetic field. If the plasma has finite
resistivity these modes are called tearing instabilities (chapter 3.2) because reconnection of
the magnetic field lines is an inherent feature of the unstable growth of the modes. Since
the radial profile of the rotational transform,ι(r ), plays an important role for the stability
of the configuration (chapter 3), it is sometimes expressed as a safety factor in the form,

q ≡ 2π/ι. (2.6)

In this thesis, bothι andq are defined because theι is commonly used to describe the
rotational transform in a stellarator andq is used to describe the rotational transform in
a tokamak and in an RFP configuration. For toroidal axisymmetric configurations with a
circular cross-section the safety factor can be expressed as [3],

q = r Bφ
R0Bθ

, (2.7)

with the toroidal magnetic field,Bφ , the poloidal magnetic field,Bθ , the minor radius of the
flux surface,r and the major radius,R0. It is common to replace the rotational transform
by ι/2π1, that is 1/q.

1This quantity is called “iota-bar” and should be written as such with a bar. However since this character is
not included in this typesetting, it is expressed by the same symbol,ι, throughout this work with an exception for
paper V.
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The rotational transform is difficult to measure directly in fusion experiments and mod-
els are applied to determine the radial profile of the rotational transform. In a stellarator flux
surfaces are experimentally determined in the vacuum magnetic field configuration [25].

In an RFP configuration the safety factor on the axis,q(0), is less than the inverse aspect
ratio of the device,a/R0. The radial profile of the safety factor,q(r ), has its maximum on
axis and decreases monotonically with radius (figure 2.1). In the edge region of the plasma
the safety factor becomes negative due to the reversal of the toroidal magnetic field. Stable
discharges can exist, both experimentally and theoretically, provided

q(0) ≥ 2a

3R0
, (2.8)

which has been interpreted as a lower limit for the safety factor on the axis in an RFP
configuration [24, 26]. The shape of the radialq-profile implies that, near the core of the
plasma, there are a number of closely spaced rational surfaces with poloidal mode number,
m = 1 and toroidal mode number,n, of 2–3 times the device aspect ratio [27]. On the
other hand, at the magnetic field reversal surface near the plasma edge, the toroidal field is
zero. Them= 0 modes are all resonant on the magnetic field reversal surface (figure 2.1).

In a reversed-field configuration resonant modes are further characterised by their ra-
dial location with respect to the magnetic field reversal surface. Internally resonant modes,
denoted by negative toroidal mode numbers, exist at radii within this surface whereas ex-
ternally resonant ones are situated at radii outside.

The radial rate of change of the safety factor, the so-called shear of the configuration, is
a measure of the field line pitch angle between adjacent magnetic flux surfaces. The RFP
is a configuration of high shear. The shear reaches its maximum at the toroidal magnetic
field reversal surface. Large shear is favourable for stabilising current driven modes but,
since the rate of radial change of the plasma pressure is also large at this location, there is
a risk for pressure gradient driven modes (chapter 3).

2.4 The dynamo effect

The RFP configuration arises spontaneously as a natural equilibrium state through self-
organisation or Taylor relaxation. In an RFP configuration, the magnetic field components
have comparable strength and internal currents in the plasma itself almost entirely produce
the confining magnetic field topology. Initially a toroidal magnetic field is applied and an
ohmic transformer generates the poloidal magnetic field that induces a toroidal current.
Tearing mode instabilities develop and magnetic reconnection occurs as part of the relax-
ation phenomena. A mechanism, called the RFP dynamo [17], converts part of the energy
fed into the poloidal magnetic field component into energy associated with the toroidal
magnetic field component. Put another way, the dynamo drives a poloidal current although
no poloidal electric field is externally applied. The dynamo is coupled to the relaxation
phenomena. Thereby the RFP plasma produces both components of its confining mag-
netic field structure, the poloidal component through the toroidal plasma current and the
toroidal magnetic field component in the naturally arising relaxation process. The RFP
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configuration is sustained through this conversion of poloidal into toroidal magnetic flux.
Unfortunately, there is a high level of magnetic turbulence associated with this process
which enhances plasma transport [28].

Over the recent years there has been an advance in the understanding of the RFP dy-
namo effect, i.e. the self-generation of plasma current and magnetic field. The explanation
of the relaxation and the dynamo effect rely on magnetic reconnection. The turbulence
in the RFP configuration is associated with magnetic fluctuations due to MHD instabili-
ties [17], (resistive tearing modes), that are internally resonant. In three-dimensional MHD
simulations, the relaxation process in an RFP configuration results from the nonlinear inter-
action of several unstable resistive kink modes of low poloidal mode number [17], that are
resonant inside the toroidal magnetic field reversal surface. The transfer of energy proceeds
in several steps via these modes [17] which are usually called dynamo modes. The mean
poloidal magnetic field transfers energy tom = 1 modes resonant near the core. These
modes nonlinearly generatem= 0 modes, which transfer energy tom= 1 modes resonant
near the toroidal magnetic field reversal surface. Finally thesem = 1 modes quasilinearly
transfer energy to the toroidal magnetic field. In active experiments, the role of nonlin-
ear mode coupling in the transport of momentum is investigated [29]. The dynamo modes
generate coherent magnetic and velocity fluctuations and thus the fluctuation-induced elec-
tromotive electric field, i.e. the dynamo effect sustains the poloidal current density [30,31].
Direct measurements of the magnetic and flow velocity fluctuations confirm the role of the
fluctuation-induced dynamo effect in the relaxation process in the RFP [32, 33]. The dy-
namo term is also conjectured to drive the spontaneous magnetic field generation in the
earth (see [34] for further references).

In sustaining the relaxed state, the dynamo modes produce large magnetic field fluctu-
ations that yield magnetic stochasticity in the plasma core [35]. This changes the thermal
insulation of the core and influences the macroscopic plasma behaviour in particular the
energy and particle transport [28]. Many magnetic confinement experiments aim at insight
into the relationship between magnetic fluctuations and transport or confinement. Paper I-
III present the result of such studies on the EXTRAP-T2 RFP experiment. In the RFP,
magnetic fluctuations clearly account for the main part of the energy and particle transport
within the reversal surface. However magnetic fluctuations cannot account for the heat
transport at the plasma edge [36–38]. Here, electrostatic fluctuations probably account for
most of the measured particle transport at the plasma edge [39].

2.5 Advanced RFP operation

Since turbulent dynamo modes in an RFP configuration are needed to drive poloidal current
in order to sustain the minimum energy state, driving part of the poloidal current externally
can reduce the need for a turbulent dynamo. This idea has been tested in experiments
using a technique called pulsed poloidal current drive (PPCD). During PPCD an inductive
poloidal electric field is applied to the plasma. During the application of this technique
it is observed that the amplitude of the magnetic fluctuations decreases, the radial profile
of the temperature steepens centrally and the energy confinement time improves [40–42].
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Furthermore the plasma sometimes undergoes a transition from a so-called multi helicity to
a quasi-single helicity state. This means that the mode spectrum narrows. Instead of being
rather broad with manym = 0 andm = 1 modes with various toroidal mode numbers of
comparable amplitude, the mode spectrum becomes dominated by a singlem = 1 mode
resonant inside the magnetic reversal surface [43]. The technique of PPCD constitutes a
new mode of operation of an RFP device.

Under certain experimental conditions the transition from a turbulent into a quasi-single
helicity state is also observed to occur spontaneously [44]. Experimental conditions are
relatively low density, high temperature, clean plasmas with deep reversal, i.e. a strong
reversed toroidal magnetic field at the edge of the plasma [45]. The bifurcation into either
a multi helicity or a quasi-single helicity state is predicted by numerical code simulations
of the self-organisation in RFP plasmas [46].

The control of the dynamo modes and the relaxation process in an RFP configuration
gives not only a clearer understanding of the underlying MHD mechanisms, it also in-
creases the attractiveness of the RFP configuration as an alternative fusion reactor concept.
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Chapter 3

Stability

In the previous chapter the spontaneous relaxation of the RFP plasma into a self-organised
equilibrium state is described. In equilibrium all forces, which are acting on the plasma,
are in balance. The questions of how such a system will react in the presence of small
perturbations addresses the stability of the equilibrium. This issue is of vital importance
in magnetically confined plasma devices. In this chapter the stability properties of an
equilibrium are briefly presented and the general classification of MHD instabilities is
given. For details of the theoretical model see the book by Freidberg [47].

3.1 Ideal instabilities

The theory of ideal MHD [47] describes the behaviour of a plasma in the presence of
magnetic fields (App B). The plasma is treated as a perfect conducting fluid, that is a
system without losses. The plasma has no resistive losses and there is no resistive diffusion
of the magnetic field; the magnetic field lines are “frozen into” the perfectly conducting
plasma. This commonly quoted statement means that the topology of the magnetic field
remains invariant as long as the fluid elements retain their identity, i.e. adjacent fluid
elements always remain adjacent. In figure 3.1 is depicted a mechanical analogy to such a
system. In equilibrium, the potential energy is at an extremum. In determining the stability
of a system, it is investigated how the system responds to a perturbation which moves the
system away from its equilibrium state. A system is unstable if free energy released by the
perturbation will drive the system further away from its initial state of equilibrium, whereas

Figure 3.1. Mechanical analogy of a stable (left), a marginally stable (middle) and an unstable system (right).

15
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Figure 3.2. The sausage,m= 0, and the kink,m= 1, instability.

a stable system will return to the initial state of equilibrium. Marginal stability denotes a
state just in between these two states; the system will neither approach its initial position
nor will it continue to move further away from its initial position.

The variational principle leads to the energy principle as a test for stability. Since
energy is conserved in an ideal system, the effect of a perturbation of the equilibrium on
the potential energy is used to determine the stability of a system. In the case that the
perturbation decreases the potential energy,W, of the system,δW < 0, free energy is
converted into kinetic energy and instabilities can be excited, that means the equilibrium
is unstable. An equilibrium is stable ifδW > 0 for all perturbations. States which remain
unchanged in their potential energy,δW = 0, in the presence of perturbations define the
marginal stable limit.

In the theory of ideal MHD, there are two sources of free energy to drive instabilities:
radial pressure gradients and currents which are flowing in the plasma. Pressure gradients
are the source for so-called pressure-driven or interchange instabilities, whereas currents
cause current-driven or kink instabilities.

An appropriate configuration of the magnetic field can stabilise instabilities [47]. Mag-
netic field line curvature is favourable if the field lines are convex toward the plasma, since
plasma pressure tends to expand outward. This stabilises interchange modes. Magnetic
shear, that is the variation in safety factor or rotational transform across the plasma cross-
section, also stabilises pressure-driven modes. Therefore an appropriate tailoring of the
radial profile of the safety factor can help to prevent the occurrence of certain instabilities.
Under some conditions, current-driven modes can be stabilised by a close fitting conduct-
ing shell.

3.2 Resistive instabilities

Since the theory of ideal MHD regards the plasma as a perfect conductor and thus disre-
gards dissipation losses, magnetic field lines preserve their identity and the magnetic field
topology remains unchanged. The inclusion of non-ideal effects, such as resistivity, allows
the characterisation of another class of instabilities. Although these so-called resistive in-
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Figure 3.3. The resistive kink mode,m= 1,n = 1, [48].

stabilities tend to have slower growth rates than the ideal modes, they often dominate the
confinement and stability of the plasma in many magnetic configurations. A full descrip-
tion of resistive instabilities is not repeated here. However, some of their features that are
relevant for the experiments discussed in this thesis are briefly presented. A review on the
theory of resistive MHD is given in reference [48].

Including the effects of electrical resistivity in the theory of ideal MHD allows the
modification of the magnetic field topology. Magnetic flux is no longer a preserved quan-
tity. Magnetic flux surfaces may break up, tear apart and reconnect. This is the reason
why resistive current-driven instabilities are also known as tearing modes. Tearing modes
cause a reorganisation of the magnetic field topology. This modification of the magnetic
field topology can lead to the formation of so-called magnetic islands. As illustrated in
figure 3.3 a magnetic island consists of a set of flux surfaces surrounding their own, local
magnetic axis [48]. The magnetic island forms a helical structure which closes upon itself
afterm toroidal andn poloidal turns along the torus (figure 3.3) withm andn being the ra-
tional numbers characterising the rational surface,q = m/n, on which the magnetic island
lies.

The effect of electrical resistivity is taken into account at the resonant surface only,
outside this layer the resistive modes are treated by the theory of ideal MHD. The evolution
of the tearing mode is described by the so called Rutherford equation [49]. The solution at
the resonant surface is analytically to be matched to the solution over most of the plasma.
The measure of the discontinuity of these solutions across the resonant layer, commonly
called1′, is used as a measure of stability against tearing modes [50]. Since the potential
energy,δW, is proportional to−1′ [51], instability occurs for1′ > 0. Thus the sign of1′
can be used as a test for the stability of a radial current density profile,j (r ), against tearing
modes.

A magnetic island can be characterised as a current filament with its own magnetic axis.
Hence different regions of the plasma are connected through the flux surfaces associated
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with the island. This increases the radial transport across the magnetic island even though
particles are confined within the magnetic island. Detailed measurement of the radial tem-
perature profile in the vicinity of a resonant surface show a flattening of the temperature
profile over the island [52]. The temperature equalises across the magnetic island. In an
RFP configuration, there are a series of resonant surfaces across the profile. They can be
close enough together so that the island can overlap. If this is the case, then field lines can
thread from one island to the next thus leading to the stochastic field condition described
earlier (chapter 2).

The growth of tearing modes is sometimes observed to cause a disruption, i.e. a sudden
deterioration of plasma confinement followed by a complete loss of plasma current. This
severe effect of resistive instabilities on plasma performance in magnetically confining
devices with internal currents is an additional motivation to identify the underlying physics
and to apply these principles to control the behaviour of the plasma.

In this work, current-driven instabilities are studied in a dedicated operation of the W7-
AS stellarator (paper IV and V). Generally, stellarators are operated without net currents
and therefore current-driven instabilities do not play a role in this concept [53]. How-
ever, new hybrid stellarator concepts are proposed [54], which utilise internal currents to
generate part of the rotational transform. The experiments presented here are intended to
contribute to an improvement of these new concepts by addressing the issue of stability of
current-driven modes in a stellarator.

Since MHD activities can be identified for example by the modification that they cause
in the time series of certain diagnostic signals, analysis tools sensitive to these character-
istic variations are required. The following chapter 4 addresses these tools by giving an
introduction to time and spectral analysis.



Chapter 4

Time

Time resolved measurements are required to study the dynamics of a system. In fusion
experiments all parameters and properties of the plasma are determined as a function of
time. The measurements are undertaken at a certain point of time and during a certain
period of time. Since the time axis constitutes a frame of reference for all the data that
is obtained from a dynamical system, such as a fusion plasma, it is worthwhile reflecting
upon how this independently varying parameter can be used to extract information about
the plasma. This chapter deals with the analysis of time series.

4.1 Time-resolved measurements

Recording a measurement of a physical quantity implies a conversion from a continuous
quantity into first an analogous electric signal and then a digital representation of that
analogous signal. A calibration is required to extract the physical quantity but still the
conversion into a sampled form leads to an inevitable loss of information. The sampling
frequency and the number of samples are finite. To gain information on the temporal
evolution of a physical quantity, one needs to be able to unambiguously reconstruct the
signal from the time history. The sampling theorem [55] states that the lowest sampling
frequency,fS, must be at least twice the maximum frequency,f , contained in the signal,

fS ≥ 2 f. (4.1)

In the time domain, the Rayleigh criterion gives the corresponding maximum time interval,
1T , between sample values [56],

1T ≤ 1

2 f
. (4.2)

Sampling at an even lower sampling frequency results in aliasing (figure 4.1).
The highest frequency of the signal will then appear as a lower frequency. The Nyquist

frequency, fN , gives the frequency limit above which a frequency is no longer unam-

19
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Figure 4.1. The effect of aliasing. The sampling points (open circles) are too sparsely spaced to
resolve the signal (full curve). This results in a wrong reconstruction (broken curve) of the signal
since the sampling frequency is lower than the maximum frequency of the signal.

biguously reconstructed from the signal [56]. The Nyquist frequency is equal to half the
sampling frequency,

fN = 1

2
fS. (4.3)

The total length of the record,T , determines the frequency resolution,1 f , that is to which
extent the frequencies contained in the signal are distinguishable [56],

T ≥ 1

1 f
. (4.4)

A numerical example to illustrate these considerations is the detection of a 50 kHz com-
ponent in a signal. The sampling frequency needs to befS ≥ 100 kHz and thus the time
between adjacent samples is1T ≤ 10µs to detect the component. A total record length
of T ≥ 1 ms is required to be able to distinguish the 50 kHz from a 49 kHz component
in the frequency domain. A longer record length refines the frequency resolution within
the Nyquist frequency interval whereas a higher sampling frequency using the same record
lengths extends the Nyquist frequency to higher frequencies.

4.2 Spectral analysis

A signal can be defined as a series of numbers from a measurement recorded as a function
of time. Various methods can be applied to extract the information, such as point of time,
period of time, frequencies and changes in frequencies, contained in this time history. This
information is a starting point to study the dynamics and hence the chain of causality in the
system.
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4.2.1 Cross-correlation function

Two signals are compared in the time domain by obtaining the average of the cross-product
of the signals along the time axis. The cross-correlation function is a measure of the sim-
ilarities between two different signals whereas the auto-correlation function quantifies the
similarities within a single signal at different points in time [56]. The shift of the time axis
of the signals relative to each other determines the degree of similarity between the signals
at different times. Similarity between signals is indicated by a large mean of the the cross-
product. It is essential that the signals are identically processed regarding the sampling
frequency and the filters, for the method to be reliable. Since the cross-correlation function
of two signals with an identical frequency component will also contain this frequency, the
method can be regarded as a kind of filter [55]. In signal processing the application of
the method of cross-correlation to distorted signals can recover the original signal if an
appropriate signal is used for reference.

4.2.2 Fourier transform

Information on a signal is given both by the frequency content and the temporal evolution
of the signal. In signal processing, a signal is defined in the time-domain and its spectrum,
which is represented by the Fourier transform, is given in the frequency-domain. The
standard mathematical tool to represent a signal is the Fourier representation. Any 2π -
periodic function, f (x), can be decomposed into a converging trigonometric series, the
Fourier series [57],

f (x) =
+∞∑

n=−∞
cn einx, (4.5)

where the constantscn, the Fourier coefficients, are defined by,

cn = 1

2π

∫ 2π

0
f (x) e−inx dx. (4.6)

In the application of Fourier series the signal is represented by a linear combination of
waves. A powerful tool to determine the frequency content of a signal,f (t), is the appli-
cation of the Fourier transform1 [58],

f̂ (ω) ≡ [F f ](ω) ≡ 1√
2π

∫ +∞
−∞

f (t) e−iωt dt. (4.7)

In some applications it is essential to know the frequency content locally in time just as
it is, for example, for those who play music. A composer uses music notation to tell the
musicians which tone (frequency) to play at a certain time. In signal processing several
techniques are developed to provide this time-frequency location. The windowed Fourier
transform is one of the techniques that simultaneously gives information about the signal in

1The fast Fourier transform (FFT) is an algorithm to evaluate this transform with a reduced number of com-
puter operations.
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both the time and the frequency domain (figure 4 and 8, paper II). The signal is multiplied
by a window function before the Fourier transform is computed. The effect of windowing
is to localise the signal in the time domain by defining a segment of finite length in the
time series. This corresponds in the frequency domain to a reduction of the obtainable
frequency resolution (chapter 4.1).

Within signal processing there exists a wide range of different window functions. A
square window is unity within the window and zero elsewhere in time. This sharp and
abrupt transition at the beginning and at the end of the record causes substantial compo-
nents at high frequency in the Fourier transform. To reduce this frequency leakage [59], it
is recommended to choose a window or a weight function, which reduces the signal grad-
ually to zero at either extreme of the window length. This is for example accomplished by
the Hann window. The Hann window is one of these windows which gives less emphasis
to the points near the end of the interval than the middle. This function is defined as [60],

h( j ) = 1

2

[
1− cos

(
2π j

N

)]
, (4.8)

with j ranging from 0 to N and N being the number of samples. In comparison with
the square window the Hann window shows a reduction of the frequency leakage. The
ability to distinguish nearby frequencies depends both on the width and on the shape of
the window function. While for a square window a record length of 2T is sufficient to
distinguish two frequencies which are1 f = 1/T apart, the record length needs to be
extended when using a non-rectangular window as the Hann window [56].

By the convolution theorem, the convolution of a signal with a window function [61],

g(t) = (h ∗ f )(t) =
∫ +∞
−∞

f (x) h(t − x) dx, (4.9)

is equal to the product of their Fourier transforms in the frequency domain [62],

ĝ(ω) = ĥ(ω) f̂ (ω). (4.10)

This equivalence can, for example, be used in the processing of spectroscopic signals. Here
the original signal is convolved by an instrumental function which is separately determined
in a calibration. The measured signal is transformed in the frequency domain, divided
by the transform of the instrumental function and finally transformed back to restore the
original signal.

The windowed Fourier transform represents a signal by its time-averaged frequency
contributions. The signal is described in the time-frequency plane. The time-frequency
localisation is accomplished by shifting the window by steps oft0 and its multiples, and
by changing the length of the window. To recover low-frequency information a wide win-
dow is required, whereas a narrower window is appropriate for better accuracy on high-
frequency information. This flexibility in the time-frequency window is accomplished by
a method called wavelet transform which is described in the following section.
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4.2.3 Wavelet transform

Wavelets have been rediscovered for signal processing in the last two decades. They were
called “atomic decompositions” [63] within mathematics but there was very little scientific
interchange between the scientific disciplines of mathematics, physics and signal process-
ing. Morlet worked in oil field exploration. He used seismic waves to obtain a three-
dimensional representation of the reservoir [64] and as a tool to analyse the reflected wave
he used the method of wavelet transform [65]. The increasing use of wavelets in signal and
image processing stimulated a fruitful collaboration across the discipline boundaries.

Wavelet transform is a mathematical method which is used e.g. for time-frequency
localisation (see for example figure 26, paper V). Like the windowed Fourier transform, the
wavelet transform introduces redundancy to the signal since it transfers a one-dimensional
signal into a two-dimensional one. Its main advantage against windowed Fourier transform
is the ability to describe transients and the feature of having a fixed resolution in frequency,
1 f/ f , i. e. independent of the frequency. The wavelet transform has the ability to analyse
a signal with a resolution that matches the scale (or frequency) of the signal. This is often
described as a possibility to zoom in and to zoom out on the signal [66]. In a wavelet
transform, the signal is decomposed into wavelet components that depend both on scale
and time.

The basis of the wavelet transform is the choice of the wavelet. This is analogous to
the choice of the window function in the windowed Fourier transform. There exists a wide
range of wavelet functions with various features. Some wavelet functions, for example the
Daubechies wavelet [66], are more sensitive to transients and are mainly used in multi-
resolution analysis [67]. Some, for example the Morlet wavelet [65], are more appropriate
for the investigation of oscillations in signals.

Any wavelet,ψ , satisfies the admissibility relation [57] given by [62],∫ +∞
−∞

ψ(t) dt = 0. (4.11)

This is a common characteristic of all wavelets. A wavelet is a small wave [57]. The
mean value of a wavelet is zero and the wavelet function is well localised in the time and
frequency domain. A wavelet is an analysing function which sometimes also is denoted as
the mother wavelet [66]. The Morlet wavelet is a modulated Gaussian [68],

ψ(k, t) = e−t2/2 eikt (4.12)

and its Fourier transform is a shifted Gaussian (figure 4.2). The wavelet generates the
so-called wavelet family by translation,b, and dilation,a, [68],

ψa,b(t) = |a|−1/2exp

[
−1

2

(
t − b

a

)2

+ ik

(
t − b

a

)]
. (4.13)

There are several similarities between the wavelet transform and the windowed Fourier
transform approach to describe a signal simultaneously in the time-frequency plane. Anal-
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Figure 4.2. Left: the real (solid curve) and the imaginary part (broken curve) of the Morlet
wavelet fork = 6 at scalea = 100. The wavelet is a sinusoidal oscillation convolved with a
Gaussian having a half-width of1t = a. Right: The Fourier transform of the Morlet wavelet.
There is a single peak at the frequencyω = 2π/a with a FWHM (full width at half maximum) of
1ω = ω/4 in the frequency spectrum. Hence, the wavelet may be interpreted as representing a
frequency [69],ω = 2π/a±1ω/2.

ogous to equation 4.9 the wavelet transform of the signal at the scalea and the positionb
is expressed by [61,66],

f̃ (a, b) ≡ [Wψ f ](a, b) ≡ |a|−1/2
∫ +∞
−∞

f (t) ψ(
t − b

a
) dt. (4.14)

Since the convolution in the time domain corresponds to a multiplication in the frequency
domain (equation 4.9 and 4.10), the wavelet transform can be computed as [68],

f̃ (a, b) = |a|−1/2F−1[F( f )F(ψ)]. (4.15)

A small scale,a, corresponds to high frequencies, whereas a large scale corresponds to low
frequencies. Changing the parameterb, shifts the wavelet along the time axis.

There are also differences between the wavelet transform and the windowed Fourier
transform approach. For example, one difference lies in the shape of their window func-
tion in the frequency domain. Whereas the width of the window function is rigid, the width
of the wavelet adopts to the frequency which is analysed [66]. The wavelet narrows at high
frequency and widens at low frequency. Therefore it has the capability to zoom in on a
transient to study this short lived phenomenon. The resolution of the wavelet is constant
in frequency. There is an increasing interest to apply the technique of wavelet transform to
the data obtained from fusion plasma experiments. The technique is, for example, applied
to signals obtained from magnetic coils [68] and Langmuir probes [69] to detect transients.
The following chapter introduces some diagnostic used in this work to monitor MHD phe-
nomena.



Chapter 5

MHD spectroscopy

The purpose of this chapter is to provide a brief introduction of the plasma diagnostics
used in this work for the study of MHD phenomena using spectroscopy which we call
MHD spectroscopy. In the literature [70], the term of MHD spectroscopy is commonly
used to describe the study of MHD processes by active techniques such as excitation of
waves by external antennas. Here, we use the term in a wider context to also include
passive methods. MHD spectroscopy denotes the study of MHD processes by magnetic
signals and electromagnetical spectroscopy.

In a net power producing thermonuclear reactor, the plasma must simultaneously be
sustained at high density and at high temperature for a long enough time according to the
Lawson criterion (equation 1.2, [2]). In fusion experiments, the magnetically confining
plasma device covers a wide range in temperature and density. Near the plasma bound-
ary, the temperature is a few eV, whereas in the centre of the plasma the temperature is
two to three orders of magnitude higher (App A). To measure plasma parameters and to
monitor plasma behaviour over such a wide range of magnitudes requires the applications
of various types of techniques. The techniques must also match the constraints imposed
by the hazards of the environment. A sufficient resolution in time and space is required
e.g. to describe transport processes and plasma instabilities. However, the requirements
are often coupled, for example an improvement in time resolution might result in a reduced
signal to noise ratio and in a weaker signal intensity and thus reduce the accuracy of the
measurement.

In the following, emphasis is put on diagnostics that are used in this work to study
MHD spectroscopy. The description is simplified to be able to see the relevant features.
Details and an elementary introduction to the field of plasma diagnostics are to be found
elsewhere [71,72].
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5.1 Plasma diagnostics

A good coverage of the spatial, temporal and energy range is required to be able to obtain a
consistent description of plasma processes. Various methods have been developed to pro-
vide information on the plasma state and its temporal evolution. Generally these methods
are distinguished by whether they are active or passive.

5.1.1 Active diagnostics

Active diagnostics in general involve an intervention in the plasma by some means and
a monitor of the plasma response to the intervention. Active diagnostics can interfere
with the plasma. Information is obtained from the response of the plasma. It is essential
for an interpretation of the measurements that the diagnostics applied is non-perturbative.
Apart from the hazards of this environment, this is one reason why insertable probes, for
example Langmuir probes, are only used at the very edge region of the plasma. Probes that
are inserted into the plasma must be considered as active diagnostics. Biased Langmuir
probes are used to measure plasma density, temperature and potential by monitoring the
probe current versus a bias potential.

Active diagnostics can be non-perturbative. For example, the measurement of the trans-
mitted or reflected wave that has been launched into a plasma provides information on the
plasma density and temperature. This is the basic principle for interferometry, reflectome-
try and Thomson scattering. High energetic neutrals can travel deep into the plasma before
they loose their energy in a collision with another particle. The injection of high energetic
neutrals is used to locally study ion and electron density fluctuations by measuring the
radiation emitted in the charge exchange process.

Both principles can also be applied to control the plasma parameters. Electromagnetic
waves that are launched from external antennas into the plasma excite plasma waves. This
heats the plasma by transferring (coupling) energy of the wave to the plasma particles.
Since an electron is approximately three orders of magnitude lighter1 than an ion, it gy-
rates faster than an ion in the presence of magnetic fields. Resonance heating of electrons,
so called electron cyclotron resonance heating (ECRH), requires an approximately three
orders of magnitude higher frequency than ion cyclotron resonance heating (ICRH), fre-
quencies in the range of GHz instead of MHz. The injection of high energetic neutrals, the
neutral beam injection (NBI) is used to heat the plasma. These systems can also be applied
to drive internal currents (paper IV and V).

5.1.2 Passive diagnostics

Passive diagnostics are based on non-invasive principles. Passive diagnostics make use
of the fact that the plasma itself emits radiation and particles. The measurement of this
emission provides a wide range of information on plasma parameters.

Magnetic diagnostics rely on the principle of induction to measure the time-varying
components of the magnetic fields. Even if the diagnostics are external, through the use

1The electron is approximately 1840 times lighter than the proton.
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of models, some spatial information can be derived as well on the temporal variation of
the magnetic fields. Basic plasma parameters such as plasma current, loop voltage, plasma
position and shape are derived from these measurements. Furthermore information is ex-
tracted on the dynamics of the various modes present in the plasma.

Electromagnetical spectroscopy measures the intensity of the radiation emitted by the
plasma over approximately four to five orders of magnitude in energy, starting from the
visible over the VUV to the x-ray spectral range. There is much information contained
in a calibrated spectrum. The wavelength of the measured line gives information on the
elements present in the plasma, on their ionisation stage and on the transition which leads
to the emission of the observed radiation. A Doppler shift in the wavelength of a mea-
sured line can give information on the velocity of an element. A broadening of the profile
of the measured line contains information on the temperature of the element or on other
processes, such as for example collisions, which lead to pressure broadening. Transitions
can be perturbed in the presence of strong electric and magnetic fields. Plasma parameters
such as the effective charge, the particle confinement time, the ion temperature, velocity
and density can be determined from quantitative electromagnetical spectroscopy.

There are many requirements to extract this information. Examples of requirements are
calibration of the experimental set-up, knowledge of the involved atomic and molecular
processes, models to describe these processes and additional data, such as for example
electron temperature and density, derived from other measurements. To study transport
and related processes also requires both spatial and temporal resolution. Electromagnetical
spectroscopy relies on a filter or a wavelength dispersive element (usually a grating or a
multilayer mirror) and a detector (for example a photo-multiplier (PM) tube, a charged
coupled device (CCD), an optical multi-channel analyser (OMA), a micro-channel plate
(MCP) or a channeltron). Filters serve as elements to limit the wavelength region and thus
to exclude contributions from other parts of the spectrum.

A combination of various diagnostics with good spatial coverage and high spatial and
temporal resolution is required to obtain a consistent picture of the dynamical processes in
a magnetically confined plasma. Complementary unrelated measurements are valuable to
validate models and to exclude uncertainties that could arise due to the use of a specific
diagnostic. A double check of data using unrelated measurements is crucial in the inter-
pretation of data. Compromises must be made to obtain a good coverage in space with a
high resolution in space, time and energy.

The following sections give more information on the passive diagnostics used in this
present work.

5.2 Insertable multi-coil magnetic probe

An insertable multi-coil magnetic probe was designed to measure the radial, toroidal and
poloidal components of the magnetic field (figure 1 and 2, paper III) at the edge of the RFP
experiment EXTRAP-T2. Particular emphasis was placed on achieving a high frequency
response. Coaxial cables, with a centre conductor made of a silver-plated copper clad steel
wire, are formed to one-turn cylindrical coils of about 20 mm in diameter. The multi-
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coil array consists of a set of three of these coils, which are arranged to be orthogonal
to each other. To ease the manufacturing of the probe, the radial coil, which measures
the radial magnetic field component, is shifted about 10 mm from the centre of both the
toroidal and the poloidal coil. In the design of the probe, a compromise is made between
high sensitivity, spatial resolution and high frequency response. The inductance of the coil
probe must be small to obtain a high frequency response, since the frequency response of
a coil probe is inversely proportional to the inductance of the coil [72]. The inductance of
a coil depends on geometrical factors such as the diameter of the coil and the number of
turns enters as a square. A small coil diameter with a small number of turns increases both
the spatial resolution and the high frequency response of the probe but it also decreases
the sensitivity of the coil. The frequency response of the probe is estimated from the
impedance of the cable. The highest frequency response of the multi-coil magnetic probe
exceeds the highest frequency of the signals analysed which was 500 kHz at most.

The set-up and the data acquisition of the insertable multi-coil probe is adopted to allow
localised measurements of fast plasma phenomena. A cylindrical boron nitride housing (2-
mm thickness, about 4-mm thickness at the top of the jacket) insulates and protects the
multi-coil probe from the discharge. The probe is inserted on the mid cylinder of the
torus from the top at a toroidal position of 303.75◦. The probe is aligned flush with the
graphite tiles which defined the minor radius of the plasma. These tiles covered the vacuum
vessel of the EXTRAP-T2 device and protected the vessel from the high heat load of the
plasma. The alignment with respect to the magnetic field was established by pulsing the
toroidal field without plasma. The probe must be insulated from the electronics in the data
acquisition system since it is in contact with the plasma. For insulation, opto links are
used to transmit the signals from the multi-coil probe to the data acquisition system. The
signals are simultaneously digitised on the same board both at a frequency of 1 MHz and
of 8 MHz with 8 bit resolution. Since the number of samples is limited , the fast sampling
frequency implies a reduction of the sampling interval to 1 ms. This is about a tenth of
the total length of a discharge obtained on the EXTRAP-T2. The time window of the fast
sampling interval is typically chosen to start at about 2–2.5 ms into the discharge (paper
III). At that time, the set-up of the plasma discharge is already finished; the plasma is in
the RFP configuration and the plasma current has reached its maximum.

Magnetic coil array

At EXTRAP-T2 there is also an external magnetic coil array which consists of a poloidal
set of four radial magnetic field pick-up coils evenly spaced around the torus at 32 toroidal
positions outside the shell. This array can resolve the Fourier harmonics of perturbations
of the magnetic field up ton = 15 for m = 0 andm = 1 [73]. Additionally, a set of 16
evenly distributed, one-turn poloidal loops is available. The unintegrated signal of these
loops measures the poloidal loop voltage which gives the rate of change of the toroidal flux
(paper II). The integrated signal gives the toroidal flux. Hence, according to the way the
signal is recorded, the diagnostic is called either poloidal voltage loop or toroidal flux loop.
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5.3 Surface barrier diode

Surface barrier diodes (SBDs) are implemented on the EXTRAP-T2 and on the rebuilt T2R
RFP experiments to measure the radiation emitted from the plasma in the soft x-ray energy
region, 0.1–100 keV, which corresponds to wavelengths in the range of about 100–0.1Å2.
The SBDs used in this work are silicon p-n diodes. Since silicon already at room temper-
ature has a low thermal leakage current, this detector does not require additional cooling
to liquid nitrogen temperature (77 K) as germanium diodes do. A semiconductor detector
relies on the principle of electron-hole generation. An incident photon loses energy and
creates electron-hole pairs. In the presence of an applied electric field these charge carriers
are separated and collected. The average energy required to produce an electron-hole pair
is 3.6 eV for silicon [74].

Semiconductor detectors have a very fast time response. The charge collection time is
of the order of less than microseconds. Pre-amplifiers are used in this work to amplify and
convert the current signal to voltage. At the T2R, the SBDs are implemented with slightly
lower values in the cut-off frequency of the pre-amplifiers. The cut-off frequencies, which
depend on the level of amplification, are adjusted to (the previous values at T2 (paper II) are
stated in parenthesis): 480 kHz (630 kHz) without amplification, and 180 kHz (160 kHz),
respectively 80 kHz (90 kHz) at an applied amplification factor of two, respectively five.
This modification prevents the effect of aliasing the signals even when they are sampled
unamplified and digitised at a sampling frequency of 0.5 MHz. The sampling frequency
used in this work ranges from 0.25–1.0 MHz.

5.3.1 The physics of soft x-ray emission

In this work filters are used to exclude the visible part of the spectrum (figure 2, paper II).
The SBDs used in this work measure the radiation emitted from the plasma above an pho-
ton energy of 500 eV. For an interpretation of the signals obtained in these measurements,
the relative contribution of the various radiative processes must be identified. Electro-
magnetic radiation is emitted in a free-free transition (bremsstrahlung), in a free-bound
transition (recombination radiation) and in a bound-bound transition (line radiation). The
distinction, free-free, free-bound and bound-bound refers to the initial and the final state of
the electron involved in the transition.

If a charged particle undergoes acceleration, it emits electromagnetic radiation. Due to
the Lorentz force (figure 1.1) a charged particle gyrates around the magnetic field lines and
experiences acceleration. This generates the synchrotron radiation or electron cyclotron
emission (ECE). The discrete frequencies,ωn, of this radiation depend on the strength of
the local magnetic field,B, [3],

ωn = n
eB

me
, (5.1)

whereme denotes the electron mass andn is the harmonic number. For relatively high
densities the plasma is optically thick and substantial re-absorption occurs. In this case the

2The wavelength equivalent to 1 eV ishc/1 eV = 1.23985 x 10−6 m = 12398.5Å. (From E = hc/λ).
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intensity of the radiation is directly proportional to the electron temperature [3]. The mea-
surement of the ECE allows to follow the temporal evolution of the electron temperature
with a passive diagnostic if the spatial distribution of the magnetic field is known in detail
(paper IV and V).

Bremsstrahlung is generated during encounters of charged particles. This radiation
forms a continuous spectrum since the velocity distribution of charged free particles is
continuous. The amplitude of bremsstrahlung is proportional to the charge times the accel-
eration. This means that a lighter particle radiates more than a heavier one provided their
charges are similar [75].

Recombination radiation is emitted when an initially free electron recombines with an
ion and enters a bound state. The photon, which is emitted in this process, carries the excess
in energy, kinetic energy of the electron and the binding energy, released in the process of
recombination. The spectrum of radiative recombination is continuous in wavelength.

Schoon et al. [76] give expressions for the energy flux, both of the bremsstrahlung and
of the recombination radiation, at a certain wavelength normalised to unit volume, unit
solid angle and unit wavelength. The emissivity, i. e. the power emitted per unit volume,
of the bremsstrahlung at the wavelength,λ [Å], is given by,

εbrs = 1.50× 10−29 ne(r ) ni (r ) Z2
i ḡ f f e−

h c
λTe(r )

λ2
√

Te(r )

[
W

cm3 Å sr

]
, (5.2)

with the electron respectively the ion density profile,ne(r ) and ni (r ) [cm−3], the ion
charge,Zi , the electron temperature profile,Te(r ) [eV], and the free-free Gaunt factor,
ḡ f f . Good agreement with a numerical calculation of the free-free Gaunt factor for a ion
charge ofZi = 2 and moderate electron temperature is obtained with the following free-
free Gaunt factor,

ḡ f f = 3.77
(0.001Te)

0.147

Z0.0579
i

. (5.3)

For low photon energies in a part of the spectrum which is free of line radiation the mea-
surement of the continuous spectrum gives information of the effective ion charge. In a
similar way the emissivity of the recombination radiation is expressed by,

εrec = 2
1.50× 10−29 ne ni Ry Z4

i e−
h c
λTe

λ2 Te
3/2

∞∑
n=n∗

ḡb f n

n3
e

h c
λn Te

[
W

cm3 Å sr

]
, (5.4)

with the bound-free Gaunt factor,ḡbf n, the Rydberg energy, i. e. the ionisation potential of
hydrogen,Ry = 13.6 eV, and the principal quantum number,n∗, of the lowest state of the
ion for which the recombination with the emission of a photon with energyhν can occur,

Ry Z2
i

n∗2
≤ h ν. (5.5)
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Dividing equation 5.4 by equation 5.2 gives the relative importance of the recombination
radiation for the continuum [76],

εrec

εbrs
= 2 Ry Z2

i

Te ḡ f f

∞∑
n=n∗

ḡbf n

n3
e

h c
λn Te . (5.6)

Recombination is negligible for all photon energies if the electron temperature greatly
exceeds the product given in the numerator in equation 5.6 [71],

Te� Ry Z2
i . (5.7)

In the reversed-field pinch experiment T2, the electron temperature is in general low,
Te(0) = 50–200 eV and thus we need to consider the contribution of recombination ra-
diation in the continuous spectrum as it is measured by the SBDs [77].

Line radiation denotes the radiation which is emitted in the transition of a bound elec-
tron. Since the intensity of the line radiation is a function of the population of the states
which are involved in the radiative transition the intensity is sensitive to changes mainly in
the electron and ion density and in the electron temperature. This relation is the basis to
derive these plasma parameters from spectroscopic measurements. The photo-efficiency
of the SBDs used in this work is sufficient to keep contributions, which arise from line
radiation of the main impurities in the T2 experiment, carbon and oxygen, to the signal of
the SBDs at a low level (figure 2, paper II).

SBDs are sensitive to variations in plasma density, electron temperature and impurity
concentration (see equation 5.2 and 5.4). Even though this diagnostic is qualitative, since
it is not absolutely calibrated for these parameters, the excellent spatial and temporal res-
olution of SBDs has proved to be an invaluable tool to study MHD phenomena resolved
both in space and in time (paper I-V).

5.4 Miniature soft x-ray system

Tomography is a technique to resolve spatial information on internal objects from a large
number of line-integrated measurements. For example, the number of line-integrated data
is about 105 in medical applications and about 102 in fusion plasma diagnostics. Soft x-
ray tomography is applied to obtain a two dimensional view of the plasma cross section.
The emissivity in the soft x-ray wavelength region is a complicated function of plasma
density, electron temperature and impurity concentration (equations 5.2 and 5.4). In soft
x-ray tomography, the general principle of approach is to assume that the variation of
these parameters is negligible on a magnetic flux surface. Surfaces of constant emissivity
can then be associated with magnetic flux surfaces. The assumption is justified, for most
plasma conditions, because the transport of particles and energy is fast along magnetic
field lines and on magnetic surfaces. Charged particles can move freely along magnetic
field lines (figure 1.1) and this results in a thermal conductivity that is larger parallel to the
magnetic field, than perpendicular. Since the transport along the magnetic field lines is fast
spatial variations in the electron temperature can be rapidly equilibrated along the magnetic
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Figure 5.1. Coordinate system for a spatial reconstruction of the emissivity,g(r, θ), by a number
of line-integrated measurements,f (p, ξ ). The viewing geometry defines the parameters of the
projection space: the so-called impact parameter,p, and the viewing angle,ξ . In the figure is also
denoted the minor radius of the plasma,a, and the distance vector,r , with its viewing angle,θ , to
line of sight,l .

field lines. Soft x-ray tomography is an essential tool in the study of MHD phenomena in
fusion plasmas [78–82].

At the W7-AS stellarator experiment a miniature soft x-ray system (MiniSoX) [83,84]
is used for soft x-ray tomography. This system allows the spatial reconstruction of the
equilibrium magnetic flux surfaces and of the MHD mode structures. For good coverage
of the projection space3 (figure 5.1) the plasma is viewed from eight directions with 32
lines of sight each. The viewing chords of each camera are arranged in a fan to view the
entire plasma. The cameras consist of silicon diode arrays fitted with 6-µm Be-foils. This
makes the system sensitive to radiation of photon energies above 500 eV. The signals are
amplified, low-pass filtered and digitised. Since the data acquisition system limits the total
data amount of the camera system to about 6 Mbyte, only part of a discharge is sampled
with a fast sampling rate of up to 200 kHz. This fast time window of usually 40µs is set
prior to the discharge. Data of the entire discharge is sampled at a lower rate usually of
about 1 kHz.

3The so-called projection space is formed by the coordinates of all lines of sight given as a function of the
impact parameter (shortest distance from the line of sight to the centre of the plasma) and the impact angle (angle
of this distance line to the positive x axis).
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5.4.1 Tomography

The aim of tomography is the spatial reconstruction of the emissivity from line integrated
measurements. The Radon transform [85] describes the transformation of the emissivity,
g(x, y), from the spatial (Cartesian) coordinate system into the projection space,

f (p, ξ) = Rg =
∫

l
g(x, y) dl . (5.8)

The inversion of the Radon transformation gives the spatial distribution of the emissivity.
The inverse transformation in Cartesian coordinates is [86],

g(x, y)=
[
R−1 f

]
(x, y)=− 1

2π2

∫ π

0
dξ
∫ +∞
−∞

1

p+x sinξ−y cosξ

∂

∂p
f (p, ξ) dp. (5.9)

with the following transform of the Cartesian coordinates,

x(l ) = x0+ p cosξ + l sinξ
y(l ) = y0+ p sinξ − l cosξ,

(5.10)

and the choice,x0 = y0 = 0.
In cylindrical coordinates (figure 5.1), the Radon transform is expressed by,

f (p, ξ) =
∫

l (p,ξ)
g(r, θ) dl . (5.11)

The corresponding inverse transformation for cylindrical symmetry,g(r, θ) = g(r ), is
given by the so-called Abel inversion [71],

g(r ) = − 1

π

∫ a

r

1√
p2− r 2

d f (p)

dp
dp, (5.12)

with the differential interval, dl ,

dl = r√
r 2− p2

dr, (5.13)

and the chordal brightness,

f (p) = 2
∫ a

p
g(r )

r√
r 2− p2

dr. (5.14)

Unfortunately the inversion is under-determined. An infinite number of line-integrated
measurements would be required to determine the exact emissivity. Even small changes
in the data, caused by for example noise or systematic errors in the measurement, can
generate great changes in the spatial reconstruction of the emissivity. However, there exists
a number of approaches to solve this problem.
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The Cormack-Granetz method [87–90] is a way to transform the under-determined
problem into an over-determined one. Both the emissivity distribution,g, and the data
of the line-integrated measurement,f , is expanded into a series of orthogonal functions
to reduce the number of degrees of freedom. The coefficients of the base functions are
determined using a least square fit. The Cormack-Granetz method is mainly applied in
systems with a small number of lines of sight and it requires some prior knowledge of the
spatial structure.

The MiniSoX system has a sufficient number of lines of sight for tomography without
the need of prior knowledge. Here, the poloidal cross section is subdivided into pixels and
the Radon transform can be written as a matrix multiplication [91],

f = A g, (5.15)

with the line-integrated data stored in the column vectorf and the emissivity in the pixels
stored in the column vectorg. The matrixA is of the size: number of line-integrated data
times number of the pixels. It is often not possible to perform a simple matrix inversion to
obtain the spatial distribution of the emissivity as is the case for example in the limit of less
lines of sight than pixels in the parameter space. To obtain a unique solution in the limit of
few line-integrated measurements the minimum of a functional,3, is to be found [91],

3 = 1

2
χ2+ αR. (5.16)

Here, the regularisation parameter,α, is a positive number and determines the weighting
between the goodness of the fit, represented byχ2, and the requirements imposed on the
solution g, by the regularising functional,R. For example, smoothness can be such a
requirement imposed on the solution.

The method of first order linear regularisation and maximum entropy are two tomo-
graphic reconstruction algorithms used in this work (paper IV-V). These methods are very
briefly described in the following. A comparison of the different tomographic reconstruc-
tion algorithms is found in references [83,91].

The method of first order linear regularisation leads to a smooth solution. First order
refers to the minimisation of gradients [91]. The regularising functional,R, can be written
as [83],

R = ‖∇g‖2. (5.17)

While minimising the functional,3, the regularisation parameter,α, is iteratively deter-
mined from the boundary condition:χ2 = 1. If the errors in the measurement are known
sufficiently well, then they can be included in the analysis and the problem is solved by the
solution of greatest smoothness which fits the measured signals within the measurement
errors [83].

The method of maximum entropy selects the solution with the largest configuration
entropy of the emissivity distribution, which leads to a good fit to the data and the errors
in the measurement. This method does not derive a smoothed solution since the emissivity
in each pixel is statistically independently treated from the others. The solution is selected
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that fits the data with least constraints on parameters which are unavailable to the measure-
ment. The maximum entropy method determines the most probable emissivity distribution
given the data and error. This is done by finding the minimum of the functional [83],

3 = 1

2
χ2− αS, (5.18)

with the so-called information entropy,S. If the minimum is numerically determined for
a fixedα, this regularisation parameter is iteratively changed until the solution with the
most probableα is found. In comparison to the method of first order linear regularisation
the maximum entropy algorithm requires more computer calculation time and is generally
not applied if a great amount of data, as in a reconstruction of a time series, needs to be
processed.

The method of singular value decomposition (SVD) [91, 92] is a powerful tool to in-
vestigate fluctuating quantities resolved both in time and space. The method decomposes
a temporally resolved multi-channel measurement into spatial and temporal components.
This is done by a SVD, which decomposes a (m× n) matrix A, into three matrices,

A = U S V, (5.19)

whereU is a (m×m) matrix andV is a (n×n) matrix. It is shown [91] thatU contains the
spatial eigenvalues (topos),V contains the temporal eigenvalues (chronos) and the (m×n)
matrix S contains the singular values. In this work, the method of SVD is applied to
tomographic reconstructed data. This allows to resolve mode structure and investigate
their behaviour in time (figure 6, paper IV, and paper V).

5.5 Multilayer mirror spectrometer

In the RFP experiments EXTRAP-T2 and T2R, carbon and oxygen are the dominant in-
trinsic impurity species. These impurities are in a highly ionised state at the densities and
temperatures obtained in the centre of the plasma in these experiments. To follow the be-
haviour of these impurities with a good temporal resolution requires the use of a dispersive
element with a high photon throughput in the soft x-ray wavelength range. Multilayer
mirrors (MLM) offer this ability. Two different kinds of MLMs are used in this study.
They are a single-channel MLM spectrometer used to measure highly ionised oxygen line
intensity and a multi-channel MLM spectrometer used to measure highly ionised carbon
line intensity. Details on the multi-channel MLM spectrometer are given in [93, 94]. The
single-channel MLM spectrometer that is implemented both on the EXTRAP-T2 and T2R,
is described in the following sections.

This section describes the principle of an MLM monochromator. For details on the
physics of MLMs the reader is referred to the review by Henke et al. [95]. An MLM
is composed of a number of alternating layers of two materials with different refractive
indexes. Radiation with wavelengthλ, is reflected at the periodic system of layered struc-
tures. Constructive interference of incident light occurs at an angle,θ , according to Bragg’s
equation [95],

nλ = 2d sinθ, (5.20)
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Figure 5.2. Geometry for the derivation of the Bragg equation (equation 5.20). Indicated in this
figure are the angle of incidence,θ , and the sum of the individual thickness,d, of two layers of
different refractive index.

wheren denotes the order of diffraction andd is the spacing between adjacent periods of
layers (figure 5.2).

The MLM is a compact element with high-photon-throughput but also low spectral
resolution,1λ/λ. The wavelength resolution of the MLM is approximately inversely pro-
portional to the number of periods of effective reflective layers,Nef f , [95] which is of the
order of less than a hundred. The reflectivity of the MLM decreases with increasing angle
of incidence. The structure of an MLM is optimised to cover a certain wavelength range
with high reflectivity.

In order to increase the signal to background, filters are used to exclude contributions to
the signal due to low energy radiation. The appropriate material and thickness of the filter
is determined from its transmission in the wavelength region of interest. The transmission
of a filter is derived from the attenuation incident light exhibits when passing through the
filter [96],

I /I0 = e−µρ l , (5.21)

here the different symbols denote: the ratio between the intensity of the transmitted- to
the incident radiation,I /I0, the mass photoabsorption cross section,µ [cm2/g], the mass
density,ρ [g/cm3] and the path length through the filter,l [cm]. Reference [96] gives
data on the mass photoabsorption cross section of elements in the photon energy range
50 eV–30 keV.

The geometry of an MLM monochromator is schematically shown in figure 5.3. Inci-
dent radiation passes a collimator that defines the field of view. The visible and ultra-violet
part of the spectrum is absorbed by the filter. X-radiation is transmitted and is reflected at
the MLM according to Bragg’s equation (equation 5.20). A detector measures the intensity
of the reflected beam. Like all measurements in the soft x-ray spectral region, the whole
experimental setup requires vacuum conditions.

The single-channel MLM spectrometer

A single-channel MLM monochromator sensitive to hydrogen and helium-like states of
oxygen is implemented at the RFP experiments EXTRAP-T2 and T2R to monitor the tem-
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Figure 5.3. Geometry of an MLM monochromator. Incident radiation gets collimated and filtered
before it is reflected at the angle,θ , at the MLM and detected.

poral evolution of these ion states. The flat (W/B4C)/Si MLM (5 x 26 mm2) was fabricated
at the A. F. Ioffe Physico-Technical Institute, St.-Petersburg, Russia. For details on the
MLM used at the RFP experiments T2 and T2R see table 5.5 with specifications from
the manufacturer. The MLM and the detector are mounted on separate units and their
alignment can be separately adjusted. The corresponding positions for the MLM and the
detector are determined in steps of 0.1◦ with the help of a diode laser on an optical bench.
The filter in front of the MLM is removed for this procedure because this adjustment is
done with visible light. An Al-filter is used for high transmission in the spectral region
around the resonant lines of hydrogen and helium-like ion states of oxygen [98, 99] at
18.97Å (O VIII Lyman α line (Lyα) 1s-2p) and 21.6̊A (O VII Ly α 1s2 1S0− 1s2p1P1)
respectively. The 0.25-µm Al filter is supported by an acetate (0.1µm) on a mesh (0.72
transmission). The 5-mm diameter filter is mounted at the back of the flat entrance slit of
2 mm width (figure 5.3). A chevron (two-stage) type micro-channel plate (MCP) with an
entrance window of 4 mm diameter is used as a photon detector. The MCP is a secondary

λ, Å 9.9 18.3 23.6 27.4 31.4 44.7
θ , degrees 8.08 15.2 19.8 23.3 26.7 39.8
1θ , degrees 0.25 0.52 0.69 0.87 0.94 1.7
R, % 31.3 14.7 10.1 6.3 5.3 2.4

Table 5.1.Characteristics of the (W/B4C)/Si MLM with a nominal layer spacing of,d = 36.2Å,
used in the single-channel MLM monochromator. The angular dependence of the MLM reflec-
tivity, R, and the spectral resolution,1θ , were measured with a grazing incident monochromator
RSM-500 using L- and K-emission lines of different elements [97]. However, the values given in
the table indicate that the actual layer spacing is,d = 34.9Å.
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Figure 5.4. The calibration of the single-channel MLM monochromator in wavelength. The
errorbars indicate the maximum error in the measurements. The data is fitted with a Gaussian.
The measurement points of lower intensity at the beginning and at the end of the wavelength axis
indicate the level of background which was measured with the valve closed between the SXR
source and the MLM chamber. Left: TheL − α-emission of copper [101, 102]. Right: The K-
band of graphite [103,104]. A voltage of 1.7 kV and 1.8 KV respectively was applied to the MCP
detector in these measurements.

electron multiplier with a quantum efficiency of 10 % and a fast time response in the order
of less than nanoseconds [97]. The MCP consists of an array of glass capillaries (channels
with an internal diameter of 10µm and a length of 0.5 mm [97]). The gain of the MCP
is a function of length-to-diameter ratio of a channel and the applied voltage [100]. The
MCP used in the single-channel MLM can produce a gain of 106 at 1.8 kV [97]. In the
experiments at T2 it has been found that an applied voltage of 1.3 kV is sufficient for a
signal level in the nA range. A voltage of 100 V is applied by a battery to the anode that
collects the charges. An amplifier converts the current signal to a voltage with a high gain
of 2 V/µA. The amplifier has a fast rise time (5µs) and a low noise level (10 mV). The
bandwidth of the amplifier is 1.5 Hz–70 kHz (-3 dB). The signal is digitised on the same
board as the SBDs with a sampling frequency of 1 MHz and a 12 bit resolution.

A crucial point is the calibration of the single-channel MLM monochromator in the
spectral region of interest. A x-ray source (Model 3B J. E. Manson) has been borrowed
from RFP experiment (RFX), Padova, Italy, to calibrate the monochromator in wavelength.
Since this x-ray source is not calibrated in intensity the single-channel MLM monochroma-
tor does not enable the absolute measurement of brightness. The x-ray source consists of a
tungsten filament, an electrostatic lens to focus the electron beam and a target anode. The
electrons are accelerated up to 5 keV and loose their energy in the inner shell ionisation
process at the anode. In the following relaxation x-ray line radiation is emitted character-
istic of the material of the anode. Both the L-band of copper at 13.33Å [101, 102] and
the K-band of graphite at 44.71̊A [103,104] are measured (figure 5.4). Since the intensity
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and thus the measured signal is low, it is crucial to prevent disturbances in the calibration
process caused by interference and pickup.
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Chapter 6

Results and discussion

The thesis is based on five published papers. These articles are appended to the thesis. The
purpose of this chapter is to summarise the work presented in the articles. Each paper is
briefly presented and the main results are summarised. Additional information and com-
ments to the papers are included. New results that have been obtained after the conclusion
of a paper are also reported and, where appropriate, the status of the still on-going study is
described.

6.1 Paper I

Locked modes and plasma-wall interaction in a reversed-field pinch with a
resistive shell and a carbon first wall

The EXTRAP T2 (App A.1) RFP experiment with a resistive shell and a graphite first wall
started operation in spring 1994. In autumn 1998, EXTRAP T2 was shut down for major
modifications. Two years later the T2R (T2 rebuild) RFP experiment resumed operation
in autumn 2000, with a new vacuum vessel with molybdenum mushroom limiters, a new
resistive shell and a new toroidal field coil.

This paper gives an overview of the observations and conclusions that motivated the
modifications of the EXTRAP T2 RFP experiment.

The main focus of the paper is on the studies of the effects of perturbations to flux
surfaces that result when internally resonant modes become phase-locked and stationary
in the laboratory frame (wall-locked). A toroidally localised increase of the toroidal flux
and a region of large radial magnetic field are identified as being due to the growth of wall-
locked modes. The wall-locked modes are observed to be present in every discharge and to
grow on a time scale of the resistive shell penetration time which was 1.5 ms. Simulations
with a resistive MHD code demonstrate the degradation of the magnetic topology in the
presence of wall-locked modes. The observation ofm = 0 toroidal flux perturbations at
the position of the wall-locked modes are identified as being the source of localised flux
generation (dynamo) events. These dynamo events are observed to correlate with coherent
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oscillations in the soft x-ray emission and in some discharges also with oscillations in the
edge localised line radiation. These observations suggest that the local dynamo activity
is associated with the wall-locked modes and that in the process of flux generation, which
involves magnetic reconnection, global confinement is affected. This leads to a modulation
of the core electron temperature and the edge particle flux.

In high current discharges (≈ 180 kA) an observed electron density increase is accom-
panied by an increase in line radiation of carbon. Photographic images of the first wall
taken with an infrared filter show a localised temperature increase. The increase in elec-
tron density is consistent with a hydrogen recycling simulation. A decrease of the electron
temperature and an increase of the effective charge is derived from measurements of line
radiation in the VUV spectral range. The wall-locked modes are concluded to lead to
plasma-wall interactions with a localised power flux accompanied by the thermal release
of trapped hydrogen and impurities (mainly carbon and oxygen). However, the discharge
is able to continue for several times the shell penetration time. A transport simulation
predicts improved energy confinement if the wall-locked modes are eliminated.

The observations support the view that the presence of wall-locked modes degrades
plasma performance. In the vicinity of the wall-locked modes, dynamo activity contributes
to an asymmetric flux generation and plasma-wall interaction leads to localised particle
influx accompanied with the loss of energy confinement.

A key element in a rebuild of the T2 device is the change of the shell. The shell
establishes the boundary condition for the electromagnetic fields. A conducting shell has a
stabilising influence on the plasma. The idea was that, in the rebuilt T2 device with a longer
shell penetration time, an RFP equilibrium can be reached on a time scale faster than the
growth of wall-locked modes. The conjecture was that such a rebuild of the T2 device
would improve plasma performance and allow to study the transition from a conducting to
a resistive shell equilibrium.

As for the status of the plasma performance at the rebuilt T2, the results obtained by
Spring 2001 [105] indicate that the conjecture has turned out to be true. Despite the fact
that wall-locked modes similar to those previously observed at T2 are sometimes observed
in discharges, there are operational regimes where wall-locked modes are not seen. Core
resonant rotating modes are observed. The temporal evolution of the electron density is
reproducible on a discharge to discharge basis without an observation of a sudden increase
in density as previously seen on T2 due to the intensive plasma-wall interaction. Up to
now no quantitative comparison with discharges obtained at T2 is undertaken since T2R
is still operated at low plasma currents (≈ 100 kA), although qualitatively the discharges
appear to exhibit improved confinement. For example, the typical power input to sustain
the discharge is reduced from 15 MW to less then 5 MW.

6.2 Paper II

Changes in transport and confinement in the EXTRAP-T2 reversed field pinch

This paper reports correlations with oscillations in the spectroscopic and magnetic signals
measured at EXTRAP T2. The paper gives a detailed description of the phenomenology
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of these fluctuations since the mechanisms behind these observations are not yet fully un-
derstood, and additional work is necessary to fully understand the phenomena.

A high degree of temporal correlation is observed between soft x-ray measurements
from SBDs (chapter 5.3) situated at different toroidal and poloidal positions. This is as-
cribed to the rapid electron thermal transport near the centre of the plasma. The fluctuations
observed in the signal from the SBDs are usually rather broad band in frequency. How-
ever, some discharges within the standard parameter range of the EXTRAP-T2 experiment
(I p ≈ 110–210 kA,ne ≈ 1–10×10−19m−3) exhibit a surprisingly monotonic oscillation
of about 15 kHz in the soft x-ray measurements. The paper focuses on the characterisa-
tion of these oscillations and presents a survey of the correlations of the fluctuation spectra
from the SBD signals with other diagnostics. Correlations are found both with magnetic
and spectroscopic signals. The axisymmetric oscillations in the soft x-ray signal are related
to stationary localised fluctuations in both the magnetic and the spectroscopic signals.

Toroidally localised fluctuations in the poloidal loop voltage have been identified as
local dynamo events in the vicinity of the wall-locked mode. At this position a correlation
can be seen with spectroscopic signals. Since the number of diagnostic ports is limited, the
data base is dependent on the wall-locking occurring in the vicinity of stationary diagnos-
tics.

The high degree of temporal correlation between the SBD signals measured toroidally
separated by 180◦ is attributed to the rapid parallel electron thermal transport near the
centre of the plasma. At the plasma edge region, the confining magnetic field is mainly
poloidal. There the spectroscopic signals, for example the Hα line radiation, that are cor-
related to fluctuations in the SBDs signal are very localised toroidally. The core electron
temperature drops during the oscillations. From these observations the picture emerges,
that the oscillations are related to an enhanced transport from the centre to the edge region
of the plasma. The energy loss from the core is symmetric due to fast parallel thermal
transport. However, the energy transport to the outer region is not symmetric, analogous
to a localised puncture of the confinement at the point where the magnetic reconnection
activity is generating toroidal flux.

The paper concludes with a very rough estimate of the loss in core electron energy
confinement during the oscillations for one particular discharge. Though the recombi-
nation radiation is the main contribution to the soft x-ray signal measured by the SBDs
(chapter 5.3) at the standard EXTRAP-T2 parameters, a somewhat simpler and weaker
temperature dependence [106] is applied to approximate the contribution of electron tem-
perature fluctuations to the SBD signal in this Gedanken-experiment. The contribution of
the energy loss through these oscillations to the total energy loss channels is of the order
of several per cent.

Since the writing of the article, the EXTRAP-T2 database has been reviewed by Malm-
berg et al. [6] for a comparison with the TPE-RX RFP regarding the behaviour of locked
modes. One indicator for the presence of wall-locked modes is the inverse dispersion of
phases of the modes, that is used as a measure for the degree of phase locking of the modes
in the plasma. For the discharge (#7606), presented in paper II, the analysis of the magnetic
data shows the presence of a wall-locked mode at a toroidal location of about 220◦ [107].
The degree of phase locking is calculated for the modesm = 1, n = −10, . . . ,−15 at
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that location. The degree of phase locking starts to increase at about 2.3 ms into the dis-
charge and reaches its maximum value within the interval 4–4.7 ms, consistent with the
time interval of the oscillations observed in the other diagnostics. Them= 1 mode power
spectrum shows an increase in mode amplitude for all modes but during this time interval
them = 1 mode power spectrum is dominated by a single mode with one toroidal mode
number (n = −11). The mode amplitude of them = 0 modes is decreasing during the
discharge with the exception of one toroidal mode number (n = −13) that reaches its max-
imum in this time interval. The analysis supports the picture that the wall-locked mode is
related to the observations reported in the paper.

Data from the operation of the new T2R experiment has become available during the
spring of 2001 [105]. At the T2R experiment, the signals of the SBDs situated at differ-
ent toroidal sections are temporally coherent. In the operational region tested so far on
the device, the signals exhibit temporally coherent periodic oscillations (figure 6.1). The
oscillations in the soft x-ray signal are observed in the frequency range< 10 kHz. The
fact that there are no coherent oscillations observed in the line-averaged electron density
suggests that fluctuations in the electron temperature are the main contribution to the os-
cillations observed in the soft x-ray signal. When examining the equilibrium parameters,
F andθ (chapter 2.2), the temporal evolution of oscillations are correlated with closed
trajectories in theF − θ plane (figure 6.2). This kind of coherent oscillations has been
reported, among other experiments, on the HBTX1B RFP [108]. Here the oscillations
were not observed until the impurity radiation had fallen and the electron temperature had
increased after a previous vacuum break. This indicates that the onset of the oscillations
is related to conditions of a rather clean plasma. The loop voltage reported on HBTX1B
(≈ 10 V) agrees well with the loop voltage measured at T2R (≈ 30 V) taking into consid-
eration the expected variation in loop voltage that can be associated with the difference in
the geometrical factor,R/a2, for the two devices,

(R/a2)H BT X1B

(R/a2)T2R
= 0.8

1.25

0.182

0.252
= 0.33. (6.1)

The soft x-ray oscillations have been ascribed to cyclic current redistribution events in the
plasma [108]. During the oscillations the plasma periodically departs from a minimum
Taylor state and relaxes by recovering the initial state. The minimum in the soft x-ray
emission corresponds to broadening of the radial current profile and the maximum to a
peaking. At T2R, the interpretation of these oscillation seen on the soft x-ray signal is
still subject of an on-going study. Oscillations, that seem out of phase to the SBD signal,
are observed in the signal of the recently implemented single-channel MLM spectrometer
(figure 6.1) which was adjusted to measure the line radiation of the helium-like ion state of
oxygen at 21.6̊A. The understanding of this phenomenon still remains an open question.
The experimental programme is that an improvement of the magnetic pick up coil array
enables the study in detail of the mode dynamics during the oscillations. The implemen-
tation of sophisticated diagnostics and the installation of more spectroscopic channels will
help to obtain a consistent description of the MHD phenomena.
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Figure 6.1. Left panel: Various time traces for a discharge with temporally coherent periodic
oscillations observed on several signals. From top to bottom: the plasma current,I p, the line-
averaged electron density,ne, the toroidal loop voltage,Vφ , the average toroidal magnetic field,
〈Bφ〉, and the toroidal magnetic field at the edge of the plasma,Bφ(a), the signal of the MLM
spectrometer centrally viewing the plasma at a toroidal angle of 157.5◦ and adjusted to O VII Lyα
line radiation at 21.6̊A as well as the signal of the SBD with a central, vertical view at a toroidal
angle of 79◦ (figure A.3). Right panel: These oscillations are also seen in the plasma parameters
such asF, θ,andRp derived from the measurements for the time interval shown as a shaded area
in the left panel.
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Figure 6.2. The temporal evolution of the discharge shown in figure 6.1 in theF − θ plane.
Depicted are three different time periods. Frame a. shows the time period of the overall discharge.
Frame b. shows the time period indicated as a shaded area in the left panel of figure 6.1. In
the F − θ plane, frame c., a closed trajectory is seen during the time for one oscillation (the
corresponding time interval is shown as a shaded area in the right panel of figure 6.1).

6.3 Paper III

Electrostatic and magnetic measurements of turbulence and transport in
Extrap T2

At T2 an insertable, multi-coil probe and a Langmuir probe are exposed to the edge of the
plasma to gain information on the nature of the edge resonant fluctuations that have been
previously observed to dominate the electrostatic fluctuation driven particle flux [109]. The
signal of the four-pin Langmuir probe [110] is used to derive time resolved measurements
of the floating potential of the plasma, the electron temperature and density. The multi-coil
probe (chapter 5.2) is designed to simultaneously measure the toroidal, poloidal and radial
components of the magnetic field. Both probes are exposed to the edge of the plasma and
a database of about 80 reproducible discharges is acquired at 150 kA and 180 kA plasma
current.

The paper deals with the correlations found between magnetic signals obtained by the
insertable multi-coil probe and electrostatic signals from the Langmuir probe at EXTRAP-
T2. The power spectra of the floating potential show a peak in the frequency range around
100–250 kHz that roughly corresponds to an increase in the ratio of the fluctuation power in
the toroidal and poloidal component1 of the magnetic field . The frequency of the peak and
the frequency at which the ratio is seen to increase scale with each other. This observation
indicates a coupling between the high-frequency part of the electrostatic spectra and the
magnetic spectra. Since the separation of the probes is too large to expect any coherence
between the signals their relation is derived in this indirect way.

A detailed analysis of the Langmuir probe data provides a characterisation of the elec-
trostatic fluctuations. A two point correlation technique is applied to resolve the power
spectra of the floating potential both in frequency and toroidal mode number. The low- and
the high-frequency component of the fluctuation power are centred around respectively

1Errata: Paper III, page 1215, figure 2b y-axis label reads 102 should read 10−2.
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low- and high toroidal mode numbers. The low-frequency component is not resonant with
the magnetic field at the plasma edge. This observation and the low toroidal mode number
of the low-frequency fluctuation suggests a relation to core resonant tearing modes. The
high-frequency component is identified as due to externally (outside the toroidal magnetic
field reversal surface) resonant fluctuations. In the paper indirect evidence is presented that
agrees well with the picture that the core fluctuations are coupled to the edge fluctuations.
The normalised fluctuation level of the floating potential is seen to increase with edge tem-
perature. This increase in fluctuation level of the floating potential causes an increase in the
particle flux as derived from the Langmuir probe data. This corresponds to an enhancement
of the potential and density fluctuation driven transport that scales faster than linear with
temperature as is seen in the temperature scaling of the diffusion coefficient. Since there is
no observation of a correlation between the temperature at the edge and the temperature or
density in the core of the plasma, the temperature increase cannot be ascribed to changes
in these parameters.

The experimental results indicate that core resonant tearing modes yield a stochastisa-
tion of the core magnetic field which enhances radial electron heat transport. The escaping
electrons deposit their energy in the plasma edge and they effect the space potential which
leads to fluctuations in the floating potential. These effects agree well with the increase
observed in the floating potential with the edge temperature. The electrostatic fluctuation
driven transport increases faster than linear with temperature. The coupling of the low- and
the high-frequency fluctuations indicates that the energy transfer from the core to the edge
effects the local turbulence in the edge of the plasma.

Edge probe measurements are an important part of the programme for the T2R device.
The studies are being made [111] in collaboration with the group from the RFX experiment
in Padova, Italy. The results of the experiment will be compared with the studies carried out
on the previous T2, which had a graphite first wall, in order to study the effects of the first
wall material on the edge plasma. In addition the data will contribute to the establishment
of a device independent data base on turbulence in magnetically confined plasmas.

6.4 Paper IV

Effects of non-vanishing toroidal current densities on the stability in the
Wendelstein 7-AS stellarator

Quasi-axisymmetric stellarators are compact devices that combine attractive features of
drift-optimised stellarators and advanced tokamaks such as a moderate aspect ratio, a high
β and good confinement and stability properties [10]. Quasi-axisymmetric stellarators
utilise significant bootstrap currents. This reduces the need for externally provided rota-
tional transform since the bootstrap current produces an internal rotational transform that
adds to the one generated by external coils. The profile of the total transform is chosen
to increase monotonically towards the plasma edge (this is denoted as a reversed magnetic
shear configuration in the tokamak sense). The sign of the shear is such that the formation
of magnetic island is expected to be suppressed due to neoclassical effects [10,112]. How-
ever, since the utilisation of bootstrap currents in a stellarator introduces a source of free
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energy to drive instabilities, experimental and numerical studies on the role of net toroidal
currents on stability are essential for a proper optimisation of the configuration.

This paper presents a series of experiments conducted at the W7-AS stellarator to ad-
dress the issue of stability in the presence of finite toroidal currents and to access imposed
operational limits.

The ohmic transformer system is used to drive currents at levels within the range 0–
40 kA at the accessible range of rotational transforms (0.301 ≤ ιext ≤ 0.565) and in
different heating scenarios (ECRH or NBI, combined ECRH and NBI). This allows to
study the role of different rational surfaces on stability at various levels of toroidal current.
Disruptive-like events are observed in the presence of a low order rational surface (mainly
ι = 1/2) in the outer region of the plasma with finite toroidal current densities. Preceding
the rapid energy loss associated with the disruption-like event, tearing modes with mode
numbers associated to the rational surface that is present are identified in the tomographic
reconstruction of the soft x-ray wavelength region. Although the characteristics of the tran-
sient phenomena are comparable to current disruptions observed in tokamaks, the plasma
equilibrium is sustained and the thermal collapse does not necessarily lead to a termina-
tion of the discharge. The experimental observations are in agreement with predictions by
a1′ code in a linear cylindrical geometry. In previous ohmically heated experiments at
W VII-A, a stabilising effect has been observed at moderate levels of the external rotational
transform [113]. However at W7-AS, transients are observed at even higher values of the
external rotational transform. This different stability behaviour is ascribed to the broader
current density profile due to a different power deposition profile and a higher fraction of
bootstrap currents in W7-AS as compared to W VII-A. Some control is obtained by shifting
the relevant rational surface away from the region of large current density gradients.

In a reversed magnetic shear configuration, even low order rational surfaces such as
ι = 1/3 andι = 1/4 are approached with significant current densities. These discharges
are observed to be stable at the investigated current density levels. Since this observation
is consistent with the prediction of the conventional1′ code without taking into account
neoclassical effects, there is no direct evidence of neoclassical effects on stability.

The role of finite toroidal currents that are not externally controlled is studied in plas-
mas heated by a combination of both unbalanced NBI and ECRH. This yields large boot-
strap and Ohkawa current densities. The predicted tearing modes are not observed although
there is a minor deterioration of confinement. This is accompanied by the onset of high
frequency modes.

Although it is hard to assess the stability behaviour of quasi-axisymmetric devices on
the basis of this study, there is clear evidence that the issue of current driven instabilities
needs to be addressed in the design of stellarators that utilise significant toroidal current
densities to provide part of the rotational transform.
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6.5 Paper V

Survey of magnetohydrodynamic instabilities in the advanced stellarator Wen-
delstein 7-AS

The paper is a review of the main results on the role of MHD instabilities on confinement
from the extensive data base that has been established in the W7-AS stellarator experiment.
Among several other topics the issue of current driven instabilities is addressed. Here the
results of the study presented in paper IV are included and lifted into a wider context.

At W7-AS the ohmic transformer controls the edge value of the rotational transform
and allows a net current free operation of the stellarator experiment by compensating in-
ternally driven currents such as bootstrap and Ohkawa current. This feedback system and
the electron cyclotron current drive have been previously used to investigate, among other
issues, the role of internal shear on confinement and on Alfvén gap modes and the influ-
ence of significant current on the flux surfaces. In a study (paper IV) the experiments with
finite toroidal currents previously undertaken at WVII-A [113, 114]2 are resumed and ex-
tended towards issues brought up by the advance of new stellarator concepts. At WVII-A
a decoupling of the rotational transform profile and the current density profile has shown
to be beneficial for the stability against tearing modes. It is suggested that even though
current driven instabilities might develop in quasi-axisymmetric stellarators, their effect
on confinement will be less severe than in tokamak plasmas. Since the confining poloidal
magnetic field is externally provided and thus independent of the plasma position, the po-
sitional stability is improved. A data base of 137 discharges is established. Major effects
are disruptive-like events in the presence of theι = 1/2 in the plasma. These disruptive-
like events are characterised by observations similar to those found in current disruptions
in tokamak plasmas. Tearing instabilities, rotating or locked, start to grow and proceed
until the energy and current quench. The electron temperature profile collapses and en-
ergetic ions are lost in NBI target plasmas. Three phases can be distinguished during
disruptive-like events in combined ECRH and NBI heated plasmas: the onset of a tearing
mode rotation, the mode locking and continuous growth of the mode and the final crash.
Analysis of the energy and pitch angle distribution of the lost ions support the view that
the crash is attributed to the break up of magnetic flux surfaces. The observation that the
tearing modes always lock at the same poloidal position is explained by the interaction
of the tearing mode with a staticm = 2 island that is induced by a small error field de-
tected in the W7-AS vacuum magnetic field surfaces [25]. The temperature and current
profiles are peaked after the disruptive-like events but there is no permanent loss of plasma
equilibrium. In ECRH and NBI target plasmas without inductive current drive the current
level exceeds critical values associated with major resonancesι = 1/2 andι = 2/3 after a
period of enhanced losses. The high frequency modes observed in the soft x-ray signal are
identified as global Alfv́en instabilities.

The stability of a few W7-AS discharges is analysed on the basis of a1′ calculation.
The number of discharges is limited since the data required for the reconstruction of the

2Errata: Paper V, page 956, reference 91 should read R. Jaenicke, WVII-A Team, Nucl. Fusion28, 1737
(1988).
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current and rotational transform profile is not always available for the point in time of inter-
est. Apart from the stability properties and the growth rate of the island, the1′ calculation
derives the width of the island. These predictions are in agreement with the estimates de-
rived from the tomographic reconstructions. Additional heating and a larger fraction of
bootstrap current in W7-AS as compared to W7-A explain the broader current profile in
the W7-AS. It is found that for stability it is not sufficient to radially shift the relevant reso-
nances but these resonances need to be excluded from the plasma since the current gradient
is observed to extend throughout the plasma.



Chapter 7

Conclusions

The understanding and control of the dynamical phenomena observed in a magnetically
confined plasma is essential for the development of thermonuclear fusion reactors. It is
important to discover and understand phenomena that might impose restrictions on a re-
actor at an early state to be able to search for alternatives in the design concept or in the
operational scheme. Since the basic physical principles are the same for all plasmas, it is
absolutely necessary to evaluate and refine models for a consistent description of plasma
phenomena in as many different concepts and ranges of parameters as are accessible. The
work across the boundaries of one field of research is the key towards progress and knowl-
edge. The observation of MHD phenomena with a high resolution both in time and space
can contribute to the understanding of the dynamics in fusion plasmas.

At EXTRAP-T2 an insertable multi-coil probe is designed. The probe provides si-
multaneous measurements of the radial, poloidal and toroidal components of the magnetic
field at the edge of the plasma with a high temporal resolution (� 1µs). This system has
advantages in experiments to investigate the nature of electrostatic fluctuations which have
been observed to drive a large part of the particle flux in the edge region of the plasma. In-
direct evidence is found that the fluctuations observed in the electrostatic and the magnetic
spectra are related.

On the EXTRAP-T2 and T2R experiments, SBDs and MLM spectrometers are imple-
mented. These diagnostics provide the ability to monitor the emission in the soft x-ray
wavelength range. Since the emission mainly originates from the central region of the
plasma, these diagnostics enable the study of MHD phenomena in the core of the plasma,
resolved both in time and space.

A windowed fast Fourier transform is applied to the signals obtained at EXTRAP-T2.
For the first time temporal correlations between the magnetic and spectroscopic signals are
identified on the EXTRAP-T2 experiment. Local oscillations in these signals are related
to toroidally symmetric oscillations seen in the soft x-ray signal of the SBDs. A decrease
in electron temperature indicates a deterioration of confinement during these oscillations.
Localised toroidal flux perturbations are correlated to coherent oscillations in the soft x-ray
signal of the SBDs. Coherent oscillations in the soft x-ray signal obtained on the T2R are
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subject of further investigation. First results indicate an agreement with the characteristics
of oscillations observed in conducting-shell RFPs under best operating conditions.

At the Wendelstein 7-AS stellarator, a series of experiments is performed to address
the issue of net toroidal current densities on plasma performance and stability. The work
is initiated by the design of a new stellarator concept relying on a rotational transform
that is partly generated by internal currents. Disruptive-like events with a partial energy
loss are observed on different diagnostics when rational surfaces are present in the edge
region of the plasma. The tomographic reconstruction of the emissivity in the soft x-ray
wavelength region reveals the presence of tearing modes preceding the thermal collapse in
discharges with inductive currents in the direction so as to increase the externally gener-
ated rotational transform. Tearing modes are present even at high values of the externally
generated rotational transform. Discharges with ohmic current drive in a reversed magnetic
shear configurations are observed to be stable. There are indications that the location of
the relevant rational surface with respect to the current density profile can yield a method
to control of the instabilities. The experimental observations agree with predictions by a
1′ code. Since the conventional1′ codes prediction are also consistent with the exper-
imental observations in discharges with a larger fraction of bootstrap currents, no direct
evidence of neoclassical effects [10,112] on stability is found. The aim of the experiments
is to contribute to the improvement of the design of new stellarator concepts.



Appendix A

Fusion devices

The thesis is based on experiments performed on the EXTRAP T2 and T2R reversed-
field pinch devices and on the W7-AS stellarator. In these fusion devices the plasma is
magnetically confined. The magnetic field is bent into a torus to confine the plasma. Fig-
ure A.1 illustrates the general geometry used to describe the magnetic field components in
these toroidal devices. The following sections give the main operational parameters and a
schematic view of the fusion devices that are studied in the present work.

+z, +Bz

+θ, +Bθ

+Ip
+Φ, +BΦ

At T2:
 −Φ, +BΦ

counter−NBI

co−NBI

Figure A.1. Sketch of the coordinates system used in a toroidal device to describe the various
components of the magnetic field. On the W7-AS stellarator a system for NBI is available. The
direction of the NBI is indicated in the figure. On the W7-AS stellarator, by definition positive
currents increase the rotational transform, in particular the bootstrap current is positive.
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Figure A.2. A schematic view of the EXTRAP-T2 experiment. For an overview of the toroidal
position of some of the diagnostics see figure 1, paper II.

A.1 The EXTRAP-T2 and the T2R RFP experiment

The reversed-field experiment EXTRAP T2 with a resistive shell and a graphite first wall
started operation in spring 1994. The medium-sized, high aspect ratio device had been
acquired from General Atomics, San Diego, USA where it had previously been operated
under the name ohmically heated toroidal experiment, OHTE [115].

EXTRAP T2

EXTRAP T2 is provided with a thin (0.8-mm) brass shell with a vertical field penetration
time of 1.5 ms. The vacuum vessel is made of stainless steel. The plasma-facing inside
of the vessel is protected by a complete coverage with graphite tiles without any discrete
limiters. In autumn 1998 EXTRAP T2 was shut down for major modifications.

T2R

Two years after the shut down of EXTRAP-T2, the reversed field experiment T2R (T2
rebuilt) resumed operation in autumn 2000.

T2R has a new stainless steel vacuum vessel with greatly enhanced diagnostic access
(figure A.3) as compared to the previous device (see figure 1, paper II). It also has a new
shell which is made of two layers of thin (0.5-mm) copper with both over-lapping toroidal
and poloidal gaps to reduce the gap error field effects. The vertical field penetration time
is about 6 ms. Protection of the plasma-facing inside of the vessel is provided by a set of
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Φ

SBD

SBD

MLM

SBD

Figure A.3. Sketch of the T2R torus with an overview of the ports as seen from above. The
toroidal location is assigned for some of the diagnostics used in this work.

180 discrete molybdenum mushroom limiters of 70 mm in diameter which covers about
8 % of the plasma facing wall. The coil system producing the toroidal field has also been
replaced with a new coil with substantially reduced field errors. For comparison, the main
parameters of the EXTRAP-T2 and the T2R experiment are given in table A.1.

Parameter Symbol T2 T2R
Major radius R 1.24 m 1.24 m
Minor radius a 0.183 m 0.183 m
Aspect ratio R/a 6.8 6.8
Plasma current I p 70–250 kA ≥ 100 kA
Central electron density ne(0) 1–10×1019 m−3 0.2–2×1019 m−3

Central electron temperatureTe(0) 50–200 eV
Central ion temperature Ti (0) 100–250 eV
Particle confinement time τp ∼ 200µs
Energy confinement time τE ∼ 50µs
Reversal parameter F –(0.2–1.1) –(0.2–0.5)
Pinch parameter θ 1.6–2.1 ≥ 1.6–2.1
Plasma discharge duration 5–15 ms ≈ 20 ms

Table A.1. Main parameters for the EXTRAP-T2 and T2R.
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A.2 The Wendelstein 7-AS stellarator

The W7-AS stellarator has five field periods and a pentagon-shaped magnetic axis. The
configuration is produced by a set of modular coils. A set of 45 non-planar coils provides
a rotational transform of 0.39. The rotational transform can be changed (table A.2) by the
use of ten planar toroidal field coils. Vertical field coils can be used to shift the plasma
radially. The plasma geometry is three-dimensional. The plasma is triangularly shaped
between the corners of the pentagon where the field is homogenous. At the corners of
the pentagon, the toroidal field component has a 1/R dependence and the plasma shape is
elliptical. The MiniSoX system (chapter 5.4), used in this thesis (paper IV–V), is situated
close to a plane, where the plasma cross section is triangular.

            

Figure A.4. Sketch of the Wendelstein 7-AS stellarator. Indicated is a part of the modular coil
system and the plasma.

Parameter Symbol W7-AS
Major radius R 2 m
Minor radius a ≤ 0.18 m
Aspect ratio R/a ≥ 11
Toroidal magnetic field B0 ≤ 3 T
Rotational transform ι 0.25–0.67
Volume averaged beta β ≤ 2 %
Central electron density ne(0) ≈ 2.5× 1019 m−3

Central electron temperatureTe(0) ≈ 6 keV
Central ion temperature Ti (0) ≈ 1.5 keV
Energy confinement time τE ≈ 60 ms
Plasma discharge duration 3 s

Table A.2. Main parameters for the W7-AS stellarator.



Appendix B

Ideal MHD

The model of ideal MHD [47] is the basic model for determining the equilibrium and sta-
bility properties of a plasma. The ideal MHD model describes the interaction between the
perfect conducting fluid and a magnetic field. A single-fluid description is applied to char-
acterise the macroscopic behaviour of the plasma. Even though the theory of ideal MHD
does not treat such issues as resistive instabilities or radiation it is valuable in describing
the effect of magnetic geometry on macroscopic plasma stability. In the following the set
of ideal MHD equations are given. For the derivation and description of these equation see
the book written by Freidberg [47] and the references given therein.

Ideal MHD equations

The model of ideal MHD is based on the following the set of equations. The first three
equations give the time evolution of mass, momentum and energy, respectively.

δρ

δt
+∇ · ρv = 0. (B.1)

ρ
dv
dt
= J× B−∇ p. (B.2)

d

dt
(

p

ργ
) = 0. (B.3)

The next set of equations are part of the Maxwell equations [75]. These are the ideal Ohm’s
law,

E+ v× B = 0, (B.4)

Faraday’s law,

∇ × E = −δB
δt
, (B.5)

and Ampere’s law,
∇ × B = µ0J, (B.6)
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∇ · B = 0. (B.7)

The ideal MHD equations give the temporal evolution of a state of the plasma which is
described by the mass density,ρ, the macroscopic fluid velocity,v, the thermal pressure,
p, and the magnetic field,B. In these equations,γ = 5/3, denotes the specific heat,E, the
electric field,J, the current density and d/dt = δ/δt + v · ∇ is the convective derivative.



Appendix C

Glossary

aspect ratio Ratio of the major radius,R, to the minor radius,a, of a torus.

β Ratio of the kinetic pressure of a plasma to the magnetic pressure required
to confine the plasma; gives a measure of the efficiency of magnetic confine-
ment. A highβ is attractive for reactors since the thermonuclear power at a
given magnetic field can be expressed as being proportional toβ2.

ECE Electron cyclotron emission.

ECRH Electron cyclotron resonance heating.

EXTRAP External ring trap. Name is still in use but just for historical reasons.

ICRH Ion cyclotron resonance heating.

MCP Micro channel plate.

MHD Magnetohydrodynamics.

MiniSoX Miniature soft x-ray. In-situ camera system at W7-AS.

MLM Multilayer mirror.

NBI Neutral beam injection.

O Oxygen.

OHTE Ohmically heated toroidal experiment.

Poloidal Along the minor circumferences of a torus.

RFP Reversed-field pinch.

SBD Surface barrier diode.
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SVD Singular value decomposition.

T2R T2 rebuild. RFP experiment at the Royal Institute of Technology in Sweden.

Tokamak Russian acronym of toroidalnaya kamera and magnitnaya katushka meaning
toroidal chamber and magnetic coil.

Toroidal Along the major circumferences of a torus.

VUV Vacuum ultraviolet.

W7-AS Wendelstein 7 advanced stellarator, situated in Garching bei München, Ger-
many.
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[109] A. Möller. Edge resonant fluctuations and particle transport in a reversed field
pinch. Phys. Plasmas,5, 4321 (1998).
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