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Abstract

The rotation of MHD modes in a fast rotating tokamak plasma is mainly determined
by the plasma rotation frequency. Additionally, magnetic island are expected to have an
offset velocity, due to the electron diamagnetic drift. This follows from the condition, that
the magnetic field structure is frozen in the plasma electrons. The electron diamagnetic
drift velocity acts as an offset in the counter current direction. Hence, in ASDEX Upgrade
magnetic islands should rotate slower than the ambient plasma. However, several MHD
modes show the opposite effect and rotate even faster. This observation was confirmed in
investigations for ASDEX Upgrade [35] and DIII-D [16].

A possible explanation for this behavior is the neoclassical toroidal viscosity theory
(NTV). NTV adds a neoclassical toroidal offset velocity, which can increase the MHD
mode rotation with respect to the plasma rotation. Additionally, MHD modes generate
an NTV torque, which connects them with the ambient plasma flow.

In this thesis the influence of various effects on MHD mode rotation are investigated.
Several models are compared with the observed mode rotation. It will be shown that the
rotation of magnetic islands cannot be described alone with the plasma rotation together
with the electron diamagnetic drift and that the neoclassical toroidal offset has to be
taken into account. It will be shown, that this can improve the description of MHD mode
rotation.

However, in some cases with strong mode coupling of 2 MHD modes with the same
toroidal but different poloidal mode numbers this is not sufficient. In order to consider
mode coupling, an MHD mode rotation model is used, which describes the MHD mode
rotation with the NTV torque resulting from both coupled modes. Since the plasma
rotation and the MHD mode rotation do not change in a stationary case, we assume
that the mode rotation frequency adjust such that the total NTV torque vanishes. This
approach is used to determine the expected MHD mode rotation and compared with the
measured mode frequency.
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Chapter 1.

Introduction

Historical development demonstrates the significance of energy and the importance of new
energy sources in our life. Currently, our energy supply is mainly based on limited natural
resources, which can deplete in the next decades. In search for new technologies controlled
fusion has a tremendous potential to become a long-term option as an environmentally
friendly and almost unlimited energy source.

The possibility of fusion reactions is shown by the sun, which provided us with energy
for the last billion years. The most promising candidate for the commercial production of
energy is the fusion of deuterium (D) and tritium (T ). The reasons are explained in the
next section. The fusion reaction produces helium, neutrons and kinetic energy, which is
distributed according to the reversed mass ratio of the reaction products, 20% for He and
80% for the neutron:

2
1D + 3

1T = 4
2He+ n+ 17.6 MeV (1.1)

The energy of 17.6 MeV per reaction corresponds to 94 GWh thermal energy for 1 kg of D-
T fuel, which is equivalent to 11.5 Mio kg coal or 10.6 Mio m3 natural gas. Since deuterium
is a stable isotope it occurs in natural hydrogen compounds to the extent of 0.015%. It
can be extracted from the water in the oceans in practically unlimited quantities. One m3

water contains 33 g deuterium and the extraction is already done routinely for scientific
and industrial applications.

On the other hand, tritium is not stable and has a half-life of about 12.3 years. There-
fore it does not occur naturally. It is possible to breed tritium from lithium using neutron
induced fission reactions directly in the reactor wall. Hence, no transportation would be
required, which is beneficial for the operational safety. Furthermore, lithium occurs more
homogeneously in the crust of the Earth in comparison with fossil fuels, so no political

1



2 1 INTRODUCTION

concerns regarding lithium supply should appear. The currently known reserves allow
electricity generation for several thousand years with present world’s energy consumption
[33].

Further advantages of fusion technology in comparison with fission are the safety as-
pects and waste handling. In a future fusion reactor only a small quantity of fuel is present
at a time. Additionally, the fusion reaction requires precise conditions in order to proceed.
Therefore, in case of a failure, the fusion reaction will stop automatically. Radioactive
material is present in a fusion device as tritium and as induced radioactivity in structural
materials, by the absorption of neutrons. However, in contrast to fission waste products
the half-life of fusion waste is short and after about 100 years [25] most of these materials
can be recycled for use in future fusion plants.

1.1. Thermonuclear Fusion

Fusion is the process, when multiple nuclei are joined together and form a heavier
nucleus. The mass of the fusion product is not exactly the sum of the mass of the initial
nuclei, since it depends on the nuclear binding energy. As can be seen in Figure 1.1a the
average binding energy per nucleon increases up to iron. Thus, the mass of the fusion
product of two light nuclei will be less than the total mass before the reaction. According
to Einstein, this mass deficit is released as energy. Especially light nuclei have the best
ratio of gained energy per fuel mass, which is several times better than for fission.

In order to perform fusion it is necessary to overcome the repulsive Coulomb potential
between the particles. Therefore, the nuclei need enough kinetic energy, which can be
provided by heating the particles to very high temperatures. This is called thermonuclear
fusion. At these temperatures the kinetic energy of the particles becomes much larger than
the atomic binding energy and electrons will be separated from the nuclei. The fuelling
gas becomes a plasma, which consists of positive charged ions and negative electrons.
The electrostatic charge of the ions is neutralized by the presence of an equal number of
electrons, resulting in a quasi neutrality of the plasma.

The fusion reaction rate can be determined by the cross section, which strongly depends
on the energy. The cross section of a proton-proton reaction appears to be very small,
since it involves weak interaction. So this reaction cannot be used for energy production on
Earth. Larger cross sections are available for the hydrogen isotopes deuterium and tritium.
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Furthermore the temperature distribution of the heated particles has to be considered,
for the calculation of reaction rate 〈σv〉 (where v represent the relative velocity), since
essential reactions occur in the high energy tail of the Maxwellian distribution [47]. The
reaction rate is shown in Figure 1.1b.

Figure 1.1: (a) The average binding energy per nucleon. (b) Reaction rate parameter
for possible fusion reactions. [19]

It is easy to see that D-T has the largest reaction rate of all fusion processes at the
lowest temperatures, with a maximum at 64keV (1eV ≈ 11700 K). This makes it the ideal
candidate for energy production.

If the energy gain from the fusion reactions cannot compensate the energy loss of the
fusion plasma, the temperature will decrease and the fusion process will stop without
external heating. Therefore fusion can only be sustained if the energy confinement time is
sufficiently long. One desirable goal of fusion research is achieving conditions under with
the plasma is self-sustained, without the need for external heating. This is called ignition.
Lawson derived a criterion, which describes the minimum conditions for ignition [26]. In
the case of the D-T reaction the ignition conditions are1:

n · τE · T > 5 · 1021 keV · s
m3

(1.2)

with the particle density n, temperature T and the energy confinement time τE. Due to
the temperature dependence of both, the energy loss of the plasma and the reaction rate,

1For the central value of parabolic density and temperature profiles[47]
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it can be shown that the optimum temperature for controlled fusion is about 10−20 keV,
which is between 100− 250 Mio.K [47].

1.2. Magnetic Confinement and Tokamak

There are no materials available, which can be used for the plasma confinement at
such high temperatures. So one has to find an approach to confine the plasma for fusion
without wall contact. The electrostatic charge of plasma particles allows to create a
magnetic trap due to the Lorentz force:

F Lorentz = q · (v ×B) (1.3)

Without a magnetic field plasma particles move arbitrarily in all directions. If a magnetic
field B is applied, a charged particle will feel a force, which is perpendicular to B and the
particle velocity v. Hence, plasma particles will gyrate around the magnetic field lines
with the cyclotron frequency ωc = qB

m
.

Closing the field lines circularly to a torus will confine the plasma particles avoid end
losses. But this alone is not sufficient to enable a stable operation in a fusion device. Due
to the bending of the torus the magnetic field is inhomogeneous and the gradient of the
magnetic field will lead to charge dependent particle drifts. Hence, electrons and ions will
be separated, which will lead to an electric field. Together with the magnetic field this
will cause an E ×B drift of the plasma. The drift is directed radially outwards for all
particles in the plasma, preventing a stable operation. This problem can be solved by
twisting the magnetic field lines with an additional magnetic field, thereby generating a
helical field structure.

Several types of magnetic confinement devices are currently of scientific interest. The
most important are the stellarator and the tokamak. The stellarator achieves the heli-
cal field structure with a rather complicated design of magnetic field coils, whereas the
tokamak design uses an electric current in the plasma. The name tokamak is derived
from Toroidal’naja Kamera s Magnitnymi Katushkami , which means: toroidal chamber
with magnetic coils. The tokamak design was proposed in Russia by Tamm and Sakharov
in the early 1950s [4]. A schematic drawing of a tokamak is shown in Figure 1.2. The
tokamak has an axially symmetric form, which is shaped like a torus. Several toroidal
field coils produce a strong toroidal magnetic field Bt, which avoids end-losses and de-
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Figure 1.2: Schematic representation of the main components of the tokamak. The
toroidal field coils (blue) create the toroidal magnetic field. A primary transformer circuit
(green) induces a current in the plasma. The outer poloidal field coils (grey) are used for
the shaping and the positioning of the plasma. [JET-EFDA]

fines the basic torus form. A central transformator coil uses the plasma as a secondary
winding and induces a loop voltage around the torus and with this an electric current in
the plasma. Consequently, the tokamak is a pulsed device. The electric current serves
to create a poloidal magnetic field Bp, which results, together with the toroidal mag-
netic field, in a helical magnetic structure. Additionally the electric current is used for
ohmic plasma heating. Due to the decreasing plasma resistivity for increasing tempera-
ture, ohmic heating cannot be used to reach the temperatures required for fusion. Other
methods for heating are the injection of fast neutral particles (NBI) or the injection of
electromagnetic waves, which are resonant to the cyclotron frequency of the ions (ICRH)
or electrons (ECRH).

1.3. Importance of Plasma and MHD Mode Rotation

In order to achieve ignition, the plasma must fulfil certain criteria. One is the high
confinement time of energy. This is achieved if the energy, which is put into the plasma,
stays sufficiently long inside the plasma. The confinement in a tokamak depends on the
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radial transport of energy. Empirically it is observed, that the energy transport increases
with increasing power input. It is widely accepted that turbulence is responsible for the
increased energy transport. It has been observed experimentally [8] and in simulations [40]
that plasma rotation can influence the confinement, because turbulence can be suppressed
with increased rotational shear. Furthermore, rotational shear does not only improve the
confinement, it improves also the stability regarding the excitation of magnetohydrody-
namic instabilities [9], which are called MHD modes. Therefore, a good understanding of
plasma rotation and a high rotational shear could be important for the improvement of
the plasma confinement and stability.

In specific cases large MHD modes can occur, leading to a strong degradation of the
confinement. Furthermore, an MHD mode can lock to a static magnetic perturbation,
come to standstill, grow and cause a disruption, which is a fast, total loss of confinement
[5]. The confinement loss results in a high heat load on the walls. Furthermore, the
termination causes a fast current decrease, which induces large structural forces. This
can strongly damage the tokamak. Therefore, it is crucial to have a good knowledge
about MHD modes, especially about their appearance and their motion in a tokamak.

1.4. Motivation and Outline

The rotation of MHD modes in a fast rotating plasma is assumed to be dominated
by the plasma rotation. It is expected that in case of resistive MHD modes (magnetic
islands) an additional offset velocity should be added, due to the electron diamagnetic
drift. The reason will be explained in the next chapter. However, earlier studies at ASDEX
Upgrade2 and other tokamak experiments have shown that further contributions have to
be considered as well [35], [16]. Currently, it is not exactly understood, which physical
mechanisms influence the MHD mode rotation in the plasma. A closer investigation of
island rotation in the tokamak ASDEX Upgrade is the goal of this thesis.

The thesis is structured as follows. The second chapter describes the basic theoretical
framework, which is necessary for the understanding of the work. The equipment used
for this thesis is introduced in the third chapter. It will describe ASDEX Upgrade, where
the work was carried out and explain the diagnostic tools, which are used for the mea-
surements of the plasma rotation and the determination of required plasma properties.
Now that the theory and the diagnostics are introduced, chapter four will continue with

2ASDEX stands for Axially Symmetric Divertor EXperiment
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the methodological approach in order to specify the characteristics of MHD modes. Addi-
tionally, the plasma rotation and the determination of the electron diamagnetic frequency
are described. Chapter five presents the first results of the comparison of MHD mode and
plasma rotation. It will show the deviation of MHD mode rotation to the plasma rotation
and present possible interpretations. Furthermore, it is assumed that the neoclassical
toroidal viscosity (NTV) must be considered, in order to explain MHD mode rotation in
a tokamak. This will be investigated in the chapter six. Finally, a summary, a conclusion
and an outlook will be given in the last chapter.





Chapter 2.

Theoretical Principles

This chapter will give an overview over the essential physics, which are helpful for the
investigation of MHD mode rotation. It will start with the basic principles of plasma
physics and give a short introduction to this topic. Afterwards, the tokamak equilibrium
and important plasma parameters will be explained, followed by the magnetohydrody-
namic stability, plasma rotation, MHD mode rotation and the neoclassical toroidal vis-
cosity. A summary is given at the end of this chapter. More detailed introductions can
be found in the literature [15], [47], [23], [14].

2.1. Introduction

The motions of a many particle system, like a plasma, can be described by kinetic
theory. Because of the large number of particles involved, the description has to be
statistical. This is carried out using a distribution function fα(x,v, t), which represents
the population density of the particles of type α, where x describes the position and v
the velocity. The distribution function can change as a result of forces and collisions. The
proper kinetic equation for a plasma is [47]:

∂fα
∂t

+ v · ∇fα +
qα
mα

· (E + v ×B) · ∇vfα =

(
∂fα
∂t

)
c

(2.1)

where E and B represent the macroscopic electric and the magnetic field in the plasma
and

(
∂fα
∂t

)
c
considers the collisions. This is also known as the Fokker-Planck equation (or

Vlasov equation in the case of an ideal plasma, where there are no collisions
(
∂fα
∂t

)
c

= 0).
For a full description of the plasma this equation has to be solved together with the
Maxwell equations. In most cases we are interested in macroscopic physical properties of

9
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the plasma and not in the particle distribution. This can be described by the moments
of the distribution function leading to simplified equations1. A physical property 〈A〉
corresponds to a moment of the function:

〈A〉 =
1

nα

∫
Afα dv (2.2)

where nα(x, t) =
∫
fα(x,v, t) dv is the local density of particle α. By the calculation of

the moments of equation 2.1 we obtain:

∂nα
∂t

+∇ · (nαvα) = 0 (2.3)

mαnα

(
∂vα
∂t

+ vα · ∇vα
)

= −∇pα + nαqα(E + vα ×B) +Rαβ (2.4)

where vα is the center of mass velocity, Rαβ represents the collision operator with other
particles and pα the pressure tensor, which becomes a scalar quantity if isotropic pressure
is assumed2. Equation 2.3 is the continuity equation and equation 2.4 the force equation
of particle α.

In magnetohydrodynamics (MHD) the equations for ions and electrons can be combined
into a one fluid model in order the describe the plasma. The mass density is given as
ρ = nimi + neme and the center of mass velocity as v = nimivi+nemeve

nimi+neme
. It is clear that

me � mi and we know for a D-T plasma n = ni = ne due to quasi neutrality. From this,
it follows that m ≈ mi, ρ ≈ nm and v ≈ vi. By analysing the momentum equations one
can see, that each equation includes the next higher momentum. To reach a closed set of
equations, the plasma behavior is assumed to be adiabatic and reversible:

d

dt

(
p

ργ

)
= 0 (2.5)

Here, γ is the adiabatic coefficient3. With this, the MHD equations can be derived [15]:

∂ρ

∂t
+∇ · (ρv) = 0 (mass conservation) (2.6)

ρ ·
(
∂v

∂t
+ (v · ∇)v

)
= j ×B −∇p (momentum conservation) (2.7)

1This simplification neglects the kinetic effects of the particle distribution, since particles with different
velocities react differently to external fields (e.g. Landau damping).

2The scalar pressure in plasma physics is defined via the density n and the temperature T as p = n · T .
3For an ideal gas with n = 3 degrees of freedom γ = n+2

n = 5
3
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E + v ×B = ηj +
1

ene
(j ×B −∇p) (generalized Ohm’s law) (2.8)

where j is the electric current, p the total plasma pressure and η the plasma resistivity.
Gravity is neglected in these equations. Together with the four Maxwell equations

∇ ·E =
ρ

ε0

(Gauss’s law) (2.9)

∇ ·B = 0 (Gauss’s law for magnetism) (2.10)

∇×E = −∂B
∂t

(Faraday’s law) (2.11)

∇×B = µ0j + µ0ε0
∂E

∂t
(Ampère’s law) (2.12)

and the adiabatic constraint this forms a complete set of MHD equations, which have to
be solved simultaneously in order to describe the plasma correctly. Here, ε0 and µ0 is the
electric and the magnetic constant, respectively.

There are some consequences of the MHD equations if the plasma is assumed to be
ideal. This is the case if the resistivity is negligible η ≈ 0. Using equation 2.8 with η → 0

and neglecting the time dependence it can be derived that the magnetic flux is frozen in
the plasma fluid [15]. Using a two fluid model it can be shown, that the magnetic flux is
frozen in the electrons [50].

2.2. Tokamak Equilibrium

One application of the MHD equations is the description of a magnetic equilibrium.
For an equilibrium we can demand for the time derivatives to be negligible, thus ∂

∂t
≈ 0.

Additionally, in ideal MHD equations the resistivity and viscosity are negligible. In this
case equation 2.7 together with 2.6 becomes:

j ×B = ∇p (2.13)

This equation is the ideal force balance equation. It shows that a pressure gradient in a
plasma can be sustained by an electric current. It can be easily seen from equation 2.13
that the pressure gradient is perpendicular to the magnetic field and the electric current,
thus j · ∇p = 0 and B · ∇p = 0. In an axialsymmetric case, this forms a set of radially
nested surfaces with constant pressure. Also the electric current lines lie on these surfaces.
A schematic representation of such magnetic surfaces is illustrated in Figure 2.1.
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Figure 2.1: Magnetic flux surfaces in a tokamak. The toroidal geometry can be described
with the major radius R0 of the magnetic axis, the minor radius r, the toroidal angle Φ
and the poloidal angle Θ.

For a profound description of the tokamak equilibrium it is useful to introduce the
poloidal magnetic flux function Ψ . This function is determined by the poloidal magnetic
flux within the magnetic surface. Thus, the poloidal magnetic flux is also constant on
that surface and Ψ can be written as [47]:

B · ∇Ψ = 0 (2.14)

The helical winding of a magnetic field line on a magnetic flux surface is described by
the so called safety factor q, which specifies the number of toroidal windings needed, to
perform one poloidal rotation. If the q-factor is 1, a magnetic field line needs one rotation
around the torus to return to its poloidal starting position. The exact definition of q is
[47]:

q =
∆Φ

2π
(2.15)

where ∆Φ is the toroidal angle needed for a poloidal circulation. For a large-aspect ratio4

tokamak with a circular cross-section the cylindrical approximation can be made, resulting
in:

q w
rBΦ

R0BΘ

(2.16)

where r is the minor radius of the magnetic surface, BΦ the toroidal magnetic field5, R0

the major radius of the magnetic axis and BΘ the poloidal magnetic field.

4The aspect ratio is given by the ratio between the major radius R0 and the minor radius at the plasma
boundary a of a tokamak.

5BΦ is constant in the cylindrical approximation.
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Another important parameter in the tokamak is β. It describes the plasma pressure,
which can be confined by the magnetic field as:

β =
〈p〉

B2/2µ0

(2.17)

where 〈p〉 is the averaged kinetic pressure. This factor is a quantity for the efficiency of a
magnetic confinement, since plasma pressure essentially influences the fusion performance,
while the square of the magnetic field determines mainly the cost of the fusion reactor.

2.3. Neoclassical Theory and Trapped Particles

In a tokamak the toroidal coils on the inner side are closer together. Hence, the toroidal
magnetic field is higher on this side and decreases with increasing radius R as: BΦ ∝ 1

R
.

Therefore, the inner side in a tokamak is called high field side (HFS) and the outer low
field side (LFS). As it was already mentioned, the particles gyrate along the field lines.
The particle velocity can be split in a parallel part v‖ and a perpendicular part v⊥ to the
magnetic field line. Due to their perpendicular motion, charged particles have a magnetic
moment in a magnetic field:

µ =
mv2
⊥

2B
(2.18)

It can be shown, that the magnetic moment is constant for a particle. Because of this
reason, v⊥ will increase if a particle moves into a higher magnetic field. At the same time,
v‖ will decrease due to energy conservation. If v‖ reaches 0, the particle will be reflected.
This is known as a magnetic mirror. The condition for reflection is:

v2
‖(R0 + r)

v2
⊥(R0 + r)

<
Bmax

Bmin

− 1 (2.19)

Particles with an adequate ratio of v2
⊥/v

2
‖ will be reflected, while moving from the LFS

to the HFS instead of circulating around the torus. These particles are called trapped
particles . The effects which act on the trapped particles are described in the so called
neoclassical theory . The motion of trapped particles will result in a banana like orbit (see
Figure 2.2) due to the superposition of the curvature drift6 and the ∇B drift7.

6Curvature drift: vD = −mv
2
‖

qB3∇B ×B
7∇B drift: vD = −mv2⊥

2qB3∇B ×B
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Figure 2.2: Schematic representation of the trajectory of the trapped particle in the
tokamak. (1) Gyro-motion of an ion. (2) Banana orbit trajectory. (3) Poloidal cross-
section profile of two banana orbis. [JET-EFDA]

There are several important implications from the neoclassical theory. One effect is the
bootstrap current . This is an electric current, which is produced by trapped particles in
the presence of a pressure gradient in the plasma [15]. The origin of the bootstrap current
can be explained by comparing the touching point of an inner and an outer banana orbit
(see (3) in Figure 2.2). If the inner orbit has a higher density than the outer orbit, more
particles move in the direction of the inner orbit at the touching point. If the inner
orbit has a higher temperature than the outer orbit, the particles from the inner orbit
will move faster. Also in this case, the total particle flow at the touching point will be
in the direction of the inner orbit. Both effects will generate an electric current in the
toroidal direction. An additional contribution to the bootstrap current stems from the
free particles which are accelerated due to collisions with the trapped particles [15].

2.4. Magnetohydrodynamic Stability and MHD Modes

To operate a fusion device, we need not only a good confinement, it should also be
stable. The stability analysis can be done in MHD by the calculation of a plasma response
to a small perturbation. We can say that if the potential energy decreases due to this
perturbation, an instability may grow. Thus, the equilibrium will be unstable. On the
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other hand, if the energy increases due to this deviation, the equilibrium will be stable.
But this perturbation can still cause an oscillation and stimulate a variety of waves in the
plasma.

The destabilising forces in the MHD are driven by the electric current and pressure
gradients. Magnetic field compression and line bending act as stabilizing terms. The
appearance of an instability is often described either as a small displacement ξ of a fluid
element in the plasma or as an initial displacement velocity8 v1 = dξ

dt
. The linearised and

integrated perturbation equations are then derived from ideal MHD [50]:

ρ1 = −∇ · (ρ0ξ) (2.20)

p1 = −p0γ∇ · ξ − ξ · ∇p0 (2.21)

B1 = ∇× (ξ ×B0) (2.22)

Equation 2.20 originates from the mass conservation and describes the density perturba-
tion ρ1 (compression of a volume element). An adiabatic compression or a displacement
of the volume element causes a pressure perturbation p1, which is described by equation
2.21. The combination of Faraday’s law and the ideal Ohmic law gives the magnetic
perturbation in equation 2.22. It shows that a volume displacement cause a perturbation
of the magnetic B1 field [50]. The force equation can be obtained from the displacement
vector as:

F (ξ) = ρ0
d2ξ

dt2
= j1 ×B0 + j0 ×B1 −∇p1 (2.23)

and consequently the energy change is

dW = −1

2

∫
ξ · F dV (2.24)

The sign of dW gives the stability criterion. The plasma will be unstable if dW is negative,
and stable if dW is positive. Furthermore, the differential equation 2.23 represents an
equation of motion, which can be solved to determine the mode structure. The calculaltion
of the eigenfunction ξ determines the form of the mode and the corresponding eigenvalue
the stability [47].

There is a large variety of possible MHD modes in a tokamak. MHD modes are char-
acterised by the poloidal number m and the toroidal number n, which describe the helical

8 Index 1 means, that this quantity is a perturbation with respect to the equilibrium.
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mode structure. They occur on the rational q = m
n

values. At these surfaces a small
resonant fluctuation can be amplified. Therefore, magnetic flux surfaces with rational q-
values are called resonant surfaces . Furthermore, the frequency f describes the rotation
of the mode in the laboratory frame and the displacement of a magnetic field due to the
mode is described by the radial eigenfunction ξ, which depends on the MHD mode type
and varies with the minor plasma radius [21].

One important ideal MHD mode is the (1/1) internal kink, because the topology of the
perturbation is similar to the topology of the equilibrium [50]. This enables the formation
of such modes without the modification of the plasma topology. An illustration of (1/1)
kink modes is shown in 2.3. Such MHD modes occur often if the central q-values are
smaller than 1 (e.g. in [21]).

Figure 2.3: The eigenfunction of an internal (1,1) kink mode. The magnetic field lines
are shifted inside the q = 1 surface.

Another type of instabilities are the resistive MHD modes, which depend on the finite
resistivity of the plasma at resonant surfaces. Considering the resistivity (η 6= 0) in Ohm’s
law results in the dissipation of magnetic flux, due to an electric current perturbation. This
allows the magnetic field lines to tear apart and reconnect, creating a changed topology
of the magnetic structure [50].

One of the most common resistive instabilities is the tearing mode or magnetic island ,
which occurs on magnetic flux surfaces with rational q-values. The formation of an (m/n)
magnetic island can be explained by an electric current perturbation on the q = m

n
flux

surface, which creates an additional poloidal magnetic field. This perturbation leads to
the reconnection of the flux surfaces and forms the typical structure of a magnetic island
(see Figure 2.4).
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Figure 2.4: The helical flux function for a (2/1) island in a poloidal Θ - radial y plane.
Two poloidal O-points with a 10 cm radial width W are formed in the poloidal profile.
The island separatrix is indicated as the thick black line. [5]

An island can be seen as a helical flux tube, closing itself afterm toroidal and n poloidal
rotations. The reconnected flux surfaces are called separatrix and embed the island. The
reconnection point of the magnetic flux is marked by the X-point and the center by the
O-point. The largest extension of the island can be identified as the island width W .

Tearing modes are important for the tokamak, because they connect different radial
positions of the plasma due to their spatial structure. Hence, they act as short-circuit
regarding radial energy transport. Therefore islands flatten the pressure profile at their
location, which decreases the energy confinement and reduces the performance of the
tokamak. Another consequence, which can be derived in the neoclassical theory, is a
reduction of the bootstrap current. Especially, in high β discharges a small seed island9

can cause a loss of bootstrap current, which may lead to further island growth [31]. This
mode is called Neoclassical Tearing Mode (NTM) and limits the maximum β, which can
be achieved in a tokamak.

2.5. Plasma Rotation

The rotation of a plasma is mainly dependent on the flow of the ions in the plasma,
due to their higher mass. For the description of the plasma rotation it is useful to begin
with the first moment equation 2.4. For a stationary situation, we can assume no time
dependence ( ∂

∂t
≈ 0). Additionally, we can neglect the momentum exchange with other

species (Rie = 0), since the momentum exchange is much smaller between ions and elec-

9Such a seed island can be generated e.g. by a sawtooth crash, which is an other (1/1) resistive instability.
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trons than between ions and ions, due to me � mi [15]. In this approximation equation
2.4 can be written as:

∇pi = eni · (E + vi ×B) (2.25)

This equation can be solved for vi by taking the cross product with the magnetic field
together with the triple product expansion:

vi =
E ×B
B2

− 1

nie

∇pi ×B
B2

+ vi‖ (2.26)

The first term to the plasma rotation is the E ×B drift, which describes the motion
of the gyrocentres. The second term on the right hand side is the so called diamagnetic
drift . The diamagnetic drift is a contribution, which results from the particle gyration
in the presence of a temperature or a density gradient. This process is shown in figure
2.5 and can be understood as the following: If there is a decreasing radial density in the
plasma, there are more particles on the inner side of a surface. Thus, more particles will
gyrate through a surface on the inner side, than on the outer side. The addition of all
particle gyrations through a surface will leave a net flow, even if the gyrocentres do not
move. There is a similar effect in the presence of a temperature gradient. The difference
here is the gyration velocity. Warmer particles gyrate faster than colder particles, which
also results in a net fluid motion.

Figure 2.5: Principle of the diamagnetic drift. In the presence of density and tempera-
ture gradients there is a net fluid current jd [44].
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In order to get a profound description of the plasma rotation, it is necessary to consider
further effects. In particular neutral particles can lead to an external contribution to the
plasma rotation. The injection of neutral particle beams, which have a large toroidal
velocity is currently the main source for plasma rotation. After entering the plasma,
neutral particles will be ionized and subsequently induce momentum into the plasma
via collisions. The total amount of the momentum deposition depends on the angle of
incidence of the beam as well as the energy and number of injected neutral particles in
the tokamak. Furthermore, cold neutral particles from the edge will slow the plasma
rotation. These additional forces can be added on the right hand side of equation 2.25
for the plasma rotation determination.

To achieve a more detailed rotation description, also the radial dispersion of the velocity
has to be considered, which requires the determination of the momentum transport. This
can be done if the non isotropic pressure tensor and the (nmv · ∇v) part of equation 2.4
are included. This consideration will lead to an angular momentum balance equation,
which can be used to calculate the toroidal rotation profile in a tokamak. Calculations
for the momentum transport can be found in literature, e.g. [9],[39].

2.6. MHD Mode Rotation

The rotation of MHD modes in a fast rotating plasma is dominated by the toroidal
plasma velocity. Additionally, ideal MHD theory (with the Hall term) predicts that the
magnetic flux topology is frozen in the electron fluid, as it was introduced in section 2.1.
Therefore, the electron diamagnetic drift vdia,e should contribute to the island rotation.

vdia,e =
1

ene

∇pe ×B
B2

(2.27)

Since, the measured mode frequency is a projection of the rotation in toroidal and poloidal
directions, it will depend on the magnetic field lines and the rotation direction, whether
the electron diamagnetic drift frequency has to be added or subtracted to the plasma
rotation frequency. There are four possible combinations, which are sketched in Figure
2.6.

Because of a large BΦ component the electron diamagnetic drift is mainly in the poloidal
direction. It can be seen in Figure 2.6 together with equation 2.27 that a magnetic field
line on the LFS will move upwards for BΦ < 0 and downwards for BΦ > 0. The poloidal
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Figure 2.6: The direction of the toroidal magnetic field produce four different combina-
tions with the current and NBI heating. The case when the current has the same direction
as the NBI is called Co-Injection and the opposite is called Counter-Injection. [36]

upward rotation of the magnetic field line in Figure 2.6a has the same effect as a toroidal
rotation of the magnetic field line, which is directed in the counter-current direction.
These two effects cannot be separated in the experiment. Hence, the poloidal rotation of
the magnetic field line acts as an additional counter-current rotation. This is also true for
Figure 2.6b - Figure 2.6d. Hence, if the plasma rotates in current direction, which is the
usual case in ASDEX Upgrade[36], the electron diamagnetic drift has to be subtracted.
Hence, the island is expected to rotate slower than the ambient plasma.

Furthermore, the helical island structure implicates, that the detected frequency con-
sists of n times the toroidal rotation frequency and m times the electron diamagnetic
rotation frequency. Thus, the expected MHD mode frequency fmode can be calculated as:

fmode = n · fplasma −m · fdia,e (2.28)

Equation 2.28 is often used in the literature, in order to describe MHD mode rotation
[9],[5], [46]. However, earlier investigations of island rotation ([35], [16]) have shown,
that magnetic islands can rotate faster than the ambient plasma. This indicates that the
physics for MHD mode rotation is not yet completely understood. A possible explanation
for this observation is given by the Neoclassical Toroidal Viscosity (NTV) theory.
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2.7. Neoclassical Toroidal Viscosity

The NTV is caused by the interaction of the plasma with magnetic field components,
which break the toroidal symmetry. A possibility to break the symmetry is the occurrence
of MHD modes, which generate non axisymmetric magnetic field perturbations. The
resonant perturbations produce a localized torque at its respective flux surface, whereas
non resonant perturbations produce a global neoclassical torque that damps the toroidal
plasma flow [6].

In the fluid model, the NTV drag can be described as a force on the plasma fluid,
which occurs as it flows through the non axisymmetric field perturbation. The kinetic
model describes the toroidal force by a non ambipolar drift of particles due to the non
axisymmetric fields in a collisional plasma. This generates a radial current, which exerts
a j ×B torque. The torque is dominated by trapped particle drifts [48].

In order to obtain a quantitative expression for the NTV force for the collisionless
plasma regime, one can solve the bounce averaged drift kinetic equation and then take
the velocity moment to receive the radial flux. This derivation was carried out in [41] and
expanded to rotating islands in [42]. One important consequence from the expansion is a
toroidal offset velocity of MHD modes, which tries to keep the island rotation at a rate
comparable to the ion diamagnetic flow [7]. The first explicit formulation of the toroidal
neoclassical offset velocity was introduced by [6]:

ωnc =
k

ZieRBΘ

· dTi
dr

(2.29)

Here, Zi is the charge of the main ion species, R the major radius of the flux surface on
the midplane at the LFS, BΘ the poloidal magnetic field and dTi

dr
the ion temperature

gradient. The factor k depends on the NTV regime of the plasma [7].

Two different regimes with low collisionality are described in [7]. The first is the
so called (1/ν)-regime. The condition for this regime is qωE < νii/ε <

√
εωti, where

ωE is defined as the E × B poloidal drift frequency (ωE = Er
rB

) and ωti = vti
R0q

the ion
transit frequency with vti ≡ (Ti/mi)

1/2. The quantity νii describes the ion-ion collision
frequency. In this regime the toroidally trapped particles are collisionless and dominate
the nonambipolar diffusion process [7]. The factor k is ' 3.5 in the (1/ν)-regime.

The second regime is called (ν)-regime. Here, the collisionality decreases even more.
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The condition for this regime is νii/ε < qωE. Here, the radial drift of ions becomes
oscillatory and limited to the toroidal E × B precession drift [7]. [41] predicts that in
present-day tokamaks it is unlikely that the ion temperatures are high enough to be deeply
in the (ν)-regime. However, it is possible that ions can be slightly in this regime, while
electrons are still in the (1/ν)-regime. In this limit, the ion NTV dominate over the
electron NTV. The corresponding factor k is then ' 0.92 [7].

2.8. Summary

The plasma can be described by the theory of ideal MHD. The resulting equilibrium in
a tokamak forms a helical structure of nested magnetic flux surfaces. Due to the toroidal
geometry, the magnetic field is not homogeneous and trapped particles can occur if their
ratio of perpendicular to parallel velocity is large enough. These particles move on the
so called banana orbits. This implicates new effects, like the occurrence of the bootstrap
current.

The stability of the equilibrium can be described via the energy principle. The plasma
will be stable, if a perturbation increases the total energy, otherwise, the instability will
grow. This can deteriorate or even destroy the confinement. Perturbations can be de-
scribed by the displacement vector ξ. The plasma instabilities are mainly driven by
electric current and pressure gradients, while magnetic field compression and line bending
act as stabilizing terms.

The plasma rotation can be described with the motion of the main plasma ions. In
present-day tokamak experiments, the rotation is mainly driven by external forces, like
neutral beam heating. The deposition of momentum, due to the neutral beam heating,
depends on the beam’s angle of incidence as well as the number and energy of injected
neutral particles. The description of the exact rotation profile can be quite complex and
requires the knowledge of the momentum diffusion coefficients and the influence of the
external forces.

The rotation of magnetic islands is expected to be determined by the toroidal plasma
rotation subtracted by the electron diamagnetic drift in ASDEX Upgrade. Additionally,
the mode numbers have to be taken into account. Another possible contribution is pre-
dicted by the NTV theory due to a neoclassical toroidal torque and an offset velocity.
The influence of NTV effects is investigated in this thesis.



Chapter 3.

ASDEX Upgrade and Diagnostics

This chapter will give an overview over the experiment ASDEX Upgrade, where this thesis
was carried out. It will start with the description of the tokamak ASDEX Upgrade and
its parameters. Afterwards, the diagnostics and their physics principals will be described.

3.1. ASDEX Upgrade

ASDEX Upgrade is a medium sized divertor tokamak experiment with a major radius
of R0 = 1.65 m and a minor radius of a = 0.5 m. The plasmas in ASDEX Upgrade have
an elongated cross-section, which can be flexibly shaped. Furthermore, several current
drive and heating systems are available. In particular, two different NBI heating systems
with four beam lines each and various angles of incidence, which have a strong impact on
the plasma rotation.

The goal of ASDEX Upgrade is the investigation of physics, which can improve the
design and operation for the experiment ITER1, which is the next step towards a com-
mercial fusion power plant. The main focus for ASDEX Upgrade is the investigation of
transport, exhaust, MHD stability and fast particle physics, but also various start-up and
ramp-down scenarios for ITER are of particular interest [51]. Figure 3.1 shows the main
components of ASDEX Upgrade.

ASDEX Upgrade can be operated with hydrogen, deuterium and helium as plasma
fuel. In addition ASDEX Upgrade is the only tokamak, which has shown the possibility
of operation with a full tungsten wall. This allows the investigation of tungsten as a

1ITER is latin for Way or former International Thermonuclear Experimental Reactor
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Figure 3.1: Illustration of the tokamak ASDEX Upgrade. [1]

wall material for future fusion devices. The usage of tungsten is beneficial because it can
handle high temperatures and has a low retention of tritium. This is important for a
commercial fusion power plant.

A typical plasma discharge in ASDEX Upgrade lasts for 7−10 s, has a toroidal magnetic
field of 2.5 T on the magnetic axis, 1MA of plasma current and a central electron density
of about 9 · 1019 m3. The parameters of ASDEX Upgrade are summarized in Table 3.1.

Identifier Value
Major plasma radius R0 1.65 m
Minor horizontal plasma radius a 0.5 m
Minor vertical plasma radius b 0.8 m
Ellipticity κ = b/a 1.6
Aspect ratio R0/a 3.3
Plasma volume 14 m3

Plasma current Ip ≤ 1.6 MA
Maximum magnetic field B ≤ 3.1 T
Pulse duration ≤ 10 s
Time between pulses 15− 20 min
Plasma heating: Ptot ≤ 27 MW

Table 3.1: Main parameters of ASDEX Upgrade. [1]
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3.2. Charge Exchange Recombination Spectroscopy

In order to measure plasma rotation Charge eXchange Recombination Spectroscopy
(CXRS) is an important tool. CXRS measures the line-emission of excited ions in the
plasma and allows the determination of ion temperature from the line broadening and the
velocity from the shift of the line-emission due to the Doppler effect.

With the exception of heavy impurities, the ions in the plasma core are fully stripped
of electrons due to the high temperature. Therefore, line radiation can only occur if a
plasma ion receives an electron due to a charge exchange reaction with a neutral particle.
An exchanged electron can occupy an excited state and release line-emission. For charge
exchange recombination spectroscopy carbon ions can be used:

D + C6+ → D+ + C5+ (3.1)

The most common state of C5+ for the electron is n = 4, but also n = 7 and n = 8

states have considerable populations [17]. Neutral atoms reach the plasma core only by
the means of neutral beam injection. Due to the usage of a beam, CXRS gives local
information on the ion temperature and velocity.

The CXRS diagnostic in ASDEX Upgrade detects the transition from n : 8 → 7 with
the natural wave length of λ = 529.0 nm. Alternatively, the diagnostic can use the boron
ions B5+ with λ = 494.5 nm. These wavelengths are in the optical range of light, which
can be measured easily with common optical elements.

The particle velocity in the plasma is Maxwellian distributed, leading to a Gaussian
broadening of the spectral emission, due to the Doppler effect. In the case of carbon and
an ion temperature of 10 eV the Doppler broadening corresponds to about 5 · 10−2 nm,
which is well above the natural line width of about 5 · 10−5 nm for this transition [9].
Thus, the measurement of the full width half maximum of the Gaussian shaped spectrum
can be used to determine the temperature. Furthermore, the plasma rotation results in a
Doppler shift of the peak: λshift = λ(1 + vrot

c
). This enables the determination of the ion

velocity.

An illustration of the toroidal CXRS geometry is shown in Figure 3.2. Two sources of
the line emission can be identified. The active emission occurs due to charge exchange
reactions with the neutral beam. Furthermore, C5+ ions also occur naturally in the edge
of the plasma due the low temperature. This contributes as passive emission.
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Figure 3.2: Line of sight (LOS) of CXRS in a toroidal cross section of a tokamak. The
active signal originates from neutral beam heating, while the passive component occurs
naturally due to lower temperatures and neutral particles in the edge. [9]

There are two methods to separate the passive and active emission. One method is
the usage of a modulated beam. Here, the passive emission is measured when the beam
is switched off and can be subtracted from the spectrum when the beam is switched on,
leaving only the active emission. However, this can be done only if one assumes, that the
neutral beam will not change the C5+ population at the edge of the plasma. Additionally,
CXRS loses time intervals with this method, because the beam is switched off for a time
period.

The second method is fitting Gaussian curves to the passive and the active emission.
This allows a continuous measurement, but on the other hand the analysis of the spec-
trum is more difficult, because an accurate knowledge of the passive and the background
emission is required (including possible line emission from impurities). Additionally, the
magnetic field will cause a Zeeman splitting of the energy levels. At a magnetic field of
2 T the Zeeman splitting of the carbon n : 8→ 7 transition causes a broadening of about
7 · 10−2 nm, which corresponds to a Doppler broadening according to a temperature of
90 eV [9]. Further, contributions for the CXRS signal exist due to the fine structure of
the energy levels and the temperature dependence of the recombination cross-section. All
these effects result in a complex spectrum of CXRS.

ASDEX Upgrade has two CXRS diagnostics CER and CHR for two different neutral
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Figure 3.3: The two CXRS diagnostics in ASDEX Upgrade: CHR in red and CER in
green. The figure on the left shows the toroidal cross section. The figure on the right
shows a poloidal view of the configuration. [13]

beams, which are shown in Figure 3.3. CER is oriented onto the neutral beam Q3. It has
a temporal resolution of 25 ms and 30 lines of sight (LOS), where up to 25 different radial
positions can be imaged simultaneously. However, currently only about 11 to 15 channels
yield reasonable spectra, which can be evaluated in order to get reliable velocity profiles
in CER. CHR looks at the neutral beam Q8. CHR has a total of 9 active channels and a
time resolution of 50 ms. These two diagnostics can monitor the plasma velocity during
the operation time of the corresponding NBI source.

3.3. Electron Cyclotron Emission

Electron cyclotron emission (ECE) is a fast diagnostic for the determination of the
local electron temperature in the tokamak. Therefore, it is suited for the investigation of
fast plasma activities, like MHD modes.

An electron gyrates around the magnetic field line with the electron cyclotron frequency
ωc = eB

me
. Due to this accelerated motion the electron emits electromagnetic radiation

with the corresponding frequency and its natural harmonics. At the electron cyclotron
frequency the plasma is optically thick. Thus, it will absorb and emit radiation as a black
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body, which is correlated to the electron temperature. The intensity of the emission can
be described with Planck’s law. The wavelength of the radiation is within the microwave
range, thus: hν < 1 meV. This is small in comparison with the electron temperature of:
Te ∼ 1 keV. In this case, Planck’s law can be approximated by the Rayleigh-Jean’s law,
where the intensity is proportional to the electron temperature:

I =
ω2

4π2c3
kTe (3.2)

The emission frequency depends on the magnetic field B, which is dominated by the
toroidal magnetic field Bφ. Due to the tokamak geometry the toroidal magnetic field
depends strongly on the major radius as: Bφ =∝ 1/R. Thus, measuring an intensity of
a certain wavelength, will give the local electron temperature at the corresponding major
radius R.

The cyclotron emission occurs with two possible polarisations, the so-called O-mode
(E ‖ B) and the X-mode (E ⊥ B). The X-mode carries the most emission energy [10].
The first harmonic frequency of the X-mode is reflected inside the plasma and cannot
leave it. Thus, only the second harmonic of the X-mode or the fundamental frequency of
the O-mode can be used for the ECE diagnostic [10]. The usage of microwave detectors
with a high time resolution allows the measurement of fast local temperature fluctuations.

ASDEX Upgrade has several ECE measurement systems. In this thesis the ECE diag-
nostic, which is called CEC, was used for the investigation of MHD mode rotation. CEC
is a 60-channel superheterodyne radiometer for the measurement of the second harmonic
X-mode along a horizontal (radial) line of sight (LOS) near the tokamak midplane. It has
a temporal resolution of 31.25 kHz and a radial spatial resolution of about 1 cm [45].

3.4. Magnetic Measurements

The change of a magnetic field induces a voltage Ucoil in a magnetic coil, which can be
calculated according to Faraday’s law as:

Ucoil = −NAdB
dt

(3.3)

where N is the number of windings of the coil and A is the surface area defined by
the coil. If the absolute value of the magnetic fields are of interest the signal has to
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be integrated. This can be done directly with an analogue integrating circuit or with a
numerical integration of the raw data. In ASDEX Upgrade such magnetic coils are used
to determine the vertical and horizontal plasma position, its shape and the stored energy.
Additionally, these measurements are used to obtain a plasma equilibrium EQH or FPP2.

The investigation of magnetic perturbations due to MHD activities is even simpler,
since no integration is necessary. The typical rotation frequency of an MHD mode in
the lab frame is in the order of kHz. Because magnetic coils detect the time derivatives,
even small perturbations, which are only 10−4 − 10−3 of the total magnetic field, can be
seen. The rotation frequency of an MHD mode can be determined by an FFT analysis.
Furthermore, different poloidal and toroidal arrangement of coils can be used to study the
structure of MHD modes. The phase shift between coils at different locations will give
information about the mode numbers.

In this thesis we use the so called Mirnov diagnostic to determine the frequency and
structure of the mode. The Mirnov diagnostic in ASDEX Upgrade consist of a poloidal
array of 32 coils and two toroidal arrays with 5 coils each, on the HFS and LFS of the
tokamak. The Mirnov diagnostic has a sampling rate of 2 MHz. Figure 3.4 illustrates the
Mirnov diagnostic in ASDEX Upgrade.

It should be mentioned, that Mirnov coils can distinguish MHD modes with two dif-
ferent frequencies quite well. However, if coupled MHD modes are present in a plasma,
they rotate with the same frequency and the signals of the modes are superimposed. The
distinction of the MHD modes has a large uncertainty, since the observed amplitude of
each mode decreases with increasing distance and increasing m. Due to this fact usually
only the external mode can be identified.

3.5. Soft X-Ray Diagnostic

Another important diagnostic for MHD mode characterisation are the soft X-ray (SXR)
cameras. Soft X-ray emission originates from the high temperature regions in the plasma,
due to the bremsstrahlung, bound-bound line emissions and free-bound recombination of
heavy impurities.

2In order to find the equilibrium in ASDEX Upgrade, EQH uses the numerical equilibrium code CLISTE,
which solves the Grad-Shafranov equation for the poloidal flux, for a set of poloidal coil currents and
limiting structures. Additional information from other diagnostics, e.g. SXR information, can be
included. FPP compares the magnetic signals with an available database for accurately determined
equilibria. A detailed description of the equilibria reconstruction can be found in [38] and [27].
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Figure 3.4: Mirnov diagnostic in ASDEX Upgrade. (a) Mirnov coils for the determi-
nation of the poloidal mode number m. (b) Mirnov coils for the determination of the
toroidal mode number n.

The intensity of the bremsstrahlung in soft X-ray emission can be estimated for a
hydrogen plasma and a Maxwellian velocity distribution. The emission intensity per
volume including the camera sensitivity fcamera is proportional to [22]:

ε ∝
∫
n2
eZeff · gff (Te, E) · exp(−E/Te)√

Te
· fcamera · dE (3.4)

where ne is the electron density, Te the electron temperature, Zeff =
∑

i niZ
2
i /ne the

effective ion charge and gff the so called Gaunt factor, which is in the order of unity. The
observed intensity of SXR is the integral of the intensity per volume along the lines of
sight.

SXR is well suited to monitor fast temperature and density fluctuations. This can be
used for the investigation of various MHD modes. Unlike the Mirnov diagnostic SXR gives
information on localisation and internal structure of MHD modes (e.g. mode coupling).

Furthermore, it has to be considered that heavy impurities can emit line radiation
in the corresponding energy region and therefore contribute to the measured intensity.
Heavy impurities in ASDEX Upgrade appear in particular in the form of tungsten, which
is not fully ionized even in the plasma core.
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Figure 3.5: Poloidal view of Soft X-Ray lines
of sight in ASDEX Upgrade

is not fully ionized even in the plasma
core. In addition, the appearance of tung-
sten can cause a decrease of the electron
temperature due to strong line radiation.
This interaction of electron temperature
and tungsten concentration has to be con-
sidered, when SXR data is analysed.

The SXR diagnostic in ASDEX Up-
grade consists of 7 cameras at one toroidal
position but different poloidal positions
and one additional camera in a differ-
ent toroidal position. They are oriented
in such way, that they cover different
poloidal angles in one poloidal plane (i.e.
the toroidal component can be neglected).
In total, these cameras create a dense grid
of about 200 lines of sight (Figure 3.5).
The sampling frequency of 2 MHz allow
the investigation of fast MHD mode ac-
tivity in ASDEX Upgrade.

3.6. Integrated Data Analysis

A major challenge in fusion physics is the coherent combination of measurements from
various diagnostics in order to get consistent information about the plasma. The Inte-
grated Data Analysis (IDA) offers a unified and powerful tool for this task. Probabilistic
forward modelling methods are used in IDA to merge the raw data of the diagnostics in-
stead of combining results, which might rely on cumbersome iterative procedures [12]. In
IDA, all information is formulated as probability density functions, using Bayesian prob-
ability theory. This allows the uniform determination of plasma parameters and their
uncertainties [11].
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The first application of IDA in ASDEX Upgrade was the determination of electron
temperature and density profiles. There the information is combined from ECE, Thomson
scattering (TS), Lithium Beam (LIB) and DCN-interferometry3. Usual IDA profiles are
available with the temporal resolution of the EQH equilibrium, which is 1 ms. These
profiles are used in this thesis for the calculation of diamagnetic electron velocity.

3A detailed description of the mentioned diagnostics can be found in [20] and [34]



Chapter 4.

Methodological Approach

In order to investigate MHD mode rotation and the effects of the ambient plasma the
knowledge of mode characteristics is required. The first section of this chapter describes
the approach for the characterisation of MHD modes. The second section describes shortly
the determination of plasma rotation frequency. Finally this chapter continue with the
electron diamagnetic drift frequency, which can contribute to the difference between the
island and the ambient plasma rotation.

4.1. MHD Mode Characterisation

The appearance of MHD modes in ASDEX Upgrade can be detected in several ways.
On the one hand MHDmodes lead to a perturbed magnetic field (see equation 2.22), which
can be detected with the Mirnov coil diagnostic. On the other hand, the appearance of
MHDmodes has an impact on the plasma temperature. In particular, magnetic islands act
as short-circuit for transport, as it was mentioned in section 2.4. The radial temperature
profiles are flattened in the O-point of the island, while the X-point still has a temperature
gradient (see Figure 4.1). Therefore, island rotation causes temperature oscillations for
a fixed location and enables island characterisation by temperature sensitive diagnostics
like ECE or SXR.

4.1.1. Determination of MHD Mode Frequency

The rotation of an MHD mode is seen as a fast signal oscillation, in ECE, SXR or
Mirnov coils. The fast Fourier transformation (FFT) analysis is used to determine the
MHD mode rotation frequency.

33
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Figure 4.1: A theoretical profile of the electron temperature in the presence of a magnetic
island [31].

The application of the FFT for various time steps will generate a spectrogram for the
analysis of the mode frequency, which is exemplary shown in Figure 4.2 for discharge
#25698. MHD modes are seen as strong FFT amplitudes, which are represented in blue.
The tracking of a blue line will give the development of the MHD mode frequency. As
can be seen in the spectrogram, a mode appears at 0.85 s with 20 kHz and spins up
to 24 kHz at 1.0 s. At this time, the electron heating (ECRH) is turned on and the
MHD mode decelerates to 13 kHz at 1.5 s, where it stays almost constant until 2.0 s. The
following spin up and spin down of the MHD mode is caused by a modulated neutral
beam operation of the NBI sources Q6 (more tangential) and Q8 (more radial). At 3.6 s

the MHD mode disappears. At that time, the ECRH heating is switched off and a rapid
increase of tungsten concentration is observed in the core leading to strong line radiation.
The increased radiation reduces strongly the electron temperature in the plasma core.
Probably due to this dramatic change the island structure is destroyed. Another MHD
mode appears at 3.8 s for a short moment.

The frequency tracking in the spectrogram is well suited for the determination of MHD
mode rotation frequency. However, it must be assured that the Nyquist frequency1 of the
diagnostic is higher than the determined frequency. Otherwise, the MHD mode rotation
frequency cannot be reconstructed correctly from the signal.

1The Nyquist frequency is defined as the half sampling frequency of a discrete signal.
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Figure 4.2: The spectrogram of the central SXR channel indicates clear MHD mode
activity during the discharge #25698. The strong FFT amplitudes, which are represented
in blue, show the presence of a strong MHD mode (and its harmonics).

4.1.2. MHD Mode Numbers

The determination of the MHD mode structure is important in order to interpret the
measured signals from the diagnostics. The helical structure of an MHD mode can be
described with the toroidal mode number n and the poloidal mode number m. These
numbers describe the mode symmetry in the poloidal or the toroidal cross section, i.e. an
island with m = 2 has two O-points and two X-points in a poloidal cross section.

Mode numbers can be identified in ASDEX Upgrade using an array of Mirnov coils.
The raw signal is filtered with an FFT bandpass filter for the corresponding MHD mode
frequency. In the next step the phase of the filtered signal is compared for adjacent coils.
The calculation of the total phase offset gives the mode number: m for a poloidally and
n for a toroidally distributed array (see Figure 4.3).
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Figure 4.3: (a) Raw signal of poloidal Mirnov coils. (b) The filtered signal of the mode
frequency after the band pass filter. The total phase offset determines the poloidal mode
number m [37].

4.1.3. MHD Mode Localisation

After the determination of the helical structure also the localisation of the MHDmode is
necessary in order to enable the comparison with the ambient plasma rotation. An easy
method to obtain the mode position is using the equilibrium reconstruction, since the
mode numbers m and n define the resonant flux surface of the MHD mode. However, the
uncertainty of the q-profile from the equilibrium reconstruction is rather high in ASDEX
Upgrade. Thus, additional methods for the localisation have to be applied.

One possible method for the determination of the position of magnetic islands with
ECE. The method can be easily understood, if we look at the temperature profiles of the
island. It is useful to start from the temperature profile of the X-point, which is shown
in Figure 4.1. If the island rotates, the X-point profile will go over to an O-point profile.
Thus, the measured temperature will decrease for the ECE channels on the inner side
of the resonant surface and increase outside. The temperature will oscillate antipodal
for the channels inside and outside the X-point. This enables the determination of the
resonant surface location by comparing the signal of the ECE channels or more easily
by the determination of the phase jump of one π in the FFT analysis. However, this
method works only if the ECE signal is good (no cut-off) and the region of the phase
jump is covered sufficiently by ECE channels. It has to be mentioned, that due to the
displacement eigenfunction ECE has no phase jumps for ideal kink modes [21] and for the
resistive layer in the m = 1 case [3].
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Additionally, the SXR diagnostic can be used as a supplementary tool for the mode
position, even though the determination of the position with SXR is not as precise as
with ECE. SXR has a smaller spatial resolution and uses line integrated signals. But in
contrast to ECE, SXR has a higher time resolution and monitors the whole plasma. In
particular, SXR is well suited to detect the q = 1 surface in the presence of sawtooth
crashes. These crashes cause a rapid temperature decrease inside the q = 1 surface and
increases the temperature outside. The q = 1 surface can then be identified as the position
between the last decreasing and first increasing line of sight in SXR.

The location of MHD modes in ASDEX Upgrade is described either by the minor
radius or more conveniently by the normalised poloidal flux coordinate ρpol, which can be
used to compare different plasma sizes and shapes. ρpol is defined using the poloidal flux,
which was introduced in equation 2.14:

ρpol =

√
Ψ − Ψcore

Ψseparatrix − Ψcore
(4.1)

The conversion between ρpol, minor radius or a certain space coordinate in ASDEX Up-
grade is carried out with the help of the equilibrium diagnostic EQH or FPP.

4.1.4. MHD Mode Coupling

It is possible that several modes exist simultaneously in the plasma. In some cases
MHD modes can couple and rotate with the same frequency. If individual MHD modes
generate perturbed electric currents, an interaction force will occur amongst them. The
analogue picture is the attraction force of two conducting wires with the same current
direction. The linear theory provides that MHD mode coupling on different flux surfaces
takes place, if the modes have an toroidal mode number n. It is assumed that the coupling
occurs in phase where the force interaction region has its maximum. This happens where
the spatial distance is minimum, which is on the LFS [43].

MHD Mode coupling can be investigated with the SXR diagnostic. The expected
signal for the amplitude and phase profiles in the FFT analysis of SXR can be obtained
for individual and coupled modes from simulations (see Figure 4.4). It can be recognized
that individual MHD modes generate a characteristic signal shape, which can be used to
interpret the mode characteristics. For example, if there is only one mode in the plasma,
the number of minima in the amplitude is equal to the number of phase jumps and will
yield the mode number m. In particular, the amplitude will have a central minimum for
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Figure 4.4: Modulated SXR diagnostic for cylindrically shaped plasma and a SXR cam-
era 1 m from the plasma axis. The angle β represents the orientation of the LOS. The
individual MHD modes were simulated at the resonant radius of 0.3 m, while the coupled
modes were located at the radius of 0.2 m for m = 2 and 0.3 m for m = 3 [43].

an odd m number. On the other hand, if MHD modes are coupled, the SXR amplitude is
shaped rather complex and it is not trivial to characterise the existing modes. However,
the SXR signal enables to distinguish rather clear, if there is only a single MHD mode or
if there are several MHD modes present in the plasma.

4.2. Determination of Plasma Rotation Frequency

The plasma rotation is measured with the CXRS diagnostic, which was introduced in
section 3.2. In order to get a velocity profile, a polynomial function is fitted to the CXRS
data over ρpol as a least square fit, with the singular value decomposition function in IDL.
The plasma rotation frequency frot can then be calculated as:

frot =
vrot
2πR

(4.2)

where R is the major radius of the measured position.
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It should be considered, that CXRS measures the rotation of impurity ions like carbon
or boron, while the plasma rotation is determined by the main ions. The difference of
the velocity can be calculated with the neoclassical friction between the main ions and
the impurities. The largest contribution for the deviation is given by the ion temperature
gradient, but also the ion density is of relevance [24]. In ASDEX Upgrade the velocity of
main plasma ions is usually slightly higher (in the order of 10− 20 km

s
[29]) compared to

the impurities.

4.3. Electron Diamagnetic Drift

The electron diamagnetic drift velocity can be calculated with equation 2.27. In a
tokamak the largest magnetic field is in the toroidal direction. Due to the cross product
of B with the radial pressure gradient the diamagnetic drift velocity will be mainly in the
poloidal direction, which can be approximated calculated as:

vdia,e =
1

eneB2
· (ne

∂Te
∂r

+ Te
∂ne
∂r

) ·Bφ (4.3)

where Te and ne represent the electron temperature and density profiles. Consistent elec-
tron profiles were obtained from IDA. In order to consider the island widths, the gradient
was determined averaged over the spatial range of a typical island width in ASDEX Up-
grade (5− 8 cm or ∆ρpol ≈ 0.1) as:

∆Te
∆ρpol

≈ Te(ρpol,res − 0.05)− Te(ρpol,res + 0.05)

∆ρpol
(4.4)

and accordingly for the electron density. The required radial gradient is determined
afterwards with the corresponding radial positions using the equilibrium reconstruction.
The electron diamagnetic drift frequency is determined every 1 ms (standard IDA time
resolution) and time-averaged over the time intervals of the CXRS diagnostic, in order to
compare equal time steps.
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4.3.1. Consideration of Geometrical Properties

Figure 4.5: Poloidal view of the
EQH equilibrium. Red dashed lines
show constant ρpol - values and the
blue line illustrates the separatrix.

The plasma equilibrium in ASDEX Upgrade is
usually elongated in the poloidal cross section. As
can be recognized from Figure 4.5 the radial gradi-
ents vary for different poloidal angles Θ, since the
poloidal geometry of the plasma is not exactly cir-
cular. In order to consider this in the calculation,
the radial gradients for the electron temperature
were calculated for different angles as:

∂Te
∂r

=
∆Te
∆ρpol

· ∆ρpol
∆r(Θ)

· sin(α)

Here, ∆ρpol
∆r(Θ)

considers the elongated equilibrium
shape for a given poloidal angle Θ. The parame-
ter sin(α) considers the fact, that the radial LOS
from the magnetic axis is not exactly perpendicu-
lar on the equilibrium flux surface for every Θ (α
is the angle between the radial LOS and the equi-
librium flux surface). The analogue calculation is
carried out for the electron density gradient. Af-
terwards, the local diamagnetic drift velocity vdia,e
is calculated with equation 4.3 at the island posi-
tion ρpol,res and different angles Θ. This is used to
calculate the necessary time for a full rotation Tdia,e. The reciprocal value of the required
time gives the electron diamagnetic drift frequency:

1

fdia,e
= Tdia,e =

∫ 2π

0

r(Θ)

vdia,e(Θ)
· dΘ (4.5)

where r(Θ) is the corresponding minor radius from the magnetic axis.

The resulting geometrical correction is smallest close to the magnetic axis, where the
flux surface is most circular. For increasing ρpol - values the correction increases consid-
erably. The electron diamagnetic drift vdia,e and the minor radius r are shown in Figure
4.6 for the resonant surface at ρpol = 0.51. In this case, the resulting diamagnetic drift
frequency from equation 4.5 is 1.27 kHz. The simple calculation of the electron diamag-
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Figure 4.6: Geometrical effects for the calculation of fdia,e for discharge #25698 and
2.694 s at the resonant surface ρpol = 0.51. Due to the large radial gradient the diamagnetic
drift velocity is maximum at the LFS. Additionally, the minor radius is minimum for this
position.

netic drift frequency fdia,e =
vdia,e
2πr

on the LFS gives 2.98 kHz. This demonstrates the
importance of geometrical effects in an elongated plasma cross section.

When the angular velocity ωdia,e is calculated and transferred to the straight field line
angle Θ∗, the resulting rotation velocity will be constant, as it is expected. However,
the method of determining the electron diamagnetic drift frequency in straight field line
coordinates requires a monotonic q-profile to calculate Θ∗ allover the plasma2. This is
not always the case for the EQH equilibrium. In order to use consistent equilibria with
IDA, which is based on EQH, we used the described method to determine the electron
diamagnetic drift frequency.

2The calculation of Θ∗ can be carried out with the routine by W. Schneider in the kk-package in ASDEX
Upgrade.





Chapter 5.

MHD Modes and Plasma Rotation

The introduced theory and tools provide us a basic framework in order to describe the
MHD mode rotation. It is expected from the standard theory that the observed island
rotation is determined by the ambient plasma rotation and the electron diamagnetic drift
frequency at the resonant surfaces, which is described by equation 2.28.

5.1. The Rotation of (3/2) Modes

The MHDmode rotation frequency is determined with SXR as described in section 4.1.1
and the plasma rotation frequency is determined as shown in section 4.2. A comparison
of the plasma rotation and an observed MHD mode is shown in Figure 5.1 for discharge
#25698 and a selection of discharge parameters is shown in Figure 5.2. The MHD mode
occurs at 0.85 s and 20 kHz without any trigger indication. The mode analysis (see section
4.1) characterises this MHD mode with m = 3 and n = 2. In addition we can observe a
phase jump in the FFT analysis of the ECE, which is expected for an island due to its
eigenfunction [31]. Hence, the MHD mode is assumed to be a (3/2) magnetic island.

The determination of the island location in the early growth phase is not possible,
due to a noisy ECE signal. It can be determined firstly around 0.92 s at rather central
ρpol-values of about 0.34. This corresponds to the plasma rotation at the similar location,
without any contribution by the electron diamagnetic drift velocity. Afterwards the island
position shifts further outside in ρpol and for ECE channel numbers. This confirms a real
radial shift. The island location levels off at ρpol ≈ 0.51 after 1.75 s. The time scale of the
shift is several 100 ms, which is in the order of the current diffusion time. This indicates
that the current profile and the q-profile can change considerably, when the mode occurs.
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Figure 5.1: The comparison of n times the plasma rotation frequency and the observed
(3/2) island during discharge #25698. Additionally, m times the electron diamagnetic
drift frequency is shown in gray. Discharge #25698 is an H-mode with 800 MA flat top
current, a line averaged central electron density of around 5.2 · 1019 1

m3 and a toroidal
magnetic field of −2.48 T on axis.

Figure 5.2: Overview of selected discharge parameters for #25698. The NBI sources Q6
and Q8 are operated alternating in 100 ms intervals from 2.0 s. An ECRH heating of
about 0.7 MW starts at 1.0 s. At 3.0 s the ECRH heating is increased to 0.9 MW until
3.6 s. Afterwards, the ECRH is switched off.
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Figure 5.3: The top graph shows the development of the (3/2) island location and the
q95 factor is shown in the lower graph.

A change can also be observed for the absolute q95-value1 (see Figure 5.3). It can be
argued, that the mode location is fixed on the q-profile and a decrease of q95 can decrease
the q-profile allover the plasma. Hence, the q = 1.5 location can shift further outside.
However, this explanation would fit only between 1.4 s and 1.75 s, but an increasing ρpol
is also observable before 1.4 s, where the q95 does not decrease. Therefore, q95 is probably
not the only reason for the shift of the MHD mode and there should be an additional
mechanism.

One possible explanation for the shift could be the following: When the island occurs,
the temperature and density profiles are flattened. This flattening will cause a reduction
of the bootstrap current, reducing the local electric current density. This should slightly
reduce the total electric current in the plasma. On the other hand, the control system
of ASDEX Upgrade keeps the total electric current at a constant value. Therefore, the
central OH-coil (see section 3.1) will induce additional electric current, which will diffuse in
the core. Such an ohmic electric current profile could be more peaked. Hence, the central
q-value could decrease and lead to a shift of the resonant surface with q = 1.5. However, we
must be careful with this explanation. The percentage of the bootstrap current is rather
small for the investigated ρpol in ASDEX Upgrade. Therefore, we would expect only a
small effect on the q-value. A detailed investigation could provide more understanding of

1 The q95 is defined as a boundary q-value at 95% of the poloidal flux Ψ .
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the physical mechanisms for this observation, especially since the understanding for the
development of island locations could be helpful for the active control of magnetic islands.

The temporal development of the island location was taken into account for the calcu-
lation of the electron diamagnetic drift frequency, which is also shown in Figure 5.1. The
diamagnetic drift frequency is large when the mode appears and the island location is fur-
ther inside. This is due to the high temperature gradient for the ρpol-values around 0.35.
Further outside IDA shows a flattening of the temperature profile between ρpol ≈ 0.5−0.6,
hence diamagnetic contribution decreases when the island shifts into this region.

The comparison of the island rotation with the ambient plasma in Figure 5.1 indicates
that the mode rotation corresponds with the plasma rotation at ρpol ≈ 0.35 during the
formation time. Afterwards, the mode speeds up and reaches the plasma rotation at
ρpol ≈ 0.3. It follows the rotation for some 100 ms and finally levels off with the plasma
rotation frequency of around ρpol ≈ 0.4. The mode frequency does not differ a lot from
the plasma rotation at the q = 1.5 surface and the consideration of the uncertainty, which
is described below, could be used in order to explain the mode frequency only with the
plasma rotation. However, according to the theory, island rotation should also include the
electron diamagnetic drift velocity, which has to be subtracted for the plasma in ASDEX
Upgrade (see section 2.6). If this is done, the observed mode rotation will be clearly faster
than the expected mode frequency. This will be discussed in the next section in more
detail.

Two further (3/2) islands were present in discharges #25776 and #25825. Both islands
show similar development of their position as for the mode in #25698 (see Figure 5.4).
They begin slightly further inside in the plasma at around ρpol ≈ 0.42 and level off after
several 100 ms at ρpol ≈ 0.52. However, the q95 is almost constant for both cases. This
strengthens our assumption, that the q95 cannot explain the shift of the island location.

The rotation comparison for discharge #25776 is shown in Figure 5.5. The observed
frequency of the (3/2) mode is systematically faster than that of the plasma rotation at
the rational surface. In contrast to the mode during discharge #25698, the frequency
difference of the mode and the plasma is often larger than 2 kHz, which indicates that
the mode rotation cannot be described by the plasma rotation within the uncertainty.
Furthermore, if the electron diamagnetic drift is considered, the difference for the observed
and the expected mode frequency increases. This indicates again, that the (3/2) islands
does not move in the electron diamagnetic direction in the plasma rest frame.
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Figure 5.4: The development of the location of the (3/2) islands and the q95 value during
discharges #25776 and #25825.

Figure 5.5: The rotation comparison for discharge #25776. This H-mode discharge has
a flat top current of 1.0 MA, a central line averaged density of 7.7 · 1019 1

m3 and a toroidal
magnetic field of −2.52 T on axis. The NBI power input during the mode is constantly
7.7 MW. The ECRH heating works continuously during the mode occurrence but changes
between 0.7 MW and 1.7 MW.
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The comparison for discharge #25825 in Figure 5.6 demonstrates the same frequency
discrepancy as it was observed for previous discharges. All these islands move faster than
predicted by the plasma rotation and the electron diamagnetic drift. Actually, the (3/2)
islands seems even to prefer the ion diamagnetic rotation direction in the plasma rest
frame. Observations for magnetic islands, which are faster in comparison with the plasma
rotation were previously found in ASDEX Upgrade [35] and in DIII-D [16].

Figure 5.6: The rotation comparison during discharge #25825. This is an H-mode dis-
charge with a flat top current of 1.0 MA, a central line averaged density of 8.2 · 1019 1

m3

and an axis toroidal magnetic field of −2.48 T. The heating by NBI is 7.5 MW and no
ECRH. Instead, the ICRH heating has a power input of 3.3 MW during the presence of
the mode.

One possible explanation for this behavior was shown in the investigation by [18].
This work focuses on the influence by the so-called Neoclassical Toroidal Viscosity theory
(NTV), which was introduce in section 2.7. This theory describes a neoclassical damping
of the plasma flow and predicts an additional offset of the observed mode frequency. This
offset is directed in the ion diamagnetic drift direction and depends mainly on the ion
temperature gradient. If this offset is larger than the electron diamagnetic drift the island
could rotate faster than the ambient plasma at its location, which would explain the
observations. The investigation of these effects is carried out in the next chapter.
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Another contribution, which has not been considered yet, could be the mode coupling.
The motivation for this assumption can be seen during discharge #25698 in Figure 5.1.
The decrease of the island rotation frequency from 1.0 s to 1.5 s is similar to that of the
plasma rotation at ρpol ≈ 0.3, while the relative deceleration of the plasma at the island
location is smaller. This indicates that the (3/2) island is connected to inner ρpol-values,
which could be possible if mode coupling occurs. The existence of sawtooth crashes
indicates a q = 1 surface during discharge #25698. Thus, the (3/2) mode could couple
with an internal (2/2) mode. The determination of the inversion radius in SXR identifies
the q = 1 resonant surface location at ρpol ≈ 0.28.

In order to investigate mode coupling, the SXR signal was analysed (see Figure 5.7).
It can be seen that the central SXR amplitude of the mode frequency does not have a
minimum, which is expected for an m = 3 mode (see section 3.5). Also the phase jumps
do not show a characteristic m = 3 mode. Instead of that, the FFT transformation of the
SXR diagnostic shows a clear amplitude for the central channels. This indicates an even
m mode, which is closer to the plasma center than the (3/2) mode. Having n = 2 the
coupled mode can only be a (2/2) mode. Additionally, all ECE channels, which are inside
the q = 1.5 surface do not show an phase jump. Hence, the coupled MHD mode should
be ideal. An ideal mode does not change the topology of the magnetic flux. Therefore, it
should be able to move rather freely in the plasma. However, it is not fully understood if
an ideal MHD mode couples without any drag effects, or if it can drag the (3/2) island,
e.g. via the NTV.

Figure 5.7: The FFT analysis with SXR for discharge #25698 and 15.85 kHz at 2.55 s
indicate the existence of an m = 2 ideal MHD mode in the central plasma, which couples
to the (3/2) island.
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Estimation of the Uncertainties

An extensive calculation of the uncertainties is not carried out in this work, in particular
due to the fact that not all uncertainties are available. However, a rough estimation of
the uncertainty can be performed as the following:

The uncertainty of the FFT spectrogram from the SXR signal is 250 Hz per pixel, thus
∆500 Hz should be considered at least. Furthermore, the determination of the location
is possible for the region between two adjacent ECE channels. This and the mapping
routines for the equilibrium reconstruction should give an uncertainty of about ∆ρpol ≈
0.04, which amounts to approximately ∆0.5−1.0 kHz (depending on the rotation profile).

The uncertainty for the plasma rotation from CXRS diagnostic has two contributing
effects. Firstly, the CXRS measures the velocity of the carbon impurities and not of the
main plasma ions, which are slightly faster (section 4.2). This gives a systematic error for
the plasma rotation. In addition, the determination of the rotation velocity is performed
by a fit of three Gaussian functions into not always clearly separated peaks in the measured
spectrum, hence there might be a large fitting error. The specified uncertainty in the
CXRS data is usually around 5 %, which would correspond to ∆frot ≈ 1.0 kHz. This
uncertainty seems to be underestimated and the real uncertainty is probably higher.

The determination of the diamagnetic drift frequency requires temperature and density
profiles, the toroidal magnetic field and the corresponding positions for the radial gradient.
The magnetic field and the position values are taken from the equilibrium, which does
not include uncertainty information. The electron temperature and density uncertainties
can be obtained from IDA. Equation 4.3 can be used to show, that the uncertainty for
the diamagnetic drift is linearly dependent on these quantities and their radial gradients.
According to Gaussian uncertainty propagation, the velocity uncertainty is then given as:

∆vdia,e =

√√√√(∆Te
Te

)2

+

(
∆ne
ne

)2

+

(
∆∂Te

∂r
∂Te
∂r

)2

+

(
∆∂ne

∂r
∂ne
∂r

)2

(5.1)

Due to the fact, that IDA data uses modeled profiles, the uncertainty of gradients can be
assumed to be of the same order as the uncertainty of the profile. Equation 5.1 will result
in an uncertainty of about 35% for diamagnetic drift if we assume for the temperature
uncertainty 15% and for the density uncertainty 20%. This in turn will correspond to an
uncertainty of ∆fdia,e ≈ 1.8kHz, if the diamagnetic drift frequency is 5 kHz.
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The Influence of ECRH on Mode Rotation

An additional effect can be observed in Figure 5.1 at 1.0 s. Exactly at this time an
additional ECRH heating of 0.7 MW is turned on and the rotation velocity of the island
and that of the plasma decelerate approximately with the same rate. Furthermore, at
3.61 s the ECRH is turned off and the plasma rotation increases.

The decrease of the plasma rotation due to ECRH has been observed in several experi-
ments [28], [9]. One possible explanation is the global confinement time of energy, which is
strongly correlated to the momentum confinement [9]. Scaling laws show that the energy
confinement time τE and the energy input P scales as τE ∝ P−α, with α = 0.5 − 0.73

[32]. Since ECRH provide heating power but no momentum input, it can be stated that
the plasma rotation decreases with ECRH. In addition, the local change of the momen-
tum transport can contribute to the decrease of the plasma rotation [9]. However, the
underlying physics are still not fully understood [28]. The island rotation in Figure 5.1 de-
celerates parallel in comparison with the plasma rotation. The difference between plasma
and mode rotation does not change. Hence, the ECRH influences mainly the ambient
plasma rotation but not the rotation of the (3/2) island in the plasma rest frame.

5.2. The Rotation of (2/1) Modes with Flat

Temperature Profiles

The previously shown modes occur in plasmas without strong impurity contribution,
which means in particular, that the central plasma temperature is around several keV with
a clearly distinctive temperature profile. But it can happen in ASDEX Upgrade, that the
plasma becomes contaminated by tungsten. Because of its large nucleus charge, tungsten
is not fully ionized in the plasma. The remaining tungsten electrons can be excited and
will emit line-emission during relaxation, resulting in an additional energy loss. Tungsten
can accumulate in the plasma core and causes there a temperature reduction.

It has been observed in ASDEX Upgrade that (2/1) islands can occur in cases with
tungsten accumulation and flat temperature profiles in the plasma core. These cases are
of interest for the understanding of mode rotation, since the diamagnetic effects should
be strongly reduced. Therefore, these islands are expected to rotate almost as the plasma
at the corresponding location. The comparison of the rotation of such (2/1) islands is
shown in Figure 5.8 and Figure 5.11.
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Figure 5.8: The comparison of rotation frequencies in discharge #25604. The (2/1)
island arise at 1.661 s without a trigger indication. At the same time a flattening of the
rotation profile is observed.

Figure 5.9: Discharge #25604 has a flat top current of 1.0 MA, a central line averaged
density of 7.8 · 1019 1

m3 and an axis toroidal magnetic field of −2.48 T. The NBI heating is
7.5 MW and an ECRH heating of 0.7 MW is turned on until 1.668 s. Various ECE channels
shows the development of the electron temperature. The ECE channels #60, #42 and
#30 are around ρpol ≈ 0.15, 0.55 and 0.80, respectively. The plasma is an H-mode, when
the temperature decrease starts due to tungsten accumulation at 1.45 s.
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The MHD mode occurs at 1.661 s and 0.9 keV central temperature, shortly before the
ECRH is switched off. The mode can be characterised with Mirnov coils as a (2/1) mode.
In addition, an ECE phase jump can be observed for ρpol ≈ 0.58−0.64, which indicate that
the observed mode is an island. The location of the (2/1) island cannot be determined
for all times, because the ECE is not available for ρpol between 0.64 and 0.78 for this
discharge. But we assume that the island is close to ρpol ≈ 0.6. The q95-value is 4.25 when
the mode starts, decreases to 4.1 at 2.0 s and stays constant until 4.0 s.

The (2/1) island in Figure 5.8 arise at a frequency, which correspond to the plasma
rotation at ρpol ≈ 0.58 and accelerates right from the start within 120 ms until it reaches
the plasma rotation at ρpol ≈ 0.3. At the same time the initially peaked plasma rotation
profile flattens for central ρpol-values. After the initial acceleration the rotation of the
(2/1) mode is faster than that of the plasma at the q = 2 surface. Furthermore, after
2.2 s the plasma rotation at ρpol > 0.4 decreases while the (2/1) mode and the plasma at
ρpol ≈ 0.2− 0.3 stay at a similar frequencies. This indicates that the plasma at the inner
ρpol could be responsible for the rotation of the (2/1) mode.

In order to investigate coupling effects, the q = 1 surface was determined via the
sawtooth inversion radius for different times at ρpol between 0.2 and 0.3. This indicates
that the (2/1) mode is synchronised with the plasma rotation at the q = 1 surface, which
could be possible if a coupled (1/1) mode exists. Due to the tungsten accumulation for this
discharge, the FFT analysis of SXR is very uncertain. However, the FFT analysis from
ECE show a strong amplitude for inner ρpol-values, which is shown in Figure 5.10. Note,
that the ECE has a maximum resolution of 31.25 kHz and the observed mode frequency
is higher than the Nyquist frequency of the ECE (see section 4.1). However, even if the
frequency cannot be determined with ECE, the FFT amplitude and the phase jumps of
the mode can still be investigated.

The strong amplitude of inner ρpol-values show a dominating central mode. This
strengthens our assumption that a strong inner mode can drag the outer MHD mode.
However, this is only possible if the (1/1) mode has a connection to the plasma rotation
and cannot move freely in the plasma rest frame. One possibility for this connection could
be the NTV, which will be discussed in the next chapter. In addition, Figure 5.8 shows
that the diamagnetic effects can be neglected in this case, due to the flat temperature
profiles.
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Figure 5.10: The FFT analysis with ECE for discharge #25604 and the frequency of
14.3 kHz at 1.84 s. The strong central amplitude indicate the existence of a (1/1) mode,
which is coupled to the (2/1) MHD mode. There is no phase jump of ECE at this time
to determine the location of the (2/1) mode.

Figure 5.11: The rotation comparison during discharge #25799 confirms the observation
of the rotation profile flattening after mode formation. Discharge #25799 is an H-mode
with 1.0 MA flat top current, 8.3 · 1019 1

m3 central line averaged density and −2.53 T axis
toroidal magnetic field. The NBI heating is 7.5 MW and the ECRH works with 1.7 MW
until 2.86 s, and is then switched off.
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Another (2/1) island with flat temperature profile occurs during discharge #25799 at
ρpol ≈ 0.6 (see Figure 5.11). It starts at 2.592 s at a frequency, which corresponds to
the plasma rotation at ρpol ≈ 0.6. Right from the start the island accelerates and the
plasma rotation profile flattens and becomes even slightly inverse. The q = 1 surface was
determined around ρpol ≈ 0.3 with sawteeth in SXR. Additionally, a large FFT amplitude
at inner regions was observed in ECE, which indicates mode coupling. After the flatting
of the plasma rotation the (2/1) island rotates faster than the plasma at ρpol = 0.6 and
fits better to the plasma rotation of the q = 1 surface. The deviation between the q = 1

surface and the MHD mode rotation could be explained by the uncertainty. In addition,
it can be seen, that after the ECRH is switched off, the rotation of the plasma and the
mode increases noticeably.





Chapter 6.

Neoclassical Influence on MHD
Mode Rotation

It was shown in the previous chapter, that the comparison of the MHD mode rotation with
the plasma shows a discrepancy, if we assume that the island rotation is determined by the
plasma rotation and the electron diamagnetic drift. One possible correction which could
explain the observed rotation frequencies is given by the Neoclassical Toroidal Viscosity
(NTV) theory, which describes two major effects. One effect is that the toroidal plasma
flow is damped in the presence of an MHD mode. Secondly, NTV adds an additional
offset for the MHD mode rotation directed in the direction of the ion flow [6].

6.1. Determination of the NTV Regime

NTV originates due to a non ambipolar radial particle drift in the plasma, when the
toroidal flux symmetry is broken. This theory predicts a neoclassical toroidal offset ve-
locity for MHD modes, which is proportional to the ion temperature gradient, as it was
introduced in section 2.7. Additionally, the neoclassical offset velocity depends on the
NTV regime of the plasma.

The two relevant NTV regimes for low collisionality plasmas are the (1/ν)-regime and
the (ν)-regime. The limit between these regimes is determined by qωE, where ωE is defined
as the E × B poloidal drift frequency ωE = Er

rBΦ
. In order to determine the regime in

ASDEX Upgrade, the radial electric field Er is estimated. Equation 2.4 can be used for
a stationary case to obtain the radial electric field as:

57
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Er =
(∇pα)r
qαnα

− (vα ×B)r (6.1)

Here, the index α represents a certain particle species in the plasma. This equation shows,
that the radial electric field is generated by the pressure gradient and the velocity of the
particles. For the calculation it is convenient to rewrite this equation as:

Er =
(∇pα)r
qαnα

− (vθ,αBΦ − vΦ,αBθ) (6.2)

where, vθ,α is the poloidal and vΦ,α the toroidal velocity. The determination of the electric
field requires only the consideration of one species, since there can be only one electric
field. For our estimation of the radial electric field we use the impurity ions from the
CXRS diagnostic. According to [30], the radial electric field is dominated by the toroidal
particle flow. Hence, we neglect the pressure and the poloidal velocity contribution in our
estimation. Figure 6.1 shows the calculated electric field Er for various discharges on the
midplane of the LFS.

Figure 6.1: Er measurements for various discharges in ASDEX Upgrade at t = 2.0 s.
Because Er is dominated by the toroidal particle flow [30], the contribution of the poloidal
velocity and the pressure was neglected.

The radial electric field Er is about 20−30 kV
m
, which is in a good agreement to previous

Er investigations in ASDEX Upgrade [30]. The calculation of the qωE limit is carried out
using the EQH equilibrium, which provides the toroidal magnetic field BΦ, the q-profile
and the minor radius r. Afterwards, νii/ε is calculated using the following equations [47]:
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νii =
1

τii
(6.3)

τii = 6.60 · 1017 (mi/mp)
1/2T

3/2
i

niZ4 lnλ
(6.4)

lnλ = 17.3− 1

2
ln(ne/1020) +

3

2
lnTi (6.5)

ε =
r

R0

(6.6)

Here, τii is the ion-ion collision time, mi the ion mass, mp the proton mass, Ti the ion
temperature in [keV], ni and ne the density of ions and electrons in [m−3], respectively, Z
the ion charge and lnλ the Coulomb logarithm. In our case the calculation is performed
for deuterium as main plasma ions, hence, Z = 1 and mi = 2mp and we assume that
ni ≈ ne. The comparison of νii/ε with qωE (see Figure 6.2) shows that νii/ε is clearly
below the qωE limit at the MHD mode location for all discharges. Therefore, the (ν)-
regime is valid for ASDEX Upgrade with k ' 0.92. A further investigation of the k-factor
is carried out below.

Figure 6.2: The comparison of the limit qωE and νii/ε on the midplane of the LFS for
different discharges at t = 2.0 s. Note that qωE is divided by 20, for a better comparison.
All discharges show, that νii/ε is clearly below the qωE limit.
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6.2. (3/2) Mode Rotation with the Neoclassical Offset

Two models are used for the expected MHD mode rotation. In the first model we use
the same approach as it was discussed in chapter 5 and assume that the magnetic island
rotates in the plasma rest frame with the electron diamagnetic drift offset. In addition
we assume that the MHD mode field perturbation interacts with trapped particles and
produces a neoclassical toroidal velocity offset, which is added to the island rotation.
This offset is determined at the island location with the ion temperature gradient from
CXRS and the EQH equilibrium. Furthermore, the toroidal mode number n is taken into
account. The frequency of this model will be called fmode,I :

fmode,I = n · fplasma −m · fdia,e + n · fnc (6.7)

The second model is used to investigate if the electron diamagnetic drift is required to
describe the island rotation. The reason for this assumption is that the neoclassical offset
contribution allows that the island has an additional differential rotation and is therefore
not necessarily frozen in the electron flow. Hence, the electron diamagnetic drift will be
neglected in this model. The frequency of this model will be called fmode,II :

fmode,II = n · fplasma + n · fnc (6.8)

Furthermore, the calculation of the MHD mode frequency with the electron diamag-
netic drift frequency but without the neoclassical offset, as it is described in section 2.6,
will be shown for comparison as fmode,0.

The comparison of the observed MHD mode frequency from SXR with the different
models is shown in Figure 6.3 for discharge #25698. The development of the island
locations was considered in the calculation. Individual components for the frequency
calculations are shown as dashed lines in the graph. As can be seen, the determination of
the mode frequency fmode,0 does not describe the measured data at all. The consideration
of the neoclassical offset velocity in the first model fmode,I increases the expected frequency
to the previous plasma rotation level and fits better to the measured island frequency
fSXR. Especially, shortly after the mode formation, fmode,I can describe the measured
frequency rather well. During the presence of the island fmode,I is slightly lower than
the plasma rotation, but it can still describe fSXR, if the uncertainties are considered1.

1The uncertainty estimation of fmode,0 is described in section 5.1. In order to get the uncertainty
of fmode,I and fmode,II the possible uncertainty of the CXRS measurement of the ion temperature
gradient has to be taken into account.
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The frequency of the second model fmode,II is slightly higher than the observed mode
frequency for all times. But with the exception of the MHD mode formation, also fmode,II
can describe the observed MHD mode rather well.

Figure 6.3: The comparison of the expected mode rotation frequency during discharge
#25698, for different models. The frequency fmode,0 considers the plasma rotation together
with the electron diamagnetic drift. The additional contribution of the neoclassical off-
set is considered in fmode,I . The frequency fmode,II considers the neoclassical offset, but
neglects the diamagnetic drift velocity.

A similar observation for the MHD mode frequency is found for discharge #25776
(see Figure 6.4) and for discharge #25825 (see Figure 6.5). In both discharges fmode,I
and fmode,II describe the observed frequency much better than the frequency fmode,0.
Additionally, both discharges show that at the most times the frequency of the first model
fmode,I is slightly lower, than the observed frequency, while the frequency of the second
model fmode,II is slightly higher. The deviation of the observed frequency is smaller for
fmode,II , which could indicate that fmode,II describes the MHD mode rotation better than
fmode,I .
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Figure 6.4: The comparison of the expected island rotation frequency for different models
during discharge #25776.

Figure 6.5: The comparison of the expected island rotation frequency for different models
during discharge #25825.
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However, there are several aspects, which have to be considered as well. One aspect is
the CXRS measurement. CXRS determines the velocity of impurity ions. But the plasma
rotation is determined by the main plasma ions, which rotate slightly faster, as it was
explained in section 4.2. Hence, CXRS underestimates the plasma rotation frequency.

Furthermore, it was shown in section 5.2 that the mode coupling could influence the
MHD mode rotation frequency as well. The inner MHD mode can rotate faster and drag
the outer MHD mode. Thus, the observed island frequency fSXR can be faster with mode
coupling than expected for a single (3/2) island.

Moreover, the determination of the neoclassical toroidal velocity offset is proportional
to a k-factor, which depends on the plasma regime. The determined plasma regime in
ASDEX Upgrade is the (ν)-regime with k ' 0.92. However, if the plasma is not deeply
in the (ν)-regime, the k-factor can be between 0.92 and 3.5. Since all these effects lead to
an underestimation of the expected mode frequency, it seems more likely that fmode,I fits
the observed mode frequency better than fmode,II .

Evaluation of the Coefficient k

The neoclassical offset velocity is directly proportional to the k-factor (equation 2.29).
The NTV theory predicts two relevant regimes for currently operated tokamaks, with
k ' 3.5 for the (1/ν)-regime and k ' 0.92 for the (ν)-regime. But there is no theory for
the development of the k-factor between these regimes.

We determined the k-factor for which the calculated frequency of fmode,I and fmode,II
fits the observed MHD mode frequency fSXR. The evaluation of the k-factor is shown in
Figure 6.6. In the first model the k-factor is between 1 and 2. This could indicate that
the plasma is still not very deep in the (ν)-regime and k could be between 0.92 and 3.5.
On the other hand, the k-factor of the second model is mostly below 0.92, especially for
discharge #25698. This is lower than predicted by the neoclassical theory and cannot
be explained by the transition between the regimes. Furthermore, if we consider the
influences of coupled inner modes and the possibility of a too low velocity measurement,
k will decrease in both cases. This will lead to a better agreement of the k-factor with
the first model. Hence, the electron diamagnetic drift frequency should be included in the
island rotation.
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Figure 6.6: The evaluation of the k-factor for different discharges and models. The
dashed line shows k = 0.92 for the (ν)-regime. The k-factor of the first model is between
1 and 2. In the second model the coefficient k is mostly below 0.92.

6.3. (2/1) Modes with Flat Temperature Profiles

The investigation of the (2/1) MHD modes in the previous chapter leads to the ques-
tion, whether the neoclassical toroidal velocity offset can be used to explain the observed
rotation frequency. These (2/1) MHD modes are remarkable because of the flat temper-
ature profiles, which occur due to tungsten accumulation in the plasma core. Therefore,
all offset velocities, like the electron diamagnetic drift velocity and the neoclassical offset
should have a small contribution.

The tungsten accumulation causes a lower ion temperature. Therefore, the νii/ε quan-
tity is expected to be higher, which could change the NTV regime. Hence, a verification
of the NTV regime is necessary. The comparison of νii/ε and qωE is demonstrated in
Figure 6.7. Note, that qωE is divided by a factor of 10 for comparison. Therefore, it is
clear that νii/ε is lower than the qωE limit and it can be stated that the (ν)-regime is
valid in this case.
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Figure 6.7: (a) The electric field during MHD mode occurrence. (b) The comparison of
the qωE limit and νii/ε. Note that the qωE limit is divided by 10 for better comparison.
Both graphs show discharge #25604 at t = 2.0 s and discharge #25799 at t = 3.0 s.

The comparison of the observed (2/1) MHD mode rotation with different rotation
models is shown in Figure 6.8 and Figure 6.9. Additionally, the coupled (1/1) MHD
modes are compared in these figures, since it was observed that they could be responsible
for the mode rotation. Note, that the electron diamagnetic drift can be neglected for the
(1/1) MHD modes, because these modes are assumed to be ideal. Hence, fmode,0 is equal
to the plasma rotation and fmode,I is equal to fmode,II for the (1/1) modes.

It can be seen that the contribution of the electron diamagnetic drift velocity and
the neoclassical toroidal offset velocity for both (2/1) MHD modes is very small. Hence,
both models fmode,I and fmode,II are approximately equal to the plasma rotation. As can
be seen the rotation of both (2/1) modes can be described only at the formation time.
Afterwards, both modes accelerate and rotate much faster than predicted by any of these
models.

The expected rotation frequency of the (1/1) MHD modes from our models fits better
to the measured mode frequency. This is because of the higher ambient plasma rotation
at q = 1. For these cases the neoclassical offset velocity varies strongly and can even be
negative, since the ion temperature from CXRS shows hollow profiles. Thus, the neoclas-
sical components cannot improve the description of the MHD mode rotation. However,
these cases demonstrates that the rotation of the (2/1) MHD mode can be dominated by
the rotation of the coupled (1/1) MHD mode. Therefore, mode coupling should be taken
into account for the investigation of the MHD mode rotation.
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Figure 6.8: The comparison of MHD mode rotation for discharge #25604. The observed
mode frequency is compared with the models for a (2/1) mode located at ρpol ≈ 0.6 (left)
and for a (1/1) mode located at ρpol ≈ 0.3 (right).

Figure 6.9: The comparison of MHD mode rotation for discharge #25799. The observed
mode frequency is compared with the models for a (2/1) mode located at ρpol ≈ 0.6 (left)
and for a (1/1) mode located at ρpol ≈ 0.3 (right).
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6.4. Neoclassical Torque

The magnetic field perturbation of an MHD mode will break the axis symmetry of the
tokamak equilibrium, which causes a radial nonambipolar drift of the trapped particles.
This can generate a j×B torque and cause a deceleration of the plasma flow. Since MHD
modes are moving in the plasma rest frame, we can argue that the torque can not only
affect the plasma rotation, but also the rotation of MHD modes. If two coupled MHD
modes are present in a plasma, the torque will be generated by both MHD modes. The
torque can be calculated using the expression given by [18]:

tΦ,NTV = K ·
∑
m,n

|nbm,n|2Wm,n ·
(

[ωrot +
∑

ωoffset]− ωMHD

)
(6.9)

with

K = 1.74ne
eTi
2νii

RBΦε
3/2〈R〉〈B−1

Φ 〉〈R
−2〉 (6.10)

Here, ne is the electron density, Ti the ion temperature, νii the ion-ion collision frequency,
R the major radius, BΦ the toroidal magnetic field. The 〈〉 represent the average of the
quantity on a flux surface. The observed MHD mode frequency is described by ωMHD and
the plasma rotation by ωrot. The rotation contributions, which generate an offset velocity
are described by

∑
ωoffset. The coefficients bm,n represent the normalized perturbed

magnetic field and can be calculated with equation 2.22 from the displacement function
ξ. The calculation of bm,n for the toroidal geometry is shown in appendix A and the
determination of Wm,n in appendix B.

In this equation K,bm,n,Wm,n and ωrot are profiles of ρpol. The frequencies
∑
ωoffset

are the offset velocity values at the MHD mode location. This equation describes that
the torque will be 0 at that location, where the plasma rotation and all assumed offset
frequencies will be equal to the observed MHD mode frequency. The other regions will
have a non vanishing torque.

The coefficients bm,n and Wm,n in equation 6.9 depend on the q-profile. Since the q-
profile from the CLISTE reconstruction is not very accurate for the plasma core, we have
used the positions of the observed MHD mode, the q = 1 surface and the q95 value to
obtain an adapted q-profile. The determination of the q-profile was carried out as a spline
of the tree points over their position with the boundary condition 0 = dq

dρpol
at ρpol = 0.
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Furthermore, we determined from the FFT analysis of the ECE the radial displacement
function ξr(r), which is required to measure the magnetic perturbation bm,n:

ξr =
∆Te
∂Te
∂r

(6.11)

Here, ∆Te is the temperature fluctuation from the FFT amplitude and ∂Te
∂r

the temper-
ature gradient, which is time averaged for the time interval of the FFT analysis. The
displacement ξr could be determined only for discharges with non zero temperature gra-
dient, in order to avoid diverging ξr. For this reason, ξr could not be determined for
discharges with (2/1) MHD modes and flat temperature profiles.

The observed displacement ξr is shown exemplary for discharge #25698 and t = 1.82 s

in Figure 6.10. The expected (3/2) island amplitude from the ECE has a minimum at its
X-point and a maximum left and right from the X-point. The distance of these maxima
correspond approximately to the island width [31]. This specific signal shape can be
recognised in our observations around ρpol ≈ 0.46, which confirms that the present MHD
mode is a (3/2) island. Additionally, ECE has an amplitude further inside. This indicates
the existence of the coupled (2/2) mode, as it was predicted by SXR (see section 5.1).

Since there are two coupled modes, the displacement is subdivided in two parts. One
part represents the (3/2) mode and the other represents the (2/2) mode. The composition
of the signal is not exactly known, since it depends on the mode eigenfunctions ξ and on
their phase coupling. Therefore, we assumed that the (2/2) mode dominates for ρpol < 0.25

and the (3/2) mode dominates for ρpol > 0.40. The region of ρpol between 0.25 and 0.40

was subdivided linearly. The fractional contribution is shown in Figure 6.10 as weighting
factor. Additionally, we add the following constraints for the displacement: ξr ≡ 0 at
ρpol = 0 with a linear decay and ξr ≡ 1

e
· ξr,last at ρpol = 0.7 with an exponential decay.

Here, ξr,last is the last measured ECE amplitude.

We used the experimental determination of the displacement to calculate the bm,n.
Afterwards, the torque could be evaluated for both MHD modes individually. We have
used equation 6.9 with different offset contributions

∑
ωoffset for each MHD mode. It

is assumed that the rotation frequency of the (3/2) island has an electron diamagnetic
drift offset ωdia,e and a neoclassical offset ωnc. The (2/2) MHD mode is assumed to be
ideal. Thus, it is expected that this mode has no offset contribution due to the electron
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Figure 6.10: The black points in the right graph represent the observed displacement ξr
for discharge #25698 at t = 1.82 s. The displacement is subdivided on two MHD modes.
The green line represent ξr of the (3/2) island and red line the (2/2) MHD mode. The
used weighting factor is shown in the bottom graph on the right.

diamagnetic drift. Therefore, only the neoclassical offset ωnc was taken into account for
the (2/2) MHD mode. All offsets were calculated at the position of the rational surface
of the corresponding mode.

The result of the calculation is shown in Figure 6.11. It can be seen, that the torque
acts decelerating on the central plasma rotation and accelerating on the outer plasma
flow. This is consistent with the observations by [18]. On the other hand, the torque can
also influence the rotation of the MHD modes. According to Newtons third law, we can
determine the torque on the MHD modes by inverting the torque on the plasma. Hence,
the fast central plasma rotation will try to accelerate the coupled MHD modes, while the
slow outer plasma will try to decelerate them. If we integrate the torque function, the
total torque on the MHD modes can be calculated. If the total torque is negative, it will
decrease the MHD mode rotation. If it is positive, it can increase the MHD mode rotation.
The natural velocity of the MHD modes in a stationary state could be determined, if the
total torque is vanishing.
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Figure 6.11: The top graph shows the determined bm,n for discharge #25698 and t =
1.82 s. The graph below illustrate the calculated torque of both MHD modes.

6.5. Determination of the Frequency with

Vanishing Torque

The previous determination of the torque was carried out with the observed MHD mode
frequency. The torque is usually used to explain the deceleration or the acceleration of
the plasma rotation shortly after an MHD mode occurs. However, in a stationary case
the plasma rotation does not change and we can use the torque to investigate the MHD
mode rotation. We can vary an assumed MHD mode frequency and calculate the torque.
With this variation the natural MHD mode frequency should be obtained, where the total
torque is 0. If we carry out this calculation for the case which is shown in Figure 6.11 the
frequency with vanishing torque is determined at f = 14.5 kHz. This corresponds well
with the observed MHD mode frequency of f = 13.9 kHz.

The determination of the frequency with vanishing torque has been used for discharges
#25698, #25776 and #25825. In addition we have used different assumptions for the off-
set velocities, in order to find the natural MHD mode frequencies (see Table 6.5). Model I
considers the toroidal neoclassical offset velocity fnc at the position of each MHD mode.
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Additionally, the (3/2) island mode is assumed to have electron diamagnetic offset con-
tribution. Model II neglects fnc for both modes. Model III is similar to the first Model,
but it is assumed that the inner (2/2) MHD mode has an additional contribution due to
the ion diamagnetic drift velocity fdia,i. Model IV considers only the neoclassical offset
velocity, without all diamagnetic drifts. Finally, Model V assumes no offset velocities at
all.

(2/2) ideal mode (3/2) magnetic island

Model I n · fnc n · fnc −m · fdia,e
Model II − −m · fdia,e
Model III n · fnc +m · fdia,i n · fnc −m · fdia,e
Model IV n · fnc n · fnc
Model V − −

Table 6.1: Assumed offset contributions of the expected MHD mode rotation frequency
for the (3/2) island and the (2/2) ideal mode.

The offsets velocities were calculated at the rational surface of each MHD mode. The
results of the modulated MHD rotation frequencies, for which the torque becomes 0, is
shown in Figure 6.12. Surprisingly, discharge #25698 shows the best agreement of the
observed MHD mode rotation for model V. But also model I can describe the observed
MHD mode rotation quite well, with the exception of the time shortly after mode for-
mation. It has to be mentioned, that the uncertainty of model I is much larger than
for model V, because the offset velocities are dependent on the temperature gradients.
This could explain the larger scatter. Furthermore, model II underestimates the mode
frequency, while model III and model IV show a tendency of overestimation. This can be
understood if we clarify the effects of our assumptions. For example, if the ωrot+

∑
ωoffset

term becomes larger due to electron diamagnetic drift frequency, the expected MHD mode
frequency fMHD must increase to compensate the additional torque. On the other hand if
we neglect the neoclassical offset contribution or subtract the electron diamagnetic drift
velocity, the expected MHD mode rotation is decreased.

The further analysis of discharges #25776 and #25825 shows a similar picture. Both
models, I and V can describe the MHD mode rotation quite well. One possible explanation
for this could be that the neoclassical offset velocity has a similar size as the electron
diamagnetic contribution (see Figure 6.3 - Figure 6.5), thus these offset velocities can
cancel each other. The remaining difference of these models is the neoclassical offset
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Figure 6.12: The determined frequency with vanishing torque for various discharges.

contribution of the inner coupled mode. This leads to a higher expected MHD mode
rotation for the first model in comparison with model V. However, both of these models
are suitable to describe the MHD mode rotation and we cannot favour one of these models.

Figure 6.12 shows two further characteristics. First, model I and model III describe
the MHD mode rotation similarly for several times during discharge #25776. This coin-
cidence occurs, because the (3/2) MHD mode dominates at these times. The inner MHD
mode perturbations are small and do hardly contribute to the torque determination. Fur-
thermore, we can compare the frequency of model I with the previous determination of
the mode frequency fmode,I in Figure 6.4. It can be seen that fmode,I underestimates the
observed MHD mode frequency, whereas model I includes the inner (2/2) mode and has
therefore a higher frequency. Hence, model I seems to fit better. However, the uncertain-
ties of model I are much larger than of fmode,I .
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Secondly, we can see in discharge #25698 and #25776 that the determination of the
frequency with vanishing torque does not describe the observed MHD mode rotation for
model I shortly after MHD mode formation. This can be explained by the choice of our
mode contribution to the total displacement (see Figure 6.10). This choice was fixed for all
times of the analysis. However, the MHD mode location is further inside at the formation
time (see Figure 5.3 and Figure 5.4). Hence, the contribution to the displacement was
overestimated for the inner (2/2) mode and underestimated for the (3/2) island during
the time, where the island had not its final location around ρpol ≈ 0.5. At these times
the influence of the electron diamagnetic drift was too low, resulting in a higher expected
mode frequency.





Chapter 7.

Summary, Conclusions and Outlook

The goal of this work was the investigation of the rotation of magnetic islands in a tokamak
plasma. Standard plasma theory expects that the rotation of a magnetic island can be
described with the plasma rotation together with the electron diamagnetic drift. This
follows from the condition, that the magnetic field topology is frozen in the electrons of
the plasma. The electron diamagnetic drift adds a poloidal rotation, which contributes to
the rotation in counter-current direction. Since the plasma rotation in ASDEX Upgrade
is usually in current direction, islands are expected to rotate slower than the plasma.
However, the opposite is usually observed in ASDEX Upgrade.

This thesis concentrates on the possible explanation of this behavior, which is given by
the neoclassical viscosity theory (NTV). NTV proposes two effects which can influence
the MHD mode rotation, a neoclassical torque and a neoclassical toroidal offset velocity,
which is proportional to the ion temperature gradient. The effect of both contributions
was investigated for the rotation of islands.

It was found that the neoclassical toroidal offset velocity is of similar size as the electron
diamagnetic drift in ASDEX Upgrade. Hence, the expected island rotation will be similar
to the plasma rotation if both offsets are taken into account. In the case of (3/2) islands,
the three components (plasma rotation, electron diamagnetic drift and neoclassical veloc-
ity offset) can be used to describe the observed MHD mode rotation if we consider several
effects. One is that the measured plasma rotation by CXRS slightly underestimates the
rotation of the main plasma ions. Furthermore, the neoclassical offset velocity is propor-
tional to a factor k, which can vary between 0.92 and 3.5 for various plasma regimes.
We have used k = 0.92 for the (ν)-regime. However, if the plasma is not exactly in this
regime, the neoclassical offset velocity will be larger. These arguments would increase our
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expected MHD mode rotation and we could describe the observed MHD modes.

In addition, we have found (2/1) MHD modes with flat temperature profiles, which
cannot be described with the plasma rotation, the electron diamagnetic drift and the
neoclassical offset velocity at the q = 2 surface. These MHD modes rotate with the
plasma flow at q = 1. In these cases we have observed a strong amplitude of coupled
(1/1) MHD modes with ECE, which can drag the (2/1) mode to rotate faster than the
surrounding plasma. Also the (3/2) islands were coupled to (2/2) MHD modes, which are
located further inside the plasma. Hence, also in this case, an increase of the (3/2) island
rotation frequency due to the inner coupled (2/2) mode is likely.

In order to consider coupling effects we have calculated the neoclassical torque for the
(3/2) magnetic islands. In a stationary case, where the rotation of the plasma and the
MHD modes is constant, we can assume that the MHD mode rotates at a frequency, where
the total neoclassical torque is vanishing. We have varied the assumed rotation frequency
of the MHD mode for different models to find the frequency with vanishing torque. Two
models were able to describe the experimental observations of the MHD mode rotation
frequency rather well. One model assumes no offset velocities for both MHD modes. The
second model assumes that the offset velocities are described by the electron diamagnetic
drift and the neoclassical offset for the magnetic island and only the neoclassical offset for
the inner coupled ideal mode. Since the electron diamagnetic drift and the neoclassical
offset velocity of the (3/2) island cancel each other out in many cases, both models show
similar results. Therefore, we cannot favour one of the models. For the (2/1) modes the
torque analysis could not be carried out because of the flat temperature profiles. However,
these cases show directly that mode coupling to an ideal mode can strongly influence the
island rotation.

The determination of the MHD mode rotation was carried out in this thesis on a rather
slow time resolution, due to the available CXRS. Therefore, one possible improvement
could be a higher time resolution. With this, we could possibly look at the dynamics of
MHD modes. Furthermore, the calculation of the main ion plasma flow could give more
accurate plasma rotation profiles, which could be used for a more detailed study on the
MHD mode rotation. Additionally, a faster ECE (Nyquist frequency higher than the mode
frequency) would help to determine the displacement of the MHD modes more accurately.
Finally, the experimental determination of bm,n could be expanded by theoretical models
or simulations for coupled modes. This could improve the understanding of the torque
influence to the MHD mode rotation, in case of coupled MHD modes.



Appendix A.

Determination of bm,n

The calculation of bm,n can be carried out using the linearized equation of the magnetic
field perturbation:

B1 = ∇× (ξ ×B0) (A.1)

Here, ξ represents the displacement function, the index 0 the equilibrium quantity and the
index 1 the perturbation. The calculation can be carried out for cylindrical coordinates
(r, θ, φ), where (Rφ) represents the z coordinate in the cylinder.

Furthermore, we can assume a large-aspect ratio tokamak with a circular cross sec-
tion. Hence, we can write that ∂

∂r
∼ 1

r
∂
∂θ
� 1

R
∂
∂φ
. Additionally, we can demand for the

perturbation [47]:

∇ · ξ = 0 (A.2)

In the approximation of the large aspect ratio we obtain the relation ξr ∼ ξθ � ξφ and
Br1 ∼ Bθ1 � Bφ1. Furthermore, we must use the differential operators for cylindrical
coordinates:

∇ ·A =
1

r

∂

∂r
(rAr) +

1

r

∂Aθ
∂θ

+
∂Az
∂z

(A.3)

(∇×A)r =

(
1

r

∂Az
∂θ
− ∂Aθ

∂z

)
(A.4)

(∇×A)θ =

(
∂Ar
∂z
− ∂Az

∂r

)
(A.5)

(∇×A)z =

(
1

r

∂

∂r
(rAθ)−

1

r

∂Ar
∂θ

)
(A.6)
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Now we can use the Fourier ansatz ξ ∝ e(i(mθ−nφ)) for the displacement together with
equation A.3 to derive the relation:

ξφ = − i

m

∂

∂r
(rξr) (A.7)

This equation can be used in equation A.1 together with equations A.4 - A.6 to derive
the radial perturbed magnetic field:

Br1 = (∇× (ξ ×B0))r (A.8)

=
1

r

∂

∂θ
(ξrB0θ − ξθB0r) +

∂

∂z
(ξrB0φ) (A.9)

Furthermore, in a large aspect ratio tokamak we can assume that B0θ =
rB0φ

Rq
and

B0r ≈ 0. Additionally, we can write ξr = ξ̃(r) · ei(mθ−nzR ). With this the equation can be
reduced to:

Br1 = im · B0φ

Rq
· ξ̃ · ei(mθ−

nz
R

) − in · B0φ

R
· ξ̃ · ei(mθ−

nz
R

) (A.10)

= −imB0φ

R

(
n

m
− 1

q

)
ξr (A.11)

The analogue calculation for the other components of the magnetic perturbations
yields:

Bθ1 =
B0φ

R

∂

∂r

[(
n

m
− 1

q

)
rξr

]
(A.12)

Bφ1 = 0 (A.13)

Using equations A.11 - A.13 we can calculate the normalized perturbed magnetic field
as:

bm,n =

√
B2
r1 +B2

θ1

B2
0

(A.14)



Appendix B.

Determination of Wm,n

The Wm,n coefficients describe the influence of the magnetic perturbation. The Wm,n

coefficients are given by:

Wm,n =

∫ 1

0

(Fmnc(κ))2 + Fmns(κ))2

E(κ)− (1− κ2)K(κ)
dκ2 (B.1)

where κ is a normalized pitch-angle variable defined in [41]. E(κ) and K(κ) are the
complete elliptic integrals of first and second kind and can be calculated as:

K(κ) =

∫ π/2

0

dθ√
1− κ2 sin2 θ

(B.2)

E(κ) =

∫ π/2

0

dθ
√

1− κ2 sin2 θ (B.3)

Fmnc(κ) and Fmns(κ) are defined as:

Fmnc(κ) = 2

∫ 2 arcsin(κ)

0

√
κ2 − sin2(θ/2) cos((m− nq)θ) dθ (B.4)

Fmns(κ) = 2

∫ 2 arcsin(κ)

0

√
κ2 − sin2(θ/2) sin((m− nq)θ) dθ (B.5)

Wm,n was calculated numerically for different n and m values. Equations B.4 and B.5
show the dependence of Wm,n on the q-profile. The results of the calculation for Wm,n are
shown in Figure B.1. It can be seen, that Wm,n has a maximum at q = m

n
and that the

half-width of Wm,n depends on n.
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Figure B.1: The influence of Wm,n for different q-values. The top graph shows the Wm,n

for n = 2 and varies the m values. The bottom graph illustrates an equal m/n ratio for
various n values.
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