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Abstract

Magnetic diagnostics represent a fundamental module in all fusion experiments.
They allow contactless access to basic parameters of high temperature plasmas,
which are indispensible for magnetic confinement experiments. The aim of this work
was to build up different magnetic diagnostics in order to measure the plasma current
and the plasma pressure. After an introduction, the fundamentals of plasma current
and pressure are given. In the next section, the principle of magnetic diagnostics, as
well as the setup installed at WEGA, is described. Lastly, the measurements from
different plasma scenarios are presented before a summary and an outlook will be
given.
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Chapter 1

Introduction

Aristotle1 once said “Wonder is the beginning of all science.” In respect thereof,
the sun has inspired mankind for thousands of years prompting much research of
this heavenly body. From the study of the orbits of the luminaries in the ancient
world, to Wollaston and Fraunhofer, who were the pioneers in the exploration of the
composition of the sun, and the satellites which can three-dimensionally investigate
the interaction of mass eruption and the Earth’s magnetic field today, the sun has
been a research topic for hundreds of generations.
Further highlights represent the experiments with the aim to let a sun burn on

earth, and to be able to use their inner processes to make this potential of energy
gain available for the mankind.

1.1 Nuclear Fusion

A wide variety of particle processes take place in the sun. The dominant fusion pro-
cess occurring in the sun is the so-called proton-proton-process, which was firstly
described by Bethe in 1938 [Bet39]. The principle of fusion is, however, also ap-
plicable wherever the binding energy of the starting material is less compared to
the reaction products. An overview of the binding energies per nucleon depending
on the mass number A is given in figure 1.1 where a maximum is reached for iron
with A = 56 . Thus, an energy gain can occur by means of fusion of light to heavy
particles or by fission of heavy to light particles.
In the proton-proton processes helium is created in a sequence of sub processes

based on the reaction of protons with each other. However, this process is not appli-
cable on earth, since the reaction rate on sun (caused by the high particle densities)
cannot be reached on earth. Nevertheless, using a process based on deuterium and
tritium much higher reaction rates < σν > can be achieved at much lower energies
as seen in figure 1.2. In order to generate fusion processes the Coulomb barrier
of the participating particles has to be overcome which is possible by means of
quantum-mechanical tunneling.

1Greek philosopher who lived between 384 BC and 322 BC
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Chapter 1. Introduction

Figure 1.1: Binding energy per nucleon in dependency on the mass number A

For this purpose high energies are required which are in the order of 10 keV2 as
seen in figure 1.2 for a fusion power plant. At these energies, the starting material
becomes an ionized gas which is referred to as plasma.
After tunneling the Coulomb barrier the strong interaction occurs leading to the

generation of a compound particle. Due to the instability of this particle, a decay
into an alpha particle (ionized helium) and a neutron takes place as well an energy
release of 17.6MeW.

D + T → 4He+ n+ 17.6MeV (1.1)

This power results from the dif-

Figure 1.2: Reactions rate for possible fu-
sion processes in dependence
on the temperature [Har07]

ference of the binding energies be-
tween the starting and reaction prod-
ucts. 4/5 of this power is carried
as kinetic energy by the neutron and
1/5 by the alpha particle. This en-
ergy can be used on the one hand for
further plasma heating through col-
lisions, required to reach the desired
reaction rates, and on the other hand
for conventional generation of energy
by means of heat exchanger and tur-
bines. Additionally the neutron is
used for tritium production by fission
of lithium, since tritium is not avail-
able on earth in sufficient manner. In
order to use fusion for energy produc-
tion on earth different concepts exist.
These are the inertial fusion and the
magnetic confinement, where the lat-
ter is the subject of this work.

2In plasma physics the energy of particles is usually given as a temperature where 1 eV = 11605K
under the condition of a Maxwell distribution in a thermodynamic equilibrium.
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1.2 Magnetic Confinement

The condition for a continuous self sustained fusion without external heating is
given by the Lawson criterion, which balances the energy loss from the reactor char-
acter with the gain of energy through fusion itself. The result is that the product of
the electron density ne times the ion temperature Ti times the energy confinement
time τE, which describes the quality of heat confinement, has to exceed a value of

neTiτE = 2.8 · 1024
eV s

m3
. (1.2)

Previous experiments reached a value of a maximal 60% compared to the required
value above. However, the experiment ITER, which is currently under construction,
shall fulfill this criterion for the first time.

1.2 Magnetic Confinement

Magnetic confinement as opportunity to realize fusion is based on compelling charged
particles on trajectories, which are determined by a certain magnetic field topology.
Here, different ways of realization exist, which are characterized in section 1.2.2.
However, the origin of the particle movement will be explained before.

1.2.1 Gyration of single particles

Starting point for the deviation of the trajectories of particles with a charge qk and
a mass mk is the general equation of motion

γmk
d~vk
dt

= qk

(

~E + ~vk × ~B
)

+ ~Fext (1.3)

with the external force ~Fext, the electric field ~E, the magnetic field ~B, the particle
velocity vk and the relativistic factor γ. In case of a vanishing electric field and
external force, the particle motion is determined by the Lorentz force

~FL = γmk
d~vk
dt

= qk

(

~vk × ~B
)

. (1.4)

If the coordinate system is chosen such that the constant magnetic field shows in
z-direction ~B = Bz~ez, equation (1.4) can be rewritten in vector components as

d2vk;x,y
dt2

= −

(
qkBz

γmk

)2

vk;x,y

= −

(
ωc,k

γ

)2

vk;x,y (1.5)

dvk;z
dt

= 0 (1.6)
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Chapter 1. Introduction

where ωc,k represents the positively defined cyclotron frequency of electrons and
ions, respectively

wc,k =
|qk|Bz

mk

. (1.7)

In case of a non-relativistic motion the solution of equation (1.6) for the single
components results in the trajectory ~r(t) given by

~rk(t) = ±
v⊥,k

wc,k

sin (wc,kt)~ex ∓
v⊥,k

wc,k

cos (wc,kt)~ey + v‖,kt~ez (1.8)

with v‖ = vz as the parallel velocity along the magnetic field lines and v⊥ =
√
v2x + v2y as the velocity component perpendicular to the field lines. The upper

sign in equation (1.8) holds for electrons and the lower one for ions. With a finite
v‖,k the particle follows a spiral orbit spinning around the magnetic field line. This
can be seen in figure 1.3. Projecting the orbit onto the x-y-plane, the particle
trajectory is a circle with the radius

rL,k =
mkv⊥,k

|qk|B
(1.9)

which is called Lamor radius.

Figure 1.3: Motion of charged particles along magnetic field lines

Thus, with an appropriate field topology the plasma can be confined in a contact-
less way since the particles follow the magnetic field lines.

1.2.2 Toroidal Magnetic Confinement

With knowledge of the Lawson criterion and the achievable densities and temper-
atures of the plasma in a fusion reactor the confinement time needs to be about
one second. This is the essential condition for continuous energy production and
therefore for the confinement device.
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1.2 Magnetic Confinement

A pure linear confinement along a straight magnetic field line can only be guar-
anteed, if the magnetic field strength on the end is increased, so that a so-called
mirror configuration is generated. As an example for this confinement method, the
charged particles in the magnetosphere are trapped by the earth’s magnetic dipole.
These particles form the van Allen radiation belt [Wag07]. However, there exists
also the probability that particles escape from the mirror leading to the result that
this method is unsuitable for fusion since τE ≪ 1 s. A solution presents the con-
finement by enclosing the field lines in a toroidal geometry by means of a toroidal
magnetic field [Nüh07]. The related coordinate system is shown in figure 1.4.

Figure 1.4: Coordinate system for a toroidal symmetry

The torus is defined by its major radius R and its minor radius r0. The points
inside this system are described by the distance from the vessel axis given by the
radius r as well as their toroidal position determined by the angle φ. The poloidal
component is defined by the angle θ.
However, electrical fields ~E arise due to charge separation resulting from a radial

inhomogenous magnetic field in the torus, which decays with 1/R. These fields lead

to ~E× ~B force, whose derivation is shortly explained in section 2.1. This force causes
a radial transport of the particles to the low field side destroying the confinement
[Wag07]. In order to compensate these particle movements a poloidal magnetic field
component is overlaid which leads to a twisting of field lines. The grade of the
twisting is characterized by the rotational transform ι. Tracing a magnetic field line
a change of θ occurs by varying φ. If this field line is considered after one toroidal
cycle of ∆φ = 2π the poloidal change of ∆θ defines the normalized rotational
transform

ῑ =
∆θ

2π
. (1.10)

The inverse ῑ is called safety factor q. If ῑ is different from a rational value the
field line will not close after an infinite number of circles. In this case the field
line spans magnetic flux surfaces whose radial content is limited through a material
limiter inside the torus or by the magnetic field configuration. The mobility of the
particles along this flux surface in parallel direction is much faster compared to the
perpendicular direction resulting in a constant density and temperature on a flux
surface.
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Chapter 1. Introduction

Figure 1.5: Schematic setup of a tokamak

For the generation of a confining magnetic field, basically two experimental con-
cepts exist. In case of tokamak experiments, whose configuration is shown in figure
1.5, the necessary poloidal magnetic field causing the rotational transform is gener-
ated by a toroidal plasma current. Here, various ways to drive plasma current exist.
Initially this current was mainly generated by means of a transformer using the
plasma as secondary winding. With further development of this concept - since the
1950’s - new concepts of current drive, which are also topic of this work and there-
fore presented in section 2.4, have been developed. Non-inductive current drive is of
general interest for tokamak operation where the pulse length is classically limited
by the transformer capability.

Figure 1.6: Schematic setup of a classical stellarator

A second opportunity to create a poloidal field component is based on the use of
additional magnetic field coils. This kind of experiments is declared as stellarators,
where also different classifications on the basis of the used coils exist. In case of
a classical stellarator, shown in figure 1.6, the toroidal field is generated analog to
tokamaks by means of toroidal field coils.

6



1.3 The WEGA Stellarator

The poloidal field is caused by helical coils. This leads to a three dimensional mag-
netic field geometry causing further transport phenomena. With respect thereof
further improvements in the magnetic field coils have been developed leading to
a concept of modular coils which may result in confinement behavior similar to
same sized tokamak experiments. This concept will be realized with the experiment
Wendelstein 7-X (W7-X) which is currently under construction.

1.3 The WEGA Stellarator

TheWEGA experiment (WendelsteinExperiment inGreifswald für dieAusbildung)
was originally built up in Grenoble, France in 1975. It was developed as a hybrid
experiment allowing tokamak as well as stellarator scenarios with an exploratory
focus on heating with lower hybrid waves [BHI+77]. Initially started as tokamak
experiment, WEGA was mostly used as a stellarator after the late 70’s. From 1983
to 2000 research on WEGA has been performed at the Institut für Plasmaforschung
(IPF) in Stuttgart, Germany. In 2001 WEGA has been reassembled at the Max-
Planck-Institut für Plasmaphsik (IPP) in Greifswald, Germany. Here, it is used for
training and education of physicists, basic plasma research and as a test bed for
W7-X components. Especially the control and data acquisition system is tested at
WEGA to guarantee a faultless and fast implementation at W7-X later.

1.3.1 Setup

The magnetic field coil system of WEGA consists of 40 toroidal field and 4 helical
coils. The helical coils lead to a twofold poloidal (l=2) and a fivefold toroidal (m=5)
symmetry. The coils made of copper are water cooled. Thus, the cooling of the
coils determines factor the run time of experiments. At a magnetic field of 0.5T,
experiments can be performed with a duration of around 30 seconds, whereas at
0.05T steady state operation of the coil system is possible. The non-cooled vertical
field coils are used for a radial shift of the plasma inside the vessel and to control the
shear which describes the radial variation of ῑ. Iota can be varied by adjusting the
helical field coil current IHF with respect to the toroidal field coil current ITF . The
major radius R of WEGA is 0.72m and the inner radius r of the vessel is 0.19m.
Discharges can be performed with a plasma radius a up to 11 cm.
Furthermore, a transformer with 64 primary windings can be used for inductive

current drive and therefore gives access of ῑ variations. The inductively driven
current is limited by the finite flux generation in the transformer core. Saturation
is reached at 440mVs. With respect to the other possible heating methods at
WEGA, described in the next section, ohmic heating plays a minor role. At WEGA
different working gases can be used. It is possible to investigate argon, neon, helium,
deuterium and hydrogen discharges. In this work only argon and helium discharges
have been examined.

7



Chapter 1. Introduction

Figure 1.7: Schematic diagram of the WEGA stellarator and the flux surfaces

1.3.2 Plasma heating

At WEGA plasma ignition and heating is realized by means of microwaves. On the
one hand a gyrotron with a power of 10 kW and an emission frequency of 28 GHz is
available. On the other hand two magnetrons with 20 kW and 6 kW at a frequency
of 2.45 GHz can be used. The energy transfer into charged plasma particles is
possible by means of wave damping processes. Here, one has to distinguish between
cyclotron damping and Landau damping. The first is valid for particles which have
a cyclotron frequency close to the emission frequency of the microwave. Considering
electrons as the preferred heating particles the resonant heating waves of 28 GHz and
2.45 GHz require a magnetic field of 1.0 and 0.0875 Tesla, respectively. In this case
electrons are referred to as resonant electrons. Thus the heating method is called
electron cyclotron resonant heating (ECRH). The resonantly heated electrons release
their energy and heat the bulk plasma by means of collisions with other particles.
However, for the first case of utilizing the 28GHz microwave a magnetic field of 0.5T
is used at WEGA due to technical limitations described below. The same heating
process is also possible for ions (ICRH) by applying a frequency corresponding to
the cyclotron frequency of the ions which is in the range of 5 to 50MHz. However,
this heating method is not available at WEGA yet.
The later shown discharges have been realized at 0.5T. The standard heating sce-

nario at this magnetic field is the so called X2-mode heating with the 28GHz system.
Here, an extra-ordinary wave (X-wave), defined by its electrical vector pointing per-
pendicular to the external magnetic field, is irradiated into the plasma. In order to
get a high absorption the irradiation angle should be perpendicular to the external
magnetic field [EG94]. Furthermore, it is possible to change this angle by means of
a movable mirror system mounted inside the torus and controlled from the outside.
The mirror system is shown in figure 1.8.

8



1.3 The WEGA Stellarator

The number ’2’ in X2-heating states that the emitted wave corresponds to the
second harmonic cyclotron frequency of the electrons. For X1 heating a magnetic
field of 1T would be necessary. However, WEGA’s power supply is not licensed for
1T experiments yet.

Figure 1.8: Movable mirror system at WEGA for changing the heating scenario

A further opportunity for transferring energy into the WEGA plasma makes use
of electrostatic Bernstein waves induced by electromagnetic waves. Here, the mi-
crowave is launched in O-mode polarization, defined by an electric vector parallel to
the external magnetic field, under an oblique angle of 55◦. In a two-step conversion
the O-wave is converted into a slow X-wave and later into an electrostatic Bernstein
wave [LMM+03]. This process, which is referred to as OXB mode conversion, could
be realized at WEGA for the 28GHz resonant heating with argon and helium since
a critical density of ne = 0.97 · 1019m−3 required for the mode conversion can be
reached. The magnetic field for OXB heating has to be reduced due to Doppler
down shift to 0.460...0.480T. In Hydrogen it was not possible to achieve this density
and therefore this heating method yet. Consequently the highest plasma densities
can be realized in argon and helium at WEGA since by using this heating sce-
nario the Bernstein waves may propagate into the plasma without an upper density
cut-off limit. For resonant 2.45GHz heating this is the default heating scenario at
WEGA. It has been found that the best absorption occurs at a reduced magnetic
field of 50...60mT [Hor04, Pod06]. At a magnetic field of 0.5T electron densities of
1 · 1018...1.5 · 1019 and electron temperatures of 5...50 eV can be reached at WEGA.

1.3.3 Diagnostics

At WEGA various diagnostics are available. A overview of the diagnostics is pre-
sented in figure 1.9. For line integrated density measurements a one-channel Mach-
Zehnder interferometer is used. Langmuir probes are also available for localized
density measurements as well as for temperature measurements. Here, several ma-
nipulators with single Langmuir probes and probe arrays can be used.

9
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However, the use of the probes is limited in case of high plasma temperature lead-
ing to thermal destruction or perturbation by the penetrating probes. Additionally
an electron cyclotron emission (ECE) and a soft X-Ray diagnostic are located at
WEGA which give access to the electron temperature and the energy spectrum of
super thermal particles, respectively. A fast 16-channel AXUV diode array with a
resolution of below 30µs can be used to determine the temporal evolution of radia-
tion profiles. Furthermore, a gold foil bolometer measures the total emitted power
[Gla10]. A supersonic helium beam diagnostic was setup which allows the deter-
mination of the temperature and density profiles in conjunction with a collisional
radiative model [Mül10].

Figure 1.9: Overview of diagnostics at the WEGA stellarator

10



2
Chapter 2

Fundamentals of Plasma
Current and Pressure in Fusion
Devices

Investigations of the plasma confinement need information about the plasma energy
and the normalized plasma pressure β. By means of the diamagnetic effect in
plasmas it is possible to determine these quantities using magnetic diagnostics. The
theory and impact of the diamagnetic effect is shown in section 2.1 and 2.2.
In order to control magnetically confined plasmas, knowledge about the plasma

current is of essential importance. The theory of current drive in plasmas is described
in section 2.3 and 2.4. In order to compare the different concepts the current drive
efficiency is introduced in 2.4.1. By additional use of the Spitzer resistivity, explained
in section 2.5, access to an average electron temperature is given.

2.1 Diamagnetism in Plasmas

Due to the directed particle movement, diamagnetism as well as paramagnetism can
occur in plasmas. However, the latter plays a less significant role. Therefore, cases
of paramagnetism are explained at the end of this section. Plasma diamagnetism
represents a reduction of externally created magnetic field inside the plasma com-
pared to the case where no plasma exists. The derivation of a magnetic field which
opposes the external field can be realized for the single particle description as well
as within the fluid theory. The second case is presented here. In order to create the
internal opposing magnetic field, a current with a certain direction inside the plasma
is needed. This current is referred to as diamagnetic current. The point of origin
for the derivation is the fluid equation of motion for the charged particle species k.

mknk

(
∂~vk
∂t

+
(

~vk · ~∇
)

~vk

)

= qknk

(

~E + ~vk × ~B
)

︸ ︷︷ ︸

1

− ~∇pk
︸︷︷︸

2

− ~∇ · ~πk
︸ ︷︷ ︸

3

+mknk~g
︸ ︷︷ ︸

4

+ ~Pei,ie
︸︷︷︸

5

(2.1)

11



Chapter 2. Fundamentals of Plasma Current and Pressure in Fusion Devices

The whole derivation of this formula can be seen in[Che74]. The term on the left
hand side is the convective deviation describing the motion of the fluid element.
The first term on the right hand side of equation (2.1) results from the interaction
of the fluid with an electric or magnetic field, analog to equation (1.3). Term 2
and 3 exist due to the stress tensor, which has to be introduced since a momentum
transfer takes place between the particles and the fluid element. In the simplest
case the tensor can be separated into a pressure term and a viscosity term. Term
4 represents the influence of the gravitation force which is neglected in most cases
since its small value compared to term 1. But for an ideal consideration this term
also has to be taken into account. The resistivity reveals the momentum loss or gain
due to collisions between electron and ion fluid elements or vice versa. Considering
the plasma as a single fluid the resistivity term 5 for electrons and ions will cancel
each other out

Pe,i = −Pi,e (2.2)

since the loss of one fluid element is the gain of the other one, which are part of a
common fluid element now.
As shown later, only the perpendicular fluid motion v⊥,k with respect to the di-

rection of the magnetic field lines makes a contribution to diamagnetism. Therefore,
only this velocity component is of interest for the derivation. For time scales which
are large compared to the gyration frequency, the time dependent part on the left
hand side of equation (2.1) can be set to (0). The result will show later, neglecting

of the full convective term will also be justified in the case that E = 0 or ~E is in the
opposite direction to ~∇p. Taking all these approximations into account, equation
(2.1) multiplied by × ~B can be rewritten as

0 = qknk

(

~E × ~B +
(

~v⊥,k × ~B
)

× ~B
)

− ~∇pk × ~B . (2.3)

Rearranging this equation for the perpendicular velocity, the outcome is

~v⊥,k = −
~∇pk × ~B

qknkB2
+

~E × ~B

B2
. (2.4)

The first terms represents the diamagnetic drift and the second the ~E × ~B drift,
which does not depend on charge and density. To get the total diamagnetic current
density, ions and electrons will be considered at the same time. For this case, the
general result is

~jDia =
∑

k

qknk~vDia,k

=
~B × ~∇p

B2
. (2.5)
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2.1 Diamagnetism in Plasmas

Figure 2.1: Diamagnetic particle drift leads to a current perpendicular to the mag-
netic field and pressure

Using the equation of state

p = Cργ = C (mn)γ , (2.6)

where C is a constant and γ the ratio of specific heats Cp(T )/CV (T ), the diamagnetic
current density can be associated with the gradient in density and temperature in
the plasma. For the special case of singly charged ions and isothermal compression
(γ = 1), the diamagnetic current is

~jDia = kB (Te + Ti)
~B × ~∇n

B2
(2.7)

where ∇n represents the density gradient for ions and electrons, respectively. There-
fore, the diamagnetic current always flows perpendicularly to a pressure gradient and
the ambient magnetic field. Thus, the magnetic field created by the diamagnetic
current Bdia opposes the external magnetic field created by the field coils. Conse-
quently, under stationary conditions the Lorentz force resulting from ~jDia × ~B will
balance the opposite force arising from the pressure gradient.
The outcome of the description of diamagnetism in the single particle model is

that the opposing magnetic field will be determined on the one hand through the
gyration of particles and on the other hand through the current resulting from the
∇B- and the curvature drift of the particles [WC87].
Equation (2.5) can be understood by means of figure 2.2(a), where a temperature

gradient leads to a gradient in the gyration velocity causing a change of the Larmor
radius at a constant magnetic field. Therefore, a net current density flows perpen-
dicularly to the temperature gradient. On the other hand, a current density can
also exist due to a gradient in density, as shown in figure 2.2(b) Here, the different

numbers of particles gyrating perpendicular to ~∇n leading to a current in the direc-
tion of ~B× ~∇n. Now the thermal energy of the plasma can be derived by the impact
of the diamagnetic current. However, the diamagnetic effect is not the only process
leading to a change in the magnetic field. Therefore, a theoretical investigation of
contributions from different effects will be presented in the following.

13
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(a) Change of gyration velocity at a constant

gyration frequency due to temperature gradi-

ent

(b) Density gradient leading to net current in per-

pendicular direction

Figure 2.2: Resultant diamagnetic current in the single particle model due to tem-
perature gradient (a) and density gradient (b)

Figure 2.3: Coordiante system used for screw pinch symmetry

Due to the three dimensional geometry of stellarators it is not possible to solve the
equation for diamagnetic effects and the related plasma energy analytically. Only
numerical codes (e.g. NEMEC) offer the chance to get qualitative results for these
experiments [HRM86]. Nevertheless, in first order it is possible to solve the equa-
tions for a screw pinch, assuming a toroidal (φ → z) and poloidal symmetry. Figure
2.3 depicts the transformation from stellarator topology to the cylindrical coordinate
system.
The poloidal component is denoted as θ in both systems. The magnetic field for

a screw pinch is given by

~B(r) = Bθ(r)~eθ +Bz(r)~ez . (2.8)

14



2.1 Diamagnetism in Plasmas

Especially for experiments with a large aspect ratio, given by

A =
R

a
, (2.9)

where R is the major radius of the torus and a is the plasma radius, equation (2.8)
is a good approximation. The total flux reduction measured by a magnetic loop is

∆Φ = Φ− Φ0 = 2π

∫ b

0

Bzr dr − πb2B0z (2.10)

where b is the radius of a diamagnetic loop, described in chapter 3.1.2, and B0z is
the vacuum magnetic field in z -direction. Now Ampere’s law is taken into account
in the differential form with

~∇× ~B = µ0
~j . (2.11)

For the screw pinch field this can be rewritten as

µ0jθ = −
∂Bz

∂r
(2.12)

µ0jz =
1

r

∂(rBθ)

∂r
. (2.13)

As a consequence the first part of equation (2.10) yields

∫ b

0

Bzr dr =
1

2

[
r2zB

]b

0
−

1

2

∫ b

0

∂Bz

∂r
r2 dr

=
b2Bz(b)

2
+

µ0

2

∫ b

0

jθr
2 dr

=
b2Bz(b)

2
+

µ0

2

∫ a

0

jθr
2 dr (2.14)

since the poloidal current density is jθ(r > a) = 0 outside the plasma determined
by the plasma radius a. Hence, the flux change is

∆Φ = πb2 (Bz(b)−B0z) + πµ0

∫ a

0

jθr
2 dr . (2.15)

For the next step, the radial component of the force balance equation which is
generally given by

~∇p =
(

~j × ~B
)

~er , (2.16)

is used to determine the current density in θ-direction

jθ =
1

Bz

dp

dr
+ jz

Bθ

Bz

. (2.17)
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Hence, the reduction of the flux is given by

∆Φ = πb2 (Bz(b)−B0z)
︸ ︷︷ ︸

1

+ πµ0

∫ a

0

r2

Bz

dp

dr
dr

︸ ︷︷ ︸

2

+ πµ0

∫ a

0

jz
r2Bθ

Bz

dr

︸ ︷︷ ︸

3

. (2.18)

Here, the first term describes the reduction of the vacuum magnetic flux for r > a.
In a screw pinch this term is (0), since the vacuum axial (toroidal) magnetic field
is constant Bz = Bz0 for this geometry. Of course, in magnetic confinement devices
this term is nonzero. Thus, different methods in determining Bz(b) and B0z are
presented in chapter 3.2, which are used in order to get the flux change. The second
term is partially integrated so that the result is

πµ0

∫ a

0

r2

Bz

dp

dr
dr =

πµ0

Bz

[r2p]a0 −
2πµ0

Bz

∫ a

0

rp dr

= −
2πµ0

Bz

∫ a

0

rp dr . (2.19)

The pressure at a is defined as zero here. For the poloidal field in term 3 of equation
(2.18) different contributions have to be considered - on the one hand the vacuum
field and on the other hand the field due to the plasma current

Bθ = Bθ,Iz + Bθ,vac . (2.20)

The intermediary result is

∆Φ = −
2πµ0

Bz

∫ a

0

rp dr

︸ ︷︷ ︸

a

+
πµ0

Bz

∫ a

0

jzr
2Bθ,Iz dr

︸ ︷︷ ︸

b

+
πµ0

Bz

∫ a

0

jzr
2Bθ,vac dr

︸ ︷︷ ︸

c

. (2.21)

It is obvious that the first term on the right hand side of equation (2.21) decreases
the flux, whereas the next two terms increase the flux. In the case of circular flux
surfaces, the term b of equation (2.21) can further be simplified by the means of
Ampere’s law ∮

C

~B · d~l = µ0I (2.22)

where C is a closed loop around the area carrying the current

I(r) = 2π

∫ r

0

j(r′)r′dr′ . (2.23)

Hence, the magnetic field due to the toroidal plasma current is determined by

Bθ,Iz(r) =
µ0Iz(r)

2πr
. (2.24)
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2.1 Diamagnetism in Plasmas

In combination with

jz(r) =
1

2πr

dIz(r)

dr
(2.25)

the second term denoted by b in equation (2.21) yields

πµ0

Bz

∫ a

0

jzr
2Bθ,Iz dr =

µ2
0

2Bz

∫ a

0

jzrIz(r) dr

=
µ2
0

4πBz

∫ a

0

dIz
dr

Iz dr

=
µ2
0I

2
z (a)

8πBz

. (2.26)

Thus, by using the total plasma current with

Ipl = 2π

∫ a

0

jzrdr = Iz(a) (2.27)

the result is

∆Φ = −
2πµ0

Bz

∫ a

0

rp dr +
µ2
0I

2
pl

8πBz

+
πµ0

Bz

∫ a

0

jzr
2Bθ,vac dr . (2.28)

Now the plasma energy W is taken into account additionally. For a toroidal sym-
metry (z− > φ) W can be written as

W =
3

2

∫

V

p d3r =
3

2
< p > V

=
3

2

∫ a

r=0

∫ 2π

θ=0

∫ 2π

φ=0

pr(rcos(φ) +R) dφ dθ dr

= 6π2R

∫ a

0

rp dr . (2.29)

Together with the rotational transformation given by

ιvac =
R

r

Bθ,vac(r)

Bφ,vac

≈
R

r

Bθ,vac(r)

Bφ

(2.30)

where Bφ corresponds to Bz now, the flux change is

∆Φ = −
µ0W

3πBφR
+

µ2
0I

2
pl

8πBφ

+
πµ0ιvac

R

∫ a

0

jφr
3 dr . (2.31)

The first term on the right hand side contributes to plasma diamagnetism whereas
the other terms result in paramagnetism. Plasma paramagetism can be reached by
high plasma currents as well as peaked current density profiles if the plasma energy
is low at the same time.
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In order to evaluate the last term in equation (2.31), current profiles have to be
assumed. Differently peaked current profiles can be described by

jφ(r) = j0

(

1−
(r

a

)2
)m

(2.32)

with a stronger peaking for larger components m. Therefore, the last integral can
be modeled with

∫ a

0

jφr
3 dr =

a4j0
2(m+ 1)(m+ 2)

(2.33)

=
Ipla

2

2π(m+ 2)
. (2.34)

Finally, by having knowledge of the flux change, the plasma current and the current
profile, the plasma energy as well as the average plasma pressure can be calculated
by means of equation (2.29) and (2.31). Now, the challenge is to measure ∆Φ.
Different concepts are presented in section 3.1.2.

2.2 Plasma Pressure and β

The local pressure is generally defined by

p = nkBT (2.35)

with the particle density n and the thermal particle energy kBT . In case of a system
containing species with different temperatures Tj , the total pressure is given by the
sum of the single pressures.

p =
∑

j

pj =
∑

j

njkBTj (2.36)

Now, the force balance equation (2.16), which could be derived by means of the fluid
equation of motion (2.1), and Ampere’s law (2.22) are combined and lead to

~∇

(

p+
B2

2µ0

)

=
1

µ0

( ~B · ∇) ~B . (2.37)

Using the screw pinch symmetry introduced previously the term on the right of
equation (2.38) turns to zero. However, in the general case the term does not vanish,
but it becomes quite small compared to the term on the left of the equation above
[Che74]. Therefore, the sum of particle pressure and the magnetic field pressure is
assumed to be constant.

p+
B2

2µ0

= const . (2.38)
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2.2 Plasma Pressure and β

The ratio of both terms on the left of equation (2.38) is defined as plasma β

β =
p

B2/2µ0

. (2.39)

In case of having an anisotropic plasma, beta needs to be defined for every symmetry
component. Considering equation (2.38) it can be seen, that an increasing plasma
particle pressure necessarily leads to a reduction of B2. This is realized by the
diamagnetic current and leads to an increase of the plasma beta, as seen in figure
2.4. This relationship between the plasma current and plasma pressure is one of
the most fundamental correlations in plasma physics. Both parts depend on each
other and guarantee the magnetic confinement. In addition to the determination of
the plasma pressure by measuring the flux change and therefore the magnetic field
change given by equation (2.31), it is also possible to estimate the electron pressure
by using Langmuir probes. Here, the pressure is calculated from the local ne and Te

measurements.

Figure 2.4: High plasma pressure leads to the increase of plasma beta and to a
reduction of the inner magnetic field

Often also an averaged value of the plasma β is used with respect to equation
(2.31).

< β >= 2
∆Φ

Φ
=

2µ0 < p >

< B2 >
(2.40)

Here, ∆Φ represents the measured flux change and Φ the flux through the diamag-
netic loop normalized to the plasma cross section.
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2.3 Plasma Waves Relevant for Current Drive

In plasmas a wide variety of waves can exist. These are electrostatic, magnetic,
electromagnetic and acoustic waves. The occurrence and the respective dispersion
relation of the wave depend on the involved particle species and their density as well
as the existence and the direction of ambient electric and magnetic fields compared
to the propagation direction of the wave. These waves can propagete through the
plasma, be absorbed, reflected and converted into other wave types according to the
present plasma parameters.
Here, only the waves which are relevant for current drive experiments at WEGA

will be introduced. Beside the electromagnetic electron cyclotron wave introduced
in section 1.2.1, the Bernstein wave as well as the lower hybrid wave play a role for
current drive in WEGA plasmas. An overview of all possible waves in plasmas is
given in [Sti62].

2.3.1 Electron Cyclotron Wave

In a homogeneous magnetized plasma different modes of electromagnetic waves ex-
ist depending on their propagation and polarization direction with respect to the
magnetic field. For electron cyclotron waves these modes differ in their interaction
with the electrons. The electrical field vector oscillates at a frequency in the range
of the electron cyclotron frequency ωc,e. Through the combination of the equation
of motion for the electrons, the Maxwell equations, as well as a harmonic ansatz for
the electric field, a dispersion relation in the form of

An4 + Bn2 + C = 0 (2.41)

follows, which is called Appleton-Hartree-equation [Har07]. Ions are not considered
here. For the investigation of possible solutions for the refraction index

n =
c

ω
k (2.42)

a differentiation between perpendicular and parallel propagation can be done. For
parallel propagation (k ‖ B0) three possible solutions exist. These are the right (R)
and the left (L) circular polarized electromagnetic waves as well as a electrostatic
wave, which is called Landau oscillation. The interaction of electrons with the wave
takes place in the form of resonances (n → ∞) at the electron cyclotron frequency
or its harmonics and reflections (n → 0 ) at the so-called cut-off frequencies, which
are defined by

ωL =
1

2

(

−ωC +
√

ω2
c + 4ω2

p

)

(2.43)

ωR =
1

2

(

+ωC +
√

ω2
c + 4ω2

p

)

. (2.44)
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The propagation of the L-wave is only possible above this frequency; however, the
R-wave can also propagate underneath this limit.
For perpendicular propagation (k ⊥ B0) two modes exist in case of the cold

plasma approximation. These are the ordinary (O) wave whose electrical field vec-
tor is polarized parallel with respect to the magnetic field and the perpendicular
polarized extraordinary (X) wave [Sti62]. The O-mode behaves like a wave in an
non-magnetized plasma so that a reflection occurs for frequencies below the plasma
frequency

wp,k =

(
Z2

k |q
2|nk

mk

)1/2

. (2.45)

For the X-mode the equivalent reflection occurs at the so-called upper X-cutoff fre-
quency, which equals ωR and is therefore higher than the plasma frequency. Above
this frequency, only the so-called fast-X-wave with a phase velocity above the speed
of light can propagate. Additionally, there exists a frequency range below the upper
X-cutoff where the so-called slow-X-wave can propagate. However, this wave prop-
agation is limited by the lower X-cut-off frequency, which equals ωL, and the upper
hybrid-resonance frequency ωUH

wUH =
(
w2

c;e + ω2
p;e

)1/2
. (2.46)

2.3.2 Electron Bernstein Wave

If a finite temperature of the plasma is considered, a third electrostatic electron
cyclotron mode, the so-called Electron-Bernstein-wave (EBW) occurs additionally.
This mode is based on a coherent movement of the electrons along the magnetic
field lines which leads to a charge separation perpendicular to the field lines and
therefore to a longitudinal electric field with respect to the propagation direction
[LEH+97]. The additional conditions which lead to the dispersion relation of the
EBW are a finite electron temperature causing a finite electron thermal velocity
and finite Larmor radius. Another boundary condition is the achievement of a lower
density limit for EBWs. In this way the local cyclotron frequency is higher than
the upper hybrid frequency. Regarding the propagation of EBWs no upper density
limit exists making over-dense plasma heating possible [LMV+03].

2.3.3 Lower Hybrid Wave

With respect to current drive by means of lower hybrid waves described in chapter
2.4.4, this chapter will shortly explain the origin of lower hybrid waves, their accessi-
bility and therefore the chosen wave parameters. First of all the conventional lower
hybrid wave represents an electrostatic ion wave, defined through an interaction of
the electron and ion movement, where a propagation direction perpendicular to an
outer magnetic field is considered. The dispersion relation is well known with a
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resonance at the lower hybrid frequency

wLH =

(
1

wc;eωc;i

+
1

ω2
p;i

)−1/2

. (2.47)

For low density the second term in equation (2.47) dominates. The whole derivation
can be found in [Sti62].
Originally the use of lower hybrid waves has been proposed for ion heating. How-

ever, it has been shown that this kind of plasma heating is problematic [WC87].
Nevertheless, it was found that waves in the lower hybrid regime

wc;i < w < wc;e (2.48)

can be used to drive substantial plasma currents up to almost the total plasma
current for a successful tokamak operation [Glt99].
Now the dispersion relation will be solved for the general case with a wave fre-

quency in the range ωLH as well as an existing parallel wave number leading to a
finite n‖. In this case the electric field of the wave is a combination of ordinary and
extraordinary components, where the E‖ part is responsible for the later Landau
damping leading to the acceleration of electrons. The solution of the dispersion
relation can be expressed as

n2
⊥ = −

K‖

2K⊥



n2
‖ −K⊥ +

K2
A

K⊥

±

[(

n2
‖ −K⊥ +

K2
A

K‖

)2

+
4K⊥K

2
A

K‖

]1/2


 , (2.49)

with

KA =
ω2
p;e

ωωc;e

(2.50)

K⊥ = 1 +
ω2
p;e

ω2
c;e

−
ω2
p;i

ω2
(2.51)

K‖ = −
ω2
p;e

ω2
. (2.52)

as components of the dielectric tensor [Fre08]. Thus, two solutions are possible -
the slow lower hybrid wave, often only called “lower hybrid wave”, and a fast lower
hybrid wave. In order to suppress an evanescent region n⊥ has to be greater than
zero which equals K⊥ > 0. This is the lower boundary condition of the chosen wave
frequency and can be expressed as ω2 > ω2

LH . Furthermore, in order to eliminate a
mode conversion to the fast wave, which will be reflected to the plasma edge and
does not reach the desired region, n‖ needs to be greater than a critical boundary
condition defined by

n2
‖ >

[

K
1/2
⊥

(

−
KA

K‖

)1/2
]2

(2.53)
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In order to get an efficient current drive, n‖ should not be too large [Fre08]. It
is chosen slightly larger than the critical value in equation (2.53). Due to the fact
that the parallel refraction index has to be n‖ > 1 for the wave propagation, n2

⊥

is negative for the plasma edge since the density is low here. In order to avoid
reflections in this low density region the launching antenna has to be positioned as
close as possible to the plasma.

2.3.4 Doppler shift

A necessary condition for the positioning of a launching antenna with respect to
current drive is the incident angle φ of the launched wave with respect to the mag-
netic field lines. This affects the propagation direction of the wave types in a plasma
explained before. In the case of an oblique propagating wave, electrons, which are
moving towards the wave, observe an increased frequency. On the other hand, elec-
trons, which are moving with the wave, experience a reduced frequency [Har07].
The amount of this Doppler shift results from the resonance condition, defined by
equation (2.60, and does generally depend on the parallel velocity of the particles
and the parallel component of the refractive index

∆ω = ωn‖

v‖
c

. (2.54)

In the special case of a non-refracted electromagnetic cyclotron wave, the parallel
refraction index at the resonance can be simplified to

n‖ = cosφ . (2.55)

2.4 Plasma Currents in Toroidal Magnetic

Confinement

Plasma currents play a crucial role in magnetic confinement experiments. On the
one hand side in tokamak experiments a well defined plasma current is needed as it
is indispensable for the magnetic confining field. On the other hand in stellarator
experiments a compensation of plasma currents is desired as they provide a source
of free energy, which may lead to instabilities, and change the vacuum magnetic field
configuration. Therefore, different opportunities to generate currents independent
of their use are presented in the next sections.
Besides the inductive current drive by use of a transformer described in section

2.4.2 it is also possible to drive a current in a plasma by means of wave-particle
interaction, where different concepts exist. At WEGA it is possible to radiate a
wave with a wave number component in magnetic field direction which is referred
to as lower hybrid wave. Due to Landau damping the wave can transfer energy and
momentum to plasma particles leading to a current (explained in chapter 2.4.4).
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Additionally by resonant absorption of a launched wave a current can be driven
in the plasma. A similar process can be realized by use of electron Bernstein waves
at WEGA. These processes are described in section 2.4.3 and 2.4.5.
It is also feasible to use other waves to drive current in fusion experiments. An

overview for wave driven plasma currents is given in [Fis87, WC87]. Furthermore,
internal plasma currents can occur e.g. due to pressure gradients and neoclassical
effects in toroidal devices. These currents are described in section 2.4.6 and 2.4.7.
Another opportunity to drive plasma currents is neutral beam injection (NBI).

However, it should be mentioned that NBI is mainly used for plasma heating. Only
a reference for further literature should be given here since current drive by NBI is
not available at WEGA [Fis87, Hir80, OKAIa+01].

2.4.1 Plasma Current Drive Efficiency

In order to qualitatively compare the different current drive concepts, a current drive
efficiency has to be introduced. This efficiency is defined by

η =
ICD

PCD

, (2.56)

the ratio of the driven current ICD and its auxiliary power PCD. In case of plasma
currents caused by radiation of microwaves, it is possible to describe equation (2.56)
in terms of plasma parameters

η = 0.061
Te

RlnΛ

1020

n
η0 (2.57)

with the electron temperature Te in units of keV, the density n, the coulomb log-
arithm lnΛ which is described in section 2.5, the major radius R and a specific
normalized current drive efficiency η0 defined in [FB80]. Furthermore, a convention
which is often used in literature defines a figure of merit by

γ =
RIne

P1020
m−2AW−1 . (2.58)

This is used when super thermal particles are mainly responsible for current drive
[WC87]. ne is the averaged density here.
Considering the cost of producing the power used for current drive, it can be

shown that the current drive by use of frequencies in the lower hybrid wave regime
of 1 - 8GHz is the most favored concept for a steady state tokamak device beside
using internal bootstrap currents [Fre08].
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2.4.2 Inductive Current Drive

This concept of current drive in fusion experiments utilizes the principle of a trans-
former. The primary winding of an air or iron transformer is located at the toroidal
symmetry axis. The secondary winding is given by the plasma itself inside the torus.
A current change in the primary winding produces a change in magnetic flux which
is penetrating the air or iron core of the transformer. The setup is illustrated in
figure 2.5.

Figure 2.5: Transformer used for current drive in fusion device

This flux change results in a voltage which is applied to the plasma following by
the induction law (described in chapter 3.1). Finally, this induced voltage, which is
referred to as loop voltage, drives a current inside the plasma. This loop voltage is
subject to equation

Utrafo,ind

Uloop

=
Ntrafo

Nplasma

= Ntrafo (2.59)

with the inductive component Utrafo,ind of the total transformer voltage Utrafo driving
the current through the primary transformer coil.
The challenge is to generate a continuous flux change which necessitates a current

change through the primary coil for plasma operation in a tokamak. Due to technical
limitations in the current supply, much afford has been spend to find other ways to
drive currents in a plasma. These concepts are explained in the next sections.
The plasma current can additionally be used for plasma heating. Here, the ohmic

losses due to the finite plasma resistivity lead to an increase in the particle temper-
ature. However, increasing the plasma temperature leads to a decrease in resistivity
of the plasma which makes the heating mechanism more and more inefficient.
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The plasma resistivity can be estimated by means of the Spitzer formula (2.71)
which will be explained in section 2.5

2.4.3 Electron Cyclotron Current Drive

In comparison with LHCD described in section 2.4.4, electron cyclotron current drive
(ECCD) only takes place at a resonant layer, leading to the opportunity to obtain a
specific current drive profile. This is useful for changing the plasma current profile
or local shear as well as to compensate for instance local bootstrap currents, which
are described in section 2.4.6. For ECCD a wave is radiated into the plasma which
is Doppler shifted with respect to the electron cyclotron frequency or harmonics.

The resonance condition for electron cyclotron damping is given by

ω − γωce = k‖v‖ (2.60)

with the electron cyclotron frequency wce, the relativistic factor γ, the parallel com-
ponent (with respect to the magnetic field B) of the wave vector k‖ and the parallel
particle velocity v‖ of the wave [EG94]. Due to the non-zero k‖ spectrum of the
wave, electrons with a well defined parallel velocity are heated and therefore accel-
erated stronger. This can be seen in figure 2.6, where the sphere of influence of the
quasi linear diffusion operator is shown. The operator derived from the solution of
the linearized kinetic equation is given by

∂f

∂t
= νe0

v‖
vth,e

fmaxw (2.61)

with the electron collision rate νe0 the thermal and parallel particle velocities vth,e
and v‖, respectively and the undisturbed Maxwellian distribution fmaxw. The oper-
ator describes which particles are shifted in phase space by radiation of a wave with
ω and k‖. Here, in first order no current is generated, since only an increase of the
perpendicular momentum takes place. However, for the resonantly heated particles
the collision rate is reduced due to the increase in the particle temperature resulting
in an asymmetry in the relaxation. This consequently leads to a slower relaxation to
an isotropic distribution compared to the regime where the absorption took place.
Thus, a net current results since the heated particles still exist preferably in one
part of phase space but their origin regime is already isotropic again.
The normalized current drive efficiency by ECCD can be determined by

η0 =
3

(5 + Zeff )

(
v⊥
vTe

)2

(2.62)

through investigating of the responsible collision processes regarding the change in
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v⊥ due to heating. The effective charge number is given by

Zeff =

∑

k

Z2
i,k ni,k

∑

k

Zi,k ni,k

(2.63)

with ni,k and Zi,k for the density and charge number of the different ion species k,
respectively.

Figure 2.6: Influence of phase space by the diffusion operator [REG+97]

Figure 2.7: Influence of trapped particle cone for current drive

A further effect leading to a current drive by electron cyclotron damping exists
due to the influence of the trapped particle cone. This resulting current component
is referred to as Ohkawa current. If free particles are heated and shifted in phase
space, these particles may reach the trapped particle cone. In figure 2.7 this is the
case for particle 2. In the trapped particle cone the collision frequency is much
higher compared to the passing particle regime, so that an isotropy in the cone is
realized on a much faster time scale[WC87].
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Anisotropy occurs since the trapped particles leave holes in the passing particle
phase space regime (when they get trapped). This leads to a current drive in oppo-
site direction compared to the previously described principle.
Depending on the power deposition it is also possible to drive currents with oppo-

site directions by means of ECCD in plasmas. In case of weak single path absorption
it is possible that the wave heats particles after passing the first resonant layer. In
this case, considering equation (2.60), particles are heated, which have an opposite
parallel velocity to compensate their higher cyclotron frequency due to the higher
magnetic field. This process can take place several times for multi-path absorption
in thin plasmas where the wave passes the plasma several times before being ab-
sorbed shown in figure 2.8. Therefore, the electron cyclotron current can flow in
different directions at the magnetic high and low field side of the plasma resulting
in a vanishing net current.

Figure 2.8: Generated current by means of multi pass absorption of the ECRH
wave

2.4.4 Lower Hybrid Current Drive

A further way to drive plasma currents is based on the radiation of waves in the
direction of the magnetic field with a frequency close to the lower hybrid frequency.
This method is referred to as lower hybrid current drive (LHCD). By use of a wave
guide waves with a phase velocity matching the parallel velocity of the electrons
are coupled into the plasma. Momentum and energy can be exchanged between the
wave and the particle when the Landau resonance condition

ω − ~k · ~v = 0 (2.64)

with the wave frequency ω, the wave number ~k and the particle velocity ~v is ful-
filled. Consequently, an absorption process via Landau damping takes place and
the electrons are accelerated. Under typical reactor conditions the launched wave is
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completely damped after a short path. Thus, only in this region a current will be
driven.
The resulting current is determined by several factors. On the one hand the cur-

rent is balanced by the momentum transfer (between the wave and the electrons)
and the momentum loss due to collisions between accelerated electrons and ions.
On the other hand, the collision frequency between the accelerated electrons and
cold ions decreases since the collision cross section becomes smaller with increasing
particle velocity. As a consequence the momentum loss of the accelerated electrons
becomes slower resulting in an asymmetric conductivity [FB80]. As an approxima-
tion, three quarter of the total lower hybrid current originate from the change of the
collision rate of the accelerated particles. Since all electrons which satisfy equation
(2.64) gain momentum independently of their perpendicular velocity the resulting
phase space normalized to the thermal velocity vT obtains a broad asymmetry as
seen as in figure 2.9. A normalized current drive efficiency η0 can be determined
analog to equation (2.62) by the ratio of the normalized current and power density

η0 =
4

(5 + Zeff )

(
v‖
vth,e

)2

(2.65)

with the thermal velocity vth,e and a phase velocity vP which correspond to the
parallel particle velocity v‖ scaling with ν−1/3 here [WC87]. The difference compared
to (2.62) results from the distinction in the direction of the momentum change of
the particles caused by the interaction with the wave. In case of non-reactor like
cold plasmas, LHCD can be used to adjust the current profiles by changing the
power deposition profile [Fre08]. In this way centrally peaked current profile can be
generated by means of waves with high parallel phase velocity which leads to a deep
penetration into the plasma. This effect becomes stronger with a higher magnetic
field and a lower density [WC87].

Figure 2.9: Velocity distribution of the electrons by using lower hybrid waves with
a parallel phase velocity between 3 and 5 times the thermal velocity for
current drive [Fis87]
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2.4.5 Electron Bernstein Wave Current Drive

The concept of current drive by means of electron Bernstein waves (EBW) gives
an opportunity to generate plasma currents with a higher efficiency compared to
ECCD [LST94].
As described in section 2.3.2. Bernstein waves are generated inside the plasma

by means of a mode conversion of the incident electromagnetic wave. Here, a par-
allel refraction index n‖ > 1 can occur due to the electrostatic behavior of EBWs.
However, it should be mentioned that n‖ depends on the magnetic field and can be
changed by the magnetic shear, curvature and gradient [LMM+03].
Nevertheless, due to this refraction index n‖ and the related stronger Doppler

shift, electrons with a preferred v‖ are heated and gain momentum and energy. This
can be seen by the quasi linear diffusion operator which is shown in figure 2.10 and
where n‖ = 1 leads to a parabolic resonance curve.
Here, the heated particles rarely interact with the loss cone causing a smaller or

even vanishing Ohkawa current. The improvement in the current drive efficiency
results from avoiding Ohkawa currents, which point in the opposite direction with
respect to the current produced by the microwave and may therefore compensate
these.
Moreover, the perpendicular refraction index n⊥ can lead to wave lengths smaller

than the gyro radius. This gives the opportunity for interaction of super thermal
particles with EBWs as seen in figure 2.10 through the occurrence of the different
grey regions for an increasing v⊥.

Figure 2.10: Influence of phase space by the diffusion operator for electron Bern-
stein waves [LMM+03]

2.4.6 Bootstrap Current

Bootstrap currents are the consequence of pressure gradients in plasmas as well as
the existence of neoclassical particle orbits. In order to explain the concept two
electrons at the point P with the same v‖ but different direction are considered.
Both electrons follow neoclassical orbits which are referred to as banana orbits as
seen for one particle in figure 2.11(a).
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They are trapped in a magnetic bottle caused 1/R dependence of the toroidal field1.
Due to the ∇B drift both particles will experience a drift. However, they are influ-
enced different due to their different parallel velocity directions. The result is that
both particles traverse different orbits as it is shown in figure 2.11(b).

(a) Three dimensional view (b) Poloidal projection of the trapped parti-
cle orbit [Pee00]

Figure 2.11: Banana orbit in a magnetically confined plasma

In presence of a density gradient more particles follow the inner orbit with a
v‖,inn(r = P ) pointing opposite to v‖,out(r = P ) of the outer orbit. This leads to
an asymmetry in the phase space which is shifted in opposite direction for electrons
and ions.

Thus a net current from the trapped particles result which can be described by

jT = −q
( r

R

)1/2 kBT

B

dn

dr
(2.66)

with the safety factor q which is the inverse of the normalized rotational transform
ῑ defined by equation 1.10.

A similar process occurs by means of the non-trapped particles since they have a
drift depending on the direction of their parallel velocity [Fre08]. In presence of a
pressure gradient these passing particle carry a net current given by

jP = −q
kBT

B

dn

dr
(2.67)

Additionally collisions between trapped and passing particles have to be considered.
Collisions remove the discontinuity in phase space on the trapped-passing bound-
ary. Here, an equilibrium in the momentum transfer between the trapped and the
passing particles has to appear [Fre08].

1In case of a stellarator, particles can additionally be trapped in a mirror configuration caused
by the helical coils
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The required distribution of the passing particles leads to the collision driven part
of the bootstrap current.

jBS ≈ −q
( r

R

)−1/2 kBT

B

n

r
(2.68)

If a temperature gradient is also be considered, the total bootstrap current is given
by

jBS = −q
( r

R

)−1/2
(

2.44kB(Te + Ti)
dn

dr
+ 0.69n

d(kBTe)

dr
− 0.42n

d(kBTi)

dr

)

.

(2.69)
The bootstrap current flows parallel to the toroidal field direction. Equation (2.69)
has to be slightly adjusted for stellarator experiments [Pee00]. Here, precise knowl-
edge about the magnetic field configuration is required.

2.4.7 Pfirsch-Schlüter Current

In order to reach a magnetic confinement of fusion plasmas a rotational transform
of the magnetic field lines is necessary as shown in section 1.2. By means of the
rotational transform a shorting of the vertical electric field arising from the charge
separation caused by particle drifts occurs. The responsible equalizing currents
flowing along the magnetic field lines are referred to as Pfirsch-Schlüter currents.
For a large aspect ratio and a circular cross section the current density is defined by

jPS(r) = −
2r

BθR

dp

dr
cosθ (2.70)

with the poloidal magnetic field Bθ, the radial pressure gradient dp/dr and the
poloidal angle θ [WC87]. The resulting magnetic field generated by these currents
is directed vertically and leads to a shift of the flux surfaces - the Shafranov shift.
The currents flow on the magnetic high field in opposite direction compared to the
magnetic low field side. Thus, the net current in toroidal direction is zero.

2.5 Spitzer Resistivity

The plasma resistivity represents an essential value regarding the ohmic heating
process and its efficiency. At the same time by means of knowledge of the loop
voltage/current characteristic the electron temperature can be estimated. For this
aim the parallel resistivity with respect to the magnetic field of a fully ionized gas
can be described by means of the Spitzer-resistivity formula [Spi62].

η =
Zeff

γE

π3/2e2m
1/2
e lnΛ

2 (4πǫ0)2 (2kBTe)3/2
(2.71)
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By using the electron temperature in units of eV the formula turns to

η = 3.04 · 10−5Zeff

γE

lnΛ

(Te)3/2
Ωm . (2.72)

Here, the Fokker-Planck-Equation was numerically solved for electrons in a steady-
state plasma. The velocity distribution of the electrons was assumed to be Maxwellian
with a small perturbation. In the first step only interaction of electrons with ions
have been considered [CSR50]. However, Spitzer found that electron-electron colli-
sions cannot be neglected [SH53].
In equation 2.71 lnΛ represents the so called Coulomb logarithm. For the case

that the electron temperature is greater than the ion temperature (Te > Ti) and an
ion charge of Ze an approximation of the Coulomb logarithm is given by

lnΛ ≈

{

29.9− 1
2
ln
(

ne

m−3

)
+ 3

2
ln
(
Te

eV

)
+ ln(Z), if Time/mi < 10Z2eV < Te

30.9− 1
2
ln
(

ne

m−3

)
+ 1

2
ln
(
Te

eV

)
, if Time/mi < Te < 10Z2eV

(2.73)

with the electron density ne. An overview for different parameters is given in [NRL].
It can be seen, that the Coulomb logarithm is a weak function of ne and Te. For
WEGA plasmas lnΛ ≈ 14. For a fusion reactor lnΛ ≈ 16.
The term γE has been introduced since the electron-electron collision cross-section

depends on the ionic charge of the plasma. γ is listed for different values in table
2.1.

Table 2.1: Ionic charge dependence on γE
Zeff 1 2 4 16 ∞
γ 0.5815 0.6833 0.7849 0.9225 1

By knowing the plasma current and the loop voltage the integral plasma resistance
is given by

R =
Uloop

IP l

= η
2πR

πa2
(2.74)

for a circular cross-section. Therefore, by using equation (2.72) and (2.74) the flux
surface averaged electron temperature is given by

Te = 1.55 · 10−3

(
Zeff lnΛ

γE

IP l

Uloop

R

a2

)2/3

eV . (2.75)
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Chapter 3

Magnetic Diagnostics

Magnetic diagnostics are a basic module in all fusion experiments. They provide
access to base parameters of high temperature plasmas, which are indispensible for
magnetic confinement experiments. Magnetic diagnostics can be divided in inductive
and non inductive sensors. The first are exclusively used in this thesis and will be
explained in the next chapters. An overview of non-inductive sensors can be found
e.g. in [SFMT08, HKW06].

3.1 Inductive Magnetic Diagnostics

The basic principle of the measurements is the same for all inductive magnetic
diagnostics - the induction law. Loops and coils that are pervaded by a magnetic
field are used. The induced voltage at the ends of the loop is measured. The
amplitude of the voltage

V =

∮

C

~E · d~l = −
d

dt

∫

S

~B · d ~A (3.1)

is determined by the line integral along the curve C, which encloses the surface S, in
the electric field that exists due to the temporal change in flux ~B · ~A. The pervaded
flux area A is constant in most diagnostically applications. Thus, the measured
signal is proportional to magnetic field change. Since only inductive magnetic diag-
nostics are used in this thesis, the term inductive will be skipped subsequently. By
integration of the measured signal, the magnetic field, as well as the related current
producing the magnetic field, can be determined. Different types of flux loops have
to be distinguished with respect to the different magnetic fluxes measured in an
experiment.

3.1.1 Rogowski Coil

A Rogowski coil (named after Walter Rogowski’s work in 1912 [Rog12]) can be used
to measure a current flowing within a conductor. Due to the existence of free charged
particles a plasma also depicts a conductor.
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The magnetic field along an arbitrary closed contour C, which encircles the conduc-
tor, is related to the current I in the conductor by

∮

C

~B · d~l = µ0I . (3.2)

Here, d~l is a line element of the arc length along C. In order to measure this flux, a
coil has been designed whose axis follows the curve C. If the space for construction
is limited, one way to accurately measure the flux is through the use of segmented
Rogowski coils that have been connected in series [WEGK08]. As seen by equation
(3.1) the magnetic flux passing through one of the windings only gives information
about an average magnetic field due to the surface integral. Therefore, the windings
of a Rogowski coil should be small so that the magnetic field does not vary signifi-
cantly in direction and magnitude. The condition becomes of less importance if the
Rogowski coil has the shape of a toroid and the plasma current density is symmetric
and flows on the axis of the toroid. In this case, every winding measures the same
flux.
Furthermore, in case of a non toroidal

Figure 3.1: Rogowski coil

shape, the winding area has to be perpen-
dicular to ~B created by the current I in or-
der not to measure any unintentional flux.
Additionally, the Rogowski coil needs to
have a return winding, otherwise a field
that is perpendicularly passing through the
area C = πr2Rog will also be measured.
In the simplest case, one end is returned
through the coil itself - without any wind-
ings - to the beginning. It is also possible
to make a second layer of windings in or-
der to lead one cable end back to the be-
ginning. Here, the direction of the wind-
ing rotation has to be contrary to the first
layer. Now, only the area spanned by the
windings N seen in figure 3.1 contributes
to the flux area.
In case of a toroidal Rogowski coil that has a major Radius R and lies in a poloidal

plane of the vessel, the measured flux is given by

Φ =
N∑

i=1

∫

S

~B · ~eθ dA . (3.3)
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Based on a homogenous winding density n along ~l, ~eθ can be expressed by

~eθ =
d~l

Rdθ

≈
N∆~l

2πR
. (3.4)

Thus the flux through the Rogowski coil is

Φ =

∫

S

N

2πR

(
N∑

i=1

~B ·∆~l

)

dA

≈

∫

S

N

2πR

(∮

C

~B · d~l

)

dA

=
NAµ0I

2πR
(3.5)

where A the area of one winding. By means of the induction law, the measured
signal is

V = −Φ̇ = −
NAµ0İ

2πR
. (3.6)

An integration is still required in order to get a signal proportional to the current.

3.1.2 Diamagnetic and Compensation Loop

In order to determine the diamagnetic effect, and thus the plasma pressure, so called
diamagnetic and compensation loops are used. These loops lie in a poloidal plane
and measure the toroidal flux change. The mean magnetic field is again determined
by integrating the measured voltage and having a constant flux area. Both sys-
tems can be located inside or outside of the plasma vessel whose consequences are
discussed in section 4.1.1. The difference between the different loops is that the
diamagnetic loop fully encloses the plasma while the compensation loop only mea-
sures the vacuum magnetic field flux, since no plasma reaches the area between the
windings. This can be seen in figure 3.2.
In order to determine the diamagnetic effect, the diamagnetic loop measures the

flux

Φdia = Φdia,vac +∆Φ (3.7)

= < ~Bdia,vac > · ~Adia +∆Φ (3.8)

consisting of the vacuum flux Φdia,vac and the change of flux ∆Φ due to the diamag-
netic current, the plasma current and its profile as shown in chapter 2.1.
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Figure 3.2: Flux area of a diamagnetic and compensation coil

On the other hand the compensation loop only measures the vacuum magnetic flux.

Φcomp = Φcomp,vac (3.9)

= < ~Bcomp,vac > · ~Acomp (3.10)

3.1.3 Toroidal Flux Loop

In tokamak experiments the use of a toroidal flux loop is an easy way to get access
to the electron temperature. A toroidal flux loop is located in a toroidal plane and
encloses the transformer core, as seen in figure 2.5. A loop voltage is then induced
by a vertical magnetic flux. This flux can be generated by a transformer, vertical
field coils used for shifting the plasma radially and lastly by the plasma current
itself. Therefore, one has to distinguish between the causes of the flux change. In
the instance that a transformer is used (described in chapter 2.4.2) and there are
stationary plasma conditions, the loop voltage given by equation (2.59) corresponds
to the voltage driving the plasma current.
By knowing the plasma current, as well as the loop voltage, the average electron

temperature can be determined by using equation (2.75).
In case of a non-stationary plasma current, the loop voltage is altered by the

plasma acting as well as by the transformer primary winding. Furthermore, if the
plasma current is constant and no transformer is used, the loop voltage will be zero
since no vertical magnetic flux change is generated. The use of equation (2.75) is
not possible in under these conditions.
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3.2 Systems for Determination of the Diamagnetic

Effect

In literature, different systems that measure the diamagnetic effect by means of
diamagnetic loops can be found for [TCK86, JD02, MBT03, SWZ04, Ba01]. Two of
them were used in this work and will be presented in the following. The first system
based on the opportunity to determine the influence of the vacuum magnetic field
described by the second term in equation (2.10) as a compensation method for
signal measured by the diamagnetic loop. The second system relies on a relative
measurement between two diamagnetic loops and is described in chapter 3.2.2. The
construction of the different systems at WEGA is specified in chapter 4. The results
and comparisons between the different systems are shown in chapter 5.6.

3.2.1 Diamagnetic and Compensation Loop System

The first system to determine flux changes is comprised of a combination of both
a diamagnetic and compensation loop. Due to the difference in the flux area of
both loops a calibration factor D has to be introduced. D can be determined from
vacuum field measurements.

D =
Φdia,vac

Φcomp,vac

(3.11)

By using this factor and equation (3.7) as well as (3.9), the diamagnetic flux change
can be determined by

∆Φ = D · Φcomp − Φdia . (3.12)

3.2.2 Two Loop System

The two loop system consists of two diamagnetic loops with different flux areas. The
loop with a smaller area is called the inner loop whereas the other loop is called the
outer loop. The formula index is ’inn’ and ’out’, respectively. Both loops are located
in the same poloidal plane as illustrated in figure 3.3. The system is determined by

Φinn = Φinn,vac +∆Φ (3.13)

Φout = Φout,vac +∆Φ (3.14)

where the index (vac) describes the influence of the vacuum field. Since their flux
ratio does not change during the shot, the ratio parameter k is introduced.

k =
Φout,vac

Φinn,vac

(3.15)
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Figure 3.3: 2-loop system used to measure the plasma energy

Combining equation (3.13), (3.14) and (3.15) leads to

∆Φ =
1

1− k
(Φout − k · Φinn) . (3.16)

The parameter k can be measured by two ways. The first of these ways is to use
a vacuum field pulse where ∆Φ = 0 so that Φout = Φout,vac and Φinn = Φinn,vac.
In this case k can be determined by means of (3.15). The second way uses the
approximation of the magnetic field

< Bout,vac >≈< Binn,vac > (3.17)

which is justified due to the small difference in the flux area of both loops. In this
case k is described by

k =
< Bout,vac > ·Aout

< Binn,vac > ·Ainn

k ≈
Aout

Ainn

(3.18)

and can be determined by measuring the flux area.
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3.3 Integrators

In order to evaluate the raw signals coming from the magnetic diagnostics, a tem-
poral integration of these signals has to take place. This is due to the fact that only
the change of the magnetic flux Φ is measured by inductive magnetic diagnostics.
Different concepts of integrators are available for the desired integration. The most
widespread implementation uses analog integrators. The raw signal is picked up by
an integrating electric circuit with integration time τ making the integrated signal
immediately available.

Uint(T ) = −
1

τ

∫ T

0

Urawdt (3.19)

This concept is only briefly represented in the following. The second option is the
digital integration of the signal, which is explained in section 3.3.2.

3.3.1 Analog Integrators

Analog integrators can be divided into active and passive integrators. The latter
are suited for the integration of signals on a short time scale. Circuits of passive
integrators are shown in figure 3.4. The related complex transfer function is

Figure 3.4: Passive RC-integrator and RL-integrator

Uint =
1

1 + iωτ
Uraw (3.20)

with τ = RICI and τ = LI/RI , respectively. In the range of ωτ ≫ 1 equation
(3.20) corresponds to equation (3.19). However, for small frequencies this is not
the case. If τ is increased as a countermove, the output amplitude will be reduced
due to the inappropriate voltage ratio. This effect is increased by using the analog
integrator in on-load operation. This condition limits the operational range of a
passive integrator.
In comparison to a passive integrator an active integrator does not have this type

of drawback. The fundamental difference is that an active integrator contains a
operational amplifier stage, shown in Figure 3.5.
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Figure 3.5: Active integrator

The output voltage is given by

Uint(T ) = −
e−T/τG∞

τ

∫ T

0

e−T/τG∞Urawdt (3.21)

with G as the finite high open loop gain of the amplifier (G∞ > 140 dB) and
τ = RICI . RI is the input resistance and CI the feedback capacitance. Thus,
the output signal dependence on the load at Uint is reduced by the operational am-
plifier. One of the biggest drawbacks in working with active analog integrators is
the input offset voltage drift of the amplifying stage. This leads to the fact that
in addition to the raw signal, an arbitrary perturbation value is continuously inte-
grated. Moreover, this value depends on temperature due to the changing resistance
of electronic components. Particularly in long term experiments the drift can lead
to large errors in the integrated signal.
One opportunity to suppress this error is through the use of a feedback circuit,

which adjusts the input during non-plasma operation in order to minimize the output
signal. During plasma operation, this circuit is switched off and the last offset value
is used for the whole plasma discharge.
At present, the best analog integrator is located at the tokamak KSTAR. A drift

of 5mV at the output stage could be demonstrated during a 100 s pulse (corre-
sponding to an integrated drift of 5µV · s) [SFMT08, BLS04]. Further technical
improvements and first results of magnetic measurements at KSTAR can be found
in [KLBS08, LBK+08]. Another proposed method is that two analog integrators,
which alternately measure and determine the offset, are used [AAK93].

3.3.2 Digital Integrators

The digital integrator that is exclusively used in this thesis has been developed for
Wendelstein 7-X. In this thesis, the integrator has been tested for the first time in
continuous experiment operation. One of their major advantages is that the output
range of the integrated signal is not limited by the output stage itself.
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Furthermore, a much better drift compensation compared to analog integrators
could be realized [SFMT08, Wer06]. The principle of the integrator is shown in
figure 3.6 and will be explained in the following.
In a simplest version of a digital integrator the measured signal is directly detected

by an analog-to-digital (ADC) converter and the values are integrated via software.
However, in order to suppress aliasing effects in the integrated signal resulting by
non-consideration of the Nyquist-Shannon sampling theorem a low pass filter is
necessary in front of the ADC [Sha98]. Additionally, an amplifier is required in
order to make the measured values independent on the load at the output stage and
furthermore amplifying these values. Since these electronic parts will lead to drift
which influences the integrated signal a suppression of the drift is necessary.
For this purpose, the raw signal of the magnetic diagnostic is chopped by an

electronic switch which is driven by a clock signal. Here, - in a simple model - a
polarity change of the raw signal is realized at the first amplifier input stage. The
amplified and chopped signals as well as the clock signal are detected by an ADC.
Using these time traces, a software reconstruction of the raw signal is performed
where the drift of the amplifier stage averages out due to the prior chopping process.
This is the essential factor in performing long time integration of a signal where a
minimal drift or error voltage will lead to large errors in the integrated signal. After
the reconstruction, an integration is realized.
Using this technique, a maximum drift of 70µV /1000 s (equals an integrated drift

of 0.07 µV · s) has already been demonstrated [Wer06]. Moreover, an improved
common mode rejection has been shown.

Figure 3.6: Principle of the digital integrator

During this thesis, a new algorithm performing the reconstruction and integration
has been developed. This algorithm, as well as its performance, will be explained in
section 4.2.1. Additional improvements concerning the suppression of beat frequen-
cies could be realized, which are described in section 4.2.3.
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Chapter 4

Diagnostic Setup at the WEGA
Stellarator

The principle of measurements by means of magnetic diagnostics has been described
in section 3.1. In section 4.1 the assembling of the different magnetic loops is de-
scribed. Within this work a diamagnetic loop, a compensation coil and a two-loop
system, consisting of two further diamagnetic loops, have been build up. Further-
more, two Rogowski coils for plasma current measurements as well as three Rogowski
coils for measuring the magnetic field coil current has been constructed and put into
operation, respectively.
The received raw signal from the diagnostics is chopped by the integrator board

(also referred to as chopper) and detected by an analog-to-digital converter, which
can be seen in the signal path shown in figure 4.1. These values are saved in the
Objectivity database developed for W7-X. By means of an appropriate software
algorithm the chopped signal can be reconstructed and integrated later on. Here,
an integration algorithm, which is explained in section 4.2.1 has been developed
which allows the implementation into the online data processing system planned for
W7-X.
During the development phase of this work data were integrated offline. The algo-

rithm and the data evaluation program was implemented in IDL; in an application
called MagPlot. The integrated signals are saved as netCDF files, which is the de-
fault file type used for WEGA diagnostics. This permits a synchronous comparison
of the results with other diagnostics.

4.1 Assembling of Magnetic Loops

This section describes the assembly of the different magnetic diagnostics at WEGA.
At first the diamagnetic loops and compensation coils will be specified before the
setup of Rogowski coils is characterized. In order to comprehend the complicated
construction, the diagnostic requirements will be illustrated in the following.
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Figure 4.1: Signal path for the evaluation of magnetic diagnostic measurements at
WEGA

4.1.1 Diagnostic Requirements

One of the main tasks of this thesis was to build up a system of fast magnetic
diagnostics. Here, the term “fast” corresponds to the fact that a magnetic flux
signal is damped by the skin effect which leads to a time delay if magnetic fields
have to penetrate a conducting body before they can be measured by loops. In order
to reduce this effect all diamagnetic diagnostics and one Rogowski coil had to be
designed for inside of the vessel. This leads to two secondary conditions.
First, the diagnostics were not allowed to touch or disturb the plasma. This lim-

its the width of the diagnostics. Furthermore, the mounting can only be realized
through the existing ports. The second condition is that all cables needed an ad-
ditional metal shielding in order to protect them from microwave stray radiation.
This increases the challenge of mounting a completely shielded system surrounding
the plasma through ports with a maximum diameter of 92 mm. The solution and
implementation will be described in the following.
A further requirement for the diagnostics follows by the wide range of expected

plasma parameters. For example, the dynamic range of current measurements
should cover at least 3 orders of magnitude (1 - 2000 Ampere). On the other hand,
flux changes have to be detected which are 5 orders smaller than the stationary
flux signal itself. Furthermore, these measurements have to be realized for a dis-
charge time of 1 - 60 seconds. These conditions require optimizations of the digital
integrator, described in section 4.2.

4.1.2 Diamagnetic Loop

A diamagnetic loop, whose principle is explained in section 3.1.2, of 16 windings
has been installed at the WEGA stellarator. The required shielding of the wind-
ings against microwave stray radiation could be realized by stainless steel pipes
surrounding the wires. The inner diameter of these pipes was the limiting factor for
the winding number. The setup is presented in figure 4.2 and the dimensions of the
used pipes are listed in table 4.1.
A system consisting of different pipes for shielding the cable had to be used since

otherwise the mounting though the port could not be realized. Here, 4 pipes have
been utilized.
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4.1 Assembling of Magnetic Loops

Figure 4.2: Setup of the diamagnetic loop consisting of 4 stainless steel pipes

Table 4.1: Dimensions of the used pipes for construction the diamagnetic loop

Identifier rcurv/[mm] α/[◦] rinn/[mm] rout/[mm]
Diainn1 181 160 3 4
Diainn2 181 110 3 4
Diaout1 181 163 5 6
Diaout2 181 167 5 6

Two of the four pipes have an outer diameter which is slightly smaller than the inner
diameter of the other pipes. Therefore, the pipes could be telescoped (open state)
so that the top and bottom pipe bow could be folded. With both pipe bows lying
side by side (figure 4.3(a)), it was possible to lead the whole construction through
a free WEGA port having a diameter of 89mm. In the next step the bows were
flipped back so that they lie in a poloidal plane inside the vessel (figure 4.3(b)). In
the last step the outer pipes were shifted, so that they overlap parts of the inner
pipes (closed state), as shown in figure 4.2. Marks at the inner pipes, which could
be scanned by the fingers, serve as identification for the required shift of the outer
pipes. Due to the overlapping pipes the cable windings were totally shield against
the plasma and microwaves. Furthermore, in the closed state the construction is
sufficiently mechanically stable inside the vessel.
Pulling the cable through the pipes has been performed at a self constructed

mounting device (figure 4.4). This device kept the pipes in the open state. The
cable was launched into the pipe system through a hole in one of the inner pipes.
At the accessible points marked with A and B in the figure 4.4 the cable could be
pulled in order to realize 16 windings. Then, the cable end was lead back through
the hole again.
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(a) Folded diamagnetic loop for leading
through the WEGA port

(b) Open state of the diamagnetic loop

Figure 4.3: Change of the position of the pipes in order to implement the shielded
loop inside the WEGA torus

Outside of the pipes the cable pair has been twisted in order to prevent parasitic flux
areas. The further cable route to the port could be shielded by a flexible corrugated
stainless steel tube which was attached to the hole in the pipe. A Teflon isolated
cable was used due to their high thermal temperature stability and sufficient vacuum
capability.

Figure 4.4: Mounting device for diamagnetic loop

The average radius of the winding packet is 181mm. Although possible misalign-
ment of the cables inside the pipes might introduce a small systematic error, which
is was determined in the appendix, an average flux area per winding of

A = 1029.2(±20.7) cm2 (4.1)

has been estimated. The problem in shielding the winding packet should be shortly
shown by a previously used diamagnetic loop in WEGA. This diagnostic consisted
of two U-profiles, which were plugged into each other.
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The cable packet was located in the slip which can be seen in figure 4.5(b). Each of
the U-profiles was made by 3 poloidal sections of 120◦, which were connected inside
the vessel. However, during plasma operation the cable burned in the region of the
gaps of the U-profiles so that the diagnostic had to be removed.

(a) Diamagnetic loop of
2006 inside the WEGA
torus

(b) Insufficient cable shielding by two U-profiles lead-
ing to cable fire

Figure 4.5: Destroyed diamagnetic loop of 2006

4.1.3 Compensation Loop

The compensation loop developed for WEGA contains 19 windings with a flux area
of

A = 184.3(±36.2) cm2 (4.2)

per winding. For this purpose pipes listed in table 4.2 are used.

Table 4.2: Dimensions of pipes used for construction of the compensation loop

Identifier rcurv α rinn rout
Cominn01 181 159 6 8
Cominn02 181 117 6 8
Comout01 181 138 10 12
Cominn11 164 159 6 8
Cominn12 164 170 6 8
Comout11 164 163 10 12
Comcor1 - - 8.5 12
Comcor2 - - 8.5 12
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Chapter 4. Diagnostic Setup at the WEGA Stellarator

Taking the cable path shown in figure 3.2 into account the inner bow was realized
by pipes with a curvature radius of 164 mm. The connections between the inner
and the outer bow were made by corrugated metal tubes, which could be flexibly
bent. This was necessary to realize cable drawing inside the pipes performed at a
mounting device which can be seen in figure 4.6. After the cable installation the
pipes were connected by the corrugated tubes and bent into their final position. A
former bending was not possible since the cable would got stuck at the places of the
bended tubes during the cable drawing.

Figure 4.6: Mounting structure for assembling the compensation coil

(a) Top view (b) Bent corrugated

tubes to realize the cable

path of the compenstion

coil

Figure 4.7: System of diamagnetic (in front) and compensation loop (back)

The cable shielding between the pipe system and the port feed through was re-
alized analog to the diamagnetic loop by means of further corrugated tube. The

50



4.1 Assembling of Magnetic Loops

distance between both pipe bows was adjusted by clamps. Further clamps were
used to connect the diamagnetic loop with the compensation loop to facilitate the
later mounting inside the vessel seen in figure 4.7. This system has been inserted
first into WEGA.

4.1.4 Two Loop System

The theoretical concept of a 2-loop system is explained in section 3.2.2. Both dia-
magnetic loops used have 30 windings each with a flux area of

Aout = 1029.2(±13.3) cm2 (4.3)

Aint = 845.0(±12.0) cm2 (4.4)

per winding. The construction as well as the cable drawing for each loop took place
analog to the diamagnetic loop described in section 4.1.2. Table 4.3 lists all used
pipes for the 2-loop system. The distance between both diamagnetic loops has been
adjusted by distance clamps. This system has also been installed through a WEGA
port with a diameter of 89 mm. However, now four outer pipes had to be shifted in
order to realize the overlap, making the installation more complicated.

Table 4.3: Dimensions of the pipes used for construction of the 2-loop system

Identifier rcurv/[mm] α/[◦] rinn/[mm] rout/[mm]
2LSinn01 164 69 6 8
2LSinn02 164 171 6 8
2LSout01 164 167 10 12
2LSout02 164 171 10 12
2LLinn01 181 69 6 8
2LLinn02 181 171 6 8
2LLout01 181 167 10 12
2LSout02 181 171 10 12
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4.1.5 Rogowski Coils

At the WEGA stellarator two Rogowski coils for plasma current measurements -
one internal and one external - were put in operation. The external coil, shown in
figure 4.8, was segmented in two parts. It was previously used at Wendelstein 7-AS
and reinstalled at WEGA. Thus, the exact geometry and number of windings are
unknown. But since Rogowski coils can be absolutely calibrated this knowledge is
not necessary for the measurements.
The internal Rogowski consists of 850 windings isolated by Kapton R©. The cable

was winded on a Viton R© tube. This coil was also put into a metal pipe construction
to realize the plasma and microwave shielding. Therefore, the system could also
be lead through the port in the vessel. The internal Rogowski coil was mounted
together with the 2-Loop system. This can be seen in figure 4.9.

Figure 4.8: Two segmented external Rogowski coil for plasma current measure-
ments

Three further Rogowski coils of the same type as the previously described outer
one have been integrated in the WEGA experiment operation. They are used to
measure the toroidal, helical and vertical field coil current. The first both are located
at the current supplies of the field coils shown in figure 4.10 (a) and (b). The last
encloses the lower vertical coil windings which can be seen in figure 4.10 (c).

4.1.6 Place of Location

With respect to the development of magnetic diagnostics system inside the WEGA
vessel an estimation of the maximum radial extent was necessary. For this purpose
the W7-Code was used [Wer09]. The code calculates the vacuum magnetic field
configuration for WEGA. Figure 4.11 shows magnetic flux surfaces for WEGA. The
place of the last closed flux surface (LCFS) was the decisive factor in designing the
diagnostics. If the loops reached the LCFS they would act as an additional limiter
with a continuous deposition of particles and heat at the diagnostics. This would
probably lead to a breakdown of the system after some time.
Due to the fact that the magnetic loops are totally enclosing the plasma one has

to look for the toroidal plane with the largest distance between the vessel and the
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(a) Open state of the system to enable flip-

ping of both bows ensuring the lead through

in vaccum vessel

(b) Zoomed figure showing cable route in the

shielding pipes

Figure 4.9: 2nd magnetic diagnostic system consisting of two diamagnetic loops
(white cables) and the internal Rogowski coil (red cable)

LCFS. At WEGA these are the toroidal positions of

φC = 54◦ + 72◦ · n (4.5)

with n = 0..4. In each of these planes two ports having a diameter of 80 mm at
the poloidal angle of θ = ±45◦ are located (C-ports). In the desired plane the flux
surface show up as a vertical ellipse which can be seen in figure 4.12.
The LCFS in limiter configuration of WEGA is defined by the poloidal plane where

the plasma ellipse lies horizontally. Here the flux surfaces touch the vessel on the
magnetic high field side in the case that no other diagnostic or heating components
hits the plasma. Due to the fivefold toroidal symmetry this plane is shifted by 36◦

in each field period with respect to the vertical ellipse. At WEGA 5 planes with
a vertical plasma ellipse are existing. However, one is occupied by the Heavy-Ion-
Beam-Probe, on by the ECRH, and further two by the vacuum pump system so
that the selection was limited. In WEGA notation the chosen plane is port plane
14 with the C-ports 14(+) and 14(-) where a radial space of b = 42mm is available.
However, this radial space for the diagnostics is reduced by their finite toroidal

extent. Or in other words radially larger diagnostics - these are the compensation
coil and the 2-loop system - have to be mounted close to plane 14 whereas the other
diagnostics can be installed in the vicinity on the left or right hand side of this plane.
Thus, the available radial space for the farthest mounted diagnostic is reduced to
b = 31m.
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Chapter 4. Diagnostic Setup at the WEGA Stellarator

(a) (b) (c)

Figure 4.10: Rogowski coils to measure the toroidal (a), helical (b) and vertical
(c) field coil current

Figure 4.11: Example of magnetic flux surfaces at WEGA for ῑ ≈ 0.2

Figure 4.12: Magnetic flux surface including the LCFS for the planes with a ver-
tical plasma ellipse
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4.1.7 Alignment of Magnetic Diagnostic

In order to minimize the influence of plasma current and helical magnetic field on the
diamagnetic loops as well as their compensation coil, it is necessary to mount these
diagnostics exactly in a poloidal plane. In order to locate these planes, experiments
without plasma have been performed with a pure helical field coil current to adjust
the loops step by step until a minimum in the signal was achieved. In a poloidal
plane of an ideal plasma currentless stellarator, the helical field components cancel
out each other. In case of WEGA with its 4 helical coils the total flux should be zero
since the current direction alternates between the individual coil packets. However,
the winding law has to be considered, since the coils are squeezed on the high field
side as well as slightly expanded on the low field side. The squeezing and expanding
of conductor packets result in a finite net toroidal field of the helix. Thus, it was
not possible to reach a zero flux with a pure helical magnetic field. The optimum
alignment was determined using a pure toroidal field. Since the poloidal plane is
perpendicular to the flux of a pure toroidal magnetic field, the signal coming from
diamagnetic loops has to become a maximum in this case.
The influence of the finite permanent flux area at the port feed through, where

the wires could not be twisted was negligible. To this end, the feed through was
turned in different directions during measurements of the vaccum magnetic field.
After performing all these adjustments, the final setup of diagnostic inside the

vaccum vessel can be seen in figure 4.13.

Figure 4.13: Magnetic diagnostics mounted inside the vacuum vessel where the
access is only possible through the existing ports. The picture was
also made through one port.
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4.2 Digital Integrator

In the following chapters the different optimizations and performance improvements
of the digital integrator are shown. These have been necessary since the wanted
signals, e.g. for the determination of the diamagnetic flux, needs high resolution.
Therefore, a totally new reconstruction and integration algorithm has been devel-
oped and is explained in 4.2.1. Furthermore, adjustments of the hardware settings
have also been performed which are described in the sections 4.2.2 - 4.2.4.

4.2.1 Reconstruction and Integration Algorithm

Magnetic signals for the determination of the plasma energy or the plasma current
are important for the control of discharges. Therefore, a digital integration which
will also be used at W7-X needs to meet real-time requirements, i.e. requirements on
accuracy and speed [HWM+08]. For this purpose the previous integration algorithm
has been improved with respect to accuracy without the loss of speed. The newly
developed algorithm which will also be utilized at W7-X is now continuously used
for magnetic measurements at WEGA. The algorithm is described in the following.
The raw signal of a magnetic measurement is chopped in the earliest possible

state. The clock frequency used is 373 Hz. The arguments for this choice are
explained in section 4.2.3. The chopped signal will be referred to as pseudo signal
in the following (top plot in figure 4.14). The polarity of the clock signal is used
to generate a mask signal having the values (+1) and (-1). For the time period of
the switching process it is set to zero (middle plot in figure 4.14). The start of the
switching process is defined by the rising and falling edge of the clock signal. If one
of these flanks is detected, a number of samples depending on the time period needed
for the switching process will be set to (0). An analysis of the switching process
and the following integration leads to the result that for a sample rate of 50 kHz
and a maximum cycle time of 80 µs four samples need to be set to (0). If a larger
number of samples are set to (0), too much of the signal is lost and the interpolation
performed later becomes more imprecise. On the other hand, a reduction of the
number of samples has shown that in this case samples which are already influenced
by the charge injection of the chopper stage would be used.
In the next step, a zero line needs to be determined to remove a linear drift later.

Ideally, the chopping process of the raw signal mirrors the magnetic diagnostic sig-
nal along this zero line, when the polarity of the clock signal is (-1). Therefore,
knowledge about this line is of importance for the reconstruction of the raw signal
and the integration performed later. The line can be determined by considering the
chopped signal before flux changes are induced from the experiment, e.g. before
ramping up the main field. During this calibration period the chopped signal can be
assumed to be equally distributed around an ideal zero. However, due to the signal
path [Wer06] after the integration card (amplifier, ADC), the chopped signal may
oscillate along a different value.

In order to compensate the linear drift of this offset value, a regression line using all
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non-zero samples of the calibration period is determined. Then the determined re-
gression line will be subtracted from the pseudo signal so that the zero line matches
the x-axis.

Figure 4.14: Top: raw signal coming from magnetic diagnostics after the chopping
process; middle: integrator clock signal (black) and generated mask
signal (red); bottom: raw signal multiplied by mask signal

In the next step, the pseudo signal is multiplied by the mask signal to reconstruct
the original raw signal up to the samples which have been set to zero during the
switching process (bottom plot in figure 4.14). These samples will be called switch-
ing gap in the following. An interpolation scheme needs to be used to recover the
values lost by the switching process. In order to keep the calculation time for the
interpolation small (real-time requirement for W7-X and other experiments), only
linear regressions will be used (figure 4.15). Three regression lines are used, two
constructed from points on the left and right of the switching gap and a third cross-
ing the gap. The first regression line fl is defined by the last three samples located
before the switching gap and is denoted as left regression line, whereas the second
straight line fr is given by the first three samples after the switching gap (right re-
gression line). An additional direct line fd is created by connecting the two samples
on the edge of the switching gap. Three cases have to be distinguished depending
on the location of the point of time at which the regression lines fl and fr intersect.
In the first two cases the intersection point is located on the left (before) and the
right (after) of the switching gap, respectively.
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Figure 4.15: Interpolation (orange curve) of the missing samples due to the switch-
ing process of the digital integrator by means of a left fl (blue) and
a right regression line fr (green) as well as a direct line fd (red)

These cases result if the signal before the gap compared to the signal after the
gap has a vertical shift or a different curvature. In the third case the left and the
right regression line cut each other within the switching gap. For the first two cases
and the third case different interpolation schemes will be used. In order to dis-
tinguish the cases and for using them in the interpolation scheme the midpoint tm
of the switching gap is considered (figure 2). The relation of the functional values
of the three regression lines at tm allows an easy distinction of the cases. This is
described by the conditional function A.

A =







1 , if sign (fl(tm)− fd(tm)) =

sign (fr(tm)− fd(tm)) , (crossing outside)

0 , else (crossing inside)

(4.6)

In the case of ”outside-crossing” the direct line fd is used for interpolation. In the
other case a new interpolation function using a polygon with three points, defined
by the last point before the gap, a point P at tm and the first point after the gap,
will be identified. The related function value of P is determined by the mean value
at tm of fd and the regression lines fl or fr depending on which line is closer to fd
at tm (figure 4.15). This defines the second condition given by

B =







1 , if |fl(tm)− fd(tm)| ≤

|fr(tm)− fd(tm)|

0 , else

(4.7)

where B is (1) when the left regression line is closer to the direct line and B is (0)
when the right line is closer, respectively. Therefore, the final condition for the point
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P used for the interpolation is

P (tm) =

{
1
2
(fl(tm) + fd(tm)) , if B = 1

1
2
(fr(tm) + fd(tm)) , if B = 0 .

(4.8)

Under the conditions at the WEGA stellarator (sample rate of 50kHz, temporal
magnetic field ripple of 600Hz), the use of three samples has been found to be
sufficient for an accurate determination of the linear regressions for the lines fl and
fr, and thus provides enough accuracy for the following interpolation. The scheme
showed good robustness, in particular in cases of steep flanks at the switching gap.
The values of the interpolated signal are summed to get the integral curve. A
linear drift of this integrated signal may occur caused by continuous summation
of an offset in the raw signal. As a zeroth order compensation, a straight line
determined during the calibration period time is used, and their function values are
continuously subtracted from the integrated signal. Figure 4.16 shows a comparison
of the results of the old[Wer06] and new algorithm. As it could be seen, the old

Figure 4.16: Comparison of the integrated (bottom) and reconstructed raw signal
(top) between the newly developed code (black solid line) and the prior
used code based on an average process (red dash dot line)[Wer06]

algorithm reduces the time resolution of the signal as it averages the raw signal with
half of the clock frequency defined by the digital integrator to determine the missing
samples. Therefore, spurious aliasing effects which occur with the old integration
do not occur by using the new algorithm (figure 4.16 bottom). Figure 4.17 shows
the resolution for a 0.5 T WEGA field pulse detected by a diamagnetic loop. The
mentioned 600 Hz as well as a 100 Hz ripple can be identified.
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Figure 4.17: High temporal resolution of the integrated signal showing a WEGA
field pulse and the temporal magnetic field ripple

4.2.2 Suppression of Leaking Voltages

The difference between the signals from diamagnetic loops and compensation coils
representing the diamagnetic flux was estimated to be in the order of 10−5 relative
to signal itself. Therefore, minimal leaking effects, which were already detected in
the order of 10−3, leaded to large errors.
In order to realize qualitative plasma energy measurements through determining

the diamagnetic flux, two signals on one integrator board could not lie between each
other. Hence, free intermediate channels needed to be introduced.
The chosen pin configuration of the different integrator boards is shown in figure

4.18. Here, channel 2 and 4 at the boards 1 and 2 are free (or have to skip since they
have a technical fault) to avoid the possible leaking effects between signals measured
by the diamagnetic loops or compensation coils.

Figure 4.18: Pin configuration of the intergrator boards
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Table 4.4: Signal at the different channels of the intgrator board and ADC

Pin Signal Pin Signal
a Diamagn. loop i Rogowski coil for Ipl (external)
b free j Rogowski coil for Ipl (internal)
c Compensation coil k Rogowski coil for ITF

d free l Rogowski coil for IHF

e 2-Loop (large dia. loop) 181 m Loop voltage
f defect n Gyrotron forward power
g 2-Loop (small dia. loop) o Sniffer signal
h free

4.2.3 Clock Frequency Optimization

As a consequence of the high temporal resolution the clock frequency with the
period tclock of the digital integrator has to be adjusted appropriately to avoid beat
frequencies induced by the magnetic field ripple from the power supplies having itself
a period of tmfr. For this purpose the ratio

k =
tmfr − tclock

tmfr

(4.9)

has to be an irrational value.
In case of WEGA the magnetic field ripple has a frequency of 600 Hz. The quartz

at the integrator boards allows clock frequencies of 100 Hz, 1 kHz, 10 kHz and 100
kHz resulting in rational values of k. Therefore, the digital integrator has been
synchronized externally. The chosen frequency is 373 Hz.
The beat frequency may occur due to the interpolation process in the recon-

struction and interpolation algorithm. This process is most error-prone when the
interpolation takes place for time segments showing a maximum or a minimum in
the signal with steep gradients on their edges. If the raw signal is continuously
chopped at these periods the error in the integrated signal, e.g. in form of beat
frequencies, becomes maximal. This fault will occur, if the clock frequency is an
integer multiple of the field ripple frequency.

4.2.4 Amplifier Setting

Depending on the amplitude of the raw signal the amplifier in the digital integrator
needs to be adjusted to use the dynamic range of the following 24 bit ADC.
It has to be taken into account that the output stage of the digital integrator

cannot supply a signal with an amplitude higher than four volt. Above this value the
amplifier saturates. Thus, a wrong amplification would occur, leading to a constant
four volt signal at the output stage of the digital integrator. One consequence of
this saturation can be seen in case of different long magnetic field ramps, used at the
beginning and the end of a discharge, and hence a different flux change Φ̇ leading to
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different amplitudes in the flux signals is measured by the magnetic diagnostics. If
the signal saturates during the ramp the integral flux curve does not reach the zero
line after the discharge again, as shown in figure 4.19

Figure 4.19: Saturation of the amplifier (red boxes in the top) leading to errors in
the flux measurements (bottom)

But, nevertheless this kind of “ramp” saturation played a minor role since the
signal at the flat top of the magnetic field was the important physical part. On
the other hand, for the calibration of the diamagnetic diagnostics (determination of
factor D and k for equation (3.11) and (3.15)) a saturation of the amplifier had to
be obviated.

4.3 Data Acquisition and Processing

Concerning the data acquisition, the signal path displayed in figure 4.1 should be
considered again. The values measured by the magnetic diagnostics and chopped
by the digital integrator are detected by 24 bit analog-to-digital converter (National
Instruments PXI-4472). The sample rate was chosen to 50 kHz so that processes in
the range of tenths of milliseconds could be detected without producing too large
data files. The technical data of the analog-to-digital converter can be found in [NI].
The detected values were saved in the already existing data base system developed
for W7-X which is referred to as Objectivity data base [HWM+08].
The mayor difference compared to the conventional WEGA data archive system

is that the discharges and hence the data base does not rely on discharge numbers
anymore. The Objectivity data base system is based on absolute time stamps. Thus,
the absolute time stamps have to be mapped to WEGA’s relative time stamps in
order to allow comparison with other diagnostics.
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Figure 4.20: Interactive user interface of the program MagPlot used for data pro-
cessing of the signal measured by the magnetic diagnostics as well as
other diagnostics

For comparison and evaluation of the measured signals with other diagnostics
an IDL program has been written. So far this program contains more than 9500
lines and works interactively. It involves among others the opportunity to perform
a specific offset and drift compensation as well as a Fourier frequency filtering.
Additionally, different signals can be simultaneously processed with each other. This
is necessary for instance in determining the diamagnetic flux. The interactive user
interface is shown in figure 4.20.
Furthermore, the program contains the function of reading out the data of the

Objectivity data base system and doing, depending on the signal, different opera-
tions. These are for instance reconstruction if the signal is chopped, an integration
or an offset compensation. The chosen data will be sorted regarding an allocation
and saved in the particular netCDF files. The control interface is displayed in figure
4.21.
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Figure 4.21: Interface to control the different digital integrator and analog-to-
digital converter channels in order to convert the data, written in
the Objectivity data bank system, into netCDF files
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Chapter 5

Experimental Results

After assembling the diagnostics a calibration was necessary for the different mag-
netic loops whose realization and results are described in section 5.1. The subsequent
sections are categorized depending on the heating system and therefore the related
current drive concept occurring during the discharge. In section 5.2 the influence of
electron cyclotron waves with a frequency of 28GHz on current drive are described.
The results by additional use of a non-resonant microwave at 2.45GHz are shown in
section 5.3 followed by the influence of electrostatic Bernstein waves on current drive
in section 5.4. In section 5.5 measurements utilizing the transformer are presented.
Lastly, experiments on the determination of the plasma energy and pressure in

Bernstein wave heated plasmas are shown in section 5.6.
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5.1 Calibration

In chapter 3.1 it was shown that every magnetic flux pervading an inductive magnetic
loops causes a voltage at the cable ends. Since the origin of the magnetic flux is
different for the diamagnetic loops and the Rogowski coils two separate calibrations
have been performed. For the first one, toroidal magnetic fields were generated and
measured whose averaged value is well known from code calculations. In the second
case the magnetic field caused by plasma current pervading both Rogowski coils in
plasma operation has been simulated by use of a conductor with a known current
driven by power supplies.

5.1.1 Setup for Calibration of Magnetic Diagnostics

Regarding the calibration of the diamagnetic loops and compensation coils no further
setup was needed. However, in order to calibrate the Rogowski coils a conductor
has been put into the vacuum vessel. For this purpose, the conductor has been lead
through two free ports close to the plane where the Rogowski coils are located. This
can be seen in figure 5.1(a).

(a) Calibration of the Rogowski coils by means of

conductur in the vacuum vessel

(b) Calibration of the Rogowski coils used

for measuring the toroidal, helical and ver-

tical field coil current

Figure 5.1: Setup used for calibration of the different Rogowski coils

The current in the conductor was provided by two power supplies (REGATRON
TopCon) connected in parallel series, which can produce a maximum dc current of
500A. This conductor was also applied for the calibration of the external Rogowski
coils used for measuring the toroidal, helical and vertical magnetic field coil current.
Since these Rogowski coils are usually measuring magnetic fields caused by current
changes of more than 3000A/s the calibration conductor was lead through the coils
several times to get flux changes similar to the standard operational regime. This
setup is shown in figure. 5.1(b).
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5.1.2 Results

For the calibration of the Rogowski coils the power supplies were used to generate
a trapezoid current function leading to a magnetic field with the same trapezoid
shape. Here, the difference between the plateaus Bcal (seen in figure 5.2) was deter-
mined. Knowing the amplitude of the calibration current, which can be given with
accuracy of 1.0 % from the manufacturer values an absolute calibration factor can
be determined for the different Rogowski coils. Here, data were averaged over 75
measurement cycles. The final calibration values are listed in table 5.1. A change
in the position of the conductor inside of the vessel lead to a change in calibration
factor by up to 2.9 percent, which may be caused by changes in the winding density
along the coil.

Table 5.1: Calibration factors showing value for measured current per integrated
unit for the different Rogowski coils

Rogowski coil for Calibration factor
Plasma current (external) 3.14 (±0.12) A/i.u.
Plasma current (internal) 18.48 (±0.72) A/i.u.
Todoidal Field current 3.12 (±0.12) A/i.u.
Helical Field current 3.14 (±0.12) A/i.u.
Vertical Field current 3.02 (±0.12) A/i.u.

In order to determine the diamagnetic calibration factors D and k defined from
equation (3.11) and (3.15) a toroidal magnetic field scan was performed at WEGA.
The measured flux signal had the same trapezoid shape as during the Rogowski coil
calibration.

Figure 5.2: Time development of the magnetic field used for calibration of the
inductive diagnostics

Here, the time period τcal was used for offset calibration of the magnetic diagnos-
tics. This time was chosen to 5 seconds to get a sufficient offset compensation.
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The ramping up time τru as well as the ramping down time τrd of the magnetic field
were 4 seconds. The duration of the magnetic flat top phase was τftp = 4 s.
If the signals of the diamagnetic loop and compensation coil as well as both

diamagnetic loops from the two-loop system are divided by each other the calibration
factors D and k can be determined. The difference in the flux is plotted for 200mT
for the conventional system consisting of the diamagnetic loop and the compensation
coil. Here, using D = 4.03868 both signals could be subtracted from each other with
a relative resolution of 3 · 10−5 . The deviation during the ramping up and ramping
down time may be caused by a different mutual inductance between the diagnostics
and the field coils. However, this region is not necessary in order to detect flux
changes during the magnetic flat top phase later.

Figure 5.3: Difference of the flux signals of the diamagnetic loop and compensation
loop allowing a relative resolution of 3 · 10−5

In figure 5.4 the compensation factors D and k are shown for a variation of the
magnetic field. Here, a slight change could be observed which may be caused by a
change in the force acting on the magnetic loops inside the torus. This force may
lead to a movement of the loops and therefore to a change in their flux area. With
increasing the magnetic field the force becomes stronger.
In this work discharges for pressure measurements were performed at 0.47T. Thus,

calibration factors of

D = 4.0390± 0.0001 (5.1)

k = 1.27706± 0.00003 (5.2)

are used.
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(a) (b)

Figure 5.4: Change in the calibration factor D and k with respect to a change in
the toroidal magnetic field

As mentioned in section 4.1.7 the winding law of WEGA’s helical coils causes
different influences on the diagnostic loops. Since the factor D and k were derived
with respect to the toroidal magnetic field, the influence of the poloidal field through
the helical coils leads to the fact that the subtracted signal of both diamagnetic
systems differs from during the magnetic flat top phase. Consequently, in order
to investigate flux changes caused by the plasma the subtracted curve needs to
be shifted so that the signal vanishes during the magnetic flat top phase without
plasma.
Furthermore, thermal drifts of measured signals of the internal diagnostics caused

by their warming during plasma operation has to be considered. For example,
due to the different warming of both diamagnetic loops in the two-loop system the
difference signal will also drift. However, concerning diamagnetic measurements, as
seen later in section 5.6, fast changes will be considered so that thermal drifts can
be averaged out.
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5.2 Plasma Currents in Resonantly Electron

Cyclotron Heated Discharges

In this section the results from experiments on current drive in discharges using
only resonant electron cyclotron waves for plasma ignition and continuous plasma
heating are presented. Here, discharges have been performed using the gyrotron
with an emission frequency of 27.92GHz using helium as working gas. The resonant
magnetic field was 0.4987T on the magnetic axis corresponding to a field of 0.483T
on the torus axis. In consideration of figure 5.2 the calibration time τcal was 3
seconds and the resonant magnetic field was stationary between second 7 s and 21 s.
The plasma ignites at second 10.2 s and extinguishes at 20.2 s.

Figure 5.5: Time traces of a ECRH helium discharge. From top to bottom are
shown: the magnetic field B on the torus axis, the neutral gas pressure
pN , the forward power of the gyrotron P, the sniffer signal, the line
integrated density ndl and the plasma current Ipl

In figure 5.5 time traces of a typical helium discharge are shown. Here, with a
resolution of±0.5A determined by the influence of the magnetic field ripple a current
could be detected with an amplitude of 4A. In order to determine the source of this
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current different parameter studies have been performed. First of all the influence of
the ECRH power on the plasma current was examined. Here, the gas flow was kept
constant which should ideally lead to a constant neutral gas pressure pN in order to
suppress changes in the driven current by a variation of pN .
The power was varied from 3 kW, which was necessary for a reproducible plasma

ignition and stable discharge, up to 8.5 kW, limited by the gyrotron. The results
from this scan are shown in figure 5.6(a). The plasma current increased from 0.7A
to 5.1A, almost following the development of the line integrated density. For these
discharges the neutral gas pressure continuously decayed by about 20%.
In a second scan, pN was varied by changing the gas flow at constant forward

power of Pgyr = 8± 0.5 kW. In figure 5.6(b) it can be seen that the plasma current
as well as the density were almost constant for pN ≈ 1...3 · 10−5 mbar. Thus, the
decrease of pN during the power scan can be neglected and the change of Ipl in figure
5.6(a) can be attributed to Pgyr.

(a) Plasma current measured for different

forward power of the gyrotron

(b) Plasma current measured for differ-

ent neutral gas pressure

Figure 5.6: Neutral gas pressure and ECRH power scan for plasma current mea-
surement

As the detected current was expected to be driven by ECCD, the influence of the
radiation angle of the microwave was examined. Here, a variation of this angle at
constant neutral gas pressure and forward power took place. The radiation angle
could be varied between 50.0◦ and 80.5◦ limited by the technical setup of the heating
mirror. Figure 5.7 shows the resulting current.
Variations of Ipl can be attributed to a change in the coupling efficiency of the

microwave at the different angles. Therefore, the amount of absorbed power changes
leading to a change in Ipl as shown before.
In case of an electron cyclotron driven plasma current a relative larger change in

the plasma current had been expected, since with reaching a perpendicular radiation
an effect of the loss particle cone leading to an Ohkawa current should become
noticeable as described in section 2.4.3. With further increasing the angle - over
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Figure 5.7: Plasma current measured for different radiation angles of the mi-
crowave

90 degrees - the direction of the ECCD should change. However, this could not be
investigated through the limited movement of the heating mirror.
A possible reason for not having a strong radiation angle dependency on the

plasma current with respect to the electron cyclotron current theory can be explained
with the low single path absorption at WEGA due to small optical depth. Due to
multi-path absorption of the ECRH wave no preferred ECCD direction exists. This
is sketched in figure 2.8. Consequently, the measured current is assumed to be driven
by internal sources as the pressure gradient driving the bootstrap current.
In order to verify this assumption the direction of the toroidal magnetic field was

inverted keeping all other discharge parameters constant. The flux surface topology
could also be kept constant by additionally inverting the helical coil currents. This
inversion should have no influence on an EC current. However, a current with a
reversed direction could be detected as shown in figure 5.8. This is a strong indicator
for bootstrap currents.
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Figure 5.8: Influence of the bootstrap current by changing magnetic field direc-
tion from clockwise (black) to anti-clockwise (red) leading to change
in plasma current direction
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5.3 Lower Hybrid Current Drive Experiments

In this section the influence of microwaves at a frequency of 2.45GHz on plasma
current drive is examined. The temporal evolution of a standard discharge used for
this consideration is shown in figure 5.9

Figure 5.9: Time development of lower hybrid current drive discharge

Here, the plasma is ignited at 10.2 s and continuously heated by the gyrotron till
16.2 s with a forward power of 8 kW at a magnetic field of 0.483T at the torus axis.
From 11.5 s till 14 s the 2.45GHz magnetron was additionally used for non-resonant
heating and plasma current drive. The following experiments were performed using
helium to avoid reaching the cut-off and the related back coupling of the resonant
microwaves into the gyrotron. The stationary current of 5A before and after the
magnetron operation is the bootstrap current described previously. The influence
of the magnetron emission can be seen in an increase of the plasma density. Ad-
ditionally, the plasma current changes its direction, which is opposite to the main
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toroidal field now. This follows from the preferential k‖ spectrum of the LH wave
injected into the plasma [Pod06]. The absolute value of the plasma current rises to
386A using a forward power of 12 kW.
In a first step in the examination of LHCD the forward power of the magnetron

was varied at constant gas flow. The peak current Ipl,max reached at a time tI,max

during magnetron operation is plotted in figure 5.10 versus the injected power

Pinj = Pfor,2.45 − Pref,2.45 (5.3)

Figure 5.10: Plasma current dependence on injected power of radiated waves with
a frequency of 2.45GHz

resulting from the difference of the forward power Pfor,2.45 and the reflected power
component Pref,2.45 coupled back into the magnetron wave guide. However, Pinj

does not necessarily correspond to the power coupled into the plasma, since further
components of Pinj can be reflected by the plasma and do not penetrate the wave
guide again. Due to a lack of diagnostic for the determination of this coupling factor
the injected power will be used for further discussions. The peak current at tI,max

was typically reached before Pinj reached its maximum. However, it was chosen
since no stationary conditions on a timescale longer than 10ms could be reached for
the plasma current.
The results from this power scan from Pfor,2.45 = 2.5...16 kW (Pinj = 2.0...10.4 kW)

are shown in figure 5.10. An almost linear relation between the plasma current and
the injected power could be determined. The change in the line-integrated and
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neutral gas pressure at tI,max are also shown in figure 5.10.
Before estimating a current drive efficiency from the values shown in figure 5.10

the influence of the neutral gas pressure and plasma density needs to be examined to
estimate the boundaries of the efficiency as well as possible errors due to the change
of these values during the power variation.
Thus, LHCD experiments were performed at different pN realized by a change

in the gas inlet. A constant forward power of the magnetron was used with a
magnitude of 8 kW. However, due to the different gas inlet and the related changes
in plasma parameters (e.g. in plasma density) the coupling of the wave into the
plasma changed. This led to a change in the reflected power resulting in a variation
of the injected power between 5.2 to 6.3 kW.
For this reason the plasma current, density and neutral gas pressure were measured

when the injected power reached specific values in order to compare these parameters
with each other. The results are shown in figure 5.11.

(a) Plasma current dependence on line-

integrated plasma density

(b) Plasma current dependence on neutral

gas pressure

Figure 5.11: Plasma current driven by lower hybrid waves for different densities
and neutral gas pressures. Different lines corresponding to values
taken from different points during the power ramp up time

It can be seen, that the plasma current decreases up to a certain threshold, where
it vanishes. The critical neutral gas pressure is 1.5 ·10−5 mbar which correspond to a
critical line-integrated density of 8·1017 m−2. Below this limit a power dependent rise
of the plasma current could be measured up to a total current of 750A for an injected
power of 6 kW. A further reduction of the neutral gas pressure below 0.7 ·10−5 mbar
was not possible due to thermal load effects on the technical components inside the
WEGA vessel. Here, for example an intensively glowing mirror of the ECRH system
was observed during the discharge. Furthermore, the generated X-ray radiation
limited experiments with higher plasma currents.
On the other hand above the critical limit no substantial current was driven and
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only a slight change in density occurred as seen in figure 5.12 showing a discharge
with a maximum in the injected power of 6.1 kW and line-integrated density of
1 · 1018 m−2.

Figure 5.12: Plasma current developing for the case having a line-integrated den-
sity above 8 · 1017 m−2 during the non-resonant heating phase

The origin of the LH current is - as predicted by theory - caused by the generation
of super-thermal particles. This could be confirmed by means of soft X-ray mea-
surements using a pulse-high-analyzer. Here, particle energies in the range of few
ten keV were detected during a discharge with Pinj = 7.5 kW at a line-integrated
density of ndl = 7.4 · 1017 m−2 and a plasma current of Ipl = 370A. A further proof
of super-thermal particles was given by ECE (electron cyclotron emission) measure-
ments. Although these radiation temperature measurements give only access to the
electron temperature in dense plasmas with a optical depth of τ > 3 the results
in figure 5.10 can be seen as a qualitative indicator for the existence super-thermal
particles [Sta09].
Taking equation (2.56) into account, the current drive efficiency for LHCD in

WEGA can be estimated which depends on the plasma density. This has been done
for all discharges with an injected power up to 10.4 kW. The results are shown in
figure 5.13. Here, a linear decrease of the efficiency with increasing the plasma den-
sity was found. Regarding discharges which were performed for the power variation
shown above a shift of the curve seems to occur. However, further examinations of

77



Chapter 5. Experimental Results

Figure 5.13: Current drive efficiency for discharges in helium with a injected non-
resonant power up to 10.4 kW

density dependencies at higher injected power were not possible due to the limita-
tions mentioned before.
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5.4 Plasma Currents in OXB Heated Discharges

In this section the experiments with over-dense plasmas are shown. Here; a mode
conversion process, described in section 2.3.2, is used to generate electron Bernstein
waves for plasma heating. After dEscribing the temporal discharge development,
the results of the plasma current measurements are shown. The plasma parameters
in this scenario allowed to determine the plasma energy and plasma pressure at
WEGA for the first. These results are shown in section 5.6.
The temporal development of two discharge types utilizing the OXB mode con-

version scenario are explained. In case of using helium as working gas the related
time traces of the discharge parameters are shown in figure 5.14

Figure 5.14: Discharge devoloping for the examination of the plasma current and
pressure in an OXB heated plasma. From top to bottom are shown:
toroidal magnetic field B, neutral gas pressure pN , forward power of
the 28 GHz gyrotron (resonant) and 2.45 GHz magnetron as well as
its reflected power, sniffer signal, line-integrated electron density ndl,
and plasma current Ipl
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The toroidal magnetic field is set to 0.47 Tesla on the axis due to Doppler down-
shift of the resonance of the later generated electron Bernstein waves (EBW). The
incident angle of the elliptical polarized O-wave is 55◦ with respect to the toroidal
magnetical field. The plasma is ignited with a maximum forward power of 8.5 kW
of the gyrotron. Starting from 10.9 s the magnetron is additionally used for non-
resonant heating. Above a critical density of ne = 0.97·1019 m−3 the mode conversion
of the O-wave into the slow X-wave and finally into an electrostatic Bernstein wave
takes place. This wave heats mainly the plasma now. With reducing the magnetron
power starting at 14 s till a final switching off at 15 s the over dense plasma regime
can be held by the gyrotron alone till the discharge ends at 20.2 s.
In the other case of using Argon as working gas, an additional heating source

like the above used magnetron is not necessary for the OXB heating scenario. Here,
through the use of the gyrotron is sufficient to reach the critical density and therefore
fulfilling the conditions for the mode conversion.
With the transition in the OXB regime the sniffer signal, which is an indicator

for the non-absorbed microwave radiation om tje torus, collapses caused by a better
absorption and therefore better absorption efficiency[GCH+01]. This can be seen at
13.2 s in figure 5.14. Additionally, an increase in the channels of the EBE diagnostic
is detected, which measures the electron Bernstein wave radiation leaving the plasma
under a preferential angle and using the inverse mode conversion process (BXO).
The central channels measure radiation temperatures of more than 10 keV. This
temperature can now be associated with the electron energy of the super thermal
particles due to a high optical depth for Bernstein wave emission [Sta09].
However, from Langmuir probe measurements performed at second 19.5 the elec-

tron temperature of the bulk plasma can be estimated with 10 eV. Therefore, and
for energetic resons the mentioned radiation has to come from a small population
of the super-thermal particles.
These Langmuir probe measurements are also used to cross check the averaged

plasma pressure determined by the magnetic diagnostics.
The main focus lies in the stationary OXB regime regarding the current drive

measurements. For plasma pressure measurement however the fast changes like the
entrance and exit of the OXB regime are important, since long term influences (e.g.
through warming of the diagnostics) change on much larger time scale.
In order to investigate the influence of OXB heating on current drive two almost

identical discharges have been considered. In one case the gas flow was reduced by
about 6 percent with respect to a second case so that it was not possible to reach
the over dense state, as seen in figure 5.15.
In comparing both discharges the relative slow plasma current rise from 12 s till

short before reaching the OXB transition and the slow decrease from 15 s till 16.5 s
can be traced back to the influence of the magnetron. However, these current
changes are not a matter of lower hybrid current drive, since the direction of the
plasma current equals the k‖ spectrum. However, this spectrum of the radiated
microwave should lead in case of LHCD to plasma current in the opposite direction,
as seen in section 5.3. Thus, these plasma current changes must be caused by a
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Figure 5.15: Plasma current measured for two different discharges which distin-
guish by a change in the gas inlet by 6 percent resulting in reaching
the OXB phase for 34956 (black) compared with 34957 (red)

pressure gradient driven bootstrap current.
With the instantaneous transition into the OXB regime, an additional current

change of 5A occurs. This current component can be hold till the end of the
discharge. However, the plasma current predicted by ray-tracing calculations for
the OXB phase was more than one order of magnitude higher compared with the
measured results [Urb09]. Further investigation needs to be done here.
In the next step a parameter analysis for the stationary OXB phase was performed.

In order to exclude perturbations from the non-resonant magnetron heating only the
pure gyrotron heating phase was investigated for the analysis. However, the param-
eter range, where a stable OXB phase without the magnetron could be realized, was
quite limited in case of helium discharges. Therefore, the magnetron was used over
the whole length of the discharge.
Additionally, further discharges have been performed in argon, where no addi-

tionally heating source was necessary and where the accessible parameter range was
much broader - at least for the variation of the gas flow and therefore the neutral
gas pressure. The plasma current dependency on the neutral gas pressure and line
integrated density is shown in figure 5.16. Here, for both gases by not using the
magnetron the current and density are almost constant over a wide range by vary-
ing the neutral gas pressure. By additional use of the magnetron the plasma current
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Figure 5.16: Plasma current in OXB regime in dependency on neutral gas pres-
sure for discharges with argon (blue), helium (black) and helium by
additional use of the magnetron (red)

rose by a factor of 1.5 - 2 and the density by a value of around 1.5, too. Compar-
ing the current measured in OXB discharges without the magnetron with respect
to the results from the X2 heating scenario (section 5.2) no significant difference is
observed.
Furthermore, power modulation experiments, as can be seen in figure 5.17 for

an argon discharge, have been performed to examine the transition into the OXB
phase. Here, argon as well as helium experiments have been investigated. By using
argon the gyrotron forward power was varied from 8 to 3 kW from 11 to 19 s.
Using a modulation frequency of 13Hz, 110 cycles have been realized in one

discharge in order to average over the different cycles to suppress disturbing magnetic
field ripple influences and warming drifts of the inner Rogowski coil. The change
of the gyrotron power was used as trigger signal here. With this method it is also
possible to average over cycles of more than one discharge in order to improve the
signal/noise ratio. The results for a consideration of two discharges are shown in
figure 5.18. Here, with switching off the gyrotron power a collapse in the plasma
current and radiation temperature occurs while the density changes on a longer time
scale. Here, the stationary plasma current in the non OXB phase (gray shadowed
regime R2 and R4) was set to zero in order to show the change with respect to
the OXB phase (gray shadowed regime R1 and R3). The time difference between
the signal of the internal and the external Rogowski coil can be traced back to the
influence of the skin effect of the vessel. Consequently for fast changes the use of
the internal Rogowski coil takes advantage since their faster response. However,
still after using 220 cycles for averaging a influence of the magnetic field ripple can
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Figure 5.17: Power modulation of the gyrotron to investigate the plasma current
behavior during OXB transition

be seen there. With leaving the OXB phase the current drops by about 4A within
one millisecond. On the other hand to reach the OXB phase a time of about 18
milliseconds is necessary for the mode conversion and the change of the pressure
gradient driving the plasma current.
Performing the same discharges again with helium and the permanent use of the

magnetron to satisfy the reaching of the critical density for the mode conversion
with each cycle, a frequency of 23Hz was chosen. Here, 175 cycles in one discharge
have been realized, where the averaged signal is shown in figure 5.19. By comparing
argon and helium the current signal from the fast internal Rogowski coil drops by
70 percent within 1.2 ms for argon by leaving the OXB phase, whereas for helium
3.3 ms are required for this change. On the other hand for reaching the maximum
current in helium 6.5 ms are necessary compared with 15 ms in argon. Thus, in-
vestigation of the influence of the magnetron for the faster reaching of the OXB
phase combined with keeping the pressure gradient by leaving the OXB phase and
therefore a related slower reduction in the plasma current has to be done. Chang-
ing the direction of the main toroidal field, like performed for the experiments with
purely resonant heating as described in section 5.2, the measured plasma current
also changed its direction here.Taking density and temperature profiles measured
by means of Langmuir probes, a first approximation of the bootstrap current could
be performed using equation 2.69. For an OXB heated discharge in helium without
the additional use the magnetron, this cross check leads to a value of 12A, which
corresponds with the order of the measured value by means of the Rogowski coils
and supports the fact of driving bootstrap currents at WEGA.
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Figure 5.18: Plasma current change with transition in OXB regime for argon

Figure 5.19: Plasma current change with transition in OXB regime for helium by
additional use of permanent magnetron power of 14 kW
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5.5 Inductive Current Drive Measurements

In this section the results of experiments with ohmically driven plasma currents are
shown. The discharge evolution is similar to the X2-heated experiments described
in section 5.2, but with the additional use of the transformer from 17.0 s to 17.4 s.
The experiments were performed using helium as working gas. A voltage of 69.57
V was applied to the primary windings leading to a loop voltage of about 1V.
For different line-integrated densities, realized by varying the gas flow, the plasma

current is shown in figure 5.20. At a line-integrated density of 3.8 · 1017 m−2 the
current increased up to 660 A. Due to technical problems only the density before
driving the ohmic current could be measured. Thus, a possible increase of the
density through ohmic heating could not be detected. However, the ohmic heating
power of POH < 660W is negligible compared with the used microwave heating of
8.5 kW. Furthermore, technical issues lead to a shift of the plasma inside the torus
which may have changed the resonant heating and magnetic confinement. For line-
integrated densities below 3.8 · 1017 m−2 no measurements could be performed due
to the existing X-ray condition.

Figure 5.20: Inductively driven plasma current for discharges with different den-
sities

The transformer was also used during OXB heating experiments which are de-
scribed in section 5.4. Here, a plasma current of 93A could be measured on av-
erage at a line-integrated density of 12.8 · 1017 m−2 and a neutral gas pressure of
7.1 · 10−5 mbar. Using equation 2.75 these values would lead to an average electron
temperature in the region of 4.5...7.5 eV, where the uncertainty results due to the
unknown ionization grade and measurement tolerances. Langmuir probe measure-
ments could be realized here. A measured temperature profile is shown in figure
5.21. Here, in order to compare the plasma parameter at different toroidal positions
a coordinate transformation of the minor radius r to an effective radius reff was
applied. reff is flux surface label which is defined as the radius of a circle with the
same area as the corresponding flux surface. Data were available in this case for
reff > 28mm.
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The profile leads to a volume averaged temperature of 7.2 eV which supports the
value determined by the magnetic diagnostics.
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Figure 5.21: Temperature profile measured by a Langmuir probe to support the
electron temperature determined by means of the Spitzer resistivity
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5.6 Plasma Pressure Measurements

In this section, results concerning plasma pressure and energies measurements are
shown which could be performed for the first time at WEGA. The expected plasma
energy in WEGA is in the order of 1 Joule. Any minor perturbation signal like a
warming of the coils could lead to effects in the same order but on a relatively long
timescale. Therefore, fast changes, like the switching off process, are considered
here first. Different experiments will be shown with the aim to exclude several
perturbation effects which may cause a signal comparable to the real diamagnetic
effect. Then results from power modulation experiments will be explained.
The starting point in this examination is a discharge as shown in figure 5.14. Here,

the plasma heating was switched off at 20.2 s. In the following the flux change ∆Φ
caused by the diamagnetic effect is presented which will later be converted to the
plasma energy and pressure. Due to the perturbation effects described in section
5.1 (warming of the diagnostics due to microwave stray radiation) the signal of the
flux difference of both diamagnetic systems given by equation (3.12) and 3.16 is
set to zero for the time short after the discharge. Hence, the flux caused by the
diamagnetic effect is negative as defined in section 2.1.
In the following the system consisting of the diamagnetic loop (16 windings)

and compensation coil (19 windings) is referred to as conventional system (index
is “con”). The two-loop-system get the index “2L”. In figure 5.22 the switching off
process can be seen, with the drop to zero of the forward power and line integrated
density.

(a) Leaving OXB phase at second 20.2 (b) Fourier filter for frequencies above 570
Hz is used between 20.06 s and 20.28 s for
better flux change detection

Figure 5.22: Flux change measured during leaving OXB phase by means of the
conventional diamagnetic system as well as the 2-loop system
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For a better identification and determination of the flux change, a Fourier filter
has been applied from second 20.06 to 20.28, which can be seen in figure 5.22(b),
in order to suppress frequencies above 570Hz caused mainly by the magnetic field
ripple. But even without the filter the flux change can be seen in figure 5.22(a).
The two coil systems measure an absolute flux change of ∆Φ2L ≈ 2.3 · 10−7Wb and
∆Φcon ≈ 2.0 · 10−7Wb, respectively.
Similar flux changes were observed at a spontaneous loss of the OXB conversion

process leading to a fast (ms) drop of plasma parameters. Such a loss may be caused
by minor changes in the plasma parameters like ι or the gas flow Γ.
In both cases i.e. switching off the plasma and the loss of the OXB phase, the

plasma current also dropped on a comparable short timescale. Therefore, a parasitic
influence of the current on the flux measurements had to be ruled out. For this
purpose, a discharge has been realized analog to the one shown in figure 5.14 but
driving an additional inductive plasma current from 19 s till the end of the discharge
which was directed oppositely compared to the non-inductive current during the
OXB phase. Thereby, it was possible to compensate the plasma current at the time
when the plasma was switched off. The flux change in this case remained the same
as in the case with finite Ipl. Thus, the plasma current can also be excluded as a
possible perturbation effect.

(a) Time traces of the discharge (b) Flux changes due to leaving OXB phase

Figure 5.23: Ohmic transformer used at the end of the discharge for plasma cur-
rent compensation
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After excluding the possible pertubations, the different terms in equation (2.31)
had to be estimated in order to determine the plasma energy and pressure. The use
of the cylindrical approximation is justified for the plasma parameters in WEGA
[Gei09].
Using the measured plasma current of 10A and a magnetic field of 0.47T the

paramagnetic term due to the total plasma current leads to a value of

∆Φpara,Itot =
µ2
0I

2
pl

8πBφ

(5.4)

≈ 1.3 · 10−11 Wb (5.5)

which is 4 orders of magnitude smaller than the measured total flux change given
above. The paramagnetic term depending on the plasma current profile determines
a flux change of

∆Φpara,Ipro =
µ0ιvac
R

Ipla
2

2(m+ 2)
(5.6)

≈ 1.5...5.8 · 10−9 Wb (5.7)

where the peaking factor m has been varied from 1 to 10 since the current profile is
unknown for WEGA. ∆Φpara,Ipro is still two orders of magnitudes smaller compared
to the measured values. Since the paramagnetic terms are negligible compared to the
diamagnetic term, only the latter is taken for further calculation, keeping in mind
that the resulting values represent a minimal plasma energy and minimal averaged
plasma pressure, respectively. Consequently the plasma energy is given by

W = −
3πRB0

µ0

∆Φ

= −2.538 · 106
∆Φ

[WB]
J (5.8)

with ∆Φ as negative defined flux change in case of diamagnetism. The related
pressure is defined by equation (2.29) which results in an averaged plasma pressure
of

ppl =
W

3π2Ra2

= 0.0469
∆Φ

[Wb]
/
( a

m

)2

10−2 mbar . (5.9)

with a as the plasma radius. In order to make qualitative statements about the
confined energy, power modulation experiments have been performed where the
transition from and into in the OXB phase was triggered. Here, the modulation
experiments described in section 5.4 were analyzed.
In case of using helium as working gas the critical density, which was necessary to

reenter the OXB phase during the high power times of the modulation, could only
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be reached by continuous use of the magnetron. Thus the magnetron has been used
from 11 s till 20 s with an injected power of about 12 kW. Between 13 s and 19.4 s
power modulation of the gyrotron with a frequency of 39Hz and an amplitude of
5 kW has been performed in order to investigate stationary plateaus regimes.
In figure 5.24 the results from averaging over four discharges with 175 cycles each

are shown. Here, the stationary period outside of the OXB regime is used as offset
time to compensate thermal drifts of the loops. Thus, this time is taken as zero line
so that the change in energy shows up when entering and leaving the OXB phase.

Figure 5.24: Plasma energy change measured by the two-loop system as well as
the conventional system at the transition from and into the OXB
regime for helium with additional use of permanent injected mag-
netron power of 12 kW

With reaching the OXB phase the density, the plasma current and electron tem-
perature increases. The rise and the drop of the EBE signal (Trad) represents the
emission of electron Bernstein waves and therefore the start and the end of the OXB
regime.
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5.6 Plasma Pressure Measurements

For these magnetron supported helium discharges a change of the energy of
∆W2L = 0.396W and ∆Wcon = 0.390W leading to a change in the averaged plasma
pressure of ∆p2L = 1.93 · 10−2 mbar and ∆pcon = 1.90 · 10−2 mbar could be deter-
mined. The relative difference between both system was below 2%, which supports
the accuracy of the given values as they are determined by independent systems.
For Argon discharges performed by the pure use of the gyrotron as heating source

an energy change of ∆W = 0.160W (averaged over both systems) being equivalent
to ∆ppl = 0.78 ·10−2 mbar with reaching the OXB could be measured after averaging
over 840 cycles as seen in figure 5.25.

Figure 5.25: Plasma energy change measured by the two-loop system as well as
the conventional system by the transition from and into OXB regime
for argon

The difference in rise and decay time of the plasma parameters between both
gases may be caused by the additional use of the magnetron in case of helium as
discussed in section 5.4.
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For the case of helium discharges it was also possible to determine the total
confined plasma energy by investigating the switching off process of the discharges.
Here, discharges were chosen with a time evolution as shown in figure 5.14 where
the magnetron was only used till 15 s to reach the OXB state. Figure 5.26 shows
the result of averaging over 11 discharges. In this case the total plasma energy was
W = 0.73±0.2 J corresponding to an average plasma pressure of ppl = (3.57±0.98) ·
10−2 mbar. Using equation (2.39) finally leads to an approximation for the plasma
beta with β = 4.1(±1.3) · 10−5 .

Figure 5.26: Plasma energy change measured by the two-loop system as well as
the conventional system for the switching off process of the plasma
averaged over 11 helium discharges

By means of Langmuir probe measurements a value for the averaged plasma pres-
sure can be determined. Here, equation (2.35) is applied to radial density and
temperature profiles. The resulting pressure profile can be seen in figure 5.27.
The volume averaged plasma pressure in this case was ppl,Langmuir = 7.1 · 10−2

mbar. This value deviates from the previous one by a factor of about 2. This is,
however, still a rather good coincidence due to the unavoidable systematic errors
of both diagnostics. In the case of the magnetic diagnostics, for example, parasitic
influences of plasma currents on the measurements were minimized but cannot be
completely ruled out. Further on, measuring plasma energies in the order of 1 J is
a completely new application of diamagnetic diagnostics as these are typically used
in fusion experiments with energies in the order of MJ. For the Langmuir probes
the data can, at least for the temperature, only be seen as a rough approximation.
The data were derived applying a simple model to the probe data which assumes
a non-magnetized plasma with a Maxwellian electron energy distribution function.
The existence of super thermal electrons may have a significant influence on the
probe data as it has already been shown for OXB heated plasmas in WEGA at a
low magnetic field using the magnetron [Hor04].
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Figure 5.27: Plasma pressure determined by means of Langmuir probe measure-
ments
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Summary

Various types of plasma currents can occur in toroidally confined plasmas. On one
hand, it is possible to drive plasma currents via external sources, such as a trans-
former, or through use of microwave radiation. On the other hand, plasma currents
can also occur solely due the existence of pressure gradients in the plasma. In both
processes it is possible to generate net toroidal plasma currents with a resulting
poloidal magnetic field required for the twisting of the magnetic field lines in a
tokamak. In addition, pressure-gradient-driven plasma currents flow in poloidal di-
rection, resulting in a weakening of the toroidal magnetic field, which is known as the
diamagnetic effect. In this process, the Lorentz force produced by the magnetic field
and the diamagnetic current balances the pressure gradient. The poloidal plasma
currents are therefore essential for the plasma balance and magnetic confinement.
The aim of the work was to set up a magnetic diagnostic system, and thus to

determine and classify the various plasma currents on the WEGA stellarator. In
addition, evidence of the diamagnetic effect in WEGA plasmas ought to be given
by measuring the plasma pressure and energy. The plasma energy was expected to
be in the order of only 1 J.
The diamagnetic diagnostic consists of a compensating coil and a diamagnetic

coil installed at a poloidal plane inside the torus. The surface through which the
flux passes is placed perpendicular to the toroidal magnetic field and measures the
poloidal current components. A relative resolution of flux signals in the region of
10−5 was necessary for the detection of the diamagnetic effect. Furthermore, a two-
loop system, comprised of two additional diamagnetic coils of different diameter,
was developed and integrated in the torus. In this way it was possible to verify
measurements of the diamagnetic effect using two independent diagnostic.
The measurement of the toroidal plasma current was accomplished by means of

one internal and one external Rogowski coil. These coils represent a bended coil
solenoid and also enclose the plasma in a poloidal plane. The loops are sensitive to
the poloidal magnetic field that results from the plasma current.
In order to insert the inner diagnostic devices through the existing WEGA ports

into the torus and install them here, a multilayered, folding pipe system was de-
signed.
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The pipes served to shield the cables from the stray microwave radiation, which
had destroyed previous internal diagnostic devices due to their insufficient shield-
ing. In addition, three Rogowski coils from the Wendelstein 7-AS experiment were
brought into operation, which measure the currents through the toroidal, helical and
vertical field coils.
As these inductive diagnostic methods only measure a signal proportional to the

changes in magnetic flux, an integration of the measured values is necessary in order
to come to a conclusion on the flux or the plasma current generating this flux. For the
purpose of integrating the raw data, the digital integrator developed for Wendelstein
7-X (W7-X), which is based on a chopped input stage and later digital integration,
was used. With regard to digital integration, a completely new integration algorithm
was developed. This led to an improved signal resolution and a reduction in aliasing
effects at the same computing time, enabling real-time processing of the signals. A
technical improvement to the measuring electronics was also made, which resulted
in further optimization of the signal quality. An experimental determination of the
plasma energy was only possible once all of these optimizations, as well as the careful
calibration of the diagnostic devices, had been carried out.
A change in magnetic flux due to the diamagnetic current could be clearly de-

tected once it was possible to generate over-dense plasmas at WEGA. This was
accomplished by means of mode conversion (OXB) of the incident microwave. The
measured change in flux at 0.5 T corresponds to confined plasma energy of around
0.7 J, which equals an average plasma pressure of about 3.4 · 10−2 mbar. A value
in this region was also confirmed by density and temperature measurements from
Langmuir probes. Negative effects, such as thermoelectric voltage, plasma current
influences or the warming of the magnetic coils through stray microwave radiation,
were clearly ruled out in various tests. Special modulation experiments of the heat-
ing performance were also carried out, in which the transition to the over-dense
plasma state was investigated.
During the classification of plasma currents generated at WEGA, initial investi-

gations were made in resonant discharges at 0.5T. It was possible to attribute the
current drive during the purely resonant heating phase to internal plasma currents,
the so-called bootstrap currents. In this process, the incident angle of the heating
microwave was varied, and the direction of the primary magnetic field was reversed.
The latter resulted in a complete reversal of the toroidal plasma current, which can
only be explained by the bootstrap current.
The additional use of non-resonant heating through radiation of a 2.45GHz mi-

crowave caused a significant increase in the current drive. The plasma currents
generated in this mode can be attributed to the lower hybrid formalism, which is
characterized by the generation of super thermal particles. It was possible to clearly
verify these particles by independent diagnostics. By exceeding the critical neutral
gas pressure of approximately 1.5 ·10−5 mbar, it was possible to completely suppress
this type of plasma current drive.
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For measurements taken below this critical value, in which plasma currents up to
approximately 1200A were measured, a current drive efficiency with a maximum
value of 0.11A/W was established.
Plasma currents were also investigated on OXB-heated plasma. On entering the

over-dense plasma regime, and with the associated instantaneous increase in density,
a rise in current of around 7A was measured which was also attributed to the
bootstrap current. It was not possible to obtain clear evidence of current drive from
electron Bernstein waves from these experiments.
In the final stage, inductively-driven currents were investigated using the trans-

former on the WEGA stellarator. From the current measurements, and the loop
voltage creating these currents, it was possible to determine an average electron
temperature. This was consistent with the Langmuir probe measurements, and was
within the range between 5 and 10 eV for OXB heated plasmas.
It was thus possible to add two further standard diagnostics to the ongoing ex-

periment operations at the WEGA stellarator. Substantial improvements were also
made to the digital integrator designed for the W7-X. Furthermore, it was possible
to clearly determine bootstrap and lower hybrid plasma currents on WEGA as well
as, for the first time, a plasma energy of 0.7 J.
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Outlook

With the opportunity to measure plasma currents with a accuracy of 1A at WEGA,
specific investigations of the bootstrap current can be performed at WEGA. For this
purpose, the combination of the results from Langmuir probe measurements, which
give access to the required plasma pressure profiles, is essential.
Further potential exists through a possible realignment of the heating mirror sys-

tem used for ECRH heated discharges. Through this, an asymmetric propagation of
Bernstein waves could occur, which may lead to detectable Bernstein wave-driven
plasma currents.
The knowledge gained through working with the digital integrator could also

be used to further setup additional magnetic diagnostics as well, as the related
data acquisition and analysis. For instance, mini-Rogowski coils that penetrate the
plasma could be used to determine the plasma current profile. This would also help
to detect local plasma currents flowing in different directions. Another opportunity
to get access to theses profiles would exist by means of an array of poloidally arranged
Rogowski coils.
Finally, the developed reconstruction and integration code, which is required by

the digital integrator technique, can be implemented in the analysis routines of the
magnetic diagnostics at W7-X.
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Chapter 8

Appendix

Regarding the cable drawing for the magnetic diagnostics, the determination of the
maximum misalignment of the windings inside the pipes, which cause a change of
the flux area, is shown for the different coils.

Figure .1: Diamagnetic loop consiting of 16 windings

Figure .2: Compensation loop consisting of 19 windings
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Figure .3: Diagmagnetic loop of the two-loop system consisting of 30 windings each

Table 8.1: Maximal deviation of the cable paket inside the pipe againt the pipe axis

windings deviation/mm
diamagnetic loop 16 1.81
compensation coil 19 1.67
two-loop system 30 1.16
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