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1. Introduction

The worldwide energy consumption increases strongly. To illustrate this with a number,
the worldwide generation of electricity increased between 1973 and 2014 from 6131 TW h
to 23816 TW h, an increase of 388% [1]. The main source of electricity generation, with a
fraction of 67% in 2014 [1], is combustion of fossil fuels. The combustion of coal, gas and
oil produces CO,, which causes global warming. Furthermore, these fuels are finite and
not equally distributed. Therefore alternatives are necessary to replace these fossil energy
sources.

Examples for presently used CO»-free alternatives are nuclear fission, hydroelectric power,
photo-voltaic systems and wind turbines. However, all these alternatives have also disad-
vantages, such as the risk of an uncontrollable fission chain-reaction or the necessity of large
storage for weather-dependent renewable energy. Therefore a balanced energy mix of all
COa-free power plants is advisable.

An attractive future COo-free alternative to combustion power plants is the thermonuclear
fusion power plant. In this inherently safe system the fusion of hydrogen isotopes to helium
is used to produce energy.

1.1. Thermonuclear Fusion

The fusion process is well-known from the sun. In the sun hydrogen is fused to helium in
the proton-proton reaction chain. The main reaction chain is

"H+1H — 2D + et + v, + 0.42MeV
D +1H — 3He + 7 4 5.493 MeV (1.1)
SHe + 3He — JHe + 21H + 12.86 MeV.

The energy produced at the different reaction steps is a consequence of the mass defect.
The equivalence of mass and energy was first formulated by Albert Einstein [2] and is given
by

E =mc* (1.2)

with the energy F, the mass m and the speed of light c.

The conversion of a proton to a neutron in the first step of the shown reaction chain is a
process of the weak interaction and has therefore a very small cross section. In the sun
this small reactivity is compensated by the enormous pressure resulting from the high grav-
itational force. On earth such pressures cannot be sustained for sufficiently long times in




1. Introduction

reasonably sized volumes, therefore this reaction chain is not suitable for a fusion power
plant.

To avoid the process of the weak interaction, the protons are replaced by the two hydro-
gen isotopes deuterium and tritium, which already contain the necessary neutrons for the
reaction. The resulting fusion reaction is

* 4
2D + 3T — 3He* — ‘He + ln + 17.6 MeV (1.3)

with a reaction probability which is 10?! times higher than that of to the proton-proton
reaction chain. The isotope deuterium is naturally available on earth, as 0.0115% of the
hydrogen in water is deuterium. In contrast, the unstable tritium with a half life of 12.3 years
exists only in negligible amounts (worldwide ~ 3.5kg). Using the neutrons from the fusion
reaction it can be bred from the stable element lithium, following

OLi+ n — JHe+ 3T + 4.8 MeV

. (1.4)
fLi+ n— JHe+3T + n” — 2.5 MeV.
The breeding of the tritium in the fusion power plant allows to keep the radioactive inventory
of tritium small. The product of the fusion reaction, helium, is stable and not hazardous.
Furthermore, deuterium and lithium are more or less equally distributed on earth and are
close to infinitely available.
For the fusion reaction the Coulomb barrier of the positively charged nuclei must be over-
come. This could be done in particle accelerators, but a net energy production is impossible
due to the high power demand of the accelerator itself and the high losses due to the dom-
inance of Coulomb scattering events without a fusion reaction. Instead of using directed
bombardment of a tritium target with deuterium, a confined high temperature plasma is
used in which the continuous collisions between the thermal ions provide a sufficient fusion
rate. In combination with a high density of the reactants the reaction probability becomes
high enough for a self sustaining fusion process. Taking also energy losses into account a
threshold for a self sustaining fusion reaction can be formulated. This threshold is called
the Lawson criterion [3]

nTrg >5-10*' keVsm™> (1.5)

with the density n, the temperature 7" and the energy confinement time 7g, the character-
istic energy transport time scale. The energy confinement time is defined as the ratio of
the stored energy and the heating power.

As the cross section of the D-T-fusion reaction is strongly energy, and accordingly temper-
ature dependent, the highest reactivity, assumed in the formulation of the Lawson criterion
in equation (1.5), is reached at 7"~ 70keV.

Such high temperatures are not compatible with wall contact in a plasma chamber. There-
fore a confinement concept is needed that avoids wall contact of the high temperature bulk
plasma. Two concepts of confinement are commonly established, magnetic confinement,
that this thesis deals with, and inertial confinement fusion. In the inertial confinement
the Lawson criterion is fulfilled for a short time (= ns) by a high power laser pulse where
the confinement is achieved through the inertia of the reactants. Details can be found in
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Inner poloidal field coils
a) b) (Primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils
(for plasma positioning and shaping)

Resulting helical magnetic field Toroidal field coils

(secondary wansformer arcult Toretdalmagneti feld
Figure 1.1.: Two concepts for the magnetic confinement. In a) the current free Stellar-
ator and in b) the axisymmetric Tokamak. The pictures are adapted from the
references [5,6].

reference [4].

In magnetic confinement, magnetic fields are used to confine the charged plasma particles
by the Lorentz force. As linear devices, for example with a magnetic mirror configuration,
lead to insurmountable losses at the end plates a toroidal device is needed. However, in a
pure toroidal magnetic field the field strength is proportional to 1/R, with R the distance to
the center of the torus, and this magnetic field gradient would lead to a drift of the charged
particles in the plasma. This drift forces charge separation and prevents confinement of the
plasma. A helical magnetic field is the solution for this problem. The two most promising
concepts for the magnetic confinement are the Stellarator and the Tokamak, shown in
figure 1.1.

In the Stellarator the helicity of the field is entirely created by the external coils that have
a complicated, non-planar shape, which can be seen in figure 1.1 a). The magnetic field
intrinsically enables steady state operation. However, the manufacturing of the optimized
coils with the necessary precision is challenging and expensive. Details on the Stellarator
concept can be found in reference [7].

In the Tokamak the coil configuration is axisymmetric. The resulting toroidal magnetic
field is indicated by the blue arrow in figure 1.1 b). To form the necessary helical magnetic
field, a poloidal magnetic field is superimposed which is created by a current in the plasma.
Commonly this current is driven using the transformer principle with a central solenoid as
primary coil and the plasma as secondary circuit. As the direct current induction requires
a constant sign of the time derivative of the magnetic flux enclosed by the secondary
circuit the time of inductive current drive is limited. As a consequence the Tokamak with
inductive current drive can only be used in pulsed operation.

In a future fusion power plant the main objective is the economically efficient, continuous
electricity production. Therefore pulsed operation like in a conventional Tokamak scenario
has the disadvantages that a large energy storage is needed to buffer the down times and
the mean output power is reduced in comparison with the peak fusion power. Furthermore,
thermal cycling due to the pulsed operation leads to fatigue, which decreases the lifetime
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of the power plant and increases the maintenance costs. To mitigate these problems, an
increase of the duty cycle by extension of the pulse length is desirable. The optimum is
infinite pulse duration, rendering energy storage dispensable and reducing the number of
thermal cycles to a minimum, determined only by maintenance breaks.

In order to achieve long pulses the inductively driven current has to be replaced as much
as possible by non-inductively driven current. The commonly used non-inductive driven
currents are the intrinsic bootstrap current (BS), the neutral beam driven current (NBCD)
and the electron cyclotron driven current (ECCD).

The BS is a consequence of the helical magnetic field in combination with a pressure
gradient.

The electron cyclotron driven current can be actively controlled by tangential injection of
electromagnetic waves at the electron cyclotron resonance frequency. Due to the Doppler
shift electrons moving in a preferential direction gain more energy with respect to electrons
moving in the opposite direction. This asymmetry leads to the driven current.

The neutral beam driven current can also be actively controlled and is a consequence of
tangential injection of energetic neutral particles (~ 10 — 1000keV). After entering the
plasma the particles are ionized and circulate several thousand times around the torus in
a preferential direction until their thermalization. These supra thermal ions, also called
fast ions, drag along some electrons from the bulk plasma leading to an electron shielding
current. However, there are some electrons trapped, due to the magnetic field configuration,
which can not participate to the shielding current. Beside ohter factors this complicates
the calculation of the NBCD.

1.2. This Thesis

For the development of a plasma scenario for a Tokamak fusion power plant a valid
quantitative neutral beam current drive (NBCD) model is necessary. Also for multiple
scenarios of the Tokamak ITER (the Latin word for “The Way”) [8-10], the next, large,
international fusion experiment, which is in the construction phase, a large NBCD fraction
is foreseen.

Therefore, experiments and quantitative comparisons with the common NBCD model are
made. The experimental environment for this thesis, ASDEX Upgrade (chapter 3), is a
medium size Tokamak with a very similar shape as ITER and ~ 1/4 of its size [11]. ASDEX
Upgrade with its versatile neutral beam injection system and large diagnostic capability is
well suited for studies of the NBCD.

The neutral beam driven current, like the other single contributions to the total plasma
current, is not directly measurable. Therefore two strategies are used to investigate the
NBCD. On the one hand for quantitative investigations of the total neutral beam driven
current the reliably measurable total plasma current is compared with the sum of the
reconstructed contributions. On the other hand the changes in the measured plasma
current profile due to changes in the neutral beam injection are examined.
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An issue for the quantitative approach are large uncertainties in the reconstruction of
the inductive current. This hampers a reliable quantitative assumptions on the current
composition. Therefore quantitative investigation of the non-inductive contributions are
done in discharges with maximized neutral beam driven and bootstrap current fraction
leading to an almost vanishing inductive current fraction (see chapter 7).

The changes in the total plasma current profile due to changes in the neutral beam
injection had been examined in previous studies. At various fusion experiments the radial
distribution of the neutral beam driven current and the fast ion distribution, carrying the
current, had been investigated and in some cases deviations from the common description of
the fast ion dynamics in the plasma, were found [12-16]. In other cases the measurements
were in agreement with the common models [17,18]. This apparent discrepancy raised the
question if the commonly used neutral beam current drive model is correct.

This contradiction was also seen at the Tokamak ASDEX Upgrade. In two comparable
discharges on the one hand the changes of the radial current profile were investigated and
on the other hand the radial fast ion density was examined. While the measured radial fast
ion distribution corresponded to the expectation, the changes in the radial current profile,
carried by the fast ions, deviated from the common theory.

To investigate this apparent discrepancy experiments are made where, for the first time,
the radial fast ion distribution and the radial current profile are measured simultaneously.
The main diagnostic to gain information on local changes of the current profile is the
motional Stark effect polarimetry (MSE). For example, these current profile changes could
be forced due to a change of the neutral beam injection geometry. To increase the accuracy
and reliability of the current profile reconstruction the MSE is absolutely calibrated (see
chapter 4).

The information on the radial fast ion profile are gained by the fast ion D-alpha spectro-
scopy (FIDA) (section 3.3.8). With multiple lines of sight at different radial positions the
local fast ion phase space is measured.

The transport code TRANSP, with its fast-ion module NUBEAM, (chapter 5) is used to
examine various physical models. The output of the code is used to calculate synthetic
diagnostics for comparison with measurements. The code is commonly used to calculate
NBCD in many Tokamaks.







2. Theoretical Background

2.1. Magnetic Confinement

For a self sustaining burning fusion plasma the Lawson criterion equation (1.5) must be
fulfilled. Therefore a hot and dense plasma needs to be confined, but on the one hand due
to the high temperatures in the order of 100 keV no materials are and will be available
that tolerate wall contact. On the other hand a plasma with wall contact would have large
energy losses towards the wall and reasonable energy confinement and high temperatures
would not be possible. The magnetic confinement avoids the wall contact by a magnetic
field. The Lorentz force

F=q(E+7x B) (2.1)

is used to confine the plasma, which is composed of free charged particles. Due to the
Lorentz force the plasma ions and electrons are bound to the magnetic field lines. For stable
conditions the magnetic force must balance the force resulting from pressure gradients in

the plasma .
jxB=Vp (2.2)

with ; the plasma current, B the magnetic field confining the plasma and p the kinetic
pressure.

The confined electrons and ions are able to move along the field lines with velocities corres-
ponding to their temperature, but the transport perpendicular to the field lines is strongly
reduced. To avoid uncontrollable losses especially of fast ions and electrons at the ends of
a linear magnetic system, the magnetic field is toroidal. However, in such an axisymmetric
toroidal system, the field strength decreases with increasing radius R from the torus’ axis.
Together with the resulting curvature, this would lead to an unstable configuration due to
charge separation by the curvature and the VB drift. The resulting vertical electric field E
in combination with toroidal magnetic field B leads to a further outwards directed E x B
drift, explained in detail in the next section. To overcome this problem, the upper and
lower half of the torus needs to be shortcut and therefore helical magnetic field lines are
necessary. Regarding this demand two concepts for the magnetic confinement are estab-
lished, the Tokamak and the Stellarator. In the Stellarator the helical field is realized by
complex 3D magnetic field coils. A motivation and description of the concept can be found
in reference [7]. As the experimental work of this thesis is done in an axisymetric Tokamalk,
only this second concept is explained in detail.

In the Tokamak concept the toroidal field is created by planar coils, whereas the poloidal
field is created mostly by externally driven plasma current. This helical twist leads to field
lines that circle the magnetic axis poloidally while going around the torus toroidally. Each
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Figure 2.1.: Schematic of a circular plasma with five generic nested flux surfaces. On the
flux surfaces the corresponding helical magnetic field lines can be seen. The
figure is adapted from reference [19].

field line defines a surface, called flux surface. The flux surfaces are nested and each flux
surface can be identified by the magnetic flux it encloses. In figure 2.1 five generic flux
surfaces and the helical field lines on these flux surfaces are shown. Due to the fact that
only the radial transport is strongly reduced and the velocities of the particles along the
field lines are very high, an almost instantaneous equilibration of several plasma parameters
such as temperature and density on a flux surface can be assumed.

For the case of a circular plasma, the relevant geometrical parameters are also shown in
figure 2.1. The major radius Ry, the minor radius r and the direction vectors. Instead of
a cartesian coordinate system one commonly uses a cylindrical system with the toroidal
angle ¢, the radius R and the vertical coordinate z. Due to axisymmetry most phenomena
can be described two-dimensionally in the poloidal plane S, with the coordinates R and
z. The magnetic field structure resulting from an equilibrium between the pressure and the
poloidal magnetic flux in the poloidal plane is given by the Grad-Shafranov equation

op , Of

o o (2.3)
= 1o R°p'(¥) + f /() = poRjior-

The Grad-Shafranov equation cannot generally be solved analytically. However, the solution
of the Grad-Shafranov equation represent the magnetic field structure used as the natural
coordinate system for multiple plasma quantities. An approach to solve the Grad-Shafranov
equation to reconstruct the equilibrium is outlined in section 2.1.1. Here only the different
terms are explained.

The term A*y is the Stokes operator in cylindrical coordinates acting on the poloidal flux
function. The poloidal flux function % is a 2D scalar field of all magnetic flux contributions.
From the poloidal flux the magnetic field components in the poloidal plane can be calculated

—A% = MOR2




2.1. Magnetic Confinement

1 OY(R,z)

2rR 0z
o L OW(R,2) (24)
" 27R OR
The magnetic flux is measured externally by coils installed close to the plasma with different
orientations. However, the coils can only measure the integral of the intersected flux. Nev-
ertheless, for the numerical solution of the Grad-Shafranov equation these measurements
are the main input.
The pressure gradient p’ is the second term in the Grad-Shafranov equation. The pressure
as well as its gradient are flux surface quantities, i.e. constant on a flux surface. The
pressure is the product of individually measured density and temperature profiles. These
measurements are also used to constrain the equilibrium, the solution of the Grad-Shafranov
equation.
The poloidal current flux function f = RB,, with its gradient f’is the third and last term.
This flux surface quantity describes the contribution of all poloidal currents. These currents
are also measured integrally by magnetic coils surrounding the plasma and the vacuum ves-
sel.
The solution of the Grad-Shafranov equation needs to be self-consistent in all three quant-
ities and it describes the nested flux surfaces shown in figure 2.1.
The common plasma shape in today’s Tokamaks, planed fusion experiments and also used in
this thesis is the divertor configuration. Instead of the limiter configuration, where the last
closed flux surface is defined by the intersection of field lines by a material object, scraping
off the outermost flux surface, the divertor configuration uses magnetic fields from poloidal
coils to form a separatrix. This last close flux surface forms at least one x-point and in the
new areas this flux surface is directed onto panels. Over the separatrix energy and particles
are transport out of the plasma. The advantage of this configuration is only a small wall
contact leading to less impurity influx and a better confinement.
The solution of the Grad-Shafranov equation describe this plasma shape and can be used
as natural coordinate system. Several plasma parameters, like the electron temperature or
electron density, are flux surface quantities, but due to the fact that plasma is usually not
circular, the minor radius is no suitable choice for the radial coordinate. However, instead
the normalized magnetic flux of the flux surfaces can be used as defined by

_ 1/1 - ,Ivbaxis
wseparatrix - 77Daxis (25)

Ppol = V \IJN

with Uy the normalized flux and ppo the radial coordinate.

Analogously, a toroidal flux coordinate pio, can be defined, using the toroidal flux ¢. How-
ever, the definition of the toroidal flux requires closed flux surfaces and it is therefore only
defined inside the last closed flux surface, the last closed flux surface. However, pi, does
not depend on the toroidal current and is therefore more robust in the center, whereas ppo1
is mostly used to describe edge phenomena, because it can be extended beyond the last

Br =

Uy
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closed flux surface. Due to the fact that the studies in this thesis are related to the plasma
center, pior is mostly used as coordinate.
One important flux surface quantity and figure of merit for the confinement is 3. This
quantity is given by the ratio of the average thermal pressure inside the surface and the
magnetic pressure

{p)

B2/2py
The magnetic field at the axis is represented by B. Also common is the normalization only
to the poloidal magnetic field B, at the edge leading to the quantity 3,,. The value 3 is
typically in the order of single percent, however it is typically given without the percentage
symbol, for example 5 = 2.5 for 2.5%.

A further important flux surface quantity is the safety factor

o _@ ~ LBtor
170w T RBu

8= (2.6)

(2.7)

The safety factor represents the helicity of the field lines on a flux surface. It can be para-
phrased with the number of toroidal turns per poloidal turn and is an important parameter
for the stability of the plasma. Furthermore the ¢ = 1 surface and the surfaces with rational
q are of special interest, because field lines close on themselves after a small number of
toroidal turns. A initial perturbation on such field lines can lead to the grow of instabilities.
Some of those instabilities are discussed in section 2.5.

2.1.1. Equilibrium Reconstruction

The Grad-Shafranov equation, defined in the 2D poloidal plane, is not generally analytic-
ally solvable. Therefore a set of consistent v, p/(1) and ff’'(1)) is approximated on basis of
several measured quantities. The most important measurements are the kinetic profiles and
the magnetic flux measurement from poloidally, toroidally and radially oriented magnetic
field probes outside the plasma.

In interpretive equilibrium reconstruction all input measurements are connected with their
corresponding equilibrium quantities, for example the density measurement is used to con-
strain the pressure profile. In an iterative process, using Picard iterations [20,21] and the
x*-minimization process, a self-consistent set of v, p’(¢)) and ff’(1) is calculated. To deal
with this underdetermined system, regularizations need to be applied. With less measure-
ment constraints these regularizations become more important. The regularizations drive
the iterative process towards a smooth and plain solution, but the regularizations are not
based on a physical model or measurement. Therefore a solution constrained by measure-
ments or physical models leads to a more accurate solution.

Within this thesis the ASDEX Upgrade equilibrium reconstruction codes CLISTE [22] and
integrated data equilibrium (IDE) [23] are used.

A routinely written CLISTE equilibrium, available within minutes after the experiment,
only takes the measurements of the magnetic probes into account. This equilibrium is avail-
able rapidly, but due to the increasing uncertainty of the magnetic measurements towards

10



2.2. Transport

the plasma center this equilibrium is not completely reliable. Especially the position of the
magnetic axis is inaccurate in the range of cm, needed is < 1 cm. For example the Shafranov
shift, the pressure induced radial shift of the magnetic axis, cannot be resolved.

In this thesis equilibria, the natural coordinate system of the plasma, are used that are
calculated on the basis of a larger set of input data. Although CLISTE is in principle able
to handle this task, the integrated data analysis equilibrium solver IDE was used in this
thesis. To reduce the regularization, the standard equilibrium reconstruction with the IDE
code takes, beside the kinetic profiles and magnetic measurements, also the current diffusion
into account. This enables smoothing in time that is based on a physical model and replaces
a part of the regularization. The current diffusion equation (CDE) is given by

o RyJ? 0 <G2 o

V/
o= = — (= s + J 2.8
| at o Pror aptor J aptor) <jb jCD) ( )

a 27Tptor

with o) the parallel conductivity, J the poloidal currents, G and V' geometry parameters of
the flux surfaces, jps the bootstrap current density (see section 2.4.4) and jop the external
non-inductively driven current density. The external non-inductive current contributions
are the electron cyclotron driven current (see section 2.4.3, calculated with TORBEAM and
implemented within IDE) and the NBCD (see section 2.4.2, the NBCD together with the
fast ion pressure is calculated using TRANSP (introduced in section 5.1)).

A detailed description of the current diffusion equation can be found in reference [24] and
the use in the IDE equilibrium reconstruction code is described in reference [23].

A further improvement of the equilibrium reconstruction with either IDE or CLISTE is
possible by taking measurements into account that depend on the central current profile.
The two available diagnostics at ASDEX Upgrade that are suitable for this purpose are
the MSE (see chapter 4) and the Faraday rotation polarimetry (see section 3.3.3). Their
inclusion strongly reduces the uncertainties of the reconstructed central q profile.

Figure 2.2 compares different equilibria reconstructed for the same discharge. Figure 2.2
a) and b) show the strong reduction of the uncertainties on the q profile and the current
profile by taking the current diffusion equation and motional Stark effect measurements into
account. Furthermore in ¢) the nested flux surfaces in a poloidal cut can be seen. At the
separatrix all equilibria are equal, because the uncertainties on the magnetic measurements
are small, but closer to the plasma center the deviations increase.

2.2. Transport

In the following section the motion of single charged particles in the magnetized plasma is
discussed, beginning with the neoclassical transport, i.e. the radial transport derived from
the particle orbits in a toroidal magnetic field. The strong underestimation of the measured
radial transport by the neoclassical prediction makes an extension of the transport theory
by turbulent transport necessary.
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Figure 2.2.: Comparison of equilibria. Shown in black is the (Cliste) equilibrium only using
magnetics, in blue the one additionally using the current diffusion equation
(CDE) and the kinetic profiles and finally in red the equilibrium also constrain
by the MSE measurement can be seen. In a) the reconstructed safety factor q
and in b) the plasma current profile, for the equilibria using the CDE, is shown.
In ¢) the flux surfaces for the different equilibria are compared.

2.2.1. Neoclassical Transport

The neoclassical transport theory is based on the ideal motion of charged particles in a
magnetic field with a 1/R dependence due to the toroidal structure. A detailed description
of the neoclassical transport can be found in references (3,25, 26].

In this section the focus is on fast ions, as their orbits are larger and therefore easier to
visualize, but the assumptions are also valid for thermal ions and electrons, where the
different sign of the charge and the strongly reduced mass must be taken into account.
The charged particles are confined via the magnetic field by the Lorentz force. The particles
gyrate around the field lines with the Larmor radius

AR
= = 2.9
AL e (2.9)

with v, their velocity perpendicular to the field lines and w. the cyclotron frequency

_ 4B
_m

We (2.10)
with ¢ the charge, B the magnetic field strength and m the particle mass. For fast deuterium
ions and a magnetic field of 2.5T w, ~ 120 MHz. With an injection energy of 60 keV the
maximum Larmor radius is pr, &~ 2 cm, if the velocity is perpendicular to the field lines.

The further motion of the gyrating fast ions can be understood using two constants of
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2.2. Transport

motion. The first, an adiabatic invariant, is the magnetic moment from the gyromotion

2

W;ZL = const (2.11)

M:

connecting the local magnetic field B with the perpendicular velocity v .
The second constant of motion is the energy

E= %(Uﬁ +v7) = const (2.12)

coupling the parallel v and perpendicular v, velocity. Due to the helical magnetic field and
the 1/R dependence of the toroidal magnetic field, as follows from Ampere’s circuital law,
the strength of the magnetic field changes continuously along the field line. Therefore the
perpendicular velocity of the fast particle must change. To fulfill the energy conservation the
perpendicular velocity needs to be converted into parallel velocity at decreasing magnetic
field and vice versa at an increasing magnetic field.

For a given ratio of v /v, there is a maximum relative increase in field strength where v
becomes zero. This is the mirror condition defined by

vil(Ro + 1) g Biax
Uﬁ_(RO + T) Bmin

—1, (2.13)

with Ry the major radius from the center of the torus to the axis and r the local minor
radius with respect to the plasma axis. This condition divides the particles in two groups,
trapped particle that fulfill the mirror condition and passing particle that do not. For
trapped particles two mirror positions exist where all energy is in perpendicular velocity.
After reaching one of the mirror point the particle is accelerated again in opposite toroidal
direction. In contrast, passing particles always continue to move (anti-) parallel to the field
lines in the same direction.

For a full understanding of the orbit, particle drifts need to be introduced. Generally an
additional force F' that is not parallel to the magnetic field, leads to a drift of charged
particles perpendicular to the force and the magnetic field direction

. FxB
vn =

(2.14)

which is a result of periodically varying gyro radii. To describe the neoclassical fast ion
movement, the centrifugal force and VB force are the important forces. As they point into
the same direction, both drifts, the curvature drift and the VB drift, can be formulated
together as following

Tp = % (o +0.502) B x VB. (2.15)

The superposition of the gyromotion with the drift velocity leads to the different orbits for
passing and trapped fast ions shown in figure 2.3.

For the passing fast ion in the top row in blue as well as for the trapped particle in the
bottom row in red, a 100keV deuterium ion was implanted at the same position into a
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Figure 2.3.: Poloidal and top-down view on orbits of fast ions. In the top row in blue for

orbits of a passing and in red in the bottom row for a trapped fast ion. The
figures are adapted from reference [17]. The shown trajectories are calculated

with the full orbit code GOURDON [27].
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ASDEX Upgrade plasma. For the calculation of the orbits only the initial pitch angle is
changed. The pitch angle is defined as

Y
£=— 2.16
Vtot ( )
where vy = vﬁ + v? is the total velocity of the fast ion.

The passing fast ion follows almost a field line and in the case shown in figure 2.3 in the top
row revolves almost two times toroidally in co-current direction during one poloidal turn.
The fast ion does not completely follow the field line, as the drift velocity displaces the
orbit slightly, shown in the poloidal view, with the field lines as dashed lines. Fortunately
the drift is at the top of the plasma towards the plasma center and in the bottom part in
the opposite direction. Therefore the so called drift surfaces are only shifted with respect
to the field lines.

In the bottom row of figure 2.3 the orbit of a trapped fast ion can be seen. Due to the
reduced initial parallel velocity the particle fulfills the mirror condition. Before entering
the high field side, defined by a radius smaller than the radius of the magnetic axis, the
parallel velocity component vanishes. The fast ion bounces back and the parallel velocity
increases again with the opposite sign. This can be seen in the top-down view in the lower
right figure. Furthermore, due to the small parallel velocity, at both mirror positions the
downwards drift of the fast ion is pronounced. After reaching the top mirror position, the
particle moves into the counter current direction, but due to the drift closer to the center of
the plasma. At the bottom mirror position the particle drifts again downwards, this time
away from the center. A look at the projection of the trajectory in the poloidal plane gives
these orbits their name: the banana orbit.

The movement along the orbits described above would not lead to a radial transport
of particle and energy. In the classical theory this transport is a result of collisions between
particles. This transport can be described by a random-walk diffusion model with the
diffusion coefficient A )2
x

Dclassmal - At (217)
with Az the typical scale length of the plasma, in this case the Larmor radius (Az = pr,),
and At the collision time, which is the average time between two 90° direction changing
collisions.
Taking also the neoclassical orbits into account this diffusion coefficients strongly increases,
depending on the collisionality €. The collisionality is the reciprocal of the collision time,
the time the trajectory of a particle undergoes a change of direction of 90° due to Coulomb
interactions with typically small angle scattering events. Three different transport regimes
were found. The banana regime, with low collisionality. In this regime the particle complete
their orbit in less than the collision time. In the random-walk diffusion model the banana
width is the typical scale length (Ax = Wpanana). In the Pfirsch-Schliiter regime with the
highest collisionality, the collision frequency is that high, that the particles are no longer able
to complete single orbits. Here the random-walk cannot be used any longer, the diffusion is
dominated by particle drifts, which also increases with the collisionality. In between there is
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Figure 2.4.: Neoclassical Transport regimes. Variation of diffusion coefficient with collision
frequency.

the plateau regime, where the radial transport does not change with increasing collisionality.
In figure 2.4 the dependence of the diffusion coefficient with increasing collisionality is shown
schematically. A more detailed description of the neoclassical transport can be found in
reference [3].

2.2.2. Turbulent Transport

A comparison of the radial transport predicted by the neoclassical theory with experimental
data [3,28] reveals a strong underestimation, for the electron heat transport up to 3 orders of
magnitude (neoclassical electron heat diffusivity Xeneo ~ 0.1m?s™! [3]) and for the ion heat
transport typically by a factor of 10 (neoclassical ion heat diffusivity x;neo ~ 0.3m?s™! [3]).
The reason for this strongly increased radial transport was identified to be microturbulent
transport [29].  The microturbulence drives macroscopic eddies, increasing the radial
transport.

It is commonly assumed that fast ions are unaffected by microturbulence. The large orbits
and the fast motion lead to averaging over the turbulence. The important parameter for
this assumption is the ratio F/T,. The larger this ratio is, the less the ion will be affected
by turbulence, typically the value of 10 is used as threshold. It is still an ongoing discussion
if only time scale separation is required for the averaging, see reference [30], or whether
also a separation of the equilibrium orbit size and the perturbation correlation length is
needed [15,31,32].

In contrast to the common assumption that fast ions are unaffected by microturbulence,
there is experimental evidence for a deviation of the fast ion dynamics from the neoclassical
transport model [12]. One hypothesis is anomalous fast ion transport due to turbulent
transport. A model, used within this thesis, can be found in reference [33].

The simulation of the turbulence and the turbulent transport uses gyro-kinetic codes.
Gyrokinetic codes numerically solve the gyro-kinetic equation. This equation describes
the temporal change of the particle distribution function in the five dimensions. The
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expected three dimensions in the velocity space can be reduced to two, by averaging over
the gyromotion. The particle velocity is described in this case by the motion of the guiding
center with a charged ring around, representing the gyration radius. The gyro-kinetic codes
consider changes of the particle distribution function on the scale of the Larmor radius and
on timescales close to the cyclotron frequency. The codes take finite Larmor radius effects
into account and also the variation of electromagnetic fields across the Larmor radius of the
particles. The use of a gyrokinetic code comes with huge numerical costs, due to the single
particle simulation, but with today’s (super-) computers the investigation of the impact on
the particle distribution function due to a change of microturbulence and their linear and
also non-linear growth is possible. An overview on general turbulence and an overview on
gyrokinetic codes can be found in reference [34]. The simulations are also compared with
experiments which for example can be seen in references [35, 36].

The microinstabilities can be characterized depending on their perturbation of the magnetic
field. In the case of small 8 the perturbation is negligible and the modes are essentially
electrostatic. With increasing [ the electrostatic modes become less unstable and a new
set of electromagnetic modes appears, for example the so called kinetic ballooning modes.
The two most relevant instabilities, namely the interchange instability and the drift wave
instability are predominantly electrostatic and discussed in the following sections.

Interchange Instability

The interchange instability is driven by a temperature-gradient either in the ions or the
electrons. It resembles the Rayleigh-Taylor instability [37] and leads to an increase of the
radial transport of ions and electrons. The mechanism of the ion-temperature-gradient-
(ITG) and electron-temperature-gradient-mode (ETG) is the same, only the characteristic
length scale, the Larmor radius, is different. The following description focuses on the ITG
and is based on an article by Rosenbluth-Longmire [38].

In figure 2.5 a) a poloidal cut of an equalibrated plasma is shown, together with the gradient
directions of the magnetic field and the temperature. The dominant magnetic field com-
ponent from the toroidal field points into the plane. The starting point for the formation of
an I'TG mode is a periodic temperature fluctuation on a flux surface. This fluctuation peri-
odically changes the drift velocity from the curvature and VB drift, introduced in equation
(2.15) and schematically shown in figure 2.5 b). In the cold region on the right the drift
velocity is smaller with respect to the hot regions. This leads to a periodic accumulation
and depletion of ions shown in figure 2.5 ¢). The local charge separation creates an electric
field, leading to a force on the charged particles. From equation (2.14) it is known that a
force, in this case the Coulomb force, leads to a drift of the plasma

Tp = ——. (2.18)

This E x B drift leads to an outward transport of hot plasma and inwards transport of cold
plasma, flattening the average temperature gradient.

17



2. Theoretical Background
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Figure 2.5.: Sketch of an ITG. In a) a poloidal cross section of a plasma can be seen, with the
different gradient directions. The dashed line marks the radius of the magnetic
axis. In b) a zoom on a field line can be seen, with an initial temperature
fluctuation indicated by the black solid line of constant temperature and the
resulting drift velocity vectors on the left side. In c¢) the periodical charge
separation and the resulting change in the potential in red can be seen. The
resulting radial E x B drift leads to a radial energy and particle transport. The
figure is adapted from reference [19].

The shown example works on the low field side of the torus, as the temperature and mag-
netic field gradient point in the same direction, leading to an amplification of the initial
perturbation. On the high field side, the temperature gradient has the opposite sign (figure
2.5 a)). The gradients point in opposite direction, and this leads to a damping of the per-
turbation. Due to the damping the high field is said to have ‘good curvature’, and due to
the amplification on the low field side its curvature is called ‘bad’.

Drift-Wave Instability

The drift-wave instability [39], giving rise to the trapped electron mode (TEM), also starts
from an initial pressure fluctuation, but in contrast to the interchange instability the fluctu-
ation on a flux surface is not perpendicular to the field lines. In figure 2.6 a 2D flux surface
is shown with its field lines and the different pressure regions.

In a) the solid ellipse represent a region with a higher pressure with respect to the regions
marked by the dashed ellipses. Assuming that the electrons are adiabatic, they will follow
the gradient into the low pressure region. The heavier ions are not able to follow and the
consequence is an accumulation of positive charges in the high pressure region and a accu-
mulation of negative charges in the low pressure region, shown in b).

In figure 2.7 the same situation is sketched in a poloidal plane. In b) the black line sketches
an perturbed isobar pressure line. In c) the periodic charge separation can be seen with the
resulting electric field. In contrast to the ITG the electric field fluctuation is in phase with
the pressure fluctuation. The resulting E x B drift leads to a downwards movement of the
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Figure 2.6.: Pressure perturbation in a plane parallel to the field lines and not perpendicular
to them shown on an unrolled flux surface. The solid (dashed) ellipses present
a region with high (low) pressure. The assumed adiabatic behaviour of the
electrons leads to the charge separation shown in b). The figure is adapted
from reference [19].

z [a.u.]

a) B "® b)

R[a.u.]

Figure 2.7.: The TEM in a poloidal cut through figure 2.6. The pressure perturbation due to
the assumed adiabatic electrons, leads to a charge separation. The E x B drift
from the resulting electric field leads to a downwards drift of the perturbation.
The figure is also adapted from reference [19].
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perturbation in this picture. In consequence the initial perturbation would rotate around
the flux surface without any amplification or damping.

In this ideal case no anomalous radial transport would appear. However, the assumption
of adiabatic electrons is not valid for all electrons at any position. Especially the trapped
electrons cannot be assumed to be free. These non adiabatic electrons lead to a phase dif-
ference between the electric potential and the pressure fluctuation, resulting in (anomalous)
radial transport. Therefore the instability is called trapped electron mode.

2.3. The H-Mode

The high confinement mode (H-mode) is a plasma regime with enhanced confinement, dis-
covered at the Tokamak ASDEX in 1982 at the IPP in Garching [40].
This H-mode has approximately two times higher confinement times with respect to the
low confinement mode (L-mode). The H-mode is accessed above a certain heating power
threshold. As the underlying physics is not yet completely understood on a first-principles
level, the scaling law was empirically derived from a multi-machine database. The resulting
scaling [41,42]

Pinr scatos] MW] = 0.0497272[10%° m 2] BEH[T]S% 94 [m?] (2.19)

tor

was derived for the threshold with 7, the line integrated density through the plasma center,
Bior the toroidal magnetic field and S the plasma surface.

The enhanced confinement is the result of a region with reduced transport, called edge
transport barrier (ETB). This reduced transport is induced by a radially sheared E x B
plasma flow, driven by a radial electric field. A detailed explanation on the mechanism can
be found in reference [43].

The consequence for the pressure profile in an example discharge with a L- to H-mode
transition is shown in figure 2.8. The ETB is formed in the region between approximately
Ppol = 0.96 and ppo = 1.0. In this region the pressure strongly increases in the H-mode in
contrast to the L-mode. Inside the pressure profiles run almost parallel as they are expected
to be ’stiff’, which could also be expressed that the gradients of the temperature and density
are constant [44,45]. The pressure step within the ETB region is called pedestal.

The steep gradients of the H-mode at the edge leads to a further edge instability, only
appearing in H-mode, the edge localized mode (ELM). This edge instability presents as
a cyclical (10-200 Hz) flattening of the pedestal, forcing a fast (crash in < 1ms) outwards
directed energy and particle transport. A detailed description on ELMs can be found in
reference [46].

As the H-mode leads to a strong increase of the confinement, it is the favourable scenario
for future fusion power plants, because it decrease the necessary machine size to fulfill the
Lawson criterion (see equation (1.5)). All discharges in the framework of this thesis were in
H-mode.
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Figure 2.8.: Pressure comparison of an L-mode in red and an H-mode in blue. In the green
shaded region the edge transport barrier (ETB) forms leading to a pronounced
pressure step in this region, called the pedestal.

2.4. Heating and Current Drive

An ignited fusion plasma is mainly heated by the alpha particles, produced in the fusion
reaction. However, before reaching a self sustaining plasma, the Lawson criterion must be
fulfilled (see equation (1.5)). Therefore the plasma needs to be heated externally.

The intrinsic Ohmic heating (see 2.4.1) from the product of the plasma current squared
and the plasma resistivity, is insufficient due to the fact that the resistivity of the plasma
decreases with higher temperatures. Therefore different additional heating methods were
developed.

Two concepts are established, on the one hand the injection of highly accelerated neutral
particles (see section 2.4.2) and on the other hand the coupling of electromagnetic waves.
The electromagnetic waves transfer energy at the resonance frequencies of either the elec-
trons (see section 2.4.3) or ions. As ion cyclotron resonance heating is not used within this
thesis, it will not introduced here. An overview can be found in reference [47].

Besides heating of the plasma, the systems are also able to drive a current in the plasma.
Furthermore, neoclassical particle orbits give rise to the intrinsic bootstrap current (BS)
(see section 2.4.4), driving also a current non-inductively.

2.4.1. Ohmic Heating

The confinement in a Tokamak relies on a current in the plasma (I, ~ 15 MA for ITER) that
produces the helical twist of the field lines. This current is commonly inductively driven by
a central transformer coil with the plasma as single-turn secondary coil. The current flows
in toroidal direction around the torus, and due to the finite resistivity of the plasma a part
of the current will dissipate as Joule heating. This heating power can be expressed by

P =27 R/ n(r') - 2(r") - r'dr’ (2.20)
0
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with R the major and r the minor radius of the plasma, n the radially dependent resistivity
and j the radially dependent current density. The resistivity is given by

1 = Zegis (2.21)

including the effective charge of the plasma which is defined as
>z}
J

A —
>Nz
J

(2.22)

with the sum over the density and charge number of all ion species (j) in the plasma and
furthermore 74 the Spitzer resistivity

e 51 &1 (2.23)
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The electron density (n,.) cancels out because the electron collision time (7,) is proportional
to 1/ne. The Ohmic heating becomes more and more inefficient at higher temperatures due
to the decreasing resistivity (1 ~ 1.5/ 2). Therefore the Ohmic heating cannot increase the
temperature up to ignition, the threshold for a self sustaining fusion reaction.

2.4.2. Neutral Beam Heating and Current Drive

Neutral beam heating is based on the injection of energetic neutral particles (~ 10 —
1000 keV) into the fusion plasma. The production of a high energy neutral particle beam is
discussed in section 3.2.1. In the present section the heating and current drive mechanism
is introduced following references [48,49].

The fast neutral particles enter the plasma, are ionized by interaction with the plasma
particles, and become confined as fast ions. Subsequently the heating occurs by thermaliza-
tion of these fast ions through further collisional interaction with background electrons and
ions. The fraction of energy transferred to electrons and ions is determined by the energy
dependent cross sections. Two regimes exist: while at high energy ions transfer their energy
dominantly to the electrons, the fast ions with lower energy increasingly transfer energy to
the background ions. For deuterium injection into deuterium plasmas the critical energy
where electrons and ions are heated equally is

2/3
A3/2 A
EC:18.6-T6< g ZHJA/) (2.24)

j J

with T, the electron temperature, A the mass number of the beam, n, the electron density
(ITER ~ 10* m™?), j the index for the ion species of the plasma with density n;, charge Z;
and mass number A;.

Due to the fact that the fast ions starting in the electron heating regime during their slowing
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down also transit through the ion heating regime, for the integrated power transfer over the
full process the critical energy is 2.5 times higher.
The beam energy is the main control parameter for the penetration depth of the neutral
beam into the plasma, that determines also the power deposition profile in the plasma.
Higher energy leads to a deeper penetration and reduces the beam attenuation, resulting
in a centrally increased power deposition. In contrast, too high beam energy leads to an
increasing shine through, neutral beam power not absorbed in the plasma. This shine
through power is lost and possibly resulting in damage of the inner wall of the vessel. The
shine through depends strongly on the electron density of the plasma and should be avoided.
Besides the heating of the plasma neutral beam injection is able to drive non-inductively a
current in the plasma. The following description of the neutral beam current drive (NBCD)
follows the calculations of D. R. Mikkelsen [50].
Neutral beam current drive is based on the non-radial injection of hyperthermal energetic
neutral particles into the magnetized fusion plasma. The fast ions, resulting from the
ionization of the neutral particles, move along the field lines into a preferential direction
during their slowing down. A simple estimate of the circulating current can be obtained
by the injected current multiplied by the number of toroidal laps until the particles are
thermalized,
T
27TRO ’

where Iy is the injected particle current, (v)) the averaged toroidal velocity over the slowing
down process, 7 the time until the particle is thermalized (several 10s of ms) and Ry is the
major radius of the torus.

For a more accurate calculation correct averaging over the slowing down and the effect of
pitch angle scattering must be taken into account. This transforms equation (2.25) to

[circ = [0 (225)

v()ts

Icirc = 7 eam ° Iy -
b 0 27TR()

ol (z,y) (2.26)

with Zpeam the charge number of the beam particles, vy the injection velocity, ¢ the Spitzer
slowing down time [48]

AbeamTe [GV] 3/2
Z2. nem™3|In A

beam'’e

ts[s] = 6.28 x 10™s (2.27)

including all constants summarized in the beginning, the Coulomb logarithm In A ~ 17,
o = vo, /vo the initial pitch angle and I(x,y) the pitch angle scattering parameter

1 1—|—5L’3 Y prx ud y+1
I(:r;,y)—;( p )/0(1+u3) du. (2.28)

This pitch angle scattering parameter depends on = \/Ey/E. and y = 4Z.¢ /5 Apeam, With
Ey the injection energy of the neutral particles, E. the critical energy, Z.g the effective
charge of the plasma and Apean the atomic mass number of the beam particle.

Until now no electrons were taken into account. However, due to the Coulomb force the
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light electrons of the bulk plasma are dragged along with the circulating ions leading to an
electron shielding current that reduces the fast ion driven current to

Zbeam
Tog=1Ige | 1— . 2.2
d ( Zeff ) ( 9)

This is valid for a cylindrical plasma. Fortunately, in toroidal geometry not all electrons
are able to participate in this shielding current. Electrons on trapped orbits move equally
in co- and counter current direction and cannot carry a toroidal net current. This leaves a
non-zero driven current even for Zyeam = Zeg and transforms equation (2.29) into

Z eam
Log = Lire - {1 — Zbea (1 — G(Zeg, e))} (2.30)
Zeff

where G is the trapped electron parameter. This trapped electron parameter depends on the
effective charge of the plasma and the inverse aspect ratio e = r/Ry. The trapped electron
parameter is challenging to calculate and therefore multiple physics based approximations
exist. In chapter 5 the simulation tool to calculate the neutral beam driven current and
the different implemented physical models for the electron shielding current are introduced.
Furthermore a benchmark study is presented calculating the neutral beam driven current
on basis of a semi-analytic fast ion model.

2.4.3. Electron Cyclotron Resonance Heating and Current Drive

Electron cyclotron resonance heating (ECRH) is based on the coupling of electromagnetic
waves to the plasma fulfilling a resonance condition with the gyrating electrons. The gyro-
frequency of the electrons is given by

we =¢€-B/m, (2.31)

with e the elementary charge, B the magnetic field and m, the electron mass. In first
approximation the frequency of the heating wave should be a harmonic of this gyrofre-
quency. At the fusion experiment ASDEX Upgrade with a magnetic field of 2.5T at
the axis the gyrofrequency is ~ 70 GHz and the commonly used ECRH frequency is the
second harmonic ~ 140 GHz. The radial decrease of the magnetic field in combination with
steerable mirrors allows to pinpoint the deposition of the power in the order of 1cm? along
the plane fulfilling this resonance condition. The power absorbed by the now hot electrons
is subsequently transferred via collisions, mainly with other electrons, in the plasma and
increases the electron temperature while thermalizing the hot electrons.

Besides the heating, the ECRH system can be used to drive current. If the injec-
tion angle of the electromagnetic wave is not perpendicular to the current direction, the
ECRH system is able to drive a current. This preferential direction allows either co- or
counter-current drive. Due to the angle between the electron movement and the wave
propagation direction the frequency of the wave is Doppler shifted in the frame of reference
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of the electron. For electrons moving towards the emitter the wave frequency appears
increased in their reference frame and vice versa for electrons moving in the opposite direc-
tion. In combination with the radially decreasing magnetic field the wave is first attenuated
in a region were the electrons moving away from the emitter are resonant with the wave
and the heating power is predominantly transferred to these electrons. Consequently, the
collisionality for these electrons is reduced with respect to their counter-parts. Therefore
these electrons circulate more often around the tours until they are thermalized, which
leads to a net current. Due to the sharp resonance condition this current is driven in a
narrow region and can be used for example to mitigate NTMs (see section 2.5.3) or locally
tailor the g-profile.

More and detailed information about electron cyclotron resonance heating (ECRH) and
electron cyclotron current drive (ECCD) can be found in reference [51]. TORBEAM is a
tool to calculate the power deposition and current drive of the ECRH system, details on
TORBEAM can be found in reference [52].

2.4.4. Neoclassical Bootstrap Current

The following overview of the bootstrap current (BS) mechanism is based on the description
in reference [53]. The neoclassical BS current is a consequence of the neoclassical transport
and especially of the trapping of particles on banana orbits. In combination with existing
temperature and density gradients an intrinsic current in the plasma appears. In figure
2.9 a 3D visualization of the trajectories of the banana orbits can be seen. In the poloidal
projection on the left side it can be seen, that the upwards movement of the particle is at a
different radial position than the downwards movement. Furthermore a second banana orbit
is shown with its outer leg at the same radial position as the inner leg of the first banana.
As the center of the inner banana is closer to the center this banana is populated with more
and faster particle due to the increasing density and temperature towards the center. This
leads to a asymmetry of the parallel velocity of the particles at this radial position, leading
to a net current. At almost all low field side positions a superposition of at least two of
such bananas can be found. Furthermore due to the collisional coupling this asymmetry is
also transferred to the passing particle fraction. This asymmetry in both fractions leads to
a net current in toroidal direction, carried dominantly by the passing particle. This current
is called the bootstrap current.

For a non-negligible trapped particle fraction an inverse aspect ratio ¢ > 0. With this
trapped particle fraction /€, the resulting BS density can be described by

Jekp dn dT, dT;

2.44(T, + T;)— + 0.69 —0.42 ) 2.32
Bl (T + )dr * " dr " dr ( )

Jps =

The B, dependence takes the width of the banana orbit into account. In the square brackets
the density and temperature gradients are considered, describing the different population
and temperature of the inner and outer leg of the banana. Obviously the density gradient
contributes stronger than the temperature gradients.

However, this approximation is not applicable in the complete plasma, particularly at the
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Figure 2.9.: 3D banana trajectory of a trapped charged particle in a Tokamak fusion plasma.
In 1 the initial gyromotion can be seen overlapped with the movement of the
guiding center in toroidal direction. In 3 the projection in the poloidal plane
can be seen. Clearly visible is the toroidal precession. The figure is adapted
from [54]

edge of the plasma some assumptions are no longer valid. However, especially at the edge
in H-mode with its pedestal the strongest gradients are present. Therefore an improved
description of the BS is needed and can be found in references [55, 56]

Jlnp 0lnT, 1—-Rpe0InT;
90 +£32—8@/} + Lo Ry 00 |

I is the poloidal current, p. is the electron pressure and R, is the electron pressure normal-
ized to the total pressure. The other parameters depend on the plasma conditions and are
discussed, together with the full model and restrictions, in detail in the references [55,56].

(JbsB) = —1(¢)pe Egl% (2.33)

2.5. MHD Activity

In the following sections three different plasma instabilities from the magnetohydrodynamic
spectrum and relevant for this thesis are discussed. The description of all three follows
mainly the detailed summary on magnetohydrodynamics in reference [57]. Discussed are
the sawtooth instabilitiy, the fishbone instability and the neoclassical tearing mode.

26



2.5. MHD Activity

. . . . __#30693

_________ [+ Befor Crash

; : } |+ After Crash

— oo—R=18m| . M iz AU (NS TUN SO S
% O 5
= BT s

a fresmte

i T
2.90 2.91 2.92 2.93 294 1.65 1.70 1.75 1.80 1.85 1.90

Time [s] R [m]

Figure 2.10.: In a) the time evolution of the temperatures during sawteeth at different radial
positions can be seen. The eponymous sawtooth structure is clearly visible in
the central channels. In b) the temperature profiles close before and after a
sawtooth crash are shown. The figure is adapted from [19].

2.5.1. Sawtooth

The sawtooth instability is a cyclic instability at the q=1 surface. The sawtooth cycle can
be illustrated by a periodic appearance of an mode at the q=1 surface. Subsequently this
mode growths and at a certain point replaces the initial plasma center. The sawtooth beha-
viour can be identified by fluctuations in the central density and temperature. An example
of the central temperature fluctuation can be seen in figure 2.10 a). In a first phase the
central temperature starts to increase. With this temperature peaking due to o o T°/2
the central current increases, leading to a decrease of the safety factor q. If ¢ < 1 an ideal
m=1/n=1 kink or a resistive m=1/n=1 island can appear, leading to strong fluctuations
that end up in a crash. The crash leads to a fast and strong diffusive transport of heat,
particles, momentum and current, flattening the temperature, density and current profiles.
The inversion radius is a radius where inside and outside the change in T, and n, is inverted
and stays constant at this point. During the crash gy increase above unity and the cycle
starts again with a slow density peaking.

The profile flattening shortly after the crash can be seen in figure 2.10 b). The timescale
for the peaking of the kinetic profiles is much longer than the timescale of the crash, which
is typically less than 100 ps for sawteeth in ASDEX Upgrade.

The exact reason for the crash is not fully understand yet, but fast reconnection described by
the Kadomtsev model [58] is widely accepted as qualitative description of the phenomenon.
In the Kadomtsev model a helical flux is defined, increasing from the plasma center up to a
maximum value at the q=1 surface and decreasing again more outwards. The initial helical
flux can be seen in figure 2.11 with 2. During the crash flux surfaces with the same helical
flux get connected and the kinetic and current profiles flatten out, until the maximum value
of the helical flux is moving inwards to the magnetic axis and the ¢ = 1 surface vanishes.
This final helical flux is drawn as /. The time scale of a crash is approximated with
Terash = /TATres, With 75 the Alfven timescale and 7. the resistive timescale. However,
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Tq=1 Tmix

Figure 2.11.: The helical flux 1, assumed in the Kadomsev model [58] is shown, in blue
before (1,ini) and in red after (¢, ¢) the sawthooth crash. This figure is inspired
from reference [59].

there are cases with gg < 1 right after the crash and for larger Tokamaks like JET, where
the approximated time for the crash are to large with respect to the measurement ones.
Therefore an extension for the Kadomtsev model is necessary, but not yet found. For a
more detailed description of the sawtooth cycle see [57].

The sawtooth instability leads to a time averaged decrease of confinement, due to the cyc-
lical decrease of temperature and density in the center. However, there is also a beneficial
effect of sawteeth. During the crash, sawteeth lead to an outward-directed impurity trans-
port, suppressing unfavourable impurity accumulation in the plasma center. For example
in a fusion reactor, sawteeth can remove the He-ash from the center.

To use the beneficial properties of the sawteeth and additionally minimize the confinement
degradation the sawtooth period needs to be controlled. The sawtooth period is increased
by depositing a current close to the q=1 surface. This is typically done by ECCD deposition
and is possible, as the onset criterion of sawteeth is connected to the magnetic shear. This
increase of the sawtooth period leads to an increase of the sawteeth-averaged kinetic profiles,
while the beneficial outward transport of impurities is retained. A more detailed description
of sawtooth control and the onset criterion can be found in reference [57]. Furthermore an
example for the sawtooth pacing in the TCV Tokamak is given in reference [60].

The sawtooth period can also be influenced by the injection geometry of the neutral beams
and the resulting fast ion distribution. For example in ASDEX Upgrade the influence of the
off-axis neutral beam geometry on the sawtooth period was studied in reference [61,62].
Sawtooth are also able to redistribute fast ions from inside the q=1 surface outwards. This

phenomenon was measured in several fusion experiments, examples are presented in refer-
ences [63-66.

2.5.2. Fishbone Instability

The fishbone instability ordinarily lies on the q=1 surface and is driven by trapped fast
particles, deposited next to the q=1 surface. Trapped fast particle can destabilize the
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Figure 2.12.: Magnetic signature of fishbone instabilities, in a) the signal in Mirnov coil with
a zoom on one fishbone with the characteristic structure in ¢) can be seen. In
b) the Fourier transformed spectra of the signal with typical frequency chirping
is shown.

m=1/n=1 internal kink mode if the following condition is fulfilled

Wion

rec — ~ Wmode- 2.34
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In this case the banana orbits precess toroidally around the q=1 surface, with a frequency
close to the mode frequency leading to a growth of the m=1/n=1 internal kink mode.
Neutral beam systems like the one at ASDEX Upgrade can lead to fast ions populations
with energies around 100 keV which corresponds to frequencies in the order of tens of kHz.
This frequency is in the range of the 'natural’ frequency of the m=1/n=1 internal kink mode
and fulfill the equation (2.34). This resonance effect can lead to a grow of the mode and
above a critical value of the gradient of the fast ion density, the mode expels them starting
from the ions with highest energy to the ones with lower energy. In the Fourier analysis of the
magnetic signal this signature can be seen in a fast drop of frequencies called chirping. This
growth and decay of the mode happens on a millisecond time scale. A look at the signals
measured with the magnetic pick-up coils, shown in figure 2.12, indicates the characteristic
structure, giving the name to the instability. Fishbones only appear if the fast ions from
the neutral beams are deposited close to the q=1 surface and a strong gradient of fast ion
density develops. Therefore in ASDEX Upgrade beside the ion cyclotron resonance heating
only the neutral beam sources aiming close to the magnetic axis can induce fishbones. A
more detailed description on fishbones can be found in references [57,67].
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Pressure

Figure 2.13.: In a) an idealized m=2/n=1 NTM in a cylindrical plasma is shown, with
the clearly visible flux surface reconnection. In b) the corresponding pressure
profile is sketched. With the dashed line the expected pressure profile without
the NTM can be seen and corresponding with the solid line the change due to
the NTM is shown. The figure is adapted from [68].

2.5.3. Neoclassical Tearing Modes

Neoclassical ~ tearing modes (NTM) are confinement degrading, resistive
magnetohydrodynamic (MHD) instabilities. They only exist on rational flux surfaces
with ¢ = m/n with m,n € N. These NTMs, also called islands, are caused by reconnection
of flux surfaces. The reconnection starts from an initial perturbation, flattening the pressure
profile. This flattening of the pressure profile decreases locally the bootstrap current (BS).
This missing current reconnects flux surfaces and strongly increases the radial particle
and energy transport. In figure 2.13 a) the flux surfaces of a cylindrical plasma with an
idealized m=2/n=1 NTM can be seen. The strongly increased radial transport leads to a
further flattening of the pressure profile, visualized in figure 2.13 b). In consequence the
pressure driven bootstrap current decreases further. As the local current decreases, the
island width increases and with it the region with enhanced radial transport. The missing
bootstrap current is called defect current.

NTMs grow from small seed islands, for example triggered by sawteeth, leading to the
initial flattening of the pressure profile. Under unfavorable conditions NTMs can grow until
they destabilize the complete plasma, forcing a disruption.

There are possible ways to stabilize NTMs, based on the compensation of the defect
current. The compensation is realized by current deposition through external current
drive, particularly by ECCD, inside the island position. This can be done preemptively,
either aiming the ECCD at the expected position of rational flux surfaces or aiming at
the expected localization of an NTM, detected in a reference discharge. A more advanced
technique is the feedback controlled stabilization, using real time NTM localization and
automated aiming of the ECRH to drive the current at the right location. A more detailed
description of NTMs and the real time localization can be found in [68,69]. An example
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for real time NTM stabilization on TCV was published in reference [70].

The flattening of the pressure profile leads, beside the local pressure decrease, to a global
decrease of the pressure profile towards the center, visible in figure 2.13 b). Beside this
confinement degradation it was found that NTMs lead to anomalous fast ion losses.
Qualitatively these losses were also measured at ASDEX Upgrade with the fast ion loss
detector [71,72].
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3.1. ASDEX Upgrade

The Tokamak ASDEX Upgrade (AUG)
[73], successor of the fusion experiment AS-
DEX [74] (Axial-Symmetrisches Divertor-
EXperiment), which was operated from 1980
to 1990 at the IPP Garching, started its
plasma operation in 1991. The experiment
is situated at the Max-Planck-Institute for
Plasma Physics in Garching bei Miinchen.
ASDEX Upgrade is a medium size Tokamak
with a major plasma radius of 1.65m and a
minor radius of 0.5m. The toroidal magnetic
field from 16 conventional copper coils can be
chosen up to 3.0 T at the magnetic axis of the
plasma. The upper limit for the plasma cur-
rent is 1.4 MA. The main goals of ASDEX
Upgrade are the study and improvement of
the divertor in a Tokamak, the investigation
of plasma facing components and the devel-
opment of a ITER baseline scenario.

The divertor concept, for the first time suc-
cessfully tested at the Tokamak ASDEX at
the IPP [75], was improved several times
within the lifetime of ASDEX and ASDEX
Upgrade. Promising results lead to the result
that all fusion relevant Tokamaks were built
or upgraded with a similar divertor, especially
ITER will be built with a full tungsten diver-
tor based on the explorations and experience
from ASDEX Upgrade. The main advantages
of a divertor with respect to a limiter are a
more localized and better controllable power

I il fp =
===l e
[ rim

Figure 3.1.: Sketch of ASDEX Upgrade,
with the support structure in
orange, the poloidal field coils
in magenta, the copper-colored
toroidal field coils and the
vacuum vessel with multiple
diagnostic- and heating-ports in
silver.

exhaust and a smaller impurity influx towards the plasma center, leading to a better con-

finement.
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The main physics program of ASDEX Upgrade is oriented towards the demands of ITER.
As ASDEX Upgrade has a similar shape as ITER and a similar ratio of heating power
normalized to the major radius, for example heat exhaust scenarios are under revision. To-
gether with other medium size and even larger Tokamaks a I'TER baseline scenario is in
development. Originated with the high-confinement mode (H-mode see section 2.3), which
originally was discovered at the ASDEX Tokamak 1982 in Garching [40], and which is the
standard operational mode for all fusion relevant Tokamaks. The better confinement allows
the same fusion conditions in an even smaller machine.

3.2. Heating and Current Drive Systems

In section 2.4 the heating mechanisms for a fusion plasma of the used external heating
systems are introduced. At the time of the experiments reported in this thesis, at ASDEX
Upgrade 20 MW of neutral beam heating, 5 MW electron cyclotron resonance heating and
6 MW ion cyclotron resonance heating are installed. Due to the fact that the ion cyclotron
resonance heating was not used within the frame of this thesis, it will not be described
here.

3.2.1. Neutral Beam Heating System

In section 2.4.2 the neutral beam heating and current drive mechanism was described. In
this section the focus is on the production of high energy neutral beams [48,49] and the
implementation at ASDEX Upgrade [76,77].

A high energy neutral beam is produced in four steps: production of thermal ions in a low
temperature plasma; extraction and acceleration of these ions; neutralization of the fast ion
beam by charge exchange; and deflection of the non-neutralized, residual ions out of the
beam into an ion dump. As also molecular ions Dy and D7 are extracted from the source,
the neutral beam has three energy components.

Figure 3.2 shows a CAD drawing of the first ASDEX Upgrade neutral beam injector, visu-
alizing the individual steps.

The ASDEX Upgrade neutral beam system is organized in two beam boxes each with two
pairs of sources with a comparable beam geometry, mirrored at the mid-plane. The injection
geometry of the eight beams can be seen in figure 3.3. Sources 1 and 4 in the beam box
1 inject towards the magnetic axis almost radially, while sources 2 and 3 inject a bit more
tangentially. The geometry of the sources of beam box 2 was readjusted in the year 2000,
since then the geometry of the sources 5 and 8 is similar to the geometry of beam 2 and
3 and the beam 6 and 7 inject more tangentially than the other beam, enabling a higher
current drive efficiency, and with respect to the magnetic axis they inject more off-axis. Fur-
thermore, the off-axis steering angle of these two sources can be changed between plasma
discharges in the order of £0.5°.

All eight NBI sources of ASDEX Upgrade are able to heat the plasma with up to 2.5 MW
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Figure 3.2.: a) Top down view and b) side view on the NBI box 1 of ASDEX Upgrade.
The sectional plane were chosen almost horizontal a) and vertical b) oriented
to the beam axis. The sources with the low temperature plasma and the grid
system are shown in blue, downstream followed by the gas neutralizer in red.
The bending magnet, shown in green, separating the ions from the neutrals of

the beam into the ion dumps in cyan. The now pure beam of neutral particles
enters through the duct into the ASDEX Upgrade vessel with the plasma.
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Figure 3.3.: a) Toroidal and b) poloidal view on the ASDEX Upgrade NBI system. Beam
box 1 with the sources 1-4 is in the lower right quadrant and box 2 in the
opposite diagonal one. While the sources 1 and 4 inject close to radial the
sources 6 and 7 inject more tangential. The other sources are in between. The
dotted lines show the steering ability of the off-axis beams 6 and 7.

neutral beam power each with the commonly used deuterium isotope. The grid systems are
optimized for deuterium operation in the beam box 1 with a acceleration voltage of up to
60kV and up to 93kV for box 2.

3.2.2. Electron Cyclotron Resonance Heating System

The physical mechanism of the electron heating and current drive, with the electron cyclo-
tron resonance heating (ECRH) system is described in section 2.4.3. Following the system
of ASDEX Upgrade will be presented. This system hosts eight gyrotrons, which produce
the electromagnetic microwaves. The four gyrotrons of the ECRH2 system deliver 800 kW
at either 105 GHz or 140 GHz each for up to 10 seconds. At 105 GHz the resonant surface is
formed by a magnetic field equipotential surface of 1.9 T and for 140 GHz the magnetic field
is 2.5 GHz. The four gyrotrons of the ECRH1 system deliver 500 kW only at 140 GHz each
for up to 2 seconds. At the end of 2015 the ECRH1 system was shut down. It is replaced by
the ECRH3 system which starts operation in 2017 and will have, in its final stage, a similar
performance as the ECRH2 system. The gyrotrons are placed outside the torus hall and
the waves are transmitted via waveguides and mirrors into the torus. The last mirror to the
plasma is steerable and allows a change of the power deposition along the resonance surface
within a shot. The prediction of the deposition is made by the analysis tool TORBEAM
using additionally to the ECRH parameters an equilibrium and kinetic profiles (for details
on TORBEAM see reference [52]). Such a calculated deposition can be seen in figure 3.4.
An overview over the ASDEX Upgrade ECRH system can be found in reference [78].
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Figure 3.4.: a) Poloidal and b) toroidal view on the ASDEX Upgrade ECRH geometry for
discharge #33134. The steerable mirrors of the gyrotrons of the ECRH2 are
adjusted for co-current drive and off axis heating.

3.3. Diagnostics

The analysis of the plasma based on an accurate measurement of multiple plasma paramet-
ers. Most basic are the measurement of the magnetic field confining the plasma as well as
the kinetic properties like temperature and density profiles.

These measured quantities are used, after a consistency check, as inputs for codes with
complex physic models to be evaluated. The output of those codes can be used to calculate
synthetic diagnostics to compare them with measurements of further diagnostics to evalu-
ate the physics models. The most relevant diagnostics for this thesis are presented in this
section.

3.3.1. Magnetic Measurements

Multiple magnetic coils within and around the vessel are used to measure the magnetic field
of the plasma created by the superposition of the external toroidal field and the poloidal
field induced by the plasma current. Furthermore the external correction and external and
internal perturbation fields. They are also used as control parameter for the real time
positioning of the plasma in the vessel by changing currents in the positioning coils. In the
post processing the measured values are used as constraint for the equilibrium reconstruction
by solving the Grad-Shafranov equation.
The measurement principal follows the inductive law
dd d S

Ut) = Ty AB~dA (3.1)
with U measured voltage in the coil, ¢ the magnetic flux, B the magnetic
field vector and A the enclosed area of the coil. In ASDEX Upgrade sev-
eral pick up coil with different orientations, probing different magnetic field com-
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ponents, are installed. These coils can be seen in figure 3.5. The sampling
rate of the coils is up to 2MHz. For more details to this coils see [79].

Due to the fact that closer to the plasma
core the distance to the coils increases and
therefore also the uncertainties. This result
in a week magnetic constrain for the plasma
center by the coil magnetic measurements.
For a proper equilibrium reconstruction in
this area further measurements and phys-
ical models, like the current diffusion are
needed to constrain the magnetic field struc-
ture. One of this diagnostics is the motional
Stark effect polarimetry (MSE), discussed in
detail in chapter 4.

Additionally to the magnetic field constrain
there are multiple more coils to measure
further plasma parameters like the surface
voltage of the plasma, the plasma current
or perturbations of the magnetic field for ex-
ample due to magnetohydrodynamic activ-
ities like neoclassical tearing modes.

Figure 3.5.: Poloidal view on the ASDEX Up-
grade magnetic field coils. The
red coils measuring the poloidal
field, while the purple ones meas-
uring the radial field. The four

Diamagnetic Flux Loop blue coils measuring in the pass-

ive support loop at the top and at
One special magnetic measurement in AS- the bottom. Figure adapted from
DEX Upgrade is the real-time diamagnetic reference [19)].

flux loop. The diamagnetic flux is the differ-

ence of the measured total toroidal flux with

and without the plasma. The diamagnetic

flux is strongly correlated with the poloidal

beta. The setup of the real-time measurement at ASDEX Upgrade can be seen in figure
3.6. The green coil measures the total flux, while the yellow coils measures the flux from
the external coils. The two loops enables a real-time compensation and increase the ac-
curacy with respect to small changes in the toroidal field coil current. The used coils were
placed outside the vacuum vessel and are mounted together on the same frame to avoid
independent deformation of the coils. The flux measurements of the coils can be expressed
as followed

d,, = / BydS (3.2)

®, = / B,dS. (3.3)
S

comp
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thus the diamagnetic flux is defined as
AD =, — a. D, (3.4)

with o a geometrical correction factor for the difference between the areas of the different
coils. Due to the beta correlation, the comparison of the diamagnetic flux measurement
with simulations, for example from TRANSP (see section 5.1), gives a good indication of
deviations in the fast ion pressure, assuming accurate kinetic profiles. For more details on
the diagnostic and a further fields of application see reference [80].

3.3.2. DCN Interferometer

Interferometry using sub-millimeter waves
enables the measurement of the line integ-
rated electron density in a fusion plasma.
In ASDEX Upgrade a deuterium cyanide
laser (DCN) with a wavelength of 195 pum is
used. The real time density signal is used for
density feedback control and is also coupled
with the safety system. The passing of such
an electromagnetic wave through a plasma NI
with non-zero electron density leads to a
phase shift with respect to a reference wave
through a vacuum. The phase shift ¢ can
be expressed as follows

¢ = Aore/ne(x)dx. (3.5)

The wavelength of the laser is given by Ay,
the classical electron radius is donated by
re, T gives the integration variable along the
line of sight and the electron density is given
by n. . To measure this phase shift, a Mach-
Zehnder-type interferometer with a hetero-
dyne detection system is used.

A phase shift of 27 in the ASDEX Up- reference [80].

grade system corresponds to a line integ-

rated density change of 5.72 - 10'8 electrons/m?. Due to the fact that ASDEX Upgrade
reaches line integrated densities of 10?° electrons/m?, this leads to a phase shift of up to 20
times 27. However, only a change of 27 can be measured and therefore the measurement is
history dependent and an accurate counting of phase flips is necessary.

In reference [81] a more detailed description for the DCN interferometer of ASDEX Upgrade
can be found and in figure 3.7 the line of sight geometry is shown.

Figure 3.6.: In green the diamagnetic flux
measurement coil is shown and in
yellow the external compensation
coils mounted on the same frame
outside the vacuum vessel can be
seen. The figure is adapted from
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Figure 3.7.: (a) Poloidal and (b) toroidal view on the ASDEX Upgrade DCN lines of sight.
The lines of sight H1 and H2 are in addition to the interferometer equipped
with a polarimeter.

3.3.3. Faraday Rotation Polarimetry

From 2014 on the DCN interferometer (see section 3.3.2) is upgraded with an additional
polarimeter, first on the H-1 and from 2015 on also on the H-2 line of sight. The polarimeter
measures the Faraday rotation of electromagnetic waves passing through the magnetized
plasma. The Faraday rotation is described by

Braraday o N2 / no() By(x)dz (3.6)

where A is the wavelength of 195 pm from the DCN laser, n, is the electron density and B
is the magnetic field component parallel to the line of sight.

For a simultaneous measurement with the interferometer a gold coated, off-axis parabolic
and polarization conserving mirror is used, to redirect a part of the probed light into the
polarimeter. The polarimeter is a rotating polarizer in front of a pyro-electric detector.
The rotating polarizer in presence of a strong magnetic field is realized by an air-bearing
pneumatically driven rotor. The rotation speed is in the order of 7500 RPM and the mounted
rotating disc with the polariser is equipped with an encoder disc. The encoder disc, to
measures the orientation of the polarizer, is read out by a light emitter and a receiving photo
diode with a precision of 1° and a 0° marker. For further details about the polarimeter see
reference [82].

The polarimeter measures the change in the polarization, with respect to a reference angle,
measured before the plasma discharge. The changes are in the order of several degrees.
The used lines of sight are almost radial and therefore perpendicular to the toroidal magnetic
field, see figure 3.7 b). Only the parallel poloidal magnetic field component leads to the
measured Faraday rotation. The poloidal view on the geometry in figure 3.7 a) reveals that
only in a small central area the H-1 and H-2 lines of sight are parallel to the poloidal field.
This localized information can be used as constraint for the equilibrium reconstruction.
The signal can also be used to investigate localized changes in the poloidal field structure,
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directly related to changes in the local current distribution.

3.3.4. Electron Cyclotron Emission Diagnostic

The measurement of the electron cyclotron emission (ECE) of the plasma gain information
on the electron temperature (7,). The electrons in the plasma are trapped by the magnetic
field and gyrate around the magnetic field lines. This rotation movement leads to a con-
tinuous centrifugal acceleration of the charged particle resulting in cyclotron emission. The
frequency of this electromagnetic emission is described by

1.8 (3.7)

with [ the harmonic number, the measurement is typically at the second harmonic, e the ele-
mentary charge, B the magnetic flux density and m,. the electron mass. The magnetic flux
density exhibits a spacial dependence dominated by the toroidal field decrease with ~ 1/R,
which is used to map the single measured frequencies to a radial position. The toroidal field
of ASDEX Upgrade is typically in the order of 1T to 4.9 T, leading to frequencies from 55
to 270 GHz.

The information of the electron temperature is encoded in the intensity, by the assumption
of a black-body radiator. This temperature is associated with the Maxwellian distributed
velocity perpendicular to the magnetic field. Planck’s law describes this black-body intens-

1ty
hw? 1
Idw = dw. :
YT 8 exp(hf/kgTe) — 1 “ (38)

With some approximations valid for fusion plasmas, hy < 1meV, kKT > 10eV, known as
the Rayleigh-Jeans approximation, the equation simplifies to

I

— 87T3C3 kBTe- (39)

With a combination of the equations (3.7) and (3.9) the radially dependent electron tem-
perature can be determined with the assumptions of an optically thick emission and that
the relativistic frequency shift is small. A more detailed description, discussion of limita-
tions and a widening of the operational range, for example handling of non optically thick
plasmas, can be found in references [83] and [84].

In ASDEX Upgrade a 60-channel heterodyne radiometer receiver is used to measure in three
groups an electron temperature profile. In figure 3.8 the radial viewing positions used in
most of the analyzed discharges can be seen.

3.3.5. Thomson Scattering System

The Thomson scattering system is an active measurement of the electron temperature and
density. In ASDEX Upgrade two powerful laser beams with a pulse energy of 1.2J and a
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Figure 3.8.: a) Poloidal and b) toroidal view on the measurement positions of the ASDEX
Upgrade 60-channel heterodyne ECE-radiometer.

repetition rate of 80 Hz in the core and 120 Hz at the edge are vertically coupled into the
plasma vessel. Some photons are scattered by electrons through Thomson scattering and
are collected by 16 lines of sight for the core laser beam and ten lines of sight for the edge
laser beam. The collected light afterwards is analyzed individually for each line of sight in
a polychromator. The electron temperature at the intersection of a line of sight and the
laser beam can be determined by the width of the measured light from many photons. The
electron density is directly correlated with the intensity, due to the density dependency of
the scattering cross section. A sketch of the system at ASDEX Upgrade can be seen in
figure 3.9. For more Information see reference [85].

3.3.6. Charge Exchange Recombination Spectroscopy

The charge exchange recombination spectroscopy (CXRS) is the most common plasma dia-
gnostic to measure the ion temperature (7}), the rotation velocity (v.) and also impurity
densities, which can be used to reconstruct the effective ion charge (Zeg) of the plasma.
The measurement is based on the observation of hydrogen like line emission from impurity
ions that have undergone a charge exchange reaction with a neutral particle from the NBI
beams. The Doppler shift, width and intensity of the emission line gives information on the
rotation velocity, the ion temperature and the densities of the observed species, respectively.
In general it is a good assumption that the impurity ion temperature is equal to the main
ion temperature due to the short impurity ion equilibration time.

The corresponding main ion density is challenging to obtain experimentally. It can, however,
be approximated with the concept of the effective ion charge Z.¢ in combination with the
measured electron density n,. Through a measurement of the densities of the main impurity
species and the assumption of the quasineutrality, the effective ion charge can be estimated.
The main impurities in ASDEX Upgrade are boron, nitrogen, carbon and helium and with
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adapted from reference [85].

the following equation the effective ion charge can be approximated

7 Soni-Z2  nup - P4 npe- 224+ np -3 +ne- 62 +ny -7
eff = ~

Ne Ne

(3.10)

All of these impurities have to be measured individually, with different spectrometers due
to the fact that the characteristic line radiation is in different wavelength regions. ASDEX
Upgrade is equipped with several different spectrometers for the charge exchange recombin-
ation spectroscopy with diverse viewing geometries, mainly on the neutral beams 3 and 8§,
routinely measuring boron, nitrogen, carbon and helium. The viewing geometry can be seen
in figure 3.10 and a more detailed description on charge exchange recombination spectro-
scopy can be found in reference [86]. Additionally the effective charge can be measured by
the bremsstrahlungbackground see reference [87]. Unfortunately at ASDEX Upgrade these
measurement, overestimate the effective charge, therefore only the method described above
is used within this thesis.

3.3.7. Integrated Data Analysis

The integrated data analysis (IDA) at ASDEX Upgrade is designed to combine a set of
different heterogeneous profile diagnostics and map them on a common coordinate system
with Bayesian probability theory. At ASDEX Upgrade the electron temperature and elec-
tron density is estimated by the combination of the Thomson scattering spectroscopy, the
DCN interferometry, the electron cyclotron emission and the lithium beam emission spec-
troscopy. The combination of diagnostics brings several advantages: a consistency check
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Figure 3.10.: a) Poloidal and b) toroidal view on the geometry of some ASDEX Upgrade
charge exchange systems. The blue lines of sight are connected to the CER,
CAR and CHR spectrometer and measures on NBI beam 3 and the red lines
of sight intersecting NBI beam 8 are connected to the COR and CUR spec-
trometer.

can be performed and the larger set of data allows to reduce the uncertainties. Additionally
the advantages of the different diagnostics can be taken into account, for example the better
special resolution of the Thomson scattering and the intrinsic absolute calibration of the
DCN interferometry. Furthermore, outliers can be identified and corrected more easily. Due
to the fact that the reconstruction of a magnetic equilibrium, which is used for a mapping
of the different diagnostics, also depends on the kinetic input data, the equilibrium recon-
struction and the integrated data analysis should be coupled. At the moment the interplay
of IDAand the equilibrium reconstruction IDE is tested and a better interchange is on the
way to be implemented.

The integrated data analysis is built up modular so the included diagnostics can be easily
switched on and off. Additional constraints, for example the exclusion of negative values
for temperature or density or a monotonic increase to the center of the plasma, can also
be switched on. Additionally systematic Gaussian error propagation is implemented. Up
to now the data were mapped on the normalized poloidal flux radius of a standard Cliste
equilibrium (see reference [88]). The temporal resolution is in the order of ~ 100us. Further
information about the integrated data analysis can be found in reference [89].

3.3.8. Fast lon D-alpha Spectroscopy

Fast ion D-alpha spectroscopy (fast ion D-alpha spectroscopy (FIDA)) evaluates the light
emitted by fast deuterium ions after charge exchange with neutrals of the neutral beam to
extract information on the fast ion distribution. As already described in section 3.3.6, the
ions in the plasma interact with the neutral atoms of the neutral beam by charge exchange
and are neutralized into an excited state. Subsequently by emitting light the now fast
neutrals transit into the ground state and the emitted photons are collected by optics and
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Figure 3.11.: In black, the spectrum measured with the FIDA spectrometer is shown. The
unshifted deuterium Balmer-alpha line is blocked with a wire in the spectro-
meter. The different colored components come from a TRANSP run processed
with FIDASIM (see reference [90]) and taking the instrument function into ac-
count. The fast ion tail is investigated further in the region between the dotted
lines.

measured with a spectrometer. Due to the initial velocity of the (fast) ions parallel to
the line of sight, the measured light is Doppler shifted. This Doppler shift of the emitted
light contains information on the projected velocity of the fast ions onto the line of sight.
Spatial resolution is obtained using several lines of sight that intersect the neutral beam,
in the ASDEX Upgrade case the beams 3 and 8, at different locations.

Figure 3.11 shows an example spectrum for one line of sight together with a synthetic
spectrum calculated with the analysis tool FIDASIM [90] that uses the fast-ion distribution
calculated by TRANSP (see section 5.1). The measured spectrum in black is a super-
position of multiple components and the single contributions are individually simulated
with FIDASIM. FIDASIM uses, besides the fast ion density, multiple information from
the TRANSP simulation for example the beam geometry and beam parameters like the
beam energy as well as additional plasma parameter such as the electron density and
temperature. From this set of information and the line of sight geometry the individual
spectral components are calculated.

First, and for the diagnostic most important, in red the emission of the fast ions can be
seen. The fast ions are produced by neutral beam injection and/or ion cyclotron resonance
heating. In TRANSP the fast ion distribution is calculated down to thermalization of the
fast ions assumed at 1.5 - T;. It can be seen that for the given line of sight these fast ions
emit Doppler shifted light with a preferential Doppler shift towards higher wavelength, but
there is also emission of fast ions with almost no Doppler shift or Doppler shift towards
lower wave length. This behaviour is due to the fact, that the fast ions with the same
energy, but different pitch angles have a different velocity component along the line of
sight, which only can be probed. This Doppler broadening towards lower wavelength is
emitted from trapped fast ions moving partially parallel to the line of sight away from the
optics on their orbits. For the measurement of the FIDA emission only wavelength regions
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can be used, which does not overlap with other contributions, like the beam emission. The
chosen region in the spectrum is marked in blue. As only the parallel velocity component
to the line of sight can be measured, the lower wavelength gives only a minimum energy
for the measured fast ions. The preferential emission towards higher wavelength came from
the non-radial injection of the neutral beams in ASDEX Upgrade in this case producing
the fast ions.

The green contribution, named halo, is the contribution of the thermal ions. It is the
emission from the same process as described for the fast ions, only for the thermal ions
and represents the Doppler broadening of the Balmer-alpha peak according to the ion
temperature. According to the Maxwell distribution the halo wavelength Doppler shift
is symmetric. The transition from thermal-ion to fast-ion emission is only given by an
arbitrary energy threshold, in TRANSP at 1.5 - 7. In the measured spectrum the central
unshifed Balmer-alpha peak is cut out by a wire in the spectrometer to avoid over-exposure
and cross-talk on the CCD as this component would be very dominant.

The beam emission is shown in yellow to orange. The three Doppler shifted emission peaks
from the three energy components are also subject to Stark splitting. This splitting is
caused by the Lorenz electric field from the Lorenz transformation of the magnetic field in
the frame of reference of the fast neutral particle. The motional Stark effect polarimetry
uses this radiation to measure the magnetic field pitch angle. A detailed description of this
emission can be found in section 4. A proper prediction of this emission can be used as
qualifier for a simulation.

The last modeled contribution is the bremsstrahlung in light blue, which is broad band
radiation of the plasma and independent of the neutral beam.

Additionally there is radiation, which is almost impossible to be simulated, for example
emission from the charge exchange process of fast ions with neutrals along the line of
sight, which are not from the neutral beam. The neutral particle background density
is at maximum known very inaccurate especially beyond the separatrix. Therefore, the
so called passive radiation needs to be measured and for a proper comparison with the
simulation should be subtracted from the measurement. The measurement of the passive
radiation takes place at a point in time, where the diagnostic beam 3 is shortly switched
off, furthermore this point in time should be close to the point of interest.

The number of photons in the FIDA wavelength region, in the blue shaded area, is
now integrated for the synthetic diagnostic and the measurement. For several radial lines
of sight at one point in time these integrated intensities are plotted versus the radial
intersection of the line of sight with the neutral beam 3. For a radial comparison of the
predicted fast ion distribution and the measurement. Such a radial FIDA profile can be
seen in figure 3.12.

In figure 3.12 a) the radial distribution of the integrated number of photons can be seen.
The data for 4 points in time in the black points are already corrected for the passive
radiation in red. These points are now compared with the FIDASIM processed TRANSP
simulation. However, the neutral beam used as doner for the neutral particle is attenuated
towards the plasma center and this reduces the number of emitted photons from the fast
ions. Therefore the measured profile is not proportional to the radial fast ion distribution.
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Figure 3.12.: a) Radial profile of the integrated number of photons from the FIDA region
in black the measurement. In red is the passive radiation and in magenta the
photon integration from the beam emission. b) The FIDA emission normalized
by the beam emission together with the corresponding FIDASIM postprocessed
TRANSP simulation.

To overcome this problem and reduce the influence of inaccurate calibrations of the
spectrometer, the integrated FIDA emission is normalized to beam emission, represented
by the Stark split high energy m-emission of the full energy component. The radial profile
of the integrated photons from beam emission can be seen in magenta, and there is also a
comparison with the TRANSP calculation. The resulting radial distribution of this FIDA
emission normalized to the beam emission can be seen in figure 3.12 b). This dimensionless
value corresponds more closely to the radial fast ion density profile.

The ASDEX Upgrade FIDA system consists of five optical heads with multiple radial views
pointing on NBI beam 3 and one optical head on NBI beam 8. In figure 3.13 the five
different groups of lines of sight on beam 3 can be seen.

The different view geometries enable tomographic reconstruction of the 2D fast-ion
velocity distribution, measuring fast ions with at different positions in the fast ion velocity
space. For more details on this 2D reconstruction see reference [91] and for more detailed
description of the FIDA diagnostic, FIDASIM and the ASDEX Upgrade FIDA system see
reference [17].
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Figure 3.13.: In yellow the neutral beam 3 and the different lines of sight intersecting the
beam which are used for FIDA measurements. The different colors indicating
different optical heads with lines of sight with a comparable viewing geometry.
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4. Upgrade of the ASDEX Upgrade
Motional Stark Effect Polarimetry

Motional Stark effect polarimetry (MSE) is one of the main diagnostics to obtain informa-
tion on the internal magnetic field structure of a fusion plasma. This is directly correlated
with the safety factor and current distribution. The measurement can be used as a con-
straint for equilibrium reconstruction to gain information mainly in the core of a plasma,
because closer to the center the uncertainties of the equilibrium derived from magnetic probe
measurements increase very strongly (see figure 2.2). This non-invasive technique is based
on the polarization measurement of Balmer alpha line radiation from excited atoms of a
high energy neutral beam that interacts with plasma atoms. The Stark splitting of the line
emission is mainly caused by the Lorenz electric field (E ~ T X E) seen by the fast beam
atoms in a magnetic field. The resulting radiated 7- and o-lines are polarized perpendicu-
lar to each other. From the polarization measurement the projection of the magnetic field
vector can be calculated.

4.1. Diagnostic

Motional Stark Effect polarimetry (MSE) is based on the injection of fast neutral particles
of velocity ¢ into a magnetic field B. A Lorenz electric field Ej, = ¢ - (U x é) appears in
the frame of reference of the moving particle. For a typical ASDEX Upgrade beam energy
of 60keV and magnetic field of 2.5T, the electric field strength is around 5 - 10° Vm™!.
Through collisions of a given fast neutral particle with plasma electrons and ions, the atom
becomes into an excited state. The Balmer alpha emission is subject to Stark splitting due
to the electric fields, dominated by the Lorenz electric field and the radial electric field.
Zeemann splitting is negligible. For a non-perpendicular view with respect to the beam axis
this light is also Doppler-shifted and hence separated in wavelength from the bulk plasma
emission.

Commonly, in magnetic fusion experiments hydrogen isotopes are used as neutral beam
particles. The ASDEX Upgrade MSE system is optimized for the standard deuterium injec-
tion with 60 keV beam energy and a magnetic field around 2.5T at the magnetic axis. The
Balmar alpha n=3 to n=2 (Ap,=656.1 nm) transition is used, with the transition from five
to three excited states. Restricted by selection rules nine distinct transitions are allowed.
The three central lines are polarized perpendicular to Lorentz electric field and called o-lines
(German “senkrecht”). The other six lines are polarized parallel to the Lorentz field and
called 7-lines (German “parallel”).
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Figure 4.1.: Calculated spectrum for the Balmer-alpha emission of a 60 keV deuterium beam
with the viewing geometry of a MSE line of sight of ASDEX Upgrade. Clearly
separated are the 7- and o-line of the full-energy component (30keV/amu).
This figure is adapted from reference [92].

The measurement of the projection of the polarization vector onto the plane perpendicular
to the line of sight in combination with the known beam velocity vector allows the recon-
struction of the projection of the magnetic field vector in this plane. In combination with
the known vacuum toroidal magnetic field and information on the diamagnetic contribution,
the MSE measurements are a good indication for the poloidal magnetic field, which is in-
duced by the plasma current. At the different radial positions, the measurements constrain
the enclosed poloidal magnetic field, improving the current profile reconstruction, in the
equilibrium reconstruction (see section 2.1.1).

The line of sight geometry of ASDEX Upgrade’s MSE system leads to a blue shift of the
beam emission. In figure 4.1 a calculated ASDEX Upgrade spectrum in comparison with
a spectral measurement is shown for one MSE line of sight. The central Balmer alpha
light in this measurement is blocked, but the charge exchange halo next to it can be seen.
The halo is the emission of thermal ions which are neutralized into an excited state by
a charge exchange process with a beam neutral, followed by a de-excitation cascade into
the ground state. The same process with fast ions produced by the neutral beam leads
to emission with a stronger Doppler shift, into the same wavelength region as the Stark
emission. This radiation is called FIDA radiation and is measured by the FIDA diagnostic
(see section 3.3.8). Fortunately the FIDA radiation is unpolarized and therefore does not
interfere with the MSE measurement. The three different Stark multiplets, shown in blue,
red and green, correspond to the three energy components of the 60 keV neutral beam 3,
introduced in section 3.2.1. Obviously, due to the spectral broadening the emission of the
half- and third-energy component overlap with each other. Also the lower energy 7-lines of
the full-energy component overlap with the half-energy component. Therefore only the o-
and the high-energy 7-lines (—7 in figure 4.1) of the full-energy component are used.
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Figure 4.2.: a) Optical system to guide the polarized light from the plasma to a PEM system
encode the polarization to intensity modulation. These light is transmitted by
optical fibers to the detector unit. b) Schematic of the PEM system encoding the
polarization into an intensity modulation. This figure is adapted from reference
[19].

There are multiple techniques to determine the orientation of the electric field causing the
Stark effect, for example by the ratio of the intensities of the - and o-line or by the measure-
ment of the polarization direction of one of the lines. In ASDEX Upgrade the polarization
measurement method is used. A detailed description of this technique, also known as Stokes
polarimetry, and a description of other methods can be found in reference [92].

In Stokes polarimetry [93] a rotating polarizer is used encoding the polarization information
into an intensity modulation. Figure 4.2 a) shows the implementation of the optical system
in ASDEX Upgrade from the plasma to the optical fibers. After a protection window, made
out of fused silica and used as transparent shielding for the mirror, the light is reflected
through a vacuum window into a lens system that focuses the collected light into optical
fibers. These optical fibers guide the light to the detector system placed outside the torus
hall. Due to the fact that optical fibers do not conserve the polarization of light, the po-
larization must be translated into an intensity modulation that can be transferred by the
optical fibers. In figure 4.2 b) the principle of such a conversion system can be seen. Po-
larized light is transmitted through two photoelastic modulators (PEMs) with their optical
axes rotated by 45° with respect to each other and getting birefringent periodically with
20kHz and 23 kHz due to a periodical activation of piezo crystals. Behind the two PEMs a
polarizer is placed at an angle of 22.5°. This whole systems acts like a rotating polarizer in
the kHz range.

o1



4. Upgrade of the ASDEX Upgrade Motional Stark Effect Polarimetry

Figure 4.3.: Geometry of the 60 lines of sight, in six rows with ten columns, of the ASDEX
Upgrade motional Stark effect polarimetry system from the top of the mirror
box in sector 1 to the intersection with NBI beam 3 (green) in sector 15/16.

The state of polarization can be described by the 4-component Stokes vector

So 1

= | Si| ;| pcos2yycos2y

5= Se | I p sin 29y, cos 2 (4.1)
Ss psin 2y

where [ is the total measured intensity, p the polarization fraction, vy, the polarization angle
and y the degree of ellipticity. The first component corresponds to the intensity, the second
and third component represents the degree of parallel and perpendicular polarization, while
the fourth component covers the degree of circular polarization. With the ratio of the second
and third component the polarization angle can be expressed as

Y = %arctan (%) : (4.2)

The modulus of the Stokes components S; and S; is proportional to the intensity modulation
at twice the respective PEM frequency, i.e. |S;| o< 1(40kHz) = I and |Sy| o< I(46 kHz) = I,
so the polarization angle can be calculated by

1 I
T = 5 arctan <I_2) . (4.3)

1

Due to the fact that the measured intensities contain no information on the sign of S; and
Sy equation (4.3) covers only 45°. The phase difference of the two modulations is used to
expand the 45° coverage for the polarization to the full 180°.

Figure 4.3 shows the viewing geometry of the ASDEX Upgrade MSE system. The NBI
Beam 3 is intersected by 60 lines of sight arranged from the edge to the center of the plasma
in ten columns with six rows each. The intersections with the beam are at equidistant

52



4.2. Absolute Calibration

radial positions from R = 1.65m to R = 2.05m and vertical positions from z = 0.0m to
2z = 0.12m. Due to the beam’s finite width with a diameter in the order of 20 cm, the inter-
section with a line of sight covers a finite R and z range. This aspect is further investigated
in appendix A.5.3. Additionally, the beam gets attenuated while propagating through the
plasma depending on the electron density. This decreases the intensity of emitted light
closer to the center and increases the susceptibility to distortion.

After transmission through the fibers behind the optical system described above, the mod-
ulated light signals are measured by ten detector units. In each of these units the light of
two neighboring lines of sight, lying on top of each other is coupled for a better signal to
noise ratio. From the equilibrium reconstruction it is known that the deviation in the angle
between these two lines of sight is negligible. This light is parallelized and the light from
a wavelength region corresponding either to the 7- or o-line (see figure 4.1) is transmitted
through a temperature-controlled narrow band-pass filter. These filters are tuned individu-
ally for each line of sight and the width of the transmitted region is on the order of 0.2nm
to avoid light from the m component in the ¢ measurement and vice versa. However, such
cross talk would only lead to an increase of noise, unless the wrong component becomes the
dominant part. Behind the filters the light is focused and measured with photomultipliers
with a sampling rate of 250kHz. Due to the fact that the changes in the current profile
and q profile are slow, multiple periods are taken for a more accurate phase and intensity
reconstruction. Therefore the time resolution of the ASDEX Upgrade MSE system is 40 Hz
and the statistical uncertainty is on the order of 0.2°.

4.2. Absolute Calibration

Most of the world wide used MSE systems are not absolutely calibrated. To use data of a
not absolutely calibrated MSE system, individual shifts for each line of sight are necessary.
Afterwards the dynamic in the measured angles can be used either to compare with syn-
thetic diagnostics or to constrain an equilibrium. For trustworthy offsets the real value at
one point in time must be known, for example from an otherwise constrained equilibrium.
However, non-linear effects can distort the measured dynamics and lead to unknown sys-
tematic uncertainties. Therefore with an absolutely calibrated MSE system the measured
angles can be used to constrain an equilibrium at every point in time without additional
information.

The approach to get the first absolutely calibration of the ASDEX Upgrade MSE system
consists of three steps. The first step is the quantification of one absolute offset (see sec-
tion 4.2.1) with the measurement of a known source of polarized light. The second step is
the measurement of the instrument function (see section 4.2.2), with the measurement of
all possible polarization angles. The last step is a dedicated measurement of the effect of
the magnetic field (see section 4.2.3) and further environmental factors (see appendix A.5)
such as pumping down the vacuum chamber, which are not taken into account during the
measurement of the instrument function.
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Figure 4.4.: Setup to measure an absolute offset of the MSE system. a) Shown in green are
the 3D-FARO measured lines of sight and in red the similarly measured path of
light from the light source to the mirror. In blue is the polarization vector. In
magenta 1, for the common zero and in yellow Z and 3 can be seen for one line
of sight. b) Photo of the setup, at the top the integrating sphere for unpolarized
light and below the mirror aligned according to the Brewster condition.

4.2.1. Absolute Offset

Before the measurement of an absolute offset is possible, a diagnostic coordinate system
in the torus must be defined to obtain a zero degree marker. This coordinate system is
individual for each line of sight, with & and gy perpendicular to each other and to the line
of sight s, but with a common absolute zero angle for all lines of sight together. This
coordinate system is given by

Y = SLos X UL

o N 4.4
T = SLos X Y. 44

The common zero is a definition and introduced by w]. u] can be seen in magenta in figure
4.4. For practical reasons this vector is chosen to be perpendicular to all lines of sight.
Furthermore the ten radial lines of sight of each row lie in one plane and ] is chosen to
be as parallel as possible to the average of the six planes corresponding to the six rows of
lines of sight. For one line of sight also the ¥ and ¢ can be seen in yellow. The conventional
method to measure the line of sight geometry was not accurate enough, therefore a new
method was developed and used. A description of this method can be found in appendix
A.1. The intersection of the lines of sight with the neutral beam 3 can be seen in figure 4.3.

The determination of an absolute offset is achieved by the measurement of a known polarized
light source in the torus. An unpolarized light source was adjusted in the torus in a way
that light is reflected at a mirror, aligned within the Brewster condition, into each line of
sight of the MSE system individually. The polarization of the now linearly polarized light
is measured with the MSE system. This measured polarization angle is compared with
the calculated polarization angle from the geometrical reconstruction. The setup and the
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Figure 4.5.: Measurement of an absolute offset. a) Angle measured with the MSE system.
b) Geometrical reconstructed reference angle in the torus coordinate system of
the MSE diagnostic, see blue lines in figure 4.4.

geometrically reconstructed reference polarization vector can be seen in figure 4.4.

For the geometrical reconstruction the position of the light source and the reflection spot
on the mirror were measured with the new evolved prototype probe head for the Nikon
3D-joint-measurement-arm [94]. The vector perpendicular to the line of sight and reflected
path of light from the mirror to the light source is the polarization vector

Tpolarization = SLOS X SBrewster reflected- (45)

The angle of this vector with respect to the diagnostic coordinate system is used as reference
angle
(4.6)

?j : fpolarization
Vreference = arctan | —— .
X * Tpolarization

The difference of the reference and measured angle is the absolute offset for this specific
polarization. In figure 4.5 the measured and reference angles are shown for 31 central chan-
nels. The channel of column 6 and row 2 is not measured because the light transmission is
too low, probably due to a broken fiber. The distorted light beams of the unused channels
can be seen in appendix A.3 figure A.6.

The uncertainty of the measured angle is given by the standard deviation of the measure-
ment, based on the noise of the angle measurement. For the uncertainty of the geometrical
reconstructed polarization the fact is used, that the polarization vector must be in the x-y-
plane. Therefore the angle between the x-y-plane and the reconstructed polarization vector
of each line of sight is taken

O-’Yrefergnce = arcsin (fpolarization ° (f X ?j)) . (47)
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Figure 4.6.: Measurement of the non-linear part of the instrument function. a) Photo of the
mounted setup on a rail at the expected neutral beam position. b) Enlarged
image of the remotely controlled Thorlabs rotation stage NR360S [98] hosting
the polarizer and backlit by an integrating sphere.

A difference between the reference and measured angle in the order of ~ 50° can be found
for all channels. Regarding this absolute offset the square error propagation leads to a mean
uncertainty of £0.23°, dominated by the uncertainty of the measured angle.

4.2.2. Correction of Non-Linear Effects

In former calibration measurements at ASDEX Upgrade [95] and at Alcator C-Mod [96],
a non-linear behaviour in the instrument function was found. Multiple reasons for this
behaviour were determinded or can be assumed, for example polarization aberrations in
the optical system or a non-ideal polarimeter response. All these effects are discussed in
reference [97].

To measure this non-linear part of the instrument function a rotating polarizer is used. This
polarizer is aligned perpendicular to each single line of sight in the torus, at approximately
the expected intersection position of the line of sight with the neutral beam 3. Behind this
polarizer a uniform and unpolarized light source is mounted. This setup can be seen in
figure 4.6. After the alignment, two measurements of a 400° rotation of the polarizer in 40 s
were recorded individually for each line of sight.

In figure 4.7 the reconstruction of the the correction function for one line of sight can be
seen. In the first row (a) the temporal evolution of the two measurements is plotted. In the
second row (b) the time was translated into an angle of the polarizer via a linear regression
to the measured angle. Due to the fact that only the angle measured for the absolute offset
is known, the arbitrary angle of the polarizer was shifted such that it matches the reference
angle of section 4.2.1 at the corresponding measured angle. In the last step the expected
correction function

fm)=a - Ym+b-sin(4d-vm+ 1) +c-sin(2- v + o) +d-sin(8 -y + ¢3) + e (4.8)
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Figure 4.7.: Measurement of the non-linear instrument function. a) The measured angle
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Subtraction of the linear part of the fit function (equation (4.8)). d) Addi-
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27-periodic-part and f) finally subtraction of also the 8y-periodic-part.
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4. Upgrade of the ASDEX Upgrade Motional Stark Effect Polarimetry

was fitted to the data. In the last row the four different terms in order of their impact were
successively subtracted. Firstly, the linear part, secondly the 4vy-part, thirdly the 2v-part
and fourthly the 8y-part. In the shown case the measurement subtracted by the extrapol-
ated function is at an averaged angle of zero and the non-periodic noise is on the order of
0.1°. The error on the fit parameters is less than 1%, therefore only the &~ +0.1° will be
propagated further as statistical error. To correct the measured data the inverse function of
f(4m) is needed. The fitted function has no analytically solvable inverse function, therefore
a numerical approach is used for the inversion.

In figure 4.8 a summary of all parameters can be seen. The column dependency of the
parameters b, ¢ and d is a sign for a geometrical contribution to the instrument function.
Polarization rotation due to a difference in the transmission of the parallel and perpendic-
ular component of the polarization expressed by the Fresnel equations can be a possible
explanation. In this case the value of the parameters changes, due to the variation of the
angle of incident for the different lines of sight in the optical components in front of the
PEMs.

4.2.3. Further Effects

The determination of the non-linear effects and the measurement of the absolute offset of
the MSE diagnostic were made in the field-free and vented torus. These two restrictions
should be investigated next. On the one hand the effect of the Faraday rotation due to
magnetic fields up to 3T at the axis in the torus must be evaluated. On the other hand,
it is conceivable that, for example, stress-induced birefringence of the vacuum window can
lead to a polarization rotation when the vessel is under vacuum. Due to the fact that the
Faraday effect is non-negligible in the absolute calibration it is discussed in the following
section. In contrast the other examined effect are negligible. The description of these
studies can be found in the appendix A.5.

In detail three further effects are investigated. Firth the influence of the vacuum is
investigated in appendix A.5.1. However the change of —0.02° during the change from the
vented (~ 1000 mbar) to the mostly evacuated vessel (~1mbar) is one order of magnitude
smaller than the uncertainty of the measurement. Therefore the vacuum effect is negligible.
Second the long-term stability is examined in appendix A.5.2. Fluctuations in the order of
1° were found, but the reason is not jet clear and therefore needs to be investigated further
more.

Finally the influence of the finite beam diameter is evaluated in appendix A.5.3. This effect
is also negligible with respect to the uncertainties of the diagnostic.

Faraday Effect

The Faraday rotation is a change of the polarization direction of linear polarized light in an
optical medium exposed to a magnetic field oriented parallel to the propagation direction.
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Figure 4.8.: Overview over the parameters to correct the instrument function for all lines
of sight of the MSE system, corresponding to figure 4.7. a) Parameter a is the
slope of the linear part expected to be one. b), ¢) and d) for the parameter b,
c and d for the amplitudes of the 4, 2 and 8y-parts. e) The offset dominated
by the measurements from section 4.2.1. f) The resulting standard deviation of
the measurement, representing the statistical error for the non-linear correction.
g) The three different phases for the sinusoidal contributions of the non-linear
instrument function.
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Figure 4.9.: Calculated Faraday rotation for each line of sight in the protection window
normalized to the magnetic field on the axis.

This polarization rotation is given by
A’y =V.-d- BH (49)

with the Verdet constant of the optical medium V" and d the distance the light passes through
the medium. For the MSE system at ASDEX Upgrade multiple optical components are in-
volved before the polarization is transformed into a intensity modulation. The protection
window in front of the mirror box is expected to be the main contributor to the Faraday
rotation, a schematic illustration of the optical system can be seen in figure 4.2. As this
is the only optical component where the path of light passes the optical component with a
component parallel to the toroidal magnetic field, all other magnetic field components are
orders of magnitude smaller and therefore negligible. Additionally the protection window
is made out of fused silica with a Verdet constant of 3.67rad T~! mm~! while the lenses are
made of SF6L with a Verdet constant two orders of magnitude less.

With this assumption and the line of sight geometry the Faraday rotation in the protection
window is calculated. In figure 4.9 the result normalized to the magnetic field at the mag-
netic axis can be seen.

The calculated Faraday rotation normalized to the magnetic field on the axis is on the order
of 7 0.45°/ By axis|T]. The difference between the different lines of sight within a row is small
due to the small change of the toroidal magnetic field within the protection window. The
bigger changes between the different lines of sight within a column are due to the different
angles of incidence (between 25-35°) at which the lines of sight enter the protection window,
changing slightly the strength of the parallel magnetic field and the path length through
the window.

A measurement of the Faraday rotation of the system was also performed in the vented
torus during a technical shot day before the campaign 2017. For these measurements a po-
larized light source was mounted in front of the protection window. During the maintaining
break before the 2017 campaign and before the calibration was made the protection win-
dow was permanently replaced by a thinner one with an anti-reflection coating. The shown
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Figure 4.10.: Measurement of the Faraday rotation in a) with and in b) without the pro-
tection window for one channel. The toroidal magnetic field on the axis was
either ramped up or down to £2.8 T' before returning to 0T.

measurements and calculations are performed with the new window. All lines of sight were
simultaneously illuminated with a polarized light source. The polarization was measured
while the toroidal magnetic field of the vented ASDEX Upgrade was ramped up to 2.8 T
and back to 0T and in a second measurement ramped down to -2.8 T. In a third and fourth
measurement the protection window was removed and the field was again ramped up and
down to +2.8 T. In figure 4.10 the non-linearly-corrected measured angles for one channel
are plotted versus the toroidal magnetic field on the axis. The measured angles are plotted
without any time averaging, leading to an increased statistical scatter on the measurements.
A linear fit is made to estimate the amount of Faraday rotation.

Evidently the two measurements in the different field directions with and also without the
protection window align well with each other. The uncertainty on the Faraday correction
factor is £0.02°/ By axis|T]. As expected the slope of the measurement without the window is
smaller. Also the offsets are slightly higher with respect to the measurements with the win-
dow. One explanation for this behavior can be field independent polarization rotation of the
protection window due to non-perpendicular incidence of the lines of sight on the protection
window. From the Fresnel equations a different transmission coefficient for parallelly and
perpendicularly polarized light appears. This leads to a rotation of the polarization of the
superposition of both components. However, this effect is independent of the magnetic field
and the vacuum and therefore part of the instrument function characterized in the sections
4.2.1 and 4.2.2.

In Figure 4.11 the slopes for the different columns are compared. The measurements take
place in rows 3 and 4. The Faraday rotation of the complete system is on the order of
~ 0.62 £ 0.02°/ B axis|T]. This is ~ 35% higher than expected from the calculations for the
protection window. However, the calculation is in agreement with the difference between
the measured slopes with and without the protection window within the uncertainties. This
supports the initial assumption that the main part of the Faraday rotation is caused by
the protection window with ~ 65%, but the Faraday rotation in other components is not
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Figure 4.11.: Measured normalized Faraday rotation in the different columns. The red meas-
urements correspond to the total Faraday rotation. The blue measurements
represents the Faraday rotation without the protection window, while the dif-
ference plotted in cyan correspond to the dominant contribution of the pro-
tection window.

negligible. This fraction of the Faraday rotation can take place for example in the Vacuum
window or the PEMs which lies outside the toroidal field coils and get disturbed by a diffuse
magnetic field.

4.2.4. Combination of All Effects

In figure 4.12 the different corrections on one measured channel for the discharge #33864
from the campaign 2017 can be seen. Due to the fact that the correction of the absolute
offset is in the order of 60°, the raw angles are not shown in this plot. Starting point is the
offset corrected data to resolve the further corrections. This offset is a shift evaluated by
the measurement from the known polarization (see section 4.2.1).

The correction of the non-linear part of the instrument function (see section 4.2.2) in this
case contributes a reduction in the order of 2.4°. The fitted instrument function is not
analytically invertible, therefore a numerical inversion of

f(rm) =a-Ym+b-sin(4d-ym+ é1) +c-sin(2- vy, + @) +d - sin(8 -y + ¢1) + e (4.10)

is used. The correction of the absolute offset is also covered within this correction in the
factor e. For the visualization in figure 4.12 it was done once individually, in general the
absolute offset correction is done within the instrument function.

The Faraday correction (see section 4.2.3) for the toroidal magnetic field of -2.6 T at the
axis, leads in this case to a increase of the angles in the order of 1.9°. As the Faraday
correction could not be measured as part of the instrument function and the instrument
function is angle dependent, the sequence of correction could play a role. Due to the fact
that the Faraday effect of the protection window can be separated from the further Faraday
rotation, first the Faraday correction for the protection window is done, then the non-linear
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Figure 4.12.: Measured motional Stark effect angles of the discharge #33864 with successive
corrections in comparison with a synthetic TRANSP prediction at an edge
channel. Two lines of sight, lying at the same radial position vertically on
top of each other, are combined. The uncertainty is only shown for the fully
corrected measurement.

correction is performed and afterwards the remaining Faraday correction. This could lead
to minor uncertainty, because the optical components, as well as the protection window
covering the Faraday rotation are part of the instrument function and therefore the Faraday
rotation and the non-linear changes in the polarization happen simultaneously.
Nevertheless a comparison between the corrected measurement and a calculation from a
TRANSP equilibrium lead in this case for this combined lines of sight to a perfect agree-
ment within the uncertainty of the measurement.

In figure 4.13 the comparison between the TRANSP simulation and all seven corrected
measured o channels in this discharge can be seen. The corrected measurements fit to the
simulations, but from the edge towards the plasma center the deviation starts to increase
up to more than £1°, which is much larger than the uncertainties of the measurement. On
the one hand the current distribution and the magnetic axis in the equilibrium from the
simulation might be not completely correct, as it only depends on the pressure constraint.
This hypothesis is investigated by constraining an equilibrium in IDE with the MSE angles
(see section 4.3). On the other hand, interfering polarized background could play a role.
As the beam gets attenuated towards the plasma center, the intensity of the emitted light
decreases. These channels are therefore more susceptible to polarized background.

A further hint for polarized background can be found in the comparison between the meas-
ured and corrected 7- and 90°-shifted o component, which can be seen in figure 4.14. In this
discharge seven lines of sight measure the o component and three measure the corresponding
7w component. As there is at the moment no possibility to measure both components on the
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Figure 4.13.: Comparison of the corrected o measurements with TRANSP simulated angles,
for seven different radial channels.

same line of sight, two pairs of lines of sight were chosen vertically on top of each other, to
measure the m- and the corresponding o-component. The small shift in vertical direction
close to the mid plane does not significantly change the expected polarization angle [19],
which is in agreement with the TRANSP predictions shown in gray. Therefore the intrinsic
90° deviation is expected. In the case of these three channels the deviation is in the order
of 87-88° in the beginning and starts to increase during the discharge. Simultaneously the
deviation from the TRANSP predictions increases, especially for the m-components.

As mentioned before, a reason for this behaviour could be polarized background. The origin
for this polarized light could be ASDEX Upgrade’s full metal first wall on which unpolar-
ized light can be reflected in a polarized state. This would lead to a broadband polarized
background interfering with the measurement. Due to the fact that the intensity of the
m-component is only half the intensity of the o-component, the m-component is much more
affected by polarized background. Additionally, the beam attenuation lead to a signal de-
crease towards the center, making them much more susceptible for interfering background.
All this can be seen especially in the central 7 channel where the deviation strongly increases
from 2 seconds on, while the TRANSP predicted angle does not change. The increase from
2 seconds on can be explained by increasing radiation from the plasma in this discharge.
The influence of polarized background on MSE angles was measured for the first time in
the Alcator C-Mod Tokamak. To correct this effect a polychromator was designed to simul-
taneous measure the o-, m-component and two times the polarized background on the same
line of sight. With the assumption of a broadband polarized background, this background
can be subtract in the signal region in the post processing [96].

In ASDEX Upgrade a similar polarized background was found in reference [19]. In coopera-
tion with the MSE group of Alcator C-Mod and the Massachusetts Institute of Technology
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Figure 4.14.: Comparison of the corresponding 7- (blue) and 90° upshifted o-measurements
(red) at similar radial positions, additionally in gray the predicted angles from
TRANSP, where the m and ¢ channels lying perfectly on top of each other.
Therefore the strongly increasing deviation in the central channel is unexpected
from the equilibrium.

a polychromator for ASDEX Upgrade was developed. A short overview on the polychro-
mator can be found in section 4.4, a more detailed description of the working principle, the
technical implementation as well as first measurements is given in appendix A.6.
Nevertheless the deviation between 7- and o-component seems to be not completely based
on the polarized background. A similar non-background effected deviation from the intrinsic
90° between the m- and o-component was found at the DIII-D Tokamak, which has a full
carbon wall. There the deviation from the intrinsic 90° were explained by a combination
of the Stark-Zeemann effect and a non-ideal in vessel mirror [99]. This should be further
investigated, particularly whether this deviation is still present after the correction of the
polarized background with the polychromator.

As conclusion, the absolute calibration improves strongly the agreement of the measure-
ment with a synthetic diagnostic from an equilibrium. For the o-component at the edge the
simulation agrees perfectly with the measurements within the uncertainties, but the devi-
ation increases towards the center up to 1.°. This deviation could be explained either by an
imperfect equilibrium or by interfering polarized background. This should be measurable
by the new polychromator system explained in section 4.4. Also the deviations from the
intrinsic 90° deviation between the - and o-component should be investigated further with
this new approach.
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Figure 4.15.: a) Shows a comparison of the MSE angles, in black the measured ones with
uncertainties and in blue and red the angles from the equilibrium reconstruc-
tion. The red prediction came from an equilibrium taking the MSE angles as
constraint, while the blue ones does not. b) Shows the polarimetry angles in
black the measurement and in blue and red the predictions. In both equilibria
the polarimetry is not taken as constraint for the equilibrium reconstruction.

4.3. Equilibrium Constrained by MSE Measurement

The measured MSE angles can be used as a constraint for an equilibrium reconstruction.
Before the absolute calibration was done, all measured MSE angles got an individual offset
to match a short phase in time of an equilibrium calculated in advance. This technique is
strongly restricted to one trustworthy phase in time during the equilibrium reconstruction
and constitutes a source of strong systematic uncertainties. With an absolute calibrated
MSE this is no longer necessary.

To demonstrate the benefit of constraining an equilibrium with MSE angles, two equilibria
were calculated with the ASDEX Upgrade equilibrium code IDE [23] for the discharge
#33864, for witch the absolute calibration is shown before. The first one takes only the
magnetic and kinetic measurements to calculate the equilibrium in the second one the o-MSE
angles were taken as further constraint. Figure 4.15 shows the resulting comparison between
measured and synthetic MSE and polarimetry diagnostics. Both diagnostics are sensitive
to changes in the current profile. In figure 4.15 a) the measured MSE angles are compared
with the calculated angles from the two equilibria. As expected the blue angles from the
equilibrium reconstruction, which does not take the MSE as a constraint, deviates like the
TRANSP reconstruction shown in figure 4.13. Also the agreement of the red predicted
angels for the equilibrium reconstruction were the MSE angles were taken as constraint is
expected. Only the central channel could not be matched within the uncertainties due to
other constrains. Maybe this channel is affected by polarized background. Remarkable are
the results from figure 4.15 b). There the measured polarimetry channels can be seen in
comparison to the predicted ones from the equilibria. In this case the polarimetry is not
taken as constraint for the equilibrium reconstruction. While the equilibrium without the
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Figure 4.16.: Profiles of the safety factor q with uncertainties, in blue for an equilibrium
reconstructed without and in red with the measured absolutely calibrated MSE
angles as constraint. The dashed-dotted lines mark the radial MSE positions
at this point in time.

MSE constraint overestimates the measured polarimetry angles, the constrained equilibrium
predicts a match within the error bars of the synthetic polarimetry with the data. Clearly
visible is the change in the predicted angle at the point in time when the MSE starts to
constrain the equilibrium at the end of the gray bar in figure 4.15 b).

In figure 4.16 the corresponding profiles of the safety factor for the two equilibria at one
point in time can be seen. The strongly increasing uncertainties towards the center in the
blue equilibrium without the MSE constraint correlates with the uncertainty of the magnetic
measurements. The black dash-dotted lines marks the positions of the MSE system at this
point in time. In red the safety factor profile of the MSE constrained equilibrium can be
seen. The uncertainties are strongly reduced up to the position of the central MSE channel.

4.4. Polychromator

The polychromator is foreseen as replacement and upgrade for the photomultiplier based
detector units. The polychromator system enables parallel measurement of the 7- and o-
component on a single line of sight. Furthermore the degree of polarization of the background
radiation is measured, at wavelength above and below the signal region. Assuming uniform
polarization of the broadband background radiation and only linear wavelength dependence,
the contribution of the polarized background in the signal region can be interpolated and
subtracted. The background is expected to be polarized due to polarizing reflection of light,
for example from the divertor, on the metallic first wall into a line of sight. Such a polarized
background was measured in the full metal first wall Tokamak Alcator C-MOD [96,97], and
there is also indication in ASDEX Upgrade for such background polarization [19].

The polychromator design used at ASDEX Upgrade is adapted from the one used at Alcator
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C-MOD. It was designed and constructed in cooperation with the MSE group of the MIT.
Unfortunately the first ASDEX Upgrade polychromator became operational only after final-
izing the experiments for chapter 6 and 7. However, the first measurements were successful
and prove the principle. A detailed description of the working principle, the technical im-
plementation in ASDEX Upgrade, the improvements with respect to the Alcator C-Mod
system, the calibration and the first prove of principle measurements can be found in ap-
pendix A.6.
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5. Simulation of Neutral Beam Current
Drive

In section 2.4.2 an overview on the neutral beam driven current is given. In equation (2.30)
the trapped electron parameter G(Zeg ) is introduced, which is challenging to be analytically
calculate. The transport code TRANSP is used as multi-physics model, with the capability
to calculate the neutral beam driven current. This code is introduced together with its
module NUBEAM, which is used to calculate the neutral beam driven current and the
fast ion distribution. Subsequent the three different, in TRANSP implemented, models to
calculate the shielding current are presented and compared. Finally the TRANSP calculated
neutral beam driven current is benchmarked by calculations using a semi-analytic fast ion
model.

5.1. TRANSP

5.1.1. The Transport Code TRANSP

A general overview over the transport code TRANSP is given, based on the description
from reference [100], which is a general introduction into the way of operation of a Tokamak
transport code, where TRANSP is also used as example.

TRANSP [101,102] is an interpretative transport code for magnetic confined Tokamak fusion
plasma. In general a transport code describes the heat and particle transport in a plasma
by calculating transport coefficients for the electrons, ions and the energy. The simulations
based on a set of measured values or synthetic data, like the kinetic profiles. Further
non-measurable necessary quantities, like the neutral density profiles, are calculated using
additional physical models.

For a proper description of the transport in the plasma several quantities are calculated (by
the equations mentioned in parenthesis):

Equilibrium (Grad-Shafranov-Equation see equation 2.3)

Heat transport for electrons (electron energy conservation equation)

Particle transport (particle balance equation)

Heat transport for ions (ion energy conservation equation)

Auxiliary heating
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In a magnetic fusion device the transport along the field lines for particles and heat is high
enough that the assumption of an immediate smoothing of these quantities on a flux surface
is sufficient. For a Tokamak the axisymmetry allows to solve the transport problem in one
poloidal cross section. The Grad-Shafranov equation (see equation (2.3)) is solved in
this 2D coordinate system. With this magnetic equilibrium the flux surfaces can be defined
and the transport problem can be solved in 1D as radial transport perpendicular to the flux
surfaces. Due to the fact that the flux surfaces are not circular the code is categorized as
1.5D and the radial coordinate is given by the grid of the magnetic surfaces formed to a
normalized magnetic flux.

The electron energy conservation equation is one of the central equations to solve,
which enables the description of the electron movement and interactions with ions. This
equation contains the interaction with the plasma, all energy sources, like auxiliary heating
or energy transfer from ions, and energy loss channels, like radiation or the ionization of
neutrals. The quantities necessary to solve this equation are the electron density profile,
the electron and ion temperature profile, the profile of the radiated power and the plasma
current profile. These are all measurable quantities, but furthermore some non-measurable
quantities are necessary, like the profile of the plasma conductivity, the radial velocities of
the electrons and ion, the neutral density profile and the auxiliary heating power transferred
to the electrons. To get these quantities physical models are used. For example the auxiliary
heating power is known, but the transferred power to the electrons has to be calculated by
the assumption of a physical model.

Furthermore the global current profile has to be evaluated, which is also connected to the
solution of the Grad-Shafranov equation. This is done by solving the poloidal magnetic
field diffusion equation. Important parameters are the plasma resistivity which is strongly
connected to the electron temperature and the effective charge of the plasma.

Until now only the confinement and the electron energy are presented, furthermore the
particle balance equation must be solved representing the particle flux. In an interpret-
ative run the sources, namely external heating with the NBI, gas inlet, pellets and the wall
retention, are given together with the density profiles. This enables the calculation of the
particle flux, but only by a connection of the diffusion and the convection, which is normally
done defining an effective diffusion.

Analogous to the electron energy conservation equation there is an ion energy conserva-
tion equation that is needed to be solved. The differences of this equations are essentially
the power gain and loss terms. Connected to this, the neutral transport in the plasma has
to be modeled, as the neutral particle profile is not measurable and the neutrals are an
important source for ions and electrons and also could lead to loss of energy and due to
charge exchange losses of ions.

The last part is the simulation of the auxiliary heating systems. In TRANSP they are
all covered by external modules. The ECRH is modeled by TORAY and the ICRH wave
heating is modeled with TORIC, these modules calculate the power profile going to the dif-
ferent species. For the neutral beam injection the NUBEAM model is used. As this module
plays an important role within this thesis a more detail description is given to this module.
For more details to TRANSP see also reference [102].
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5.1.2. The TRANSP Module NUBEAM

NUBEAM is a Monte Carlo based module to model the neutral beam heating of the plasma
and the fast ion behaviour. The production of the fast ions is calculated and their interaction
with the plasma down to their thermalization. The NUBEAM module calculates time-
dependent the physics of the neutral beam deposition, a two-dimensional fast ion orbiting,
the power deposition, the beam driven current and the momentum transfer to the plasma.
Additionally the slowing down of the fast ions. Optionally the calculated full fast ion
distribution and the fast ion birth location at a dedicated given point in time is written into
an additional output file.

NUBEAM calculates the slowing down process of particles down to 1.5 - T}, below this
threshold the ions are considered as thermalized. This threshold is important as NUBEAM
is based on the assumption that the fast ion density is much lower than the thermal ion
density ng < N thermai- This allows the approximation that fast ions only collide with
thermal ions and that collisions with each other are negligible. The thermal ion content
is described by a Maxwell distribution. This linearizes the collision operator for the fast
ions. Furthermore, this limit the computational costs. Because to reduce the variance by a
factor of N, N? Monte Carlo particles are needed. Therefore a Monte Carlo description of
the thermal continuum and the particles below the threshold is impractical.

In NUBEAM the deposition of power and birth of fast particles is calculated by the expected
time of flight of neutral particle considering the geometry, beam and plasma parameters. For
the ionization process six mechanisms are taken into account: electron impact ionization,
thermal ion charge-exchange, thermal ion impact ionization, high-7Z thermal ion stopping
also with impact ionization and non-neutralizing charge exchange, charge exchange with
slowing down fast ions and impact ionization of slowing down fast ions. Necessary are the
cross sections, the plasma density and the energy distribution, considering different energy
components and fractions. In a step by step calculation including the slowing down a fast
ion distribution is calculated. With the time of flight approach also the shine through could
be calculated.

The TRANSP code and also the NUBEAM module are multiple times bench marked with
other codes, for example see reference [103]. For more information to NUBEAM see reference
[104].

5.1.3. NUBEAM NBCD Models

In NUBEAM three different models can be chosen to calculate the neutral beam driven
current. As mentioned in section 2.4.2 one issue in the determination of the NBCD is the
calculation of the electron shielding current.

The trapped electron parameter for equation (2.30) calculated by D. R. Mikkelsen [50] which
used for the description in section 2.4.2 is defined as

G(Zet, €) = (1.55 + 0.85/ Zegr)v/e — (0.20 + 1.55/ Zegt )€ (5.1)
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with Z.g the effective charge of the plasma and e the inverse aspect ratio. However, this
approximation is only valid for 1 < Z.g < 3 and 0 < e < 0.2. As ASDEX Upgrade as well
as ITER have an inverse aspect ratio up to 0.3 this is not suitable for these devices.

The first model implemented in NUBEAM neglects the trapped electron correction com-
pletely and calculates the current with equation (2.29). Obviously this model underestimates
the real current. The other two approaches differs in the calculation of the trapped elec-
trons parameter. The first one based on calculations by Lin-Liu and Hinton [105], while the
second one based on calculations from S. P. Hirshman [106, 107].

In their publication Lin-Liu and Hinton showed the similarity of the trapped electron para-
meter to a parameter of the neoclassical bootstrap current calculation and approximate the
trapped electron parameter from equation (2.30) with

9(Z2% + 221 Zog + 0.754) + ¢%(Z2; + 1.243 Zeg + 0.348)

G =
(2% + 1.414Z5) + g(222% + 2.657Zeg + 0.754) + g*(Z%; + 1.243Zg + 0.348)

(5.2)

with g the ratio of trapped to non-trapped particle g = f;/(1— f;) including f; as the trapped
particle fraction. This approach is based on an approximation of the neoclassical bootstrap
current by S. P. Hirshman [108]. It is valid for the assumption that the thermal electron
velocity is much higher than the fast ion velocity, which is valid for fast ions from the
neutral beams in ASDEX Upgrade (veskev = 32-10°ms™ > 3-10°ms™" = vg 100kev). The
calculations are done in the banana regime (see section 2.2.1) for elliptical Tokamak plasma.

The second approximation is based on publications of S. P. Hirshman [106, 107], but
is not very well documented. The formulas are reconstructed from the implementation
in TRANSP. The starting point for the electron shielding factor is again a calculation of
the neoclassical bootstrap current. In this case the normalized collisionality of electrons is

included
JnA, (R
v =6.02- 107 [ (5.3)

with ¢ the safety factor, n, the electron density, In A, the Coulomb-Logarithm of electrons,
T, the electron temperature and Ryin/maj the minor and major radius of the plasma. The
trapped electron parameter depending on the normalized collisionality and the effective
charge of the plasma and is defined as following

1.5Z(K1p — 2.5K11) + (V2 +3.25Z) K11

G=1 Zt(V2 + 3.2570) — 2.2522 (5:4)
with
o 0.53 + Zug
(1+ /Anvg + Bu)(1+ /Crvzed? + Dypgedl?)
0.52 — 0.42 7.

Ay = 3.447,
1 1357

B11 = 0.56 + 0.96Z.¢
0.14 4 0.55Zcg
1+ 5Zeff

011 = 0.25Zeﬂ‘ +
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0.7 4+ 0.78~Z.g
D1 =0.517, _—
11 F + 1+ Zn

and
0.71 + Zg

(1+ /Awrg + Biovg) (1 + /Crave + Dipried/?)
0.1 4+ 0.084Z .4
1+ 1.374
Bis =0.26 + 0.35Z.¢
0.072 + 0.15Z.¢
14 3725
0.42 4+ 0.62Z.¢
1+ 1.427.4

The differences of the two approaches are the use of the collisionality in the S. P. Hirshman
approximation and the higher orders of the trapped particle fraction in the Lin-Liu
and Hinton approach, from a later calculation of the neoclassical bootstrap current
by S. P. Hirshman. The higher orders are the result from a more accurate numerical
approximation.

K12 =

Ap = 0317 +

Ciz = 0.081Z.5 +

D, = 0.297.¢ +

The approximation of low normalized collisionality, like in most of the discharges in
this thesis, lead in the limit of v = 0 and neglecting terms with O(f?) to an identical
trapped electron parameter for both calculations. Same results were found in a detailed
comparison of both approaches made by M. Kraus [109]. There is also a detailed comparison
of the NUBEAM NBCD model with the IPP NBCD code FAFNER [110], which is not
used within this thesis.

For an example discharge the comparison between the three different neutral beam current
drive models in TRANSP can be seen in figure 5.1. As expected neglecting the electron
trapping correction lead to a strong underestimation of the neutral beam driven current.
As the collisionality in this discharge is low the difference in the integrated current between
the two models is below 5%.

In this thesis, due to the fact that in all discharges the normalized collisionality is low, the
Lin-Liu and Hinton model includes higher orders of the trapped particle fraction and that
the Lin-Liu and Hinton model is better documented, the Lin-Liu and Hinton model is used
for the TRANSP simulations.

5.2. Benchmarking of NUBEAM NBCD with a
Semi-Analytic Fast lon Model

In NUBEAM the NBCD calculation is carried out step by step along with the calculation
of the full fast ion distribution function. It is therefore difficult to comprehend the NBCD
calculation. Therefore a semi-analytic fast ion model that includes the same fast ion physics
is used to check for consistency. Furthermore it is a computationally less expensive way
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Figure 5.1.: a) Shows time trace for the integrated neutral beam driven current for the three
different models in TRANSP. b) Shows the corresponding profiles of the current
densities at two different points in time.

to calculate the NBCD independently from TRANSP. This fast ion model is developed
by M. Weiland [111]. In this model the fast ion density is calculated from the kinetic
profiles, the neutral beam injection geometry and power, using the same input data like a
TRANSP/NUBEAM simulation. Additionally and in difference to the TRANSP calculation
a prescribed equilibrium is required. The model calculates the fast ion birth locations and
their initial pitch angle using the FIDASIM code [17,90]. These fast ions afterwards are
averaged over their first orbit taking their velocity (v) and pitch angle (£) into account.
These information build the source term o to calculate the fast ion distribution. Furthermore
the slowing down distribution f of these fast ions is calculated by solving a Fokker-Planck

equation in the velocity space
Te 2 ﬂ U3 af 8f
— — = |=|=—=—-0 (b5
(mﬁv +mﬁfu)8v] ot o (5:5)

here the first term on the left side represents the slowing down as drift in the velocity space,
the second term corresponds to the pitch angle scattering and the third term represents
diffusion in the velocity direction due to accelerating collisions, which is typically less im-
portant. On the right side are the temporal change of the fast ion distribution function and
the source and sink term for fast ions. A more detailed description of the equation and the
solution is given in the reference [111].

The description only in the velocity space allows an analytical solution of the equation
reducing the computational time. The terms describing orbits and movement in the real
space are left out from the beginning. The fast ion distribution in the real space is given
by the average over the first orbit, a redistribution in real space by scattering is neglected.
Furthermore changes of the ion orbits during the slowing down process are neglected. These
would lead to a special redistribution. The strongest redistribution would be expected when
the orbit topology changes due to a collision for example form a passing to a trapped orbit
or vice versa. In TRANSP/NUBEAM the fast ion distribution function is calculated in the

3
ﬁ”_cﬁ(l_g)%Jr 119

110 5 4
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Figure 5.2.: Slices of the calculated 4D (time, space, energy and pitch angle dependent) fast
ion distribution function in the real space at 6.6s. a) Shows slice of the radial
fast ion distribution function at 60keV versus the pitch angle and b) shows
energy resolved slice at the same point in time at py,,. = 0.6.

real space and also in the velocity space by a full Monte Carlo approach, leading to much
higher computational effort. The movements in the real space and the transfer from passing
to trapped orbits and vise versa are taken into account.

The fast ion distribution function is calculated for each radial position individually and
depending on the pitch angle and the particle velocity tantamount the energy. In figure 5.2
for one point in time of discharge #32148 two slices of the fast ion distribution are shown.
At this time the NBI sources 3, 6 and 7 produce the fast ions. Due to the fact that the
NBI source 6 and 7, with 93 keV acceleration voltage, injecting tangential in the co-current
direction, they produce mostly passing particle with a positive pitch angle. This can be seen
in figure 5.2 b) above the threshold of 60keV. Because at 60 keV the NBI source 3 injects
neutral particles, but the injection is more radial with respect to the geometry of beam 6
and 7. This leads to a higher fraction of trapped fast ions with two and lower initial pitch
angel values. Trapped particles with positive pitch angles move in co-current direction at
the outer leg of the banana and in counter-current direction on the inner leg of the banana
with negative pitch angle values. Along their banana orbit they reach the turning point
with pitch angle zero. In the radial fast ion distribution in figure 5.2 a) this behaviour on
the inner leg of the banana can also be seen, due to the fact that the low and negative pitch
angles values appears closer to the center at smaller py,, values. However, this shows also
the neglected transformation of passing orbits to trapped orbits during the thermalization,
as their are almost no trapped orbits above 60 keV in figure 5.2 b).

From these fast ion distributions the fast ion current can be calculated by integration in the
following way

ji=e- / / F(prt B, €) - (U] — tyon ) A (5.6)

with e the elementary charge, f the fast ion distribution function, v the parallel velocity
and vyt the rotation velocity in current direction. The rotation velocity is necessary to
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Figure 5.3.: Fast ion current density profile calculated with equation (5.6) in comparison to
TRANSP predictions at two different points in time. In a) at 4.3 s the on-axis
neutral beams are active and in b) at 6.6s the off-axis beams are in use.

transform f from the lab frame to the rotating plasma frame. The differentials are the
pitch angle ¢ and the energy E. The energy dependent parallel velocity is calculated with
V)| = Vot * € and vy = /2 - E/m. The current density profile for two different points in
time can be seen in figure 5.3. The calculated fast ion current density profile is in good
agreement with the TRANSP predictions (dotted line) at both points in time. At 4.3 s the
on-axis neutral beams 3, 5 and 8 are the source for fast ions, whereas at the second point in
time at 6.6 s the fast ions came from the NBI sources 3, 6 and 7. The main contribution to the
fast ion current came from the passing fast ions as expected. Furthermore also the trapped
fast ions contribute in the radial distribution, but the small positive contribution closer to
the edge is compensated by the negative contribution from the inner leg of the banana.
Due to the fact that the volume towards the center is smaller the negative contribution of
the current density towards the center mistakenly seems to be greater than their positive
counterpart. The sum of passing and trapped particle contributions is in good agreement
with the radial current density predicted by TRANSP.

The neutral beam driven current can be calculated from the fast ion current using

szhm[1—ammm1—Gwﬁxw (5.7)
Zeff

and taking the electron shielding current into account. To calculate the electron shielding
current with equations (5.2) and (5.4) the trapped electron fraction is necessary. This can
be calculated from the neoclassical theory from references [112,113]

1

fi = / ’5d§ (5.8)

0

with () a flux surface average, h = B/Byax with B the local magnetic field and Bi,ax the
maximum magnetic field on the flux surface and ¢ the pitch angle. Solving this equation
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Figure 5.4.: In a) and b) the Neutral beam driven current profile calculated with equation
(2.30) is shown, using the Lin-Liu shielding current from equation (5.2) and the

fast ion current shown in figure 5.3. In comparison the TRANSP prediction for
two different points in time are shown.

analytically with the double integration is time consuming and therefore an approximation,
which is also taken in TRANSP, is used

(1-¢)?

fem b= = (1 + 1.46,/¢)

(5.9)

with e the local inverse aspect ratio Tminorlocal/ Rmajor axis-

In figure 5.4 the resulting neutral beam driven current density profiles for the same two
points in time shown before can be seen. Again a good agreement between the calculated
and TRANSP predicted current density is achieved. Remarkable is the radial dependency
of the electron shielding current, reducing the fast ion current from figure 5.3 to the neutral
beam driven current in figure 5.4. While the central peak during the on-axis deposition at
4.3s is reduced by a factor of 2, the peak around p;, ~ 0.6 in the neutral beam driven
current is around 80% of the corresponding fast ion current. The reason for this behavior
is the much higher trapped electron fraction closer to the edge.

In conclusion good agreement between the TRANSP predictions and the calculations on
basis of the Semi-Analytic Fast Ion Model was found.
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6. Fast lon Redistribution due to
Plasma Perturbations

The neutral beam driven current is carried by fast ions. Redistribution of these fast ions
due to perturbations in the plasma influences the current profile in the plasma. In future
fusion devices such as ITER, neutral beam injection is one of the main heating systems and
is used for active current profile shaping. For a reliable current profile prediction, crucial
for the ITER scenario development, possible sources for anomalous fast ion transport need
to be understood. For example, evidence for anomalous fast ion transport due to MHD
activity such as neoclassical tearing modes [71,72] or sawteeth [63,66] was found.

A proper understanding of the fast ion confinement is also necessary as the fusion product,
3.5MeV helium ions, needs to be confined in the plasma for self sustained fusion. Due
to the fact that present fusion experiments do not run with tritium, as the benefit is not
worth the afford, for example the strongly increasing safety issues, almost no fast helium
is produced, the confinement of which could be studied. Therefore fast deuterium ions are
used as test particles to investigate the fast ion confinement. These fast ions are produced
either by neutral beam injection or ion cyclotron resonance heating.

In preparation of ITER the off-axis neutral beam driven current was studied. In several
different fusion experiments deviations between the predicted current profile and the
measurements were found in MHD-quiescent discharges. This behaviour was first published
with experiments from ASDEX Upgrade [12]. Anomalous fast ion transport had been
assumed to describe the current profile measurements. In another experiment, the Mega
Amp Spherical Tokamak (MAST) [13], also a broadening of the current profile was
measured. At the DIII-D experiment the necessity of the assumption of anomalous fast
ion transport to describe the current profile was published in reference [14]. In addition,
the measurement of the fast ion distribution at DIII-D also indicates anomalous fast ion
transport [15,16]. The influence of microturbulence was proposed as possible candidate for
this fast ion redistribution.

In contrast at JT-60U the neoclassical prediction of the off-axis neutral beam driven current
profile was in good agreement with the measurements [18], only a small shift in the location
was found. An overview and comparison of all these studies can be found in reference [114].
In continuation of the experiments published by Giinter et al. [12], using MSE (see chapter
4) as diagnostic to measure the current profile, the newly installed FIDA (see section 3.3.8)
diagnostic was used to take a closer look to the radial fast ion distribution [17]. Interestingly
the fast ion distribution, in comparable discharges, could be described perfectly by the
neoclassical theory.

The present chapter focuses on the contradiction in the ASDEX Upgrade studies, intro-
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duced in detail in section 6.1. To resolve this contradiction new improved experiments
are performed to measure with both diagnostics simultaneously. These experiments are
presented in section 6.2. This is followed by the presentation of some improvements to
the simulations in section 6.3 and the discussion of the impact of these improvements in
section 6.4. In section 6.5 the influence of fishbones and microturbulence on the fast ion
distribution are discussed. Finally, before the conclusion, the lessons learned are projected
onto the former experiments in section 6.6.

6.1. Initial Situation

The first comparison regarding the fast ion distribution and neutral beam current drive
between on- and off-axis neutral beam injection at ASDEX Upgrade were published by
Glnter et al. in 2007 [12]. The experiments investigated the change of the total current
profile by replacing 5 MW of on-axis neutral beam power deposition by 5 MW of off-axis
neutral beam power and a switch back to the on-axis deposition. The changes in the current
profile were measured with the motional Stark effect polarimetry (MSE). The measured
angles were compared with synthetic angles from TRANSP simulations. This can be seen
in figure 6.1, adapted from reference [12]. Due to the fact that the MSE diagnostic uses
the on-axis NBI beam 3, measurements are only available in the on-axis phases. To study
the influence of the off-axis beams on the current profile the relaxation of the MSE angles
in the second on-axis phase from 7 seconds on were compared with TRANSP predictions.
While the neoclassical TRANSP predictions overestimate the change in the off-axis phase
coupled with a different relaxation behaviour, the predictions assuming anomalous fast ion
diffusion are in much better agreement with the data. As no MHD activity besides type-I
ELMs was measured in the discharge, the reason for the anomalous fast ion transport was
assumed to be microturbulence.

The fast ion D-alpha spectroscopy (FIDA) was installed at ASDEX Upgrade by B. Geiger
in 2011 [17]. In comparable discharges to the ones published in 2007 the measured signal
during the on- and off-axis deposition was compared with a synthetic diagnostic from
TRANSP simulations postprocessed with FIDASIM. The result could be seen in figure
6.2 which is adapted from reference [17]. A good agreement of the measurement with the
neoclassical TRANSP predictions can be seen, while the simulations assuming anomalous
fast ion diffusion underestimates the measurements.

In conclusion, the current profile measured with the MSE diagnostic published in 2007
deviates from the neoclassical TRANSP predictions. For a proper description of the
current profile fast ion redistribution by anomalous fast ion diffusion was assumed. In
contradiction to that result, the fast ion distribution published in 2012 measured with the
FIDA diagnostic seems to be in perfect agreement with the neoclassical predictions.
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Figure 6.1.: Comparison of the measured MSE angles with TRANSP simulation in discharge
#18703. The figure is adapted from the publication of Giinter et al. [12].
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Figure 6.2.: FIDA results from the thesis of B. Geiger [17] comparing the measurements with
TRANSP predictions assuming different levels of anomalous fast ion diffusion
in discharge #27237. The figure is adapted from the thesis of B. Geiger [17].
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Figure 6.3.: In a) the NBI power, switching from on- to off-axis sources and back is shown
and in b) the ECRH power with use of all available Gyrotrons. c¢) Shows
the feedback controlled electron temperature and d) electron density evolution
during the discharge.

6.2. New Series of Experiments

6.2.1. Experimental Setup

The new experiments are similar to the old discharges, but incorporate several improve-
ments. The main element, the NBI sequence of 5 MW of on-axis deposition replaced by
5 MW of off-axis deposition and back to the 5 MW of on-axis NBI, is conserved. The 93 keV
NBI sources 5 and 8 are used for the on-axis deposition and the sources 6 and 7 with max-
imum off-axis steering, were used during the off-axis phase. The injection geometry can
be seen in figure 3.3. Additionally the NBI beam 3 with 60keV beam energy is switched
on during the whole discharge, to enable MSE and FIDA measurements during the off-axis
phase as well. In figure 6.3 a) the time trace of the NBI can be seen.

The increased NBI power from 5 MW to 7.5 MW leads to the appearance of a m=3/n=2
neoclassical tearing mode (NTM), which can be seen in the spectogram of a magnetic signal
in figure 6.4 a). The global toroidal phase reconstruction is used to fit the toroidal mode
number of the perturbation. Therefore the amplitude and phase of a set of toroidally ar-
ranged coils at a certain frequency at the same point in time is used to fit the global toroidal
mode number. To avoid this mode the first gyrotron of the ECRH is used for preemptive
NTM stabilization by localizing the m=3/n=2 NTM and overcome the defect current by
localized ECCD at the same position. In figure 6.4 b) the successful stabilization can be
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Figure 6.4.: Spectrogram of the activity in the magnetic signal, cross correlated with the
electron temperature fluctuation measured with the ECE diagnostic to identify
the toroidal mode number of the activity. In a) discharge #30820 with a
m=3/n=2 NTM at 20kHz is shown and in b) discharge #32148 using the
preemptive NTM stabilization for the m=3/n=2 NTM can be seen. However,
instead of a NTM fishbone activity appears during the on-axis NBI phases.

seen, but instead of the NTM fishbones with a high repetition rate appear during the on-axis
phase.

Furthermore a second gyrotron is used with central ECCD to increase the saw tooth period,
the time between two crashes in #32148 is between 200 ms and 300ms, which is much
longer than the slowing down time of the fast ions. This is necessary for useful FIDA meas-
urements, as saw tooth redistribute fast ions, therefore profiles are compared with a long
enough temporal distance to the last saw tooth to avoid the measurement to be modified
by the saw tooth.

A third gyrotron is used for central heating to avoid tungsten accumulation in the center.
The fourth last available gyrotron is used in a power feedback real time electron temperature
control mode, to compensate the missing central electron heating by the NBI during the
off-axis phase. The ECRH time traces can be seen in figure 6.3 b).

The almost constant electron temperature profile can be seen in figure 6.3 ¢), indicating
that the temperature control works well. In figure 6.3 d) the electron density can be seen,
which is also constant through out the discharge using a feedback controlled gas inlet. The
constant electron density and temperature are beneficial as the measurements in the on-
and off-axis phase are directly comparable with each other.

The discharge runs at a toroidal magnetic field of By = —2.6 T at the magnetic axis, a total
plasma current of I;, = 800 kA, a gg5 value of 5.3 and a [y between 1.5 and 2.

6.2.2. First Results

For the improved discharge #32148 the measured MSE angles can be seen in figure 6.5.
Unfortunately the absolute calibration of the MSE system described in chapter 4 is not com-
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Figure 6.5.: Comparison of the measured and TRANSP predicted MSE angles in a) for the
four m channels and in b) for the three o channels. Due to the incomplete
calibration the predictions have to be shifted and are offset-corrected to match
in the off-axis phase from 4.5 to 7s. The red dashed lines are the unshifted
predictions.

pletely retroactive, as the protection window towards the plasma was changed. Therefore
the first try with an incomplete calibration for the campaign 2015/2016 with less accuracy
was used. This can be seen in the deviation between the synthetic TRANSP angles in
the dashed red lines and the measurement in black. To compare the measurements with
the simulations, the synthetic angles are shifted to match the measurements in the off-axis
phase.

The MSE configuration with respect to the equilibrium can be seen in figure 6.6 with the
four m and three o channels. Also the Shafranov-shift at the switch from the on- to the
off-axis phase can be seen, explaining the step in the MSE angles. Only minor changes
in the dynamics of the MSE angles are measured and predicted. The changes due to the
assumption of anomalous fast ion diffusion are in the order of 0.3°, only slightly above the
uncertainty of the MSE measurement. The simulation with the assumption of anomalous
fast ion diffusion seems to agree better. However, with respect to the earlier experiment in
figure 6.1 the deviation of the neoclassical prediction is much smaller.

In figure 6.7 the corresponding measurements with the fast ion D-alpha spectroscopy (FIDA)
can be seen. In a) an b) the intensity of the FIDA emission can be seen in analogy to figure
6.2. In ¢) and d) the beam emission is plotted. The normalized profile of the FIDA emis-
sion, introduced in section 3.3.8, can be seen in figure 6.7 ) for one point in time during
the on-axis phase and in f) at a point in time during the off-axis phase.

The comparison with the synthetic diagnostic, based on TRANSP simulations, and shows a
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Figure 6.6.: Configuration and position of the useful MSE channels in comparison to the
equilibria in the on- and off-axis phase. The inwards Shafranov shift of the
magnetic axis in the off-axis phase can be seen in cyan with respect to the black
and magenta flux surfaces in the on-axis phases.
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Figure 6.7.: Measured radial FIDA profiles in comparison with TRANSP predictions post-
processed with FIDASIM. In a) and b) the integrated intensity of the FIDA
emission and in ¢) and d) the beam emission can be seen. In e) and f) the
FIDA emission is normalized to the beam emission for points in time in the on-
and off-axis phase.
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central overestimation of the fast ion profile during the on-axis phase, where the assumption
of anomalous fast ion diffusion fits much better to the data. In the off-axis phase on the
one hand the influence of the anomalous fast ion diffusion is small, as the fast ion profile
is almost flat, on the other hand the shape of the normalized FIDA emission is not well
described by the synthetic diagnostic. Neither is the off-axis peak described well nor the
measured dip around pi,, = 0.3.

In conclusion, there are hints for anomalous fast ion diffusion, especially during on-axis
deposition. However, in the off-axis phase the disagreement of the shape of the FIDA pro-
file between measurement and TRANSP prediction seems to be an issue. Therefore the
simulations are revised, to identify the reasons for the deviations.

6.3. Review of Simulation Inputs

6.3.1. Geometry

A possible source of disagreement between measured and simulated FIDA profiles are
differences between modeled and actual beam geometry, maybe differing from the designed
one. The following section describe a measurement based revision of the beam geometry,
a necessary input for TRANSP simulations. In this section, firstly the measurement with
the infrared camera is presented. Secondly the modeling of the 3D geometry of the neutral
beams is introduced. Thirdly the modeled geometry is superimposed with the infrared
measurement and a correction of the assumed geometry input for the simulations is done.
Finally a further approximation, necessary for the geometrical neutral beam simulation in
TRANSP, is discussed.

With an infrared camera, the footprint of the neutral beams on the inner wall was measured
in the empty torus. As the energy density of the neutral beams is able to melt the inner
wall, the exposure time is limited to 60 ms (200 ms) on the target wall material stainless
steel of the inner heat shield (tungsten coated carbon of the passive stabilizer loop). An
infrared camera is only available in sector 9, shown in figure 6.8 a), therefore only the beams
of NBI box 2 could be revised. Additionally in figure 6.8 b) the head of the immersion tube
with its steerable mirrors can be seen.

For a proper comparison of the measured footprint, the neutral beams needs to be modeled
as 3D objects to subsequently superimpose them with the infrared image in a CAD model
of ASDEX Upgrade. The NBI model was built in cooperation with N. den Harder. In a
first step the beamlet origins were taken from the datasheet of the grids, describing the
source geometry. Then the beamlet normals were calculated with IBSimu, an ion optics
simulation code [116]. The calculated beamlet normals for a NBI source of box 2 can be
seen in figure 6.9, the corresponding calculations for box 1 are shown in appendix B.1.
The two grid halves have different vertical and horizontal focal lengths. Due to the fact
that the optimization of the beam optics was only performed for the 60 keV beams of box
1. For the beams of box 2 only the distance between the grids was increased for the high
voltage demands of 93kV acceleration voltage.
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Figure 6.8.: a) shows the invessel rotatable immersion tube positioned in sector 9 with the
infrared camera mounted at the end outside the vessel. In a) the red cone at
the plasma side can be seen, representing the possible mirror positions realized
by the rotatable and steerable mirrors at the head of the immersion tube, which
can be seen in b). For further information see reference [115].

For a proper description of the neutral beams the single beamlets must be superimposed
with the divergence of the beam. A definition of the divergence and the way to determine
it can be found in F. Minks master thesis [117]. There the Doppler broadening of the
beam emission spectroscopy is used to determine the divergence to a value of 0.8° for the
NBI sources of NBI box 2. In figure 6.10 the calculated power densities at four different
distances from the source along the beam axis and perpendicular to it for a single beam
can be seen. The beam changes its shape from an initial more or less rectangular shape in
a), inherited from the grid geometry, to a circular one inside the torus shown in b), ¢) and
d). The red contour lines mark the equipotential line of 21 MW m~2 power density which
will become important in the 3D model of the beam.

The final step of the beam modeling is the positioning of the beam model in a 3D model of
ASDEX Upgrade. The construction sheet of the neutral beam boxes of ASDEX Upgrade is
taken to determine the axes of the single beams. Furthermore the two possible degrees of
freedom in movement, horizontal and vertical rotation around the mounted ball joint, were
implemented.

In figure 6.11 the resulting superposition of the measured infrared image with a 3D CAD
model of ASDEX Upgrade [118,119] together with a modeled neutral beam can be seen. In
this example the NBI beam 6 steered to the maximum off-axis position can be seen. The
review of the other beams is shown in appendix B.1. The positioning of the infrared image
based on the known camera position and the view direction, the image size and the aspect
ratio is chosen by a proper overlap of visible components, like screw holes and tile gaps.
The shown 3D neutral beam model in figure 6.11 a) is build by the central beam axis and
is surrounded by the 21 MW m~2 power density equipotential lines. Also the intersection
with the wall is shown.

The comparison of the nominal beam geometry with the infrared image in figure 6.11 a)
reveal a deviation. Due to the fact that the positioning of the single sources was made in
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Figure 6.9.: Geometry of all beamlets of a NBI source of box 2. In a) the top-down view
with the horizontal focus at 12m can be seen. In b) the side view of the vertical
foci at 17m and their deviation from the beam axis can be seen (note the non-
equal aspect ratio). The deviation arises from the initial design for 60keV of
beam box 1 only modified with respect to the high voltage demands to 93 keV
without a review of the grid design. In c¢)-f) the overlap of the beams from the
single beamlets at four different distances from the source along the beamline
can be seen.
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Figure 6.10.: Power density profiles perpendicular to the beam axis at four different positions
along this axis of a beam of box 2 can be seen. After 1 m in a) the rectangular
shape of the grids is still visible, but after several meters, where the beam
intersects the plasma, the shape of the beam is almost circular also at the wall
intersection in b), ¢) and d). The red lines indicates the equipotential line
of 21 MW m~2 power density. These lines are used for the evaluation of the
infrared images. Due to the fact that these equipotential lines decreasing their
radius the overall beam extension at reasonable power density is increasing.
The central power density decreases and this is illustrated by the white lines
indicating the equipotential line of 50% of the maximum power density.
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Figure 6.11.: Superposition of the infrared image with a 3D-CAD model of ASDEX Upgrade
and the modeled beam geometry. The comparison shows the revision of neutral
beam 6 in off-axis position. In a) the modeled neutral beam in the nominal
position, with its 21 MW m~?2 equipotential contour lines can be seen. In b) a
zoomed view on the wall intersection and for the modeling the surface line of
the 21 MW m~? equipotential contour and the central axis can be seen. In red
the nominal geometry and in blue the optimized geometry is shown.

a very accurate procedure, but without a measurement of the precise beam axis a small
tilting of the sources with respect to their nominal direction is possible and also a grid
displacement. The single NBI sources are mounted with a ball joint, with a fixed and
well known position, and two tilting screws for vertical and horizontal steering, enables
small tilting adjustments along two axis. In figure 6.11 b) the zoomed superposition of
the infrared measurement with the modeled wall intersection is shown. In red the nominal
geometry is shown and in blue the geometry optimized by view, with -0.20° horizontal and
+0.40° vertical tilting. These tilting angles are in agreement with the tolerances in the
construction phase. In table 6.1 the corrections for all four sources of box 2 can be found.
Of special interest are the sources 6 and 7 which are steerable, the nominal steering range
is from -0.50° to +0.30° for beam 6 and -0.50° to +0.50° for beam 7. This angle change
between the different vertical steering positions was remeasured with a protractor at the
source with an accuracy of 0.01°. These measured values fit perfect to the set values.

A closer look at the result table 6.1 shows only small deviations for the fixed neutral beams
5 and 8. The steerable beams 6 and 7 got a small horizontal tilt and also all their vertical
angles are slightly tilted with respect to the nominal values. Nevertheless the differences
between the different steering positions are in agreement with the nominal differences
within the uncertainties. This uncertainty is expected to be +0.05°. In total the off-axis
beams 6 and 7 are generally steered a bit more off-axis with respect to their nominal
positions.

A further issue in the simulation of the neutral beams with TRANSP appears from
the different vertical focus positions of the two grid halves for beam box 2. These can be
seen for a single beam in figure 6.9 b). In TRANSP, two focal lengths, the source size and
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NBI Source | horizontal tilt | vertical tilt | nominal vertical tilt
Q5 -0.10° +0.05° +0.00°
Q6 On-Axis -0.20° -0.40° -0.50°
Q6 Reference -0.20° +0.10° +0.00°
Q6 Off-Axis -0.20° +0.40° +0.30°
Q7 On-Axis -0.10° -0.25° -0.50°
Q7 Reference -0.10° +0.20° +0.00°
Q7 Off-Axis -0.10° +0.75° +0.50°
Q8 -0.10° +0.10° +0.00°

Table 6.1.: Horizontal and vertical correction angles for the NBI sources of box 2 to optically
match the infrared measurements, with an accuracy in the order of +0.05°.
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Figure 6.12.: Likelihoods for different combinations of vertical and horizontal focal length to
match the power density distribution between 8 to 11 m with the assumption
of a single source of box 2 in contrast to the real power density from the
individual grid halves with the real focus length.

the divergence is used to define the neutral beam source. However, only one combination
of vertical and horizontal focal length per source is possible, because TRANSP does not
simulate the grid half individually. As consequence for beam box 2 each grid half has to
be defined as individual neutral beam source with adapted geometry, position and the
power of the source needs to be bisect. This adaption is time consuming and an increased
number of NBI source with a factor of 1.5 increases the computational costs of a TRANSP
simulation. However, these adaptions enable the use of the measured focal lengths.

An alternative approach, simulating both grids together as single source, can be found
defining effective focal lengths for the whole source. The calculation of this effective focal
lengths based on a 2D parameter scan in both focal lengths. For this scan beams are
simulated assuming an equal vertical and horizontal focus point for both grid halves, with
different combinations of vertical and horizontal focal lengths. These beams are compared
in a further step with the exact simulation of a neutral beam source, taking the vertical
focus point deviation of the different grid halves into account.
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Figure 6.13.: Comparison of the TRANSP predicted FIDA profiles either simulating each
grid half of the beams of box 2 individually or assuming an effective focal
length.

Practically 20 slices of the power densities along the beam axis between 8 m and 11m
downstream, where the beam intersects the plasma, are compared. The comparison is done
in multiple steps, first the squared difference of the 2D power densities in a single slice are
calculated, summed up and normalized to the number of grid points in the slice. In the
second step the 20 slices are averaged. In the third step the likelihood for the combination
of focal lengths is calculated using reference [120]. Finally the likelihood is normalized
to the maximum value. In figure 6.12 this 2D contour of the normalized likelihood for
different combinations of focal lengths is shown. The best agreement is reached for an
effective horizontal focal length of 7.23 m instead of the real 12.80m and a vertical focal
length reduced from real 16.80 m to effective 11.94 m.

To crosscheck the comparison in a practical example the two cases were compared. In
figure 6.13 the TRANSP predicted synthetic FIDA profiles assuming the real geometry
and the geometry with the effective focal lengths can be seen. The simulation in blue
calculating the geometry of the neutral beams of box 2 individually for each grid half with
the measured focal lengths. In red the simulation assuming the effective focal lengths,
simulating both grid halves together, is shown. As the results of both simulation are in
almost perfect agreement, the approach with the effective focal length works well and is
therefore used henceforth.

Finally, because of the changed geometry also the beam power, transmitted through
the duct towards the plasma, was revisited. The former value was 85% for all beams based
on approximations from the commissioning phase of the neutral beams of beam box 1 at
ASDEX Upgrade. A detailed description of the calculation and the attempt to validate
the calculation with measurements can be found in appendix B.1.1. The result of the new
calculations for the geometrical transmission can be seen in table 6.2. The attempt to
validate the calculation with measurements, using the diamagnetic flux loop, however, was
not conclusive.
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NBI Source | Geometrical Transmission | New new Scraper
Q1 98.0% -
Q2 92.0% -
Q3 92.0% -
Q4 98.0% -
Q5 96.5% 95.5%
Q6 On-Axis 92.0% 92.0%
Q6 Reference 92.0% 92.0%
Q6 Off-Axis 91.5% 91.5%
Q7 On-Axis 93.5% 93.5%
Q7 Reference 93.0% 93.0%
Q7 Off-Axis 90.0% 90.0%
Q8 97.0% 95.5%

Table 6.2.: The resulting geometrical transmission from appendix figure B.13 at the end of
the duct. Also the calculations for the new beam exit scraper installed in beam
box 2 before the campaign 2017.

6.3.2. Sensitivity Analysis

TRANSP does not take uncertainties of the input quantities into account and also calculates
no uncertainties for the output quantities. To get an error estimation a set of simulations
are performed, with minor changes of the input profiles in the order of their uncertainties.
The TRANSP input profiles are given as a function of the normalized toroidal flux pier,
with the advantage, that all profiles are given in the same universal radial coordinate
system. A possible source of systematic uncertainties is the mapping on a non-accurate
equilibrium.

The equilibrium reconstruction in ASDEX Upgrade is described in section 2.1.1. Stand-
ardly the routinely written and fast available Cliste EQH equilibrium, which is only uses
magnetic measurements as constrains, is used to map the TRANSP input profiles. However,
especially centrally the uncertainty of these equilibria is high. Therefor in this case an IDE
equilibrium, taking also the kinetic profiles, the current diffusion equation and internal
constrains like the MSE and the Faraday rotation polarimetry into account, is used for a
comparison.

In figure 6.14 a) and b) the R and z position of the magnetic axis predicted by the different
equilibria can be seen. The movement in R of the magnetic axis in the phase from 4.5 to
7s is not reproduced by the EQH equilibrium, as the magnetic measurements does not
change, but the pressure profile is changing. In figure 6.14 ¢) and e) temperature profiles
are shown, mapped on the EQH and IDE equilibria at two different points in time. In 6.14
d) and f) the corresponding relative changes can be seen, with differences up to 30%.
Furthermore the uncertainties of the measurements of the different input quantities must be
taken into account. For the ion temperature and rotation velocity of the plasma only data
from the CXRS (charge exchange recombination spectroscopy) were taken into account.
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Figure 6.14.:

In a) and b) the predicted position of the magnetic axis by the equilibria
EQH (Cliste) and IDE is shown. In c) and d) the electron temperature profile
mapped on this equilibria with error bars from IDA and the relative difference
between the different equilibria is shown. In e) and f) the stronger temper-
ature profile differences at a later point in time, with larger deviations in the
prediction of the magnetic axis is shown.
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Figure 6.15.: Example for fitting the ion temperature profile at one point in time from
CXRS measurements. All data were once up and once down shifted by their
uncertainties and fitted again to get an estimation for the uncertainty of the
profile. The different colored data points are from different optical heads and
spectrometers shown in section 3.3.6.

To test the influence of a variation of the inputs on the TRANSP outputs, all data points
were individually shifted up or down by their uncertainties at once and then fitted by a 7th
order polynomial fit. The different fits for the ion temperature can be seen for one point
in time in figure 6.15. A similar behaviour is found for the rotation velocity. The different
modified input files were used in a set of individually calculated TRANSP simulations.
The profile of the effective charge of the plasma is calculated following the description in
section 3.3.6, equation (3.10). The spectroscopically measured impurity densities of helium,
boron, carbon and nitrogen have an uncertainty of £10%. Therefore the uncertainty of the
effective charge is also assumed to be in the order of +£10%.

Assumptions on the uncertainty of the electron density and electron temperature are
more complicated. As the electron density and electron temperature profiles from IDA
are calculated from a combination of multiple diagnostics (see section 3.3.7) a general
uncertainty on these profiles is hard to get. To overcome this problem at a representative
point in time the input data for the IDA calculation, in this case the DCN interferometry,
the Lithium Beam data, the ECE measurement and the Thomson scattering data, were
randomly shifted 600 times within their uncertainties and then the electron density and
temperature profiles were evaluated. All these profiles can be seen in figure 6.16 a) and b).
In figure 6.16 c¢) and d) the relative changes can be seen and colored also the maximum
uncertainty. Obviously the uncertainties in the electron temperature measurements are
smaller than for the electron density. Furthermore the central electron density measurement
has large uncertainties due to the defect central DCN channel during the whole 2015/2016
ASDEX Upgrade experimental campaign.

Finally the time dependent input electron density and temperature profiles were up and
down shifted pointwise by their maximum relative changes and individual TRANSP
simulations were started for each case. The 3D electron density and temperature profiles
used as input in TRANSP can be seen in figure 6.17.
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Figure 6.16.: In black, in a) 600 electron density and electron temperature profiles in b)
from IDA at 4.8 s are shown. All profiles are calculated by a random variation
of all IDA input diagnostic within their uncertainties at this point in time.
The maximum deviation is shown in red and the average in blue. In ¢) and d)
the maximum relative deviation of the profiles from the average is shown.

Following the influence of the individual varied kinetic input profiles on the different
important diagnostics are investigated. Combined effects due to the simultaneous variation
of multiple kinetic profiles are not taken into account.

In figure 6.18 the influence of the kinetic profile uncertainty scan on the synthetic
FIDA diagnostic can be seen. The combined uncertainty from the square root sum of
the relative individual uncertainties is in the order of up to 20% and is dominated by the
uncertainty of the electron density. Due to the missing central DCN channel the uncertainty
increases in the center of the plasma. The strong influence of the density fluctuation on the
FIDA diagnostic is connected to the change in the slowing down time of the fast ions, given
by equation (2.27), with ty ~ T¢ /2 /Me. As the uncertainty on the electron temperature is
smaller, its influence on the FIDA diagnostic is small.

The result of the sensitivity scan for the synthetic MSE diagnostic data can be seen in
figure 6.19. While figure 6.19 a) shows the 7 channels, figure 6.19 b) shows the ¢ channels.
Figure 6.20 shows the deviation of the synthetic MSE angles, due to the variation of the
kinetic profiles from the reference simulation for the different radial channels averaged over
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Figure 6.17.: In blue the best estimation of the time-dependent electron density in a) and
electron temperature profiles in b) in discharge #32148 is shown. Furthermore
in red their upper and lower lines representing the conservative assumption of
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Influence of the profile uncertainties on the synthetic FIDA diagnostic for an
on-axis and off-axis point in time. As the electron density has the major
influence, only changes due to the variation of this profile is shown. The

influence of the variation of all other profiles can be seen in appendix B.2 in
figure B.15.
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Figure 6.19.: Result of the sensitivity scan on the synthetic MSE diagnostic. Only TRANSP
predictions are shown.

the whole discharge. With a mean deviation of lower than 0.05° the influence is small
with respect to the uncertainty of the measurement in the order of 0.2°. But the strongest
impact comes from the electron density uncertainty with an angle change up to 0.4° and
from the electron temperature variation with an angle uncertainty of 0.15°. The influence
can be explained by a change in the gradient of electron density or electron temperature,
leading to a change in the pressure gradient. These changes in the pressure gradient change
the strength of the bootstrap current locally explaining the local sensitivity of the synthetic
MSE to the changes in the electron density and electron temperature profiles.

In figure 6.21 the influence on the predicted synthetic diamagnetic flux can be seen. The
uncertainty in the order of 0.5 mWb from the kinetic uncertainty scan in TRANSP seems to
be dominated by the uncertainty of the electron density, but the reason for this behaviour
is the higher relative uncertainty on the electron density compared with the electron
temperature. One expects a similar influence of electron temperature and electron density
as the diamagnetic flux is proportional to the plasma pressure, which in first order is the
product of electron density and electron temperature.

The influence on the loop voltage can be seen in figure 6.22. The uncertainty is dominated
by the variation of the electron temperature, due to the fact that changes in the electron
temperature have a strong impact on the resistivity of the plasma. Furthermore the loop
voltage is sensitive to changes in the effective charge of the plasma, but due to the fact
that the effective charge in this discharge is small with ~ 1.3, the change of +10% does not
have a big influence.

The influence of the uncertainties of the input kinetic profiles on the polarimetry is shown
in figure 6.23. As expected, the dominant influence leading to the diagnostic uncertainty of

98



6.3. Review of Simulation Inputs

0.2 ! ! | _ #32148
T F R o
_ o i G o R
= 0k @ @ ..l
<l 70'2_. Urotj:o—vmt """""""" """"""""" """"""""" """""""" 1
,03_‘ ZEffiUZeff.. ............... _
@ TeEor. : : :
—0.4H@ Me T on, | e ® - e e —
—
1.70 1.75 1.80 1.85 1.90 1.95
R [m]

Figure 6.20.: Radially resolved deviation of the MSE angles from the reference simulation
due to the kinetic profile variation, averaged over the whole discharge. The
time evolution of the angles and uncertainties can be seen in figure 6.19.
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Figure 6.21.: Influence of the assumed uncertainties of the kinetic profiles on the diamagnetic
flux prediction. Dominated by the electron temperature uncertainty leading to
a deviation of up to 0.47 mWb. The measured diamagnetic flux is not shown.
The influence of the variation of the other profiles can be seen in appendix B.2
figure B.16.

99



6. Fast Ion Redistribution due to Plasma Perturbations

| | | | #3|2148‘
; (= Measurement — Reference — 1c T 07. - - Tc—01]
0.3 - : : : , , .

0.4—

Loop Voltage [V]

Time [s]

Figure 6.22.: Sensitivity of the TRANSP predicted loop voltage due to variations of the kin-
etic profiles with respect to their uncertainties. The influence of the variation
of the other profiles can be seen in appendix B.2 figure B.17.

~ 0.6°, comes from the electron density, because, as mentioned in section 3.3.3 in equation
(3.6), the angle is proportional to the integrated density along the line of sight times the
parallel magnetic field. The other kinetic profiles have only higher order effects regarding
changes in the magnetic field, by their influence on the current profile.

Finally the influence on the predicted neutral beam driven current can be seen in figure
6.24. The uncertainty on the NBCD in the order of 10% is dominated by the uncertainty
of the electron density, but also the variation of the electron temperature seems to change
the neutral beam driven current. As mentioned in section 2.4.2 an important parameter
for the calculation of the neutral beam driven current is the Spitzer slowing down time in
equation (2.27) proportional to T3/ /ne. Together with the smaller relative uncertainty on
the electron temperature, see figure 6.16 ¢) and d), this is consistent with the expectation.
Also visible is the small influence of the variation of the effective charge on the neutral
beam driven current through the change in the electron shielding current. The effect
is in the same order of magnitude as the influence of the change in the electron temperature.
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Figure 6.23.: Sensitivity off the single polarimetry channel on the variation of the kinetic
profiles with respect to their uncertainty. As expected the dominant influence
came from the electron density variation. The influence of the variation of the
other profiles can be seen in appendix B.2 figure B.18
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Figure 6.24.: Influence of the variation of the kinetic profiles with respect to their uncer-
tainties on the TRANSP predicted neutral beam driven current.
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6.4. Comparison with Improved Simulations

In section 6.3 several improvements with respect to the simulations in section 6.2.2 were
made. The four main improvements are

Neutral Beam Injection Geometry: The revision of the geometry using the infrared cam-
era is described in section 6.3.1.

Geometrical Beam Transmission: In combination with the geometry revision the geomet-
rical power losses in the beam duct are calculated (see table 6.2) and point towards a
higher injected beam power.

Remapping of the kinetic profiles: During the sensitivity analysis (see section 6.3.2) a
non-negligible influence of the mapping of the kinetic profiles on a proper equilib-
rium was found. Therefore the more reliable IDE equilibrium is used for the mapping.

Effective charge profile: The calculation of the effective charge from the impurity densities
measured with the CXRS (see description in section 3.3.6) reduce the mean value from
1.6, calculate from the evaluation of the bremsstrahlungs measurement, to 1.3, the two
time dependent effective charge profiles can be seen in the appendix B.3 in figure B.19.

In the following, the comparison of synthetic diagnostics, calculated from the TRANSP
output, with their corresponding measurements will be shown. Starting with the MSE, figure
6.25 shows the temporal evolution of seven different radial MSE channels. As the MSE was
not in the perfect shape, only seven channels were useful. The radial intersections of the lines
of sight with the beam 3 in front of the flux surfaces can be seen in figure 6.6. Unfortunately
the absolute calibration presented in chapter 4 cannot be applied retroactively, as the MSE
protection window towards the plasma was changed during the maintenance break, prior to
the calibration measurements. Therefore the simulations still need to be offset corrected.
From the experience that the TRANSP simulation have all almost the same value during
the off-axis phase, the simulations are off-set corrected to match the measurement during
the off-axis phase.

The most obvious change of the MSE angles occurs immediately after at the switch from the
on- to the off-axis NBI phase and vice versa. It is caused by the change of the radius of the
magnetic axis due to the Shafranov shift. In the measured and predicted angles the change
is in the order of +0.2°. This change is in the same order of magnitude as the statistical
uncertainty of the measurement, but is not a statistical fluctuation as it only change in one
direction for each line of sight. Also the maximum deviation due to the assumption of global
anomalous fast ion diffusion in the order of 0.5 m?/s leads to a change of the predicted MSE
angle in the order of +0.2°. In most of the channels the predicted angles are in agreement
with the measurement. A tendentially better agreement is achieved with the assumption
of anomalous fast ion diffusion, especially in the central channels. Overall, the agreement
of all simulations with the measurement is slightly improved with respect to the initial
comparison in figure 6.5. However, in conclusion the MSE diagnostic is not very sensitive to
the assumption of anomalous fast ion diffusion, as the changes in the global current profile
due to the redistribution of fast ions are small. This can be seen in the TRANSP simulations
in figure 6.26. The neutral beam driven current is only a minor part of the total plasma
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Figure 6.25.: Comparison of the TRANSP predicted MSE angles with the measurement.
The predicted angles are individual off set corrected to match the measurement
between 5-6s, due to the missing absolute calibration. In a) four 7- and in b)

three o-channels can be seen. Furthermore the assumption of global anomalous
fast ion diffusion is shown.

current profile. Furthermore, as the change of the neutral beam driven current due to the
anomalous fast ion diffusion is below 15%, and as the neutral beam driven current is below
25% of the total current, the effect on the total current is less than 3%.
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Figure 6.26.: Influence of the anomalous fast on diffusion on the TRANSP calculated current
profiles. The dashed lines represents the neutral beam driven part of the
current. In a) a point in time in the on-axis phase and in b) in the off-axis
phase is shown. The change in the total current profile is small.

103



6. Fast Ion Redistribution due to Plasma Perturbations

0.12 S 41#321148
: 660 6 661 Onm — Neoclassicall : =
1 e e SRR RT TR —Dﬁ=03m2/S D EREETLERRT SRR

0.08
0.06
0.04

FIDA/BES

a) 43s0n-Ax1s i b)i 66s0ff Ax1s
0-005 0T 02 03 04 05 06 07 0.5 0.0 01 02 03 0.4 05 0.6 0.7 08
ptor ptor

Figure 6.27.: Normalized FIDA measurement with statistical uncertainties in comparison
to FIDASIM post processed TRANSP simulations. Shown are simulations
assuming neoclassical transport and in contrast global anomalous fast ion dif-
fusion. In a) a point in time in the on-axis phase and in b) in the off-axis phase
is shown.

The second diagnostic that had motivated the review of the beam geometry is FIDA. The
comparison between the synthetic diagnostic and the measurement is shown in figure 6.27.
In the on-axis phase in figure 6.27 a) the central measurements are still overestimated by
the neoclassical prediction, although less than in figure 6.7. In contrast, in the off-axis
phase, shown in figure 6.27 b), the shape of the neoclassical prediction is in much better
agreement with the data due to the revised geometry. In this phase the assumption of
anomalous fast ion diffusion blurs the peak of beam 3 and the one from beam 6 and 7,
leading to a disagreement in the shape of the prediction. Therefore the assumption of
the anomalous fast ion diffusion is necessary during the on-axis phase, while the FIDA
measurement in the off-axis phase are only in agreement assuming neoclassical transport.
A further diagnostic that is also sensitive to changes in the current profile is the DCN-
Faraday rotation polarimetry (see section 3.3.3). The comparison of the synthetic diagnostic
with the measurement of the single available channel is shown in figure 6.28.

The simulation assuming that no neutral beam driven current exists deviates from the
measurement. This is a strong indication for the existence of non negligible neutral beam
driven current. In contrast all other TRANSP simulations are in good agreement with the
data. Unfortunately the difference between the simulations assuming neoclassical transport
and the simulations assuming anomalous fast ion diffusion is too small to be resolved by the
measurement. As shown before the change in the global current profile by redistribution of
fast ions is too small. Therefore the diagnostic can only prove the existence of a change
of the global current profile due to the neutral beam driven current, but can not resolve
anomalous fast ion transport.

A similar conclusion is reached by the comparison of the loop voltage measurement with
TRANSP predictions, as shown in figure 6.29. Again only the existence of the neutral
beam driven current can be verified, but anomalous fast ion transport cannot be resolved.
Finally the measurement of the diamagnetic flux loop (see section 3.3.1) is compared with

104



6.4. Comparison with Improved Simulations

Faraday Rotation [°]
T

#32148

..... = Data —Dﬁ=0.5m2/s __________ ..........

5 5 — Neoclassical — No NBCD ' '
Qg ad i — Dg=0.3m?/s | .
e e R e e

| | | | | | | |

1 2 3 4 ) 6 7 8

Time [s]

Figure 6.28.: Faraday rotation polarimetry measurement in comparison to TRANSP pre-

Loop Voltage [V]

dictions.

The current redistribution is measurable, but the assumption of

anomalous fast ion diffusion could not be resolved.
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Figure 6.29.: Comparison of the measured loop voltage with TRANSP predictions. Only
strong deviations could be seen, assuming the non-existence of neutral beam
driven current. The other simulations are in agreement with the measurement.
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Figure 6.30.: Measurement of the diamagnetic flux loop in comparison with the correspond-
ing TRANSP predictions. The strong deviation in the off-axis phase could not
be explained yet, therefore the diagnostic could not be used for any possible
conclusions about the anomalous fast ion diffusion, although it seems that the
diagnostic could resolve the assumption of anomalous fast ion transport.

the TRANSP prediction in figure 6.30. Both predictions deviate from the measurement in
the on-axis and even stronger in the off-axis phase. This deviation is also visible in other
discharges using the off-axis neutral beams. One possible, not yet tested, explanation for
this behaviour was found. The diamagnetic flux is very sensitive to the pressure profile
including the fast ion pressure. An important part is the mapping of the pressure on an
equilibrium, therefore the equilibrium reconstruction plays a major role in predicting the
diamagnetic flux. A possible systematic uncertainty at this point can be found in the pub-
lications [121-124] about equilibrium analysis with anisotropic pressure. This uncertainty
could maybe explain the difference between the measurement and the prediction, especially
the off-axis phase is affected because the non-negligible fast ion pressure is shifted more
outwards in regions which could be more affected by this anisotropy. However, as this
explanation is not tested jet, no conclusion for this diagnostic is presented. Nevertheless,
for future experiments, once the deviations in the off-axis phase could be explained, the
difference between the neoclassical predictions and the predictions assuming anomalous
fast ion diffusion seems to be strong enough to be conclusive. It should also be remarked
that this diagnostic is used for the first time in the experimental campaign 2015/2016 and
therefore systematic uncertainties could not be fully excluded.

6.5. Perturbation Induced Fast lon Redistribution

The FIDA comparison in figure 6.27 clearly demonstrates the need for the assumption of
anomalous fast ion transport. However, such an assumption is only required in the on-axis
phase, while the off-axis phase agrees with the neoclassical simulation. The disagreement
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in the on-axis phase did not vanish after applying all mentioned simulations improvements
such as the revised geometry and error estimations due to the input kinetic profiles.
Besides microturbulence, the conclusion from reference [12], another reason for the observed
anomalous transport could be localized fast-ion redistribution by MHD perturbations. In
the following two sections both approaches are individually discussed.

6.5.1. Fishbone Induced Fast lon Redistributing

In the following section the hypothesis of fast ion redistribution due to fishbone activity
is investigated. After a characterization of the fishbones, the observed influence in other
experiments is discussed. Following the modeling with several synthetic diagnostics
assuming central anomalous fast ion transport due to the fishbones are compared with
measurements. Finally the hypothesis for the ASDEX Upgrade results is evaluated.

The time evolution of the MHD activity in discharge #32148 can be seen in figure 6.31 a).
It shows the time-dependent spectrogram measured with a set of magnetic coils, namely
the B-coils. The n-number of the perturbation is calculated from the phase reconstruction.
The color intensity corresponds to the amplitude of the perturbation. During the off-axis
phase from 4.5s to 7s the discharge is MHD-quiescent. In the adjacent two on-axis phases
n=1 activity can be seen. The activity at ~ 20kHz can be identified as fishbones (see
section 2.5.2). The strongest indication is the frequency chirping, furthermore the phase
reconstruction in the soft x-ray diagnostic identifies the mode number of the activity to
m=1 and n=1. The fishbone repetition rate in the on-axis phase is stable between 250 Hz
and 275 Hz only interrupted by single sawtooth every ~ 230ms and also the frequency
chirp from 21 kHz to 17kHz does not change during the on-axis phases.

From the fluctuation of the ECE measured electron temperature profile with the ap-
proximated mode frequency, the fishbones can be localized. These radial temperature
fluctuation can be seen in figure 6.31 b), c¢), d) and e). The almost constant amplitude of
the temperature fluctuation during the on-axis phase is a further indication for a constant
fishbone strength.

There is evidence of fast-ion redistribution due to fishbones in the literature. At the
MAST experiment a fast fast ion outward transport followed by a slow recovery using
the FIDA diagnostic was observed [125], resolving the fast ion behaviour during single
fishbones. However, no comparison with simulations were presented.

Also at ASDEX Upgrade the influence of fishbones on the plasma were studied in the
past [126]. A redistribution of the fast ions was conclude by a time correlation between the
fishbones and the signal of the charge exchange flux and also a temporally correlated drop
of the neutron rate was measured.

A third publication from the JET experiment [127] concludes also with a redistribution of
fast ions due to fishbone activity. In contrast to the publication before, the measured drop
in the neutron rates was compared with predictions from a fast ion redistribution model

due to fishbones, based on HAGIS and ASCOT simulations.
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Figure 6.31.: In a) the spectogram of the magnetic signals, color coded for the different N-
numbers the of the MHD perturbations can be seen. The n=1 mode number
and the characteristic frequency chirping, visible in the zoomed part in b),
identify the perturbation in the on-axis phases to fishbones. In ¢),d),e) and
f) the temperature fluctuation at a dedicated frequency range can be seen,
allowing the radial localizing of the fishbones.
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Figure 6.32.: Assumed anomalous fast ion diffusion within the q=1 surface, where the radial
position of the q=1 surface is indicated by the black line. The anomalous
diffusion is only switched on in phases with fishbone, identified in figure 6.31

a).

In the publication [128] also indication for a fast ion redistribution due to fishbones at
the DIII-D experiment were presented. At DIII-D differences between the measured
neutron rate and the TRANSP calculations were investigated and correlated with fish-
bone activity. The deviation were undermined by applying anomalous fast ion diffusion
to the simulations. However, the neutron rate measurement is only an integral measurement.

In the FIDA measurements of ASDEX Upgrade the redistribution of fast ions due
to a single fishbone cannot be seen in this discharge. Firstly the repetition rate of the
fishbones is too high. Therefore the fast ion profile is not expect to completely recover
between the fishbones. Secondly the time resolution of the FIDA diagnostic is too small.
For the same reason, the high repetition rate of the fishbones, no clear time correlation
with the measured charge exchange flux could be resolved.

Also the ASDEX Upgrade neutron detector could not be used, as it was not properly
calibrated. Furthermore the time resolution of the detector is not high enough to resolve
single fishbones in this discharge. Therefore the focus is primarily on the FIDA diagnostic
and on the small changes in the current profile measured with the MSE diagnostic.

To model the fast ion redistribution due to fishbones the common assumption of the
fishbone mechanism, introduced in section 2.5.2, is used. There the fishbones are assumed
to be triggered by an accumulation of trapped fast ions at the q=1 surface and a subsequent
periodical expel of fast ions from inside this surface. Therefore a constant anomalous fast
ion diffusion is assumed at ¢ < 1, in the phases with fishbone activity. The resulting radial
fast ion diffusion profile and the time evolution can be seen in figure 6.32.

The influence on the predicted FIDA profile can be seen in figure 6.33. The assumption of
central anomalous fast ion diffusion of 0.3m?/s and 0.5m?/s in the phases with fishbones
are both in agreement with the data within the uncertainties, in contrast to the neoclassical
prediction. It should be mentioned that the error bars on the measurement only represent
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Figure 6.33.: FIDA profiles assuming the anomalous fast ion diffusion profile from figure
6.32 in contrast to the neoclassical simulation. In a) the on-axis phase with
fishbones can be seen, while b) shows the MHD-quiescent off-axis phase.

the statistical uncertainties. Possible systematic uncertainties, for example from the
calibration, should be canceled out by taking the ratio of the FIDA intensity to the beam
emission.

It should be noted that the lines of sight of the FIDA diagnostic used for the shown radial
profiles mainly probe the velocity space for the passing fast ions. This is shown in figure 6.34
for one central line of sight as an example. Figure 6.34 a) shows the TRANSP-predicted
fast ion distribution at the position of the intersection from the line of sight with the beam.
In b) the weight function of this line of sight can be seen. The weight function indicates
that mainly particles with high energy and almost only passing particles, indicated by the
high positive pitch angle, are observed. This is important as the fishbones are driven by the
accumulation of trapped fast ions on the q=1 surface. Therefore the expectation indicates
a redistribution mainly of the trapped particles, but the comparison in figure 6.33 indicates
also a redistribution of passing particles.

A technique to look at a larger part of the velocity space of the trapped particles is FIDA
tomography [91]. However, in this discharge the measurement of the vertical lines of
sight, containing information on the trapped particle fraction, were disturbed irrecoverably
by ELMs, therefor the comparison was not conclusive. The comparison can be seen in
appendix C.1.

The influence of the assumed anomalous fast ion diffusion on the synthetic MSE diagnostic
in comparison with the measurement is shown in figure 6.35. The differences between the
assumption of neoclassical transport and the central anomalous fast ion transport due to
fishbones are small as expected. The differences are also smaller than the uncertainties of
the measurement. But in comparison to the measurements tendentially the assumption of
the central anomalous fast ion diffusion agree slightly better.

In conclusion the fishbone activity seems to be able to redistribute fast ions from in-
side the q=1 surface outwards. The potential redistribution effects from fishbones, which
are driven by trapped fast ions, also redistribute passing fast ions, this is measurable with
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Figure 6.34.: In a) the fast ion distribution in the phase space at a dedicated point in time
at the intersection of one FIDA line of sight with the neutral beam is shown.
In b) the corresponding weight function of this line of sight in the phase space
can be seen.
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Figure 6.35.: Measured and predicted MSE angles comparing the neoclassical prediction
with the assumption of anomalous fast ion diffusion from figure 6.32 due to
the fishbone activity.
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the FIDA lines of sight only measuring passing fast ions. In this case the FIDA tomography
is not conclusive. It is also not possible to compare the measured fast ion distributions
before and after a fishbone, as the repetition rate is to high. The influence on the current
profile, measured with the MSE diagnostic can barely be seen. A tendential improvement of
the agreement with the data due to the assumption of central anomalous fast ion diffusion
in phases with fishbones was found.

For the redistribution of the fast ions due to fishbones no theoretical model was build. The
anomalous fast ion diffusion profile used here is based on the simple assumption that fish-
bones redistribute fast ions from inside the q=1 surface outwards. This assumption makes
no distinction between trapped and passing fast ions. In reference [127] a combination of
HAGIS [129] and ASCOT [130] was used to model fishbone-induced fast ion redistribution
based on more detailed physics model. For the discharge shown before, the gain from the
use of these tools seems to be small, as only the FIDA diagnostic can be used as conclusive
diagnostic and the measurement is well described also with the simplified model.

6.5.2. Fast lon Redistribution due to Microturbulence

In the publication of Giinter et al. [12] the proposed anomalous fast ion transport is foun-
ded on the assumed presence of microturbulence. A few years later a model to calculate
anomalous fast ion diffusion coefficients due to electrostatic and electromagnetic turbulence
was published [33]. The equations to calculate the anomalous fast ion diffusion coefficients
from experimentally available quantities are based on non-linear gyrokinetic simulations
with GENE [131, 132], a nonlinear gyrokinetic Vlasov code including full electromagnetic
physics. Furthermore the data from ASDEX Upgrade discharges #18703 and #18383 and
also from DIII-D discharge #134426 are used as database. The first two discharges are the
examples given in reference [12]. This indicates, that the data used to develop the model
are in a comparable regime as the discharges analyzed in this chapter.

The six equations for the diffusion coefficients are divided into trapped and passing particles
and also into the electrostatic and electromagnetic contribution. Furthermore for the passing
particles a finite larmor radius correction is applied. The six equations are

-1
es Oes,p * Xeff E
e (2) o

—3/2
Des o Oes,p—FLR * Xeff E 6.2
fi,p—FLR — 772‘(1_772)1/2 . i ( . )
em ﬁ ?

fip — Tem,p " Xeff * (ch (6.3)
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Figure 6.36.: Fast ion diffusion coefficients for the passing fast ion from the equations (6.1) to
(6.4) describing the redistribution of fast ions in the plasma due to electrostatic
and electromagnetic microturbulence calculated according to reference [33].
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where the indices p and ¢ indicate passing or trapped particles, es and em “electrostatic” and
“electromagnetic” and F'LR indicates the finite Larmor radius approximation. The coeffi-
cients o are given in the publication. The effective heat diffusivity y.g is calculated as sum
of the ion and electron heat diffusivity. The two heat diffusivity profiles are calculated by
TRANSP and the sum can be seen in appendix C.4, figure C.6. The local inverse aspect
ratio is denoted by e. The time and energy resolved local pitch angle of the fast ions is given
by n = v /v. The value used is the average from the multidimensional fast ion distribution
function. The distribution function is calculated with the semi-analytic fast ion model from
reference [111] which is also used and described in section 5.2. Energy averaged profiles
of the calculated pitch angles can be seen in appendix C.4, figures C.4 and C.5. In this
calculation the energy of the fast ions E, is bined in 1keV steps from 20keV to 110keV.
The electron temperature profile T, is shown before in figure 6.3 b). Finally also the ratio
of B/Beis 18 needed, this ratio is calculated by calculation of Sx. The Troyon limit with a
factor g = 3.5 is used as [ the calculated ratio can be seen in figure C.7.

The threshold condition for the finite Larmor radius correction from reference [33] is given
by

(%) > (1-7%) (6.7)

and is implemented if E /T, is a factor 2 bigger than (1 —7?). The energy averaged diffusion
coefficent profiles from the equations (6.1) to (6.6) can be seen in appendix C.4, figures C.9-
C.10. The electrostatic part determines for the passing particles as wall as for the trapped
particles. This can also be seen by the comparison with the two sums for the diffusion
coefficients. The energy averaged profiles for the passing and trapped particles are shown
in figure 6.36 and 6.37. The influence of the estimated 3-dimensional anomalous fast ion
diffusion on the fast ion distribution, for the high energy passing particle can be seen in
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Figure 6.37.: Fast ion diffusion coeflicients for the trapped fast ions calculated by equations
(6.5) and (6.6).

figure 6.38. The comparison of the TRANSP predictions assuming neoclassical transport
and the assumption of the shown diffusion profile with the FIDA measurement indicates
a much better agreement for the assumption of the anomalous fast ion diffusion due to
the microturbulence. Especially in the on-axis phase at 4.3s the neoclassical prediction
overestimates the central FIDA measurement. In the off-axis phase at 6.6 s the predictions
are similar and both are in agreement with the measurement.

Different to the assumption in section 6.5.1 the assumed diffusion coefficients are different for
trapped and passing particle and also energy resolved. The inconclusive FIDA tomography
approach can be seen in appendix C.2.

In figure 6.39 the comparison of the MSE measurement with the TRANSP predictions
can be seen. Unfortunately the predictions for the most central m and o channel have
some nonphysical fluctuation, most probably from a random, unintended amplification of
statistical central fluctuations of the input profiles. However, the influence of the estimated
anomalous fast ion diffusion on the other channels is small and within the uncertainties
indistinguishable with respect to the neoclassical predictions. Therefore the MSE diagnostic
is not very conclusive with respect to the assumption of the anomalous fast ion diffusion
due to microturbulent transport. For proper validation of the model and crosschecking of
the calculated anomalous fast ion diffusion coefficients, non-linear GENE calculation for the
new discharge would be devisable. This calculations could not be done during this thesis.
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FIDA measurement in comparison to TRANSP simulations with neoclassical
transport and the assumption of the anomalous fast ion diffusion from figure
6.36 and 6.37. In a) a point in time in the on-axis phase can be seen and in
b) the off-axis phase.
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Comparison of the measured MSE angles with TRANSP predictions, where
the predictions are offset corrected to match the measurement during the off-
axis phase between 4.5s and 7s. In a) the m-channels can be seen and in b)
the 3 o-channels.

115



6. Fast Ion Redistribution due to Plasma Perturbations

ptor

ks gt T el P L)

Oig. Neoclassical — Rerun Neoclassical —— Imp. Neoclassical
—IH- Orig. Dg =05m2/s — Rerun Dg =0.5m?/s — Imp, Dg = 0.5m?%/s
2 3 4 5 6 7 8
Time [s]

Figure 6.40.: Comparison of measured MSE angles with TRANSP predictions adapted from
reference [12]. The original simulations are in the same color as the measure-
ments. The influence of the radial electric field can be seen in the rerun
simulations in red and furthermore the improvements in the geometry and
transmission are considered in the new simulations in cyan.

6.6. Pre-2014 Discharges Revisited

Finally the discharges from the initial publications are simulated again, to see if the presen-
ted improvements lead to the comparable results and conclusions as written in the sec-
tions before. Furthermore, it was found in 2015 that the sign of the radial electric field in
TRANSP, used only for the synthetic MSE angles, was wrong. The error was subsequently
corrected. Additionally in 2008 the aiming of beam 3 was corrected by 0.1° in horizontal
direction. This could have an impact on discharge #18703 which was performed in 2004.
In the following sections the three discharges are presented chronologically.

6.6.1. Discharge #18703

The comparison of the measured MSE angle with TRANSP predictions of discharge #18703
in Glinter et al. [12] and the apparent deviation from the neoclassical prediction provided
the motivation for for the study of this chapter. This discharge is simulated again, taking
the revised NBI geometry into account and also the geometry changes from 2008. Figure
6.40 shows the comparison of the MSE angles with the TRANSP predictions adapted from
reference [12] together with a rerun of the old simulations and new simulations taking the
improvements into account. The figure is an extension of figure 6.1, with minor differences,
instead of an offset shift of the measurements to the simulations, the simulations are shifted
with a temporal constant offset to match the measurement at 2.7s.
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Figure 6.41.: Comparison of electron temperature profiles in a) measured with the electron
cyclotron emission spectroscopy (see section 3.3.4) and in ¢) with the Thomson
scattering diagnostic (see section 3.3.5). In b) a comparison of profiles from a
single point in time is shown.

The comparison between the original and rerun simulations shows minor differences, due to
the changed sign of the radial electric field, but as the simulations are shifted the influence is
small. In contrast the comparison with the new simulations taking for example the revised
geometry into account are comparable with the published results.

A closer look at the input kinetic profiles reveals some potential problems. Firstly, the
assumed effective charge is fixed at 1.8. This value appears to be a reasonable assumption
with the wall being mostly carbon in 2014. However, no temporal or radial variation was
taken into account. The effective charge is an important parameter for the resistivity of the
plasma and the current diffusion and also for the neutral beam driven current depends on
the effective charge discussed in the sections 2.4.2 and 5.1.3. Therefore this can impact the
MSE angles as the current profile depends on the effective charge. Secondly there are two
issues with the used electron temperature input shown, in figure 6.41 a) taken from the ECE
diagnostic (see section 3.3.4). On the one hand, the ECE measurement of the temperature
ends at 7.3 seconds and the main conclusions from the comparison of the MSE angles are
based on dynamics in the phase starting at 7 seconds. In TRANSP the temperature profile
is kept constant for all times after 7.3s. On the other hand a comparison of the electron
temperatures measured with the ECE and the Thomson scattering diagnostic shows strong
differences, shown in 6.41 b). The flat profile in the center from the ECE measurement is
due to the fact, that the ECE in this case does not measure up to the center of the plasma.
However, this alone cannot explain the strong differences of the profiles up to 1.5keV. This
should also have a major effect on the current profile, because all current drive mechanisms
have a strong electron temperature dependence.

The expected strong influence of the different temperature profiles can be seen in figure
6.42. It could be seen, that especially in the channel at py,, = 0.2 strong deviations between
the simulations are seen which are of a similar magnitude as the effect of the assumed an-
omalous fast ion diffusion. In the first on-axis phase the simulations using the temperature
profiles from the Thomson scattering diagnostic exhibit different dynamics compared with
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Figure 6.42.: Investigation of the influence of the different electron temperature profiles on
the predicted MSE angles. ECE indicates temperature profiles from the elec-
tron cyclotron emission and TS profiles from the Thomson scattering meas-
urement. The temperature profiles are shown in figure 6.41. Shown are the
original simulations.

the measurements. The difference in the dynamics are also of similar magnitude as the
described effect.

As expected, the channels at intermediate radii are the most sensitive to electron temper-
ature variation. On the one hand, for the central channels the included current is small and
therefore changes have a small impact. On the other hand, the closer the channel is to the
edge the q value is more determined by the known separatrix position and the measured
total plasma current. For comparison simulations have also been run using the electron
temperatures measured with the Thomson scattering diagnostic and assuming anomalous
fast ion diffusion based on the fishbone and on the microturbulent transport assumption.
Therefore a closer look at the perturbations in the discharge is necessary. Unfortunately the
magnetic diagnostic used for the spectrograms shown before were not available. Therefore a
spectrogram of a Mirnov coil is shown in figure 6.43, without n number determination from
the phase reconstruction. Fishbone indications during the on-axis phases are seen, which
are validated by experts, using the soft X-Ray diagnostic, to be m=1/n=1 activity. Also
the characteristic frequency chirping can be seen. However, in contrast to the fishbones
in discharge #32148 the repetition rate is reduced. The off-axis phase is MHD-quiescent
similar to the discharges shown before. To test the hypothesis of a possible redistribution of
central fast ions due to the fishbones simulations like in section 6.5.1 are performed. There-
fore 0.3 m?/s anomalous fast ion diffusion in the on-axis phases within the q=1 surface is
assumed.

In contrast also the anomalous fast ion diffusion coefficient profiles from the hypothesis of
microturbulence induced anomalous fast ion transport from section 6.5.2 was simulated.
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Figure 6.43.: Spectrogram of a Mirnov coil measurement, with m=1/n=1 magnetic activity
in the on-axis phase, which could be identified to be fishbones. The off-axis
phase is MHD-quiescent.

The assumed anomalous fast ion diffusion coefficient profiles can be seen in appendix C.5.
The resulting predictions of the MSE angles in comparison to the measurements and the
neoclassical prediction can be seen in figure 6.44. The influence of the expected anomal-
ous fast ion diffusion is small. On the one hand it is much smaller than the effect of the
overestimated global anomalous fast ion diffusion of 0.5m?/s. On the other hand in figure
6.42 it was shown, that in the most important channel the effect of the different measured
temperature profiles is in the same order as the effect of global anomalous fast ion diffu-
sion of 0.5m?/s. Therefore the effect of the expected anomalous fast ion transport is much
smaller than the uncertainty of the simulation, due to the different measured temperature
profiles. This leads to the conclusion that non-neoclassical fast ion redistribution cannot
be resolved, if the discrepancies between the different measured temperature profiles is not
resolved before. Therefore, using the same input data and profiles as in reference [12], the
conclusions from this publication can neither be confirmed nor falsified.
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Figure 6.44.: Comparison of MSE angles, assuming fast ion redistribution due to fishbones
or microturbulent transport.

6.6.2. Discharge #27237

In the thesis of B. Geiger [17] the discharge #27237 was used to show that the fast ion
distribution is well described by the assumption of neoclassical transport. Furthermore
the assumption of any global anomalous fast ion diffusion led to deviations from the FIDA
measurements.

Figure 6.45 shows a comparison of the neoclassical simulation from reference [17] and new
simulations with the corrected geometry with and without the assumption of anomalous
fast ion diffusion. Furthermore, the FIDA intensity is now normalized to the beam emission
to cancel out calibration issues. Unfortunately the amount of collected photons in the
FIDA range is small, therefore only a measured profile averaged over 4 frames is shown.

In the on-axis phase shown, in figure 6.45 a), the conclusion could be confirmed. The
neoclassical prediction, either the initial or the corrected, fit to the data, while the
assumption of anomalous fast ion diffusion slightly underestimate the central fast ion
density. Also the difference between the rerun simulation and the corrected one are small,
due to only small changes in the geometry of beam 3 and 8, which were the only ones
used. In the off-axis, phase shown in figure 6.45 b), the result is similar to the results from
section 6.4. The prediction with the revised geometry is in good agreement with the data,
while the initial geometry predicts a more inward-shifted peak. Again the assumption of
global anomalous fast ion diffusion leads to a disagreement between the prediction and the
measurement, with respect to the shape.

The calculation of the anomalous fast ion diffusion coefficient profile induced by microtur-
bulence was also done for this discharge and can be seen in appendix C.5 in the figures
C.14 and C.15. The comparison of these simulations with the data is shown in figure 6.45
in magenta. Similar to the results from section 6.5.2 the simulations are in agreement with
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Figure 6.45.: Comparison of the synthetic FIDA diagnostic with a four frame averaged meas-
urement, in a) for 5 MW of on-axis NBI and in b) for 5 MW off-axis NBI.
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Figure 6.46.: Spectrogram of the measured MHD activity form the B-coils, showing an al-
most MHD-quiescent discharge, except small fishbones in the on-axis phases.

the data within the uncertainties. Only a slight underestimation in the off-axis phase can
be seen.

A main difference between this discharge and discharge #32148 can be seen in the spec-
trogram in figure 6.46. This spectrogram seems to be almost completely MHD-quiescent,
except some small fishbones, with low intensity and an erratic but long repetition rate. With
respect to the fishbones in discharge #32148, shown in figure 6.31 a), these fishbones seems
to be negligible. Therefore the result is in agreement with the hypothesis that fishbones
redistribute fast ions from the center outwards. In the absence of strong fishbones the
fast ion distribution is also in agreement with the assumption of neoclassical transport. In
conclusion again both hypotheses, either the fast ion redistribution due to fishbones or the

microturbulence induced fast ion transport are in agreement with the FIDA measurements
in discharge #27237.
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Figure 6.47.: Spectrogram of the measured MHD activity form the B-coils, showing an small
m=4/n=3 NTM in the first on-axis phase, together with some fishbones, a
MHD-quiescent off-axis phase and again fishbones in the second on-axis phase.

6.6.3. Discharge #28071

A second discharge #28071 was also discussed in the thesis of B. Geiger [17]. This discharge
had lower collisionallity compared with discharge #27237. In this case only the FIDA
comparison of MHD-quiescent off-axis phase was shown. A closer look at the spectrogram
in figure 6.47 shows, besides the presence of a small m=4/n=3 NTM, fishbone activity is
present. These fishbones are of a comparable magnitude as the ones in discharge #32148,
but with lower repetition rate and intensity.

In figure 6.48 the comparison of the FIDA measurement with the TRANSP-predicted and
FIDASIM-postprocessed simulations is shown. The result is similar to the comparison of
discharge #32148, shown in section 6.5. The off-axis phase is again in a good agreement
with the assumption of neoclassical transport with the revised geometry. However, again
in the on-axis phase the neoclassical assumption overestimate the data centrally. Therefore
again central anomalous fast ion diffusion is assumed in the phases were the fishbones are
active, inside the q=1 surface.

As the fishbone intensity is smaller compared with discharge #32148 a value of
Dg = 0.3m?/s is assumed. As expected, besides the off-axis phase also centrally the on-axis
phase is matched by the simulation. In the on-axis phase between p;,. = 0.2 and py,. = 0.5
the outwards diffused fast ions overestimate the measured fast ion density slightly.
Furthermore the hypothesis of anomalous fast ion transport due to microturbulence is
tested. The assumed anomalous fast ion diffusion coefficient profiles can be seen appendix
C.5 in the figures C.16 and C.17. Also these assumption leads to a good agreement of the
simulations with the data either in the on-axis phase as in the off-axis phase. Therefore
again, like in the sections before, both hypotheses reasoning anomalous fast ion diffusion
yield agreement with the FIDA measurement.
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Comparison of the FIDA measurements at two points in time with multiple
TRANSP simulations. The influence of the improvements is shown. Also the
comparison of the assumption of global anomalous fast ion diffusion and also
the influence of the anomalous fast ion diffusion from the two models possibly
reasoning the anomalous transport.

6.7. Influence on the Neutral Beam Driven Current

Finally the influence of the fast ion redistribution from the two models on the neutral beam
driven current should be discussed. In figure 6.49 a comparison of different TRANSP NBCD
predictions can be seen.

NBCD [kA]
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TRANSP NBCD predictions. In a) the time evolution of the predicted cur-
rent is shown, beside the assumption of neoclassical fast ion transport, three
different fast ion redistribution models are assumed. In red global anomalous
fast ion diffusion, in green localized anomalous fast ion diffusion induced by
fishbones and in blue an anomalous fast ion diffusion profile, induced by mi-
croturbulence. In b) and c) corresponding profiles in the on- and off-axis phase
are shown.
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In figure 6.49 a) the time evolution of the neutral beam driven current integrated over the
plasma volume can be seen. In the on-axis phase the current is around 120kA, increases
up to 180kA in the off-axis phase, due to the tangential injection geometry of the off-axis
sources, and is reduced again to the 120 kA in the second on-axis phase. The predictions as-
suming neoclassical fast ion transport (black) and the two fast ion redistribution models are
almost indistinguishable, while the assumption of global anomalous fast ion diffusion reduce
the predicted current in the order of 20%. The reason can be found in figure 6.49 b) and c),
where the radial neutral beam driven current density profiles are shown for two points in
time. The assumption of the global anomalous fast ion diffusion strongly changes the shape
and also increase fast ion losses at the edge of the plasma. In contrast, the two approaches
assuming fast ion redistribution due to perturbations only slightly change the profile. The
changes are also mostly central. The total neutral beam driven current is calculated by
integrating over the profile multiplied by the area of the flux surfaces. Due to the fact, that
the central area is small, its effect on the integrated neutral beam driven current is negligible.

6.8. Conclusion

The contradicting results of Giinter et al. [12] and Geiger [17] regarding anomalous fast ion
transport in off-axis neutral-beam-heated discharges at ASDEX Upgrade were discussed
and resolved within this chapter.

In improved experiments, a difference between measurement and prediction in the shape of
the off-axis FIDA profile, was resolved mostly by a review of the neutral beam geometry.
The resulting improved geometry description leads to an agreement of the FIDA data with
neoclassical predictions in the off-axis phase and a disagreement with the assumption of
global anomalous fast ion diffusion. In contrast the neoclassical FIDA predictions in the
on-axis phase centrally overestimate the data. The comparison of the MSE measurement
with TRANSP predictions proofs the existence of some anomalous fast ion transport, but
due to missing absolute calibration is not able to resolve whether this transport is present
in the on- or the off-axis phase. Furthermore the comparison of the predicted loop voltage
and Faraday rotation polarimetry with measurements is not able to resolve anomalous fast
ion transport. Synthetic diamagnetic flux loop data show that this new diagnostic should
be able to resolve the anomalous fast ion diffusion. However, not yet fully understood
systematic uncertainties in the comparison between predictions and measurement hampered
this comparison. Therefore only the MSE and FIDA diagnostic could be used for the
comparison.

Two hypotheses to explain the disagreements in the FIDA and MSE diagnostic were tested:
The redistribution of central fast ions by fishbones, which are present in the on-axis phase,
and anomalous fast ion transport due to microturbulence. For the fishbone hypothesis
anomalous fast ion diffusion within the q=1 surface is assumed. This assumption leads to
an agreement of the FIDA prediction with the measurement as well as the shifted MSE
predicted time evolution with the measurement. However, also the assumption of the
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microturbulence induced anomalous fast ion diffusion, on the basis of the model of Pueschel
et al. [33], is able to resolve the disagreements.

A revision of the experiments of Geiger [17], taking the simulation improvements into
account, and assuming both hypotheses, is also in agreement, although only one of the
two discharges has fishbone activity in the on-axis phase. In contrast the revision of the
experiments of Giinter et al. [12] is less conclusive, as large uncertainties on the measured
electron temperature profile avoid a reliable conclusion.

For an unequivocal identification of the source for the anomalous fast ion transport a
discharge is needed with a phase with and without fishbones. This discharge needs to
be similar to the ones shown before in this chapter and the phase must have a neutral
beam configuration as in the on-axis phase. Furthermore in both phases FIDA and MSE
measurements are crucial. The absolute calibration of the MSE system and a reliable
combination of diamagnetic flux measurement and prediction, can strongly improve the
validity of the comparison. The comparison with TRANSP calculations should reveal
either the need of central anomalous fast ion transport in the phase with fishbones and a
match with the neoclassical transport assumption in the phase without fishbones, or the
assumed anomalous fast ion transport due to the microturbulent hypothesis should match
in both phases. Such a discharge was attempted but could not be achieved within the
limited number of allocated shots.

Finally it could be shown that the influence of both hypothesis on the global neutral beam
driven current is negligible and that there are only minor changes in the central current
profile.

For ITER there are fortunately almost no consequences. The common ITER scen-
arios are designed with ¢u;, > 1. In such scenarios no fishbones are present, as a ¢ = 1
surface is a necessary prerequisite for fishbones. However, there are also scenarios with
min < 1. Fortunately in such scenarios a stabilizing effect of the internal kink mode
that leads to fishbones by the a-particles from the fusion reaction is predicted [133-135].
Nevertheless, if against the expectation fishbones are present in ITER and the fishbones
are the reason for the fast ion redistribution, the studies of this thesis indicate a increased
fast ion transport in the center. This transport needs to be understood in detail, especially
regarding the dependencies on plasma parameters, and the influence on the central heating
should also be investigated.

The ansatz to describe the fast ion transport by microturbulence in this thesis uses
Dges ~ (T./E)* to calculate the diffusion [33]. In ITER the electron temperature is
expected to be T, ~ 10 — 15keV and the energy of the injected beam particle is 1 MeV and
the a-particles emerge with 3.5MeV. With a similar expected effective heat diffusivitiy
in ASDEX Upgrade and ITER, this diffusion model would lead to anomalous fast ion
diffusion coefficients for ITER in the same order of magnitude as those calculated in
this thesis. Furthermore in GENE based predictive studies for ITER also an influence of
microturbulent transport on the fast ion distribution in the plasma was predicted. These
predictions are in the same order of magnitude as the calculations in this thesis and are
also energy and temperature dependent [136].
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7. Quantitative Investigation of
Non-Inductive Current Drive

The single current contributions to the plasma current are not measurable, in contrast to
the total plasma current. To quantify the non-inductive contributions, like the NBCD,
their fraction on the total plasma current needs to be large. This was not the case in the
discharges of chapter 6, with a NBCD fraction of < 25%. Furthermore the inductive con-
tribution, quantifiable only with large uncertainties, should be small to reduce the absolute
uncertainties. Therefore in this chapter ASDEX Upgrade discharges are studied in which
the NBCD and the non-inductive current fraction as a whole is maximized. One suitable
scenario with almost non-inductive current drive was developed by A. Bock [19]. While the
studies of A. Bock focused on maximizing bootstrap current, the focus in this chapter is on
the quantitative comparison of the non-inductive currents with models.

The almost fully non-inductive current drive in the experiments are a step towards station-
ary Tokamak operation. For these scenarios the intrinsic bootstrap current is of special
interest, because it depends only on beneficial plasma conditions and not directly on ex-
ternal heating systems. High power demand of these external heating systems again would
decrease the net output power of a power plant. However, besides the non-inductively
driven plasma current several additional conditions [137] have to be taken into account in
the scenario development of a fusion power plant. Some of them are in conflict with the
beneficial bootstrap current conditions. For example the local safety factor is proportional
to the bootstrap current but inversely proportional to the produced fusion power.

Also at other Tokamaks non-inductive scenarios were studied. In DIII-D, a Tokamak com-
parable with ASDEX Upgrade in shape and size, in fully non-inductive scenarios a current
redistribution mechanism, called flux pumping, was investigated [138]. Studies at JT60-U
focused on large bootstrap fraction and reached transient fully non-inductivity with 92%
bootstrap fraction [139]. At JET an initial plasma current overshoot is used to transi-
ently form the g-profile for a high bootstrap fraction, resulting in 40-60% non-inductive
current [140]. Furthermore two super conducting long pulse Tokamaks EAST [141] and
KSTAR [142] reached scenarios with fully non-inductive current drive, indicated by negat-
ive loop voltage measurements, but both with a reduced plasma current of 400 kA.

7.1. Experimental Setup

An ideally suited scenario for this study was one developed previously by A. Bock [19].
The goal of the scenario was a discharge with “centrally elevated and flattened q profile
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Figure 7.1.: Discharge overview, with the neutral beam power and the control parameter
Bpol in &) and the electron cyclotron resonance heating power in b). In ¢) the
electron temperature and in d) the electron density profiles are shown.

that promises better stability against low-helicity MHD instabilities while also maximizing
bootstrap current.” [143]. As the scenario is close to fully non-inductive, it is well suited for
quantitative comparisons with predictions for the individual current contributions. Further-
more the scenario runs at reactor relevant parameters [137], for example gg5 =~ 5.3. Further
parameter are By = 2.5T and a plasma current of 800 kA. The scenario is interesting due
to the fact that it contains a high non-inductive current drive fraction and especially the
NBCD fraction is in the order of up to 50% of the plasma current.

The scenario is presented in detail taking discharge #33134 as an example, which is derived
from the initial discharges from A. Bock [19]. Figure 7.1 shows a discharge overview. The
time trace of the neutral beam heating can be seen in 7.1 a). To maximize the bootstrap
current, 3,01 is increased close to the stability limit by a feedback controlled increase of the
neutral beam power from 2s to 3.5s. The smooth neutral beam power regulation is realized
by adding neutral beam sources with an adjustable duty cycle.

Additionally the four available ECRH gyrotrons are used for off-axis ECCD during the
whole discharge in order to taylor a centrally elevated q profile. The time trace of the ECRH
power can be seen in figure 7.1 b). The injection geometry, in a poloidal cross section, of
the neutral beams and gyrotrons that were used is shown in figure 7.2 a). The predicted
current profiles for the ECCD calculated by TORBEAM [51] and the NBCD calculated with
TRANSP/NUBEAM for a representative point in time are plotted in figure 7.2 b). The
neutral beam injection geometry leads to a broad, slightly off-axis shifted current profile,
with the off-axis ECCD on top. The plasma volume is reduced to increase the distance to
the inner wall of the torus, and thereby reduce gas influx from the wall and minimize the
tungsten influx. Therefore the NBI sources 6 and 7 are not steered to maximum off-axis,
because this would lead to high energy losses due to a strongly increased shine through. To
maximize the bootstrap current by an elevation of the central q value, an active current
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Figure 7.2.: Poloidal cross section of the NBI and ECRH power deposition, shown in a). In
b) the calculated ECCD and NBCD current density profiles at 6s can be seen.
The ECCD current densities are calculated for all gyrotrons individually, while
the NBCD is the current drive of all five beams together, marked in blue.

profile tailoring towards off-axis current profile is performed. This elevated central q profile
increases also the stability against low-helicity MHD modes.

For ASDEX Upgrade, high central temperatures of T, ~ 6keV and T; ~ 9keV are reached
by the combination of high heating power and a good confinement. Together with, a for
ASDEX Upgrade low, central electron densities below 7 - 10* m~3 the conditions are bene-
ficial for a high neutral beam current drive efficiency (see equations (2.26) and (2.27)) and
the resulting steep gradients in the pressure profile, from the high central temperatures,
increase the bootstrap current (see equation (2.33)).

The further plasma parameters are a plasma current of 800 kA, a toroidal magnetic field of
-2.5'T at the magnetic axis and a gg5 ~ 5.3 to be in a reactor relevant regime. The resulting
Hys((y,2)) > 1 [144] indicates the good confinement.

The indication for a high non-inductive current fraction, close to full non-inductivity is the
loop voltage measurement close to zero. This measurement can be seen in figure 7.3 a).
In b) the current in the central solenoid, the Ohmic transformer, can be seen. In standard
operation the slope of the current in the central solenoid is feedback controlled to keep the
plasma current constant. This normally leads to a strongly negative slope in the order of
several kA s~!. However, in this discharge the current in the central solenoid is fixed from
4.5s on to observe the resulting change in the measured plasma current. If the discharge
were fully non-inductive and stationary the measured plasma current should not change
at all. The small remaining current decrease of 45 As~! is within the uncertainty of the
controller and is still considered as a constant current in the central solenoid. The strong
current increase in the Ohmic transformer from 2.5s to 3.5s correlates with the increasing
neutral beam power. This at first sight surprising behaviour can be understood with figure
7.4. In a poloidal view in figure 7.4 a) the vacuum magnetic field of the poloidal field coils,
calculated from the current through the coils, can be seen. While the primary function of
the Ohmic transformer coil (OH1) is the inductive current drive, the other coils are used
for the positioning of the plasma. During the [y, ramp the plasma pressure increases. As
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In a) the measured loop voltage can be seen, which is most of the time close to
zero, indicating a high non-inductive current fraction. In b) the current in the
central solenoid is shown.
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In a) a poloidal view on the vacuum vessel and the poloidal field coils can
be seen. The resulting vacuum magnetic field components from the external
coils in the poloidal plane are indicated by the colored arrows, where the colors
indicating the field strength. In b) the integrated vertical magnetic flux through
the midplane from R = 0 up to the magnetic axis is shown. The most important
coils and their contribution to the flux are colored and the sum of all coils is
shown in red. The negative slope in the sum indicates inductive current drive.
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reaction the positioning control increase the current in the outer poloidal coils to keep the
plasma at its position. This change in the currents of the position control coils changes
the poloidal magnetic flux enclosed by the plasma, resulting in an increase of the induct-
ive current. This flux increase is compensated by a reduction of the current in the Ohmic
transformer coil through the plasma current feedback control. In figure 7.4 b) the magnetic
flux of the vertical magnetic field component through a plane at z = Om from R = Om to
the magnetic axis for the different coils and the sum of all coils is shown.

At this point it should be noted that the inductive current needs time to decay especially
in the high temperature center. The two seconds of fixed current in the central solenoid
until the ramp down starts are much shorter than the relevant resistive time, which is in
the order of 5s for an average T, =~ 2.5keV. The resistive time is calculated using

TR = poo L (7.1)

with the vacuum permeability pg, the conductivity o and the system length L = 0.5m. The
conductivity can be approximated [3] with

s (L= (7.2)

Tlspitzer

with the Spitzer resistivity (see equation (2.23) [3]) which could be further approximated
by
2.8-1078

W(l —Ve)?. (7.3)

Fully non-inductive current drive was not completely reached in discharge #33134, indicated
by the still negative flux change. Therefore in a second discharge the plasma current was
reduced to 600kA, with a similar heating scheme. In this discharge the plasma current
remains feedback controlled. It was anticipated that the total non-inductive current should
exceed the feedback controlled plasma current. In this case the external flux should be
reversed, i.e. positive. This is apparently not the case (see figure 7.5 b)) and in agreement
with the measured loop voltage (see figure 7.5 a)) that remains positive. An overview of
the plasma parameters of the discharge #33379 can be found in the appendix D.1 in figure
D.1.

Tspitzer [Q m] -

7.2. Current Prediction

The total plasma current can be measured with a poloidal magnetic loop, but the single
contributions are not measurable. Therefore these contributions need to be calculated on
the basis of physical models. In this section first the current calculations from the transport
code TRANSP and the equilibrium solver IDE [23] are compared and second issues with
the calculation of the inductive contribution are discussed.

The plasma current is composed of the neutral beam current drive (NBCD), the electron
cyclotron current drive (ECCD), the bootstrap current (BS) and the inductive contribution.
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Figure 7.5.: In a ) the measured loop voltage in the 600 kA discharge with feedback controlled
plasma current is shown. In b) the integrated vertical magnetic flux from all
external coils through the midplane from R = 0 to the magnetic axis is shown.
The negative slope from 4.0s on indicates no non-inductive current overshot.

TRANSP uses NUBEAM to calculate the NBCD contribution (see section 5.1.3) and
TORBEAM to calculate the ECCD (see section 5.1). Furthermore different models to
calculate the bootstrap current are implemented. For this study the model of O. Sauter [55]
is chosen. Finally the inductive contribution is calculated as the difference between the
measured total plasma current and all non-inductive contributions. It should be noted
that TRANSP calculates all quantities on its self-consistent equilibrium, constrained only
by the given separatrix position, the input kinetic pressure and the self calculated fast ion
pressure.

In contrast to the TRANSP solution, IDE uses further constraints for the equilibrium
reconstruction, for example the measurement of the magnetic probes and optional the MSE
measurements (see section 4.3). The calculation of the current contributions in IDE is
implemented in a comparable fashion as in TRANSP. The ECCD is also calculated using
TORBEAM [52]. The NBCD and the full fast ion contribution to the equilibrium is taken
from TRANSP, due to the fact that IDE does not contain an own fast ion model yet. The
bootstrap current is calculated using the model of O. Sauter [55] and, as in TRANSP, the
inductive contribution is calculated from the difference between the sum of the different
non-inductive contributions drivers and the measured plasma current.

In the following it is shown, why a direct calculation of the inductive current from the
change of the magnetic flux at the moment does not lead to reliable predictions. Figure 7.6
shows a comparison of an implementation of this ansatz within IDE from R. Fischer [145]
(in blue) together with the conventional calculation from the difference of the plasma
current and the calculated non-inductive contribution (in red). The large fluctuations from
the calculation approach, despite using strong filter functions to reduce the fluctuations by
about a factor of three, are due to events like ELMs or small changes in the shape of the
plasma. In magenta a simplified approach is shown. In this case the shape of the plasma
is kept constant and the change of the poloidal flux and the resistivity is averaged over
1.5s, in this case this approximation is only valid for constant plasma conditions and if
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Figure 7.6.: Calculation of the inductive current. The red line indicates the conventional
calculation from the difference of the plasma current (black) and the calculated
non-inductive current drivers. In blue a calculation of the inductive contribution
to the plasma current from the change in the magnetic flux is shown. In magenta
the result from a second simplified ansatz, averaging over a longer period and
assumed equalibrated conditions, is shown.

the derivative of the external flux is constant. However, for a quantitative analysis these
current predictions can only indicate that the expected inductive current does not vanish
completely. Both approaches have large uncertainties and are not useful for quantitative
predictions. Therefore within this chapter only the inductive driven current from the
difference of the plasma current and the calculated non-inductive driven current is used.
In difference to TRANSP, IDE calculates the total plasma current by integrating the
current density inside the last closed flux surface (ppo1 < 0.995). This current deviates
from the measured plasma current as the contribution of current in the scrape-off layer is
excluded. This current in the scrape-off layer is, besides other factors, due to thermoelectric
effects and is described in references [146, 147].

In figure 7.7 the evolution of the different current contributions in the 800kA dis-
charge #33134 can be seen, in a) calculated with TRANSP and in b) by IDE. The
difference in the total plasma current, shown in black, between TRANSP and IDE is
in the order of 40kA. Furthermore the biggest difference is the amount of predicted
bootstrap current. Both calculations use the same model for the bootstrap current, but
small differences in the fitting and smoothing of the kinetic input profiles together with
a different mapping to the equilibria lead to the deviations that can be considered as the
uncertainty of the bootstrap current prediction.

In the IDE approach in figure 7.7 b) the sum of the non-inductivly driven currents
overestimates the plasma current, leading to a negative inductive current. Due to the fact
that still inductive current is driven -indications were shown before- this should lead to an
increase of the measured plasma current. However, the measured plasma current decreases
from 4.5s to 7.5s about 30 kA and a negative inductive current is predicted.

This contradiction raises the question which of the non-inductive contributions is overes-
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Figure 7.7.: Current composition calculated with TRANSP in a) and with IDE in b). The
negative non-inductive current in the IDE calculation from 5s on disagree with
the decreasing plasma current, while the current in the central solenoid is fixed.

timated.

In both discharges the ECCD only contributes in the order of 10% to 15% to the plasma
current. With a realistic uncertainty of ~ 10%, the absolute uncertainty of ECCD plays
only a minor role. Therefore the calculations of the bootstrap and neutral beam driven
current are revisited in the following sections.

7.2.1. The Bootstrap Current

The overestimation of the predicted sum of the non-inductive currents triggered a reexam-
ination of the bootstrap current calculation in IDE by R. Fischer [145] and finally led to
the implementation of an modification to the commonly used bootstrap model of O. Sauter
published in 2016 by R. Hager. This modification contains multiple extension to the Sauter
model, for example taking the ion gyro radii into account. This and further contributions
are described in detail in reference [148]. The differences between the different bootstrap
current models can be seen in figure 7.8. Using the Hager modification reduces the boot-
strap current by approximatly 15%. A more detailed comparison can be found in [145].
The non-inductive currents seem to be still slightly overestimated as the sum leads to neg-
ative inductively driven currents, contradicting the decreasing plasma current. The over-
estimation is even more pronounced in the 600 kA discharge #33379, shown in figure 7.9,
where in IDE the modification by Hager is used.

7.2.2. The Fast lon Content

The still predicted overestimation of the non-inductive contribution, lead to a quantitative
revision of the NBCD prediction, which contribute with 50% to 60% to the total plasma
current.
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Figure 7.8.: Comparison of the current compositions calculated with IDE in a) using the
bootstrap current model of O. Sauter and in b) taking the modification from
Hager into account.
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Figure 7.9.: Predicted current composition in a) from TRANSP and in b) from IDE using
the modification of Hager for the bootstrap current prediction.
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The TRANSP equilibrium solver assumes, besides the given separatrix position, an exact
given pressure profile to constrain the solution of the Grad-Shafranov equation. The pres-
sure contains the thermal pressure from the input kinetic profiles and the self calculated
fast ion pressure.

In contrast, the IDE code, calculating all outputs using a Bayesian approach [89], uses the
pressure with uncertainties, which are in the order of 20-30%. Furthermore, additional con-
straints for the equilibrium reconstruction are used and have a large impact, especially the
magnetic measurements, with uncertainties in the order of 1-2mT (Bt ~ 2 —3T). Both
constraints enter the calculation of the stored energy (WMHD). Discrepancies in the pres-
sure and magnetic constraints lead, primarily, to a deviation of the fitted pressure profile
(from now on called IDE pressure) from the input pressure profile, as, due to the uncer-
tainties, the weights of the magnetic measurements are higher. However, the magnetic
measurements have only a small impact on the interior profile shape, as their influence is
mostly on the integral quantities. The pressure profile shape is hence determined by the
input pressure profile while the absolute pressure is determined by the combination of mag-
netic measurements and the pressure input. Such a deviation in the pressure is found in the
800 kA discharge #33134 as well as in the 600 kA discharge #33379. Of the two components
of the input pressure, the kinetic pressure and the fast ion pressure, the first is assumed
to be sufficiently accurate. Therefore the fast ion pressure, calculated with TRANSP, is
assumed to be overestimated. Figure 7.10 shows the pressure used in TRANSP to constrain
the equilibrium, divided into a contribution from the thermal (blue) and fast (red) particles.
Also the IDE pressure (black), resulting from the equilibrium reconstruction, is shown.

Up to 3s the time evolution of the IDE pressure is in good agreement with the sum of the
thermal and fast particle pressure. However, especially in the phases with a high amount
of non-inductive current drive, the pressure seems to be overestimated in TRANSP. This
behaviour can also be seen comparing the radial profiles at three different points in time
in b),c) and d). In the low beta phase in a) the pressure profile agrees almost perfectly
with the TRANSP prediction, but in the phase with high beta in ¢) and d) the comparison
indicates an overestimation of the TRANSP pressures.

Assuming an accurate thermal pressure profile, the comparison of the TRANSP predictions
with the measurement indicates an overestimation of the fast ion pressure. Using FIDA as
independent diagnostic, measuring an equivalent to the radial fast ion density, this hypotesis
can be tested. In figure 7.11 this comparison is shown for six points in time.

The TRANSP predictions without or with a small amount of anomalous fast ion diffusion
in the beginning of the discharge seem to be in agreement with the measurement. However,
after 4.4s the amount of anomalous fast ion diffusion that needs to be assumed increases.
The observation of an overestimation of the fast ion content is in agreement with the over-
estimation of the IDE pressure shown before.

To quantify the overestimation and fit the amount of global anomalous fast ion diffusion
which is necessary to reduce the fast ion content the fast ion pressure from IDE is compared
with the TRANSP fast ion pressure prediction assuming anomalous fast ion diffusion. The
global anomalous fast ion diffusion in TRANSP is used as modeling tool to reduce the sim-
ulated fast ion content in the plasma and potential reasons for the fast ion overestimation
are discussed in section 7.2.3. In figure 7.12 the IDE fast ion pressure, the IDE pressure
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Comparison of the IDE pressure in black and the pressure from TRANSP
divided into a thermal (blue) and a fast ion (red) contribution. In a) the time
evolution of the integrated pressure and in b)-d) a comparison of the pressure
profiles at three different points in time can be seen.
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FIDA profiles at several points in time comparing measurements and post-
processed TRANSP simulations. In TRANSP anomalous fast ion diffusion is
assumed to force fast ion losses, reducing the fast ion current.
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Figure 7.12.: The time evolution of the fast ion pressure is shown in a). The IDE fast ion
pressure is the IDE pressure from figure 7.10 reduced by the thermal pressure.
The fast ion pressure from TRANSP decreases with increasing anomalous fast
ion diffusion. The time evolution of the anomalous fast ion diffusion that needs
to be assumed to get to the IDE fast ion pressure is interpolated and shown
in b).

without the kinetic pressure, is compared with fast ion pressures from TRANSP assuming
different levels of global anomalous fast ion diffusion. From the comparison of the IDE fast
ion pressure with different TRANSP predictions a time evolution of the global anomalous
fast ion diffusion is interpolated, shown in b).

As written before, the global anomalous fast ion diffusion is used to force anomalous fast
ion losses. In TRANSP the power distribution of the injected neutral beam power into the
different possible channels is calculated. The channels are the fast ion heating and current
drive, orbit losses, power losses due to shine through and charge exchange losses. In figure
7.13 the diversification of the injected power by the neutral beams is shown, in a) and c¢) for
a TRANSP simulation without the assumption of anomalous fast ion diffusion. In this case
a fraction of over 80% of the injected power goes into heating and current drive, the shine
through and the charge losses are in a comparable range of 6% to 8% and the orbit losses
are only in the order of 3% of the injected power. The assumption of anomalous fast ion
diffusion, shown in b) and d) changes the distribution. The shine through is similar to the
shine through without the assumption of anomalous fast ion diffusion, but the orbit losses
as well as the charge exchange losses increase strongly with increasing anomalous fast ion
diffusion. Due to the higher diffusivity the fast ion density closer to the edge increases and
fast ions close to the separatrix are likely to be on orbits passing through the separatrix
and possibly intersecting the wall. Furthermore the neutral pressure density at the edge is
higher, originating mainly from wall recycling, leading to an increase of charge exchange
losses as more fast ions diffuse outwards.

In the simulation assuming anomalous fast ion diffusion the absolute power going into heat-
ing and current drive is almost constant between the end of the § ramp at 3s and the end of
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Figure 7.13.: The diversification of the neutral beam power in a) and b) in absolute values
and in ¢) and d) relative to the injected power. In a) and c) the calculation for
the TRANSP simulation assuming no anomalous fast ion diffusion is shown.
In comparison in b) and d) the interpolated anomalous fast ion diffusion from
figure 7.12 b) is assumed.

the discharge. Especially the additional NBI source, from 4.5s onwards only compensates
increasing fast ion losses in this simulation, explaining the constant g despite the increased
injected neutral beam power (figure 7.1 a)).

Furthermore also in 600 kA discharge #33379 the assumption of anomalous fast ion diffusion
is necessary to describe the IDE fast ion pressure. This can be seen in figure 7.14.

Before discussing the consequences of the assumption of a reduced fast ion content in the
plasma, the potential reasons for the reduction are discussed in the following section.

7.2.3. Candidates for Fast lon Overestimation

The most likely reason for the increasing fast ion losses from 4.5s on in the 800 kA dis-
charge #33134 is the appearance of a strong m=3/n=2 NTM, visible in the spectrogram
in figure 7.15. It is known that neoclassical tearing modes lead to a stochastization of the
fast ion orbits, increasing the fast ion losses. This is also qualitatively seen at ASDEX
Upgrade [71,72]. The pronounced 3/2 NTM is a source for anomalous fast ion losses.

Nevertheless, also up to 4.5s the necessity of a small amount of anomalous fast ion diffu-
sion is indicated by the pressure comparison in figure 7.12. Also in the 600 kA discharge
#33379 the assumption of anomalous fast ion diffusion is necessary. However, in contrast
to discharge #33134 no pronounced MHD activity is visible in the spectrogram in figure
7.16. Only some small fishbones with an erratic repetition rate are visible from 5s on.

Assuming that up to 4.5s the fast ion behaviour in both discharges is comparable, this
indicates that either the NBI power, as the only source of fast ions, is overestimated or
that there is another fast ion loss mechanism, which is not associated with a mode visible
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Figure 7.14.: In a) the time evolution of the fast ion pressure from the IDE fit in comparison
to the TRANSP prediction assuming anomalous fast ion diffusion is shown. In
b) the resulting interpolated global anomalous fast ion diffusion can be seen.
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Figure 7.15.: Spectrogram of the magnetic measurements indicating MHD activity together

with the n number of the activity. The strong m=3/n=2 NTM, shown in purple
and pronounced from 4.5s on, could force fast ion losses due to a stochastisa-
tion of the fast ion orbits.
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Figure 7.16.: Almost MHD-quiescent spectrogram of the 600 kA discharge, exceptional some
small fishbones from 5s on with an erratic repetition rate.

in the magnetic measurements. A distinct reason is not found, but some candidates were
investigated.

A first candidate is the modulation of the neutral beam sources. From empirical studies
it is known that the neutral beams need up to 10ms to reach their full power, but for the
B feedback the beam on times were often shorter than 10 ms. However, this cannot fully
explain the fast ion overestimation, as the modulated neutral beam fraction decrease during
the discharge, but in contrast the fast ion overestimation increases.

A second candidate is a potential pressure increase in the beam box and the duct. This
would lead to an increase of reionization losses, reducing the neutral beam power. However
a comparison of the absolute measured pressure values with other discharges can rule out
this hypothesis.

A third candidate is an increased neutral gas pressure in the vessel, which would lead to
increasing charge exchange losses. However, the discharges were performed soon after a
boronization, cleaning the inner wall and reducing the wall recycling of gas.

A forth and last considered candidate is the fast ion redistribution due to microturbulent
transport, discussed in section 6.5.2. However, no enhanced fast ion losses are found, using
the anomalous fast ion diffusion coefficients expected from microturbulence, calculated us-
ing the model of Pueschel et al. [33] with equations 6.1-6.6 shown in appendix D.3. The
calculated diffusion coefficients are in a similar order of magnitude, but only in the center
of the plasma and decreasing towards the edge.

In conclusion the pronounced 3/2 NTM can explain a large fraction of the fast ion overes-
timation in the 800 kA discharge #33134, but for the overestimation seen without NTM,
especially in the 600 kA discharge #33379, a unique explanation was not found. A com-
bination of the four proposed candidates is a possible explanation, but further studies are
needed.
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Figure 7.17.: Comparison of the IDE pressure fit with the TRANSP pressure prediction
assuming the optimized anomalous fast ion diffusion, shown in figure 7.12.
The integrated pressure in a) fits very well to the IDE fit, as expected, also
the profiles in b)-d) have only minor deviation, but this deviations are within
the uncertainties of the pressure profile.

7.2.4. Effect of the Forced Fast lon Losses on the Modelling Results

Assuming the interpolated global anomalous fast ion diffusion to reduce the fast ions
pressure in the plasma leads to the expected agreement of the integrated IDE pressure with
the TRANSP pressure, shown in figure 7.17. This agreement in the integrated pressure
is of course expected, as the time evolution of the global anomalous fast ion diffusion is
calculated from the comparison of the TRANSP with the IDE fast ion pressure, shown in
figure 7.12. The small deviation in the profiles in b)-d) are within the uncertainties of the
pressure profiles.

The comparison of the measured FIDA data with the synthetic diagnostic from TRANSP,
which is independent from the pressure fit, is in good agreement, shown in figure 7.18.
Minor deviations in the shape could be explained due to the fact that the fit was done
at the integrated pressure. The reasonable agreement in the shape is therefore a good
indication for a conceptional right approach. In the FIDA comparison, two phases can be
identified, the first before the appearance of the m=3/n=2 NTM in a)-c) and the second
with the pronounced m=3/n=2 NTM active in d)-f). In the first phase the deviation
between the simulations with and without anomalous fast ion diffusion is small, but the
assumed anomalous fast ion diffusion agrees slightly better with the data. In the second
phase the simulation assuming no anomalous fast ion diffusion overestimates the data
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Figure 7.18.: FIDA profiles at six different points in time, comparing the TRANSP simula-
tions assuming no anomalous fast in diffusion (in red), with the assumption of
the optimized anomalous fast ion diffusion (in blue) and the data (in black).

and again the deviation is well compensated by the assumption of the anomalous fast ion
diffusion. Only around py,, = 0.5 does the simulation slightly overestimate the data, like
the pressure profiles shown before.

A further indication is the comparison of the predicted and measured diamagnetic flux,
but this comparison should be taken carefully. As a reminder of what was said at the
end of section 6.4, the use of the off-axis neutral beam sources leads to not yet fully
understood deviations between prediction and measurement. One potential explanation is
an anisotropic pressure profile. This option is not taken into account in the simulation, and
as the diamagnetic flux measurement is sensitive to such an anisotropy this would lead to
such a deviation. Therefore only dynamics in phases with a constant power of the off-axis
neutral beams should be compared. In figure 7.19 the comparison of the simulations with
the measurement are shown.

Both simulations fit well to the data up to the point when the off-axis neutral beams
are switched on. In the areas marked in red the power of at least one of the off-axis
neutral sources changes within 30 ms, leading to an increasing deviation of both simulations
from the data. However, from 4.5s on the off-axis neutral beam power is constant and
the simulation assuming anomalous fast ion diffusion does not further deviate from the
measurements. This can also be seen in the magenta off-set corrected time trace, shifted
to match between 4.6s and 5.0s. In contrast, the simulation without the assumption of
anomalous fast ion diffusion - its shifted equivalent is shown in cyan - the deviation increases
without a change in the off-axis neutral beam power. This comparison also indicates that
the fast ion losses due to the NTM are well described by the assumed anomalous diffusion.
It should be keep in mind that again only an integrated measurement is shown.

In figure 7.20 the comparison of the simulations with the FIDA measurement for the 600 kA
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Figure 7.19.: Diamagnetic flux comparison of the measurement with simulations with and
without the assumption of anomalous fast ion diffusion. The off-axis neutral
beam sources 6 and 7 could lead to an anisotropic pressure, not taken into
account in the simulations. Therefore phases with changing off-axis neutral
beam power, marked in red, should be excluded in the comparison and only
dynamics in the other phases should be compared. Therefore in magenta and
cyan the simulations are shown off-set corrected to match the data from 4.6s
to 5.0s.

discharge can be seen. In this discharge no passive background correction was possible, as
the neutral beam 3 runs constantly throughout the whole discharge. Therefore the data are
slightly overestimated. Nevertheless, the simulation assuming anomalous fast ion diffusion
from the fit in figure 7.14 agree much better with the data, compared with the simulation
without the assumption of anomalous fast ion diffusion.

Taking all previous results together, the anomalous fast ion diffusion from the inter-
polation to the IDE fast ion pressure seems to be in agreement with all data. Therefore
finally in figure 7.21 the predict current distribution can be seen, assuming the interpolated
global anomalous fast ion diffusion. In both calculations the inductive current is positive
throughout the whole discharge. A slight decrease of the inductive current can be seen from
the point on, where the current in the central solenoid is fixed. The inductive contribution
of 80-120kA is in an expected order of magnitude.

For an unequivocal comparison of the current predictions with the measurements the
discharge is much to short. An equilibrated current distribution with a fixed current in the
central solenoid is necessary, in which all inductive current has fully decayed, even in the
plasma center. Then all non-inductive currents would add up to the full plasma current.
The required time can be estimated by ~ 3 resistive times - 7 ~ 10s using equation 7.1
with T, ~ 5keV and L = 0.5m - and is approximately 30s. In ASDEX Upgrade discharges
are generally limited to 10s and to even shorter time in these high power discharges. Hence
these conditions cannot be reached in ASDEX Upgrade.

In figure 7.22 the corresponding calculated current distributions for the 600 kA discharge
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Figure 7.20.: Comparison of the measured and predicted FIDA profiles with and without the

assumption of anomalous fast ion diffusion. No correction for the passive FIDA

radiation was possible, as the neutral beam 3 runs uninterrupted throughout
the whole discharge. Therefore the data could be slightly overestimated.
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Figure 7.21.: Current composition calculated with TRANSP in a) and IDE in b) assuming
anomalous fast ion diffusion from the interpolation in figure 7.12.
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Figure 7.22.: Comparison of the TRANSP a) and IDE b) prediction of the current compos-
ition.

can be seen. In comparison to the initial predictions in figure 7.9 the negative inductive
current almost vanishes. Within the uncertainties in the order of 10% the predictions seems
to be in agreement with the indications for a discharge with a very small inductive current
contribution.

The almost vanishing inductive current contribution in the 600kA discharge enables a
conclusive comparison of the MSE-based reconstruction of the current profile with the sum
of the non-inductive contributions. In figure 7.23 the comparison of the profiles at two
points in time is shown. The stiffness of the reconstructed current profile, due to radial
limits in the spline fit, leads to a resolution which is to low to resolve narrow structures
like the ECCD peaks. The limitation is connected with the finite radial resolution of
the MSE diagnostic. An increased radial flexibility of the reconstructed current profile
would lead to a strong increase of the uncertainties. Within the uncertainties and with the
reasonable stiffness the reconstruction of the total plasma current profile and the sum of
the non-inductive contributions are in good agreement. This good agreement in the shape
of the profiles is another indication for a proper modeling of the non-inductive current
drivers.

7.3. Summary and Discussion

A consistent prediction of the non measurable current contribution, in almost fully non-
inductive discharges, was achieved. Furthermore a method to quantitatively calculate the
fast ion content in the plasma in agreement with multiple diagnostics was introduced. In
combination with the bootstrap current description by Hager [148] the initially found over-
estimation of the non-inductive driven currents vanishes assuming a fast ion content which
is the result of a fit to the equilibrium pressure.

The considerable uncertainties of the direct inductive current calculation is suppressed in
this study using almost fully non-inductive discharges.
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Figure 7.23.: Comparison of the reconstructed current profile on the basis of MSE measure-
ments with the profile of the sum of the reconstructed non-inductive current
contributions. The two points in time are averaged over 0.5s in phases with
predicted almost fully non-inductive current drive.

The improvement of the bootstrap current calculation is achieved by the implementation of
the modifications of Hager [148] to the Sauter bootstrap current model. Nevertheless, the
predicted non-inductive current fraction was still overestimated. This overestimation can
be explained by an overestimation of the fast ion content in the plasma. From the (fast
ion) pressure fit in IDE in comparison with the TRANSP (fast ion) pressure, the evolution
of the global anomalous fast ion diffusion, used to induce fast ion losses, can be calculated.
Applying this fast ion diffusion in the TRANSP simulation, the adjusted fast ion content is
in agreement with the FIDA measurements and can also describe the dynamics in the dia-
magnetic flux measurement. The main reasons for the fast ion losses can be explained by an
m=3/n=2 NTM in the 800 kA discharge #33134. The reason for the further necessary fast
ion losses, especially in the 600 kA discharge #33379, needs to to be further investigated.
Nevertheless, assuming the fast ion losses, the prediction of the current contribution in both
discharges is, within the uncertainties of &~ 10%, in agreement with the measured plasma
current and the loop voltage. The loop voltage as well as the approximation of the induct-
ive contribution from the averaged values indicating a small inductive current contribution
throughout the whole discharge.

Also at other Tokamaks, for example at JT60-U [149] and DIII-D [150], quantitative invest-
igations of the non-inductive driven current were performed. The approach in these studies
based on the method of C. B. Forest [151] and starts with a quantification of the inductive
current contribution calculated from the reconstructed equilibrium and a calculated res-
istivity. Subsequently this inductive current is subtracted from the measured total plasma
current to quantify the non-inductive contributions. In JT60-U the studies were made in
L-Mode at reduced total plasma current, avoiding interfering ELMs, which was one of the
sources of error in the calculation of the inductive current at ASDEX Upgrade. In DIII-D co-
and counter-current drive by the neutral beam injection was compared. The quantification
of the currents in both publications were in agreement with the neutral beam current drive
theory, within the uncertainties of the measurement. One advantage of the study of this
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chapter is that it uses the modified bootstrap current model by Hager. Another advantage
is its reduced dependence from the still not accurately quantifiable inductive contribution,
due to the small inductive contribution. The uncertainties on the inductive contribution
were not discussed in the publications.

In conclusion there are no indications for quantitative disagreements of the NBCD model.
This is a positive result for the scenario development for ITER and future Tokamak fusion
power plants.
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For ITER (the Latin word for “The Way”) and future fusion power plants based on the
Tokamak principle non-inductive current drive is essential to increase the pulse length
towards stationary operation. In this thesis the active current drive with fast ions, produced
by neutral beam injection, was studied.

While the total plasma current can be reliably measured, the individual contributions
such as the beam driven current are not directly accessible through measurements. To
investigate the influence of the neutral beam current drive (NBCD), changes of the plasma
current profile due to changes of the neutral beam deposition were studied. Therefore
a measurement-based reconstruction of the current profile in the plasma is important.
Using motional Stark effect polarimetry (MSE) data as a constraint strongly reduces
the uncertainties of the current profile reconstruction, especially in the plasma center,
leading to an increased reliability of the reconstructed magnetic equilibrium, the natural
coordinate system of the plasma. The achieved first absolute calibration of the ASDEX
Upgrade MSE system, further improves the reliability of the reconstruction. However,
a broad-band polarized background distorts the MSE measurement. This background
originates from polarizing light reflections on metal surfaces, like the full tungsten plasma
facing components in ASDEX Upgrade, into the lines of sight of the diagnostic. To correct
for this distortion a polychromator was built, in cooperation with the MSE group at the
Massachusetts Institute of Technology. This polychromator was successfully tested and
enables the use of the MSE also in discharges with large radiative background. As ITER
will have a full metal wall, and therefore a large polarized background, the work is also
relevant for the implementation of an MSE system [152,153] there.

As the NBCD contribution to the plasma current is not directly measurable, the NBCD
was calculated using the Tokamak transport code TRANSP. The calculation of the NBCD
in TRANSP was successfully compared with calculations based on a semi-analytical fast
ion model. This ensures that the implementation of the NBCD in TRANSP was fully
understood.

Improved experiments were carried out to investigate an apparent discrepancy between
the radial current profile driven by off-axis NBI [12], that had been found to deviate from
the neoclassical prediction, and the radial profile of the fast ions that drive it, which
had been found to be in agreement with the neoclassical prediction. In the improved
discharge design, for the first time, the current profile measurement, with MSE, and
the fast ion profile measurement, with FIDA, was done in parallel. Improvements in
the (synthetic-) diagnostics and simulations, like a remeasured neutral beam geometry,
lead to simulations which are in agreement with measurements of both diagnostics. The
fast ion profile during the phase with off-axis neutral beam current drive was in good
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agreement with the neoclassical predictions. However, in the phase with on-axis neutral
beam deposition a deviation from the neoclassical prediction was found in the center of
the plasma. This deviation could be explained either by a redistribution forced by the
magneto-hydro-dynamic fishbone instability or by microturbulent transport of the fast
ions. For the fishbone redistribution increased central fast ion transport was assumed
at the location of the fishbones. In contrast, the TRANSP simulation investigating the
effect of microturbulence used anomalous fast ion diffusion coefficients calculated on basis
of a published model, derived from gyro-kinetic calculations with the code GENE [33].
Each approach individually can explain the data within all diagnostics. However, an
unequivocal identification of which of the two approaches force the minor deviations from
the neoclassical theory is left to future experiments. The deviations from the neoclassical
prediction in the former experiments can be explained by simulations using both hypotheses
individually. The results of the earlier MSE based study [12] could neither be disproved
nor confirmed due to large uncertainties in the electron temperature measurement in
the presented discharges. In conclusion there are no longer indications for a discrepancy
between the FIDA measured fast ion profile and the MSE measured, fast ion driven, current
profile. Furthermore the determined deviation from the neoclassical theory does not change
the amount of neutral beam driven current, only a small central current redistribution is
predicted.

For a quantitative determination of NBCD its current fraction should be maximized.
Furthermore, a larger non-inductive current fraction is beneficial, reducing the absolute
uncertainty from the, only inaccurately quantifiable, inductive contribution. This was
realized in discharges with a [ increase close to the stability limit, feedback controlled by
the neutral beam power. The large neutral beam power (12MW) lead to a large NBCD
fraction (~ 40%). The high §, in combination with a centrally elevated q profile, leads to
a large bootstrap current fraction (~ 40%). In these experiments the inductive current
fraction was proven to be small (~ 10%). However, the initial reconstruction of the current
composition predicted a negative inductive current calculated as the difference between the
total plasma current and all other contributions, as other quantification methods were not
reliable. This raised the question which of the two main, non-inductive contributions to
the plasma current was overestimated.

A revision of both lead to an agreement of the final current reconstruction with all
diagnostics and the experimental evidence for a small inductive current fraction. The
bootstrap current description was improved due to the use of the Hager addendum [148] to
the commonly used Sauter model. The prediction of the NBCD fraction benefits from the
new evolved technique to quantify the amount of fast ions in the plasma on the basis of
the equilibrium reconstruction. The reconstruction of the equilibrium, between kinetic and
magnetic pressure, enables the connection of the precise magnetic measurements with the
pressure. The kinetic pressure is also based on measurements, but the pressure contribution
from the fast ions is only the result of the modeled fast ion distribution. A comparison of
the fast ion pressure reveals an overestimation of the fast ion content of up to 40%. The
pressure-fit-based correction is independently confirmed with the FIDA measurements and
other diagnostics. A magneto-hydro-dynamic instability was identified as a reason for the
overestimation of the fast ion content. This instability, a neoclassical tearing mode (NTM),
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is qualitatively known as fast ion loss mechanism. A further minor overestimation in
phases without a NTM remains as open question for future experiments. In conclusion a
reconstruction of the current composition with previously unknown precision at ASDEX
Upgrade in agreement with all measurements, was achieved. In particular the NBCD
fraction was quantitatively predicted, accounting for the correction of the fast ion pressure,
and independently checked by the FIDA measurements, without indications for deviations
from the used NBCD model.

In conclusion the NBCD is a good and robust tool to increase the pulse duration towards
a stationary operation for ITER and a future fusion power plant based on the Tokamak
principle. The work in this thesis has shown that the preexisting doubts regarding the qual-
itative and quantitative prediction of the amount and location of the NBCD can be removed.
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A. Appendix: MSE

A.1. Line of Sight Measurement

The precise knowledge of the line of sight geometry of the MSE system and the beam
geometry is crucial for a correct interpretation of the MSE angles. For example is the
MSE angles are used as a constraint for an equilibrium reconstruction or as input for the
construction of a synthetic MSE diagnostic. Since the usual way of measuring the line of
sight geometry is time consuming and the precision is not high enough, a new setup was
designed. This setup was developed, a prototype was constructed and successfully tested.
The measurement with the prototype can be seen in figure A.1 a).

The measurement takes place, like the conventional approach, during a maintenance
opening of the vessel. For the measurement of a line of sight inside ASDEX Upgrade the
fibers are illuminated from the detector side. The line of sight is now visible as a light beam
in the torus. In the conventional approach these light beams were measured by aiming the
pike of the probe of a Nikon 3D-joint-measurement arm MCAx30+ [94] to a light spot onto
a mounted plate in the vessel. In this case the precision is determined by the eyesight and
steadiness of the operator. In combination with spot diameters of several centimeters this
can be improved. Additionally it is time consuming to aim and mount the plate at several
positions.

To increase the accuracy, a new probe-head for the Nikon 3D-joint-Measurement-arm was
designed. The main idea is to simultaneously measure the position and orientation of the
new probe head and the position of the light spot on the probe head. To achieve the
latter, the probe head has a camera looking onto a milky Plexiglas screen with a coordinate
grid. The procedure can be seen in figure A.1 a). The positions of the grid points are
measured during a calibration with respect to the measured probe-head position and its
orientation. In post processing the position on the screen in the picture can be translated
to the measurement position in the torus. A red light source is used and therefore only the
red part of the image is used to find the position of the spot. An example can be seen in
figure A.1 c), while A.1 b) shows the real picture with a magnified intensity of all color
components by a factor of three.

A detailed description of the calibration of the setup and the way to translate the pixel
position in a post processed picture to a measurement position can be found in Appendix
A2

In figure A.2 a) a comparison between measurements in the usual way and with the new
setup can be seen. In figure A.2 b) the angle between the direction vectors can be seen
determined by the two different methods. With an average value of 0.16° this difference is
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Figure A.1.: a) In-vessel measurement of a line of sight with the prototype setup. b) Cap-
tured picture and c) red component of the picture to evaluate, in pixels, the
position and the extent of the line of sight.
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Figure A.2.: Comparison of the MSE lines of sight measured with the different methods. a)
The red lines of sight corresponds to the measurement with classical technique

and depicted in blue are the measurements with the new setup. In b) the

enclosed angle between the corresponding direction vectors of the lines of sight

and in ¢) the minimum distance between the corresponding lines of sight can
be seen.
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small and also the average minimum distance of 0.02mm from figure A.2 c¢) shows good
agreement between the two techniques. The trustworthiness of the old technique is only
based on a comparison with former measurements, but in the case of deviations, there is no
possibility to decide which measurement is right, unless the measurement is repeated. This
repetition is only possible in a maintenance break and is very time consuming. Furthermore
in this example the deviation for column 8 can be a hint for single and inaccurately
measured points on these lines of sight with the classical technique. As there are only three
points and no recorded pictures, it is impossible in post processing to identify and eliminate
the inaccurately measured points.

Some lines of sight are not used for the MSE as for example the lines of sight in column
1 and column 10 are partially masked by the opening of the mirror box. These lines of
sight are no longer used and also not evaluated. Example pictures showing the masking of
them can be seen in appendix A.3 figure A.6. This is also a benefit from the new setup
that it allows to document in the post processing the shape of the light beams and found
deviations between the different lines of sight. Additionally the rows 1 and 6 with the
largest distance to the beam axis are not used for the MSE diagnostic. This is due to the
fact that, on the one hand, row 6 is used for FIDA measurements and, on the other hand,
the number of detectors is limited, therefore the central channels with a higher signal level
are used instead of the bottom row 1.

In figure A.3 the uncertainties for the measured lines of sight can be seen. It should be
noticed that the measurement with the classical method has a higher scatter, because for
this technique only 3 points per line of sight were taken. For the new technique at least
4 and up to 6 points were measured and fitted, but the scatter is much lower. The mean
distance to the fitted line as well as the maximum distance to the fitted line is a factor 2
smaller for the new technique. Additionally it takes the same amount of time to measure 6
points per line of sight with the new technique, instead of 3 with the old technique. This is
an important advantage, as working time in the open vessel is a scarce resource .

During the first measurements of the MSE lines of sight, several potential improvements
and small issues appeared. This should be fixed for the next iteration and thus further
decrease the uncertainties. A description of these improvements can be found in the
following section A.4.

A.2. Postprocessing and Calibration of the New Line of
Sight Measurement

The transfer function from pixel position to real position is based on a characterization of the
setup in a lab measurement. Here the setup is fixed on a table and in a first step the Nikon
3D-joint-measurement-arm is connected to the setup to measure the reference position and
the corresponding direction vectors, as can be seen in figure A.4 a). Afterwards the Nikon
3D-joint-measurement-arm is used to measure several points on the screen of the still fixed
setup. The simultaneously taken pictures of the camera where used to match the grid points
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Figure A.3.: The mean distance of the measured points to the line of sight fitted with these
measured point for the classical technique can be seen in a) and for the new
setup in b). In ¢) and d) the maximum distance of the measured point to the
fitted line can be seen. The uncertainty decreases by approximately a factor of
2 with the new technique.

in the picture, using the same coordinate system. This step can be seen in figure A.4 b).

This measurement is used to calculate two corresponding equations of the plane. The first
one in 2D for the pixels in the image can be expressed as

Lpia _ Lo,pix +a- X1,pixz — L0, pix + b- X2 pixz — L0, pix (Al)
Ypix Yo, pix Y1,piz — Yo,piz Y2,piz — Yo,pix
with & piz, Z1piz and Ty, three arbitrarily measured points on the plane which form
linear independent vectors. ,, is the searched pixel position, which can be expressed by
a dedicated combination of the two scalars a and b. The second equation of plane is in 3D

with the corresponding measured xyz positions to the three chosen pixel points with the
same scalar values a and b for the corresponding xyz position to Z;;

x X 1 — Xg X9 — X
yl=1w]|+ae- lyi—wvw | +b-|yv2—v |- (A.Q)
z 20 Z1 — %o 29 — 20

To minimize the uncertainties, the measured xyz positions are corrected along the plane
normal to be in the fitted plane. The mean distance to the plane is 0.07 mm and the max-
imum distance is 0.3 mm within 70 measured points. Additionally the vectors T ., T1 2y-
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Figure A.4.: a) Measurement of the reference position and direction vectors with the setup
fixed on a table. b) Measurement of grid points on the screen with simultan-
eously taken pictures to get the corresponding pixel position.

and T . are expressed by the reference zero position of the arm added by a characteristic
combination of the measured reference direction vectors.

7= fO,ref +r- fw,'ref + 5 j“y,ref +t- fz,ref (AS)

By solving the equations (A.1) for a and b and calculation of equation (A.2) with these scal-
ars it is possible to calculate the xyz position for every pixel position. With equation (A.3)
the vectors can be transformed from the lab system to any arbitrary coordinate system.
Since the ratio between the distance of the camera to the screen and the diameter of the
screen is small, a fish-eye camera was used. For a correct use the fish-eye and other distor-
tions have to be corrected. This correction was achieved by a 5th-order 2D-interpolation of
the distorted grid lines to a corresponding rectangular grid. An example of the correction
can be seen in A.5.

In a last step the transformation of the Nikon 3D-joint-measurement-arm coordinate sys-
tem to the ASDEX Upgrade coordinate was made. For this, multiple known points in the
torus were measured with a corresponding probe head simultaneously measuring the cor-
responding vectors of the probe head holder. These vectors of the probe head holder at
used to localise the new probe head. The measured points were used to express the transfer
function using the Kabsch algorithm [154, 155]. This transfer function is used to translate
the probe head vectors into the ASDEX Upgrade coordinate system.
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Figure A.5.: Distortion correction with a 2D-interpolation by an 5th-order spline fit. a) The
uncorrected camera picture of the illuminated screen and b) same image after
the correction.
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A.3. Bad Lines of Sight of the MSE System

Figure A.6.: Red componend of example measurements of 6 mostly bad and therfore not
used MSE lines of sight. ¢) is a useful example with a circular spot. d) has a
much lower intensity and is therefore not useful, maybe due to a broken fiber.
a), b), e) and f) have the problem that the light beam is partially masked by
the mirror box.
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A.4. Improvement Potentials for the Next LOS Prototype

During the first measurements of the MSE lines of sight several potential improvements and
small issues appeared. A possible way do strongly decrease the time necessary to measure
all 48 lines of sight is a rearrangement of the order of measuring the lines of sight. Instead
of measuring several distances to the mirror for one line of sight and afterwards going to
the next line of sight, at similar distances all lines of sight are measured and then at a new
distance to the mirror. A first test leads to promising results, but further tests are necessary.
An improvement to the accuracy of the measurement could be a redesign of the base plate
of the setup. In the prototype it is an aluminium matrix, to reduce the weight of the probe
head. Unfortunately the braces are too thin and therefore not stiff enough leading to a small
deviation, ending up in possible systematic uncertainties. To overcome this deformation,
the next setup will be made as a pyramid of aluminum for mechanical stabilization and
protection from stray light onto the camera, which is realized in the prototype by a 3D-
printed box.

Another issue is the latency of the camera. At the moment the camera is connected to a
Raspberry Pi 3 Model B [156] and triggered and read out via a network connection from
the laptop connected to the Nikon 3D-joint-measurement-arm. This lead to a delay of
several 100 ms from the sending of the trigger to the moment taking the picture with an
exposure time of ~ 30ms. In the next iteration of the setup a new camera should be used
with a higher sensitivity, to decrease the exposure time and connected via USB direct to
the laptop avoiding the detour through the Raspberry Pi. The direct connection should
reduce the time between the sending of the trigger and the triggering of the camera. The
uncertainty due to small movements during the triggering of the setup within this time,
should be decreased. Also the delay between two measurements, which is at the moment
in the order of 10 seconds, should be reduced by replacing the Raspberry by with a direct
USB-connection to the camera.
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Figure A.7.: Measurement of polarization changes of an in-vessel lamp during the evacuation

of ASDEX Upgrade.

A.5. Further Effects

A.5.1. Vacuum Effect

All calibration measurements are made in the vented torus. To investigate the influence of
the vacuum on the polarization measurement, for example due to stress-induced birefrin-
gence, measurements were taken during the evacuation of ASDEX Upgrade. In figure A.7
the measured and non-linearly-corrected angle of a polarized in-vessel lamp versus the torus
pressure can be seen.

In ASDEX Upgrade three in-vessel lamps are installed to test the diagnostic without plasma
or investigate longterm stability. These lamps were upgraded during the maintenance open-
ing of ASDEX Upgrade before the 2017 campaign. Until this maintenance break the po-
larization in the lamp was produced by reflection of fiber guided light on a metallic surface
leading to a constant, but unknown polarization. The new design contains a polarizer that
guarantees a constant polarization and allows to set a desired polarization during a main-
tenance break. The polarization was set to be in the range of the measured polarization of
the plasma light.

One of these lamps was measured during the evacuation of the torus in preparation for the
2017 campaign. The change of —0.02° during the change from the vented (~ 1000 mbar) to
the mostly evacuated vessel (~1mbar) is one order of magnitude smaller than the uncer-
tainty of the measurement. Therefore the vacuum effect is negligible.

A.5.2. Long-term Stability

The stability of the MSE system was tested during the 2015/2016 campaign by measuring
the light of the in-vessel lamp with similar boundary conditions. To avoid density and mag-
netic field effects the daily probe tests without plasma were used. These technical shots are
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Figure A.8.: Averaged measurements of the polarized in-vessel light source in field and
plasma-free probe tests, made every shot day for the 2015/2016 experimental
campaign. In blue the probe tests from 2015 and in red the measurements
in 2016. The green points are measurements of the same light source in the
vented, field-free torus.

done in the beginning of each shot day, to perform a function test of a main part of the
security related diagnostics and to test the toroidal field coils. Within 40 seconds multiple
test are made. Amongst other things the toroidal field is ramped up to 1T and back. The
measurements shown here were taken in a field-free phase before the magnetic field ramp.
In figure A.8 this scan over the full 2015/2016 campaign can be seen. Obviously there is a
systematic drift, which is not linear, with a maximum angle change in the order of one de-
gree. A possible explanation could be a coating of either the light source, for example during
a boronization, or the first window during the plasma discharges. During the boronization
process, the protection window is covered by a pneumatic shutter. A correlation test with
temperature fluctuations in the torus hall due to different seasons was inconclusive. Another
sign for coatings can be the drop of the angle after venting the torus. Here a possible thin
coating can react with oxygen.

To tackle this problem, the three in-vessel lamps were upgraded with adjustable polarizer,
described in section A.5.1. After the 2017 campaign they should additionally be equipped
with different magnetic-field-sensitive shutters. The new polariser should guarantee con-
stant polarization. If the drifts remains, the shutter should help to investigate the coating
hypothesis of the lamps. While one lamp gets no shutter, the other two lamps get a shutter
which is closed either with or without toroidal magnetic field. This guarantees that the two
different cases are covered, either a drift caused by a coating during the boronization or a
drift during coating or erosion caused by interaction with the plasma. The lamp without
shutter can be used as reference. In the unlikely case of a shutter independent drift of all
lamps, the reason must be placed on the diagnostic side.
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Figure A.9.: Beam power density along three different lines of sight of the MSE. In red
calculated without beam attenuation and in black with beam attenuation for
discharge #33134 at 4.0 s. The blue dashed lines are the calculations with
beam attenuation scaled to the calculations without attenuation. The almost
perfect agreement allows the neglecting of the beam attenuation.

A.5.3. Non Infinitesimal Beam Diameter

As written in section 3.2.1 and also visible in figure 4.3, the neutral beam 3 is a macroscopic
object with a diameter on the order of several tenth of centimeters. To investigate the effect
of the intersection of the lines of sight and the beam, the neutral beam power density along
the lines of sight of the MSE is calculated, neglecting the beam attenuation along the beam
axis. This is valid as the projection of the intersection to the beam axis is small, the result
of the corresponding calculation can be seen in figure A.9. In a further step the expected
MSE angles along the line of sight from an equilibrium of discharge #33134 are calculated.
In figure A.10 the result for one line of sight can be seen. In figure A.10 a) in 2D the
calculated time evolution of the MSE angle can be seen weighted with a color coded beam
power density. Figure A.10 b) shows the power density of the neutral beam 3 along the line
of sight versus the radial variable R and c) versus vertical variable z. The changes in R for
this line of sight is smaller than 4 cm during the intersection with the beam at reasonable
beam power densities. The change in z is in this case with 12cm larger, but close to the
mid-plane vertically the magnetic field vector is almost constant see reference [19]. Therefore
the calculated angle spread is mainly from the change in R.

The MSE angle changes in a range of 0.5° for non-negligible beam power densities, for
example higher than 10% of the maximum. For all lines of sight, the angle spread time
averaged over the discharge versus the radial column can be seen in figure A.11 a). The
minimum of 0.23° around column 6 can be explained by a minimum change in R during the
beam intersection of these lines of sight.

The measured polarization is a superposition of all polarizations of the emitted light during
the intersection with the beam. Due to the fact that the number of photons emitted from
the beam corresponds with the power density, the expected angle is calculated as an average
of the calculated angles in the Stokes vector weighted by the power density. The difference
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Figure A.10.: Expected MSE angle spread due to the non-infinitesimal beam diameter. a)
The 2D calculation of the change of the MSE angles versus time from an
equilibrium color coded weighted by the beam power density. b) Along the
line of sight the beam power density versus R and in ¢) versus z.

to the calculated angles at the peak position can be seen in A.11 b). Towards the plasma
center the deviation is increasing in this case, but the maximum deviation of 0.06° is well
below the uncertainty of the measurement in the order of 0.2°. For an accurate comparison
between measured and synthetic data from an equilibrium this has to be taken into account.
Also in the equilibrium reconstruction constrained by the MSE this could have an effect.
Nevertheless as long as the uncertainty of the measurement is much larger than this effect
it can be neglected as higher order correction.

A.6. Polychromator

The polychromator is foreseen as replacement and upgrade for the photomultiplier based
detector units. The polychromator system enables a parallel measurement of the 7- and
o-component on a single line of sight. Furthermore the degree of polarization of the
background radiation is measured, at wavelengths above and below the signal region.
Assuming uniform polarization of the broadband background radiation and only linear
wavelength dependence, the contribution of the polarized background in the signal region
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Figure A.11.: a) Time averaged the angle spread for reasonable beam power densities for all
MSE lines of sight versus their radial column. b) The difference between the
weighted mean in the Stokes components and the angle at the peak position.

can be interpolated and subtracted. The background is expected to be polarized due to
polarizing reflection of light into a line of sight, for example from the divertor, on the
metallic first wall. Such a polarized background was measured in the full metal first wall
Tokamak Alcator C-MOD [96,97], and there is also indication in ASDEX Upgrade for such
background polarization [19].

The polychromator design used at ASDEX Upgrade is adapted from the one used at
Alcator C-MOD. It was designed and constructed in cooperation with the MSE group of
the MIT, developing, constructing and responsible for the MSE system of Alcator C-MOD.
The optical design of the ASDEX Upgrade system is shown in the CAD drawing in figure
A12.

The light from four fibers, corresponding to four different lines of sight, is coupled into
the polychromator. After a parallelizing collimating lens the light is reflected by an angled
spherical mirror to the first detector unit next to the fiber input port. The first surface
of the detector unit is a narrow band filter, transmitting only light in a 0.4nm wide
wavelength region and reflecting the remaining light. The path of light has an angle of
incidence of ~ 4° to the normal of the surface. The reflected light is mirrored on a second
spherical mirror on the backside of the polychromator next to the first mirror towards the
second detector unit. This back and forth reflection of light from a band pass filter and the
mirrors to the next detector unit repeats three times. Four detector units get illuminated,
cutting out a narrow part of the spectrum and reflecting the remaining light to the next
detector unit.
The narrow band pass filter for the 7- and o-component are tunable in a narrow wavelength
region by a feedback controlled temperature. Behind the filter an imaging lens focuses the
light on the detector. In contrast to the MIT design, the image-preserving property of the
optical system is used, to project the light of the single fibers on different quadrants of a
2x2 avalanche photodiode (APD) detector. This raytraced image on the different zones of
the detector is shown in figure A.13 a).

The focusing lens can be seen in green on the left and the rays from the single fibers shown
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Figure A.12.: The mechanical and optical design of the ASDEX Upgrade polychromator. In
the lower right corner is the fiber input, for four fibers. The light is relayed
to and reflected on spherical mirrors mounted in the backplate, shown on the
left side in b). The light is redirected to the detector units next to the input
port. At the narrow band filter most of the light is reflected towards the next
mirror and detector unit. The transmitted light in a dedicated wavelength
region is focused after the filter onto the 2x2 APD detectors.

Figure A.13.: After the imaging lens behind the filter, the light of the different fibers is fo-
cused on separate detector quadrants. In a) the result from the raytracer for
two different ports is shown. In b) a camera intensity measurement superim-
posed with a scaled drawing of the 2x2 APD detector can be seen.
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in different colors are separated in the plane of the detector, indicated by the brownish
squares. Figure A.13 b) shows a false color measurement from a camera mounted instead of
the detector. This measurement is overlaid with a scaled drawing of the 2x2 APD detector.
It shows good separation of the spots corresponding to the four fibers, with an expected
crosstalk level in the single percent range. Furthermore the distance between the single
spots is as expected from raytracing and fits on the different quadrants of the APD.

This enables the measurement of the light of individual lines of sight, so four lines of
sight could be measured with each polychromator. This is possible at ASDEX Upgrade in
contrast to Alcator C-Mod, where nine fibers are measured together on one APD. Because
at ASDEX Upgrade a heating beam with 2.5 MW heating power is used for the MSE
instead of a low power diagnostic beam. This leads to a higher number of emitted photons
and in combination with the high sensitivity of the APD detectors the system is able to
resolve the light of a single line of sight.

The possible combination of lines of sight simultaneously measurable in one polychromator
is restricted by the transmitted wavelength through the tunable narrow bandpass filter.
The angle of incidence of the light beam to the normal of the filter surface has a dominant
influence on the transmitted wavelength. This transmitted wavelength could further be
slightly adjusted by the temperature. The APDs are split in quadrants and the detectors
and the input fiber holder are mounted in a way that the quadrants lying on top of
each other are illuminated by light passing through the filter with the same angle of
incidence. This two different angles of incidence at the filter are a consequence from the
image-sustainability of the system. As the spherical mirrors reflecting light from some
fibers on the left and of the other fibers on the right side, leading to a different reflection
angle for the two groups. The angles of incidence to the normal of the filter surface of the
two groups of lines of sight are ~ 2.3° and ~ 4.5°. The wavelength shift from the angle
change at the same temperature between the two different vertical groups enables the
measurement on two radial positions. As the wavelength of the spectral lines are constant
in wavelength along the vertical direction of the lines of sight, two lines of sight lying on
top of each other are used at each of the two radial positions.

In figure A.14 measured emission spectra for one polychromator overlaid with the temper-
ature optimized transmission curves of the four filters are shown.

In a) the transmission curves for the one fiber of the right vertical group is shown and
in b) for both fibers of the left group. The background filters in green and orange are not
tunable and have a wider transmission range. On the one hand the two fixed wavelength
regions are chosen to be outside the Balmer o peak and its components and are also chosen
to be in a region without interfering impurity lines. On the other hand the intensity of the
polarized background emission is expected to be small with respect to the 7- or o-emission.
Therefore to collect enough light from these wavelength regions the covered wavelength
range of the filters is chosen to be wider.

The sequence of the filters in the different detector units is given by the different paths of
light of the individual fibers. These paths could be approximated from figure A.12 and the
alternating illumination of a quadrant from a single fiber in figure A.13 a). For example
the light from the fiber indicated by the dark blue lines came from the lower right fiber
of the fiber holder. After the reflection on the spherical mirror the lower right quadrant
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Figure A.14.: Measured filter transmission curves of one polychromator overlaid with meas-
ured spectra. In a) for one of the right fibers of the input fiber holder and in b)
for the two left fibers. The second fiber is shown in magenta. The filter tem-
peratures are optimized to measure on the columns 4 and 7.The spectra are
measurements with the MSS spectrometer in discharge #34406 in the bottom
row of the chosen columns.

of the first detector unit is illuminated. In the second detector unit this fiber illuminates
the upper left quadrant and again the lower right in the detector unit three. In the last
detector unit, like in the second one, the upper right quadrant is illuminated by the fiber
shown in dark blue. As the behaviour is similar for the other fibers, the pattern is the same
at every second detector unit and in between the diagonal quadrants are illuminated.

To the minimize the losses due to non-perfect reflectivity of the filters and mirrors in the
signal region the first filter is chosen and tuned to the 7w component. Furthermore the 7
component is chosen first to suppress 7 emission in the later following ¢ measurement,
because it is cut out. In the second detector unit the fibers are swapped, this leads to a
change of the angles of incidence of the individual fibers. As the wavelength shift from
the different angles of incidence is constant and also the temperature is only adjustable
for the whole filter, it is not possible to measure the o component in this detector unit.
The wavelength shift could also be seen in the chosen background filters, shown in the
different wavelength distance to the signal region in figure A.14. But due to the fact
that the background is broadband the distance to the signal region does not hamper the
measurement and ability to correct for the polarization of the background in the post
processing. In the third detector unit the illuminated quadrants are the same as in the first
detector unit. Therefore the ¢ component is measured corresponding to the 7 component
from the first detector unit. In the fourth and last detector unit the second background
filter is used.

Unfortunately during the first measurements an unintended not yet completely understood
crosstalk between the different APD quadrands appears when illuminating with only one
fiber. Therefore the first measurements to demonstrate the working principle are done with
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Figure A.15.: MSE angles measured with the conventional photo multiplier based MSE sys-
tem are shown in a). In b) the central and edge line integrated density meas-
ured with the DCN interferometer is shown. The density increase in the
plasma correlates with an increase of the divertor density. This increase leads
to a strong deviation of the 7 channels from the 90° upshifted o channels. The
blue and red channels measuring on the same column with the same radial po-
sition and the grey channels are also 0 measurements without a corresponding
T measurement.

only a single fiber connected to a line of sight looking to the plasma.

A discharge to test the polychromator was designed based on the polarized background
results of reference [19]. The pressure in the divertor was slightly ramped up, leading to an
increase of the radiation in the lower plasma region. This light is expected to be reflected
on the inner wall of ASDEX Upgrade into the lines of sight of the MSE and during the
reflection on a metallic surface the light gets polarized. In figure A.15 the measured angles
with the classical MSE system and the line integrated density are shown.

The measured angle of the six o channels are 90° upshifted to theoretically match the
corresponding 7 channels. The blue and red channels correspond to each other measuring
next to each other in the same column at the same radial and slightly different vertical
positions. It can be seen that the deviation of these channels strongly increases with in-
creasing divertor density. The measured 7 angles decrease down to a nonphysical deviation
of —15°, while the measured o angles increase slightly at the same time. They also intersect
each other which is physically very unlikely as this requires the integrated current between
the two radial positions to be negative. Furthermore the central channels, shown with the
higher angles, are more affected. This is due to the fact that the beam attenuation centrally
decreases the intensity of the o and 7 peak, therefore these channels are more affected by a
polarized background with a constant intensity. Also the 7 channels are more affected with
respect to the corresponding o channels, as the measured intensity of the 7 peak is only half
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the intensity of the o peak. This is shown in the normalized black spectra in figure A.14.
For the polychromator the correction of this background based on the following relation in
the Stokes vector

5:tot - gﬂ/U + gbg (A4>
gﬂ/a = 5{50t - 5”bg- (A5>

With gtot the measured Stokes vector in the signal region, §bg the Stokes vector of the

background in the signal region and S, /o the Stokes vector of the plasma 7 or o component.
As reminder from section 4.1 in equation (4.1) the Stokes vector is defined as

So 1

= |Si| P COS 279y, €OS 2

5= So | ! psin 27y, cos 2y (A.6)
Ss psin 2y

With the assumption that x, the degree of ellipticity, is equal in all three Stokes vectors,
the corrected MSE angle can be calculated from the ratio of Sy and S5 to

1 TiotDiot SIN(2Ym tor) — (1 in (27,
Ym.r = = arctan (( sotProt S (2Ym tot) — (IbgPbg SIN(2Vm,bg) )
(TtotProt €OS(2Ym,tot) — (IbgPbg COS(2Vin,bg)

; (A7)

The angles in the different regions can be calculated similarly as written in section 4.1
in equation (4.3). The calculation of the intensities, negligible in the angle calculation of
only a single Stokes vector, is a bit more complicated. The intensities measured in the
different regions need to be normalized as the filters have a slightly different width and also
the transmission differs. Furthermore the adjustment of the detectors and also the non
perfect reflectivity of the mirrors and the filters outside the transmission region could have
an impact. To bypass the determination of all these factors, the intensity of a polarized
light source with a known relative intensity along the wavelength is measured. The
in-vessel calibration lamp is used for a measurement of the intensities and in a second step
the wavelength dependent intensity is measured with a relative calibrated spectrometer.
The normalized lamp intensity together with the filter positions, including the intensity
calibration factors can be seen in figure A.16.

For the polychromator the lamp needs to be measured as calibration and as only the
relative intensities are necessary the measured intensities of this measurement must be nor-
malized to this factors. The needed calibration factors could be used afterwards as intensity
calibration for the polychromator. In a last step the measured background intensity needs
to be interpolated to the signal region. Assuming only a linear wavelength dependence
of the broad band polarized background, the two measurements of the background are
averaged weighted by the wavelength distance to the signal region.

In figure A.17 the corresponding measurement of the first polychromator to the discharge
shown before in figure A.15 can be seen.

In figure A.17 a) the measured angles of all four channels modulus 90° are shown. In the
beginning up to 0.5s, marked in magenta, the in-vessel lamp is switched on for the in-situ

182



A.6. Polychromator

Intensity [a.u.]

0.0

650 655 660 665
Wavelength [nm]

Figure A.16.: The relative intensity of the in-vessel lamp measured with a relative calibrated
spectrometer can be seen. Furthermore the filter curves for one polychromator
normalized to their intensity factors are shown.
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Figure A.17.: Corresponding measurement with the first polychromator to figure A.15. In
a) the measured angles modulus 90° of the four channels can be seen, in b)
zoomed to the 7 and o measurement. In ¢) the time evolution of the calibrated
intensities of the four channels are shown. The intensities of the background
filters are up scaled by a factor of 10, as they are only in the order of 1% of
the intensity of the m component.
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Figure A.18.: In red and blue the measured angles modulus 90° are shown. The correspond-
ing corrected angles in cyan and magenta almost match the measurement.
The reason is the intensity of the background only in the order of 1% with
respect to the intensity in the signal region.

intensity calibration without the plasma. From 0.5s to 1.2s, marked in red, the lamp and
the NBI beam 3 is off, therefore no polarized light could be measured. Beginning at 1.2
the NBI beam 3 is switched on and the divertor density is increased to produce polarized
background. At 7.5s the discharge ends with switching of the NBI beam 3. Unfortunately
in the zoomed section to the 7 and ¢ measurement in figure A.17 b) it can not be seen that
the measurement is affected by any polarized background. The intensities shown in A.17 ¢)
measured in the background channels are in the order of 1% of the intensities measured in
the m and o region and also do not increase during the discharge. This is also in agreement
with a constant distance of 1° between the measured upshifted o and 7 angle.

The comparison of the measured angles with the background corrected ones can be seen in
figure A.18. It can be seen that there is almost no difference between the uncorrected and
the corrected measurement. The maximum difference is with 0.3° in the same order as the
statistical fluctuation of the measurement. Furthermore the difference between the m and o
component stays constant at 89°, also in the high divertor density phase, with the expected
high polarized background. The reason for this behaviour in this special line of sight can
be seen in figure A.19. In this CAD drawing the intersection of two MSE lines of sight
with the inner wall of ASDEX Upgrade can be seen. In the measurement discussed above
the green line of sight is used, but this line of sight ends in the A-port hosting the ECRH
mirrors. The angle of incidence to this stainless steel surface strongly hampers reflection of
light from the divertor into the line of sight. Because this light needs multiple reflections on
multiple surfaces for the possible reflection for the divertor into the line of sight. Therefore
it is not expected that an appreciable amount of light from the divertor is reflected into
this line of sight. This leads to the measured absence of polarized background uncorrelated
with light intensity in the divertor.

The second line of sight in figure A.19, marked in blue, is used to test the working principle
of the polychromator. This line of sight ends on the in-vessel lamp, which is able to produce
polarized light. In a further discharge the lamp is used to produce light with a known
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Figure A.19.: CAD drawing of ASDEX Upgrade with the intersection of two lines of sight
of the MSE system with the inner wall. The polychromator used the green
line of sight in discharge #34656 and the blue one in discharge #34669. The
green line of sight ends in the ECRH A-port, which hampers light from the
divertor to get reflected into it. The blue line of sight ends on the in-vessel
lamp, producing polarized light.

polarization and intensity during the discharge, interfering with the plasma emission. In
figure A.20 the polychromator measurement in this discharge can be seen.

In figure A.20 a) the measured angles in the different channels can be seen. The discharge
starts again with a phase with only the lamp switched on and no plasma for the intensity
calibration, the phases with only the lamp switched on are marked in magenta. Most
interesting is the transition to the phase is marked in green. From 5.1s on, during the
plasma discharge, the lamp is switched on, producing synthetic and known polarized
background. In this phase the angles reconstructed for the measurement in the background
channels change from erratic fluctuations to the constant polarization angle of the lamp. In
figure A.20 b) also a small angle change in the ¢ channel can be seen. For the 7w channel,
the angle reconstruction is almost not able to reconstruct an angle any longer. This could
be explained by the strong drop of the intensity of the m component shown in figure A.20
c¢). While in the o and background channels the intensity strongly increases the intensity of
the m channel drops almost to zero. In this special case the polarization angle of the lamp
is almost similar to the angle from the plasma of the o component and 90° to the 7 angle.
Also the intensity of the polarized light from the lamp, measured with the background
filter and interpolated to the 7w component is almost the same as the intensity of the
component of the plasma. The loss of measurable polarization could be explained looking
at equation (A.4) and the definition of the Stokes vector in equation (A.6). The factor
2%, in the sin and cos component of Sy and S5 in combination with the same intensity for
the S; and gbg Stokes vectors, leads to a superposition of Sy with —S5 and S3 with —Sj3.
Therefore in Sﬁ'toty,, the components S, and S3 are zero. As these components cover the
linear polarization, in the measured Stokes vector §tot,ﬂ no linear polarization can be found.
In figure A.21 the corrected angles and the spectrograms of the single channels are shown.
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Figure A.20.: Polychromator measurement in a discharge, where the in-vessel lamp is used
to produce synthetic background with a known polarization and intensity. In
magenta the phases with only the lamp are shown and in green the phase
were the lamp is superimposed with the plasma emission. In the red phase
neither the lamp nor the NBI beam 3 is on. In a) and b) the measured angles
modulus 90° are shown and in ¢) the intensity of the polarized light in the
different channels.

Figure A.21 a) shows the correction of the ¢ channel. Unfortunately in this case the drop
in the uncorrected angle from the superposition with the synthetic background is small,
as the angle of the background is almost the same as the angle of the ¢ component from
the plasma. But a small change could be seen in the green phase, with the combination
of the plasma emission and the lamp, and this small change could be corrected using
the background. More interesting is the 7 component in figure A.21 b). In this case the
uncorrected measurement leads only to erratic fluctuation, but the correction recovers it
almost to the value of the phase before, as expected.

The suppression of polarized light in the 7 channel by switching on the light can also be seen
in figure A.21 c), where in the spectrogram from 5.1s on the 40 kHz and 46 kHz component
is not longer noticeable. In contrast in the spectrograms of the two background components
in figure A.21 d) and f) the 40kHz and 46 kHz components are only visible in phases with
the lamp switched on. Finally in the phases after the discharge with only the lamp, marked
in magenta, the corrected angles again starts to be erratic, as the only measured light in this
phase is the synthetic background generated by the lamp and is subtracted by the correction.

In conclusion it is shown that the polychromator of ASDEX Upgrade works properly.
On only a single line of sight the m component, the ¢ component and also in two regions the
background could be measured. The m and ¢ component have a reasonable resolution at a
good time resolution although only if one line of sight is used. This is an improvement in
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Figure A.21.: Correction of the polychromator measurement interfered by synthetic back-
ground from the in-vessel lamp. In a) and b) the comparison of the corrected
angles for the o and 7 component are shown. In c)-f) the spectrograms of
the measured signals in the different components can be seen. In the spectro-
gram the 40kHz and 46 kHz component correspond to the two polarization
components. The loss of polarization of the 7 component can be seen in c)
by the gap in the 40 kHz and 46 kHz band.

the accuracy of the radial and vertical position, as the classical photo multiplier based MSE
system needs two lines of sight, lying vertically next to each other, to reach a good angle
resolution. It could also be shown that the correction for polarized background in the 7
and o component works well. Unfortunately this could only be shown for a discharge with
a strong synthetic background from an in-vessel lamp. Because in the dedicated discharge,
where the classical MSE seems to be affected by polarized background from the plasma, a
line of sight was chosen for the polychromator, which is not affected by the background.
For the future the discharge with the polarized background should be repeated, but with
the polychromator on a different line of sight, were the classical MSE saw an influence from
the background. Also the cross talk of the 2x2 APD detectors needs to be understood
and suppressed, this enables the simultaneous measurement of four lines of sight with one
polychromator. Furthermore a more dedicated comparison with the classical MSE needs to
be done in terms of fluctuations and the usefulness for the equilibrium reconstruction. In
addition the deviation of the angular distance between the m and ¢ component from 90°,
seen in discharge #34656 on a single line of sight, not explainable by polarized background,
needs to be investigated further.
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Inputs

B.1. Beam Geometry

NBI Source | horizontal tilt | vertical tilt | nominal vertical tilt
Q5 -0.10° +0.05° +0.00°
Q6 On-Axis -0.20° -0.40° -0.50°
Q6 Reference -0.20° +0.10° +0.00°
Q6 Off-Axis -0.20° +0.40° +0.30°
Q7 On-Axis -0.10° -0.25° -0.50°
Q7 Reference -0.10° +0.20° -+0.00°
Q7 Off-Axis -0.10° +0.75° +0.50°
Q8 -0.10° +0.10° +0.00°

Table B.1.: Horizontal and vertical correction angles for the NBI sources of box 2 to optically

match the infrared measurements, with an accuracy in the order of +0.05°.
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Figure B.1.: Geometry of all beamlets of a NBI Source of Box 1. Compare figure 6.9.
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Figure B.2.: Power density profiles at four different positions along the beam axis of a beam
of Box 1. Compare figure 6.10.
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Figure B.3.: NBI Beam 5. The correction is a rotation of the source of -0.10° in horizontal
and +0.05° in vertical direction. Compare figure 6.11.
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#34365

Figure B.4.: On-Axis case NBI Beam 6. The correction is a rotation of the source of -0.20°
in horizontal and -0.40° in vertical direction. Compare figure 6.11.

#34363

Figure B.5.: Reference position of NBI Beam 6. The correction is a rotation of the source
of -0.20° in horizontal and +0.10° in vertical direction. Compare figure 6.11.

#34364

Figure B.6.: Off-Axis case NBI Beam 6. The correction is a rotation of the source of -0.20°
in horizontal and +0.40° in vertical direction. Compare figure 6.11.
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Figure B.7.: On-Axis case NBI Beam 7. The correction is a rotation of the source of -0.10°
in horizontal and -0.25° in vertical direction. Compare figure 6.11.

#34332

Figure B.8.: Reference position of NBI Beam 7. The correction is a rotation of the source
of -0.10° in horizontal and 40.20° in vertical direction. Compare figure 6.11.

#34333

Figure B.9.: Off-Axis case NBI Beam 7. The correction is a rotation of the source of -0.10°
in horizontal and +0.75° in vertical direction. Compare figure 6.11.
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Figure B.10.: NBI Beam 8. The correction is a rotation of the source of -0.10 ° in horizontal
and +0.10° in vertical direction. Compare figure 6.11.

B.1.1. Power Deposition

For a quantitative description of the neutral beam driven current and the fast ion distribu-
tion the beam power deposited in the plasma is necessary. In continuation of the correction
of the injection geometry of the NBI beams in section 6.3.1 the power of each single NBI
beam to the plasma is reviewed. A measurement of the power of the single beams can
be performed in the beam box with the calorimeter. This calorimeter can be seen in a
non-measurement position in figure 3.2 b) downstream after the magnet. This calorimeter
can be used to dump the beam during conditioning pulses and the deposited power can be
calculated from the measured temperature differences of the in- and out-flowing cooling
water through the calorimeter panels. With the measured cooling water volume flow
through the calorimeter the power can be calculated. This allows a measurement of the
beam power close to the exit of the beam box. Unfortunately no direct measurement of
the beam power and profile in the torus is possible. Therefore the beam losses on the path
from the calorimeter position to the plasma had to be calculated.

These calculations are performed in collaboration with N. den Harder. The assumed main
losses are due to geometrical deposition of power on the wall and other components like
the beam exit scraper. In figure 6.10 the power density for all four beams of box 2 along
the box axis from the box towards the torus can be seen, the corresponding figure for beam
box 1 can be seen in figure B.12. On the basis of a CAD-model of the beam box, ASDEX
Upgrade and the connecting duct the deposited power to the different components is
calculated along the beam. In figure B.11 the power deposition on the different components
can be seen. Figure B.11 a) shows the power densities on a reasonable scaling for the
deposition on the inner wall of the torus. This leads to the conclusion that the dominant
part of the power is deposited inside the torus as expected. However, figure B.11 b) use a
different scaling for the power deposition and this scaling shows that a non-negligible part
of the power is deposited on components along the path of the beam.

A ratio of the non-scraped power of the beam to the power at the calorimeter along
the beam axis as function of the major radius of ASDEX Upgrade can be seen in figure

194



B.1. Beam Geometry

Power density
(MW/m2)

(MW/m:

20.0

15.0

Figure B.11.: Calculated power deposition of the NBI beams of box 2. a) Use of a scaling
for the deposition on the inner wall of ASDEX Upgrade, showing a reasonable
transmission. b) Different scaling for the power density showing non-negligable
power deposition on the beam exit scraper and in the duct.
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Figure B.12.: Calculated power deposition of the NBI beams of box 1. a) Use of a scaling for
the not shown deposition on the inner wall of ASDEX Upgrade. b) Different
scaling for the power density showing non-negligable power deposition on the
beam exit scraper and in the duct.
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Figure B.13.: Transmission of the beam power from the calorimeter towards the plasma in
a) for the beams of beam box 1 and in b) for the beams of beam box 2.

B.13. This represents the transmission through the duct connecting the NBI box with
the torus. Figure B.13 a) shows the transmission for the beams of box 1 and b) of box
2. The calculations depends strongly on the divergence and focal length assumed for the
beams. For these calculations the values measured in the master thesis of F. Mink [117]
and verified with new measurements by N. den Harder are used. Up to now for all beams
of both boxes a transmission of 85% were assumed based on calculations from the design
phase around 1990. The change of the geometry of the duct for beam box 2 in 2000 was
not taken into account and there are also differences in the transmission due to the steering
ability of beam 6 and 7. In contrast to the old calculations the transmission of the duct
towards the plasma, shown in table B.2, is slightly higher and differs also for the different
sources. Furthermore in beam box 2 a new beam exit scraper was installed before the 2017
campaign, to protect duct components like the gate valve from too high power densities
seen in the past.

A further influence on the transmission of the beam through the duct could come from
background gas in the duct, leading to reionization. This would decrease the transmission
as ions are deflected by the magnetic field from the torus and could not heat the plasma.
Unfortunately there is no valid model for the pressure in the duct, but first rough estim-
ations lead to a decrease of the transmission in the range of 1-2%. A further uncertainty
could come from late neutralization of ions in the bending magnet. These small angle
deflected neutrals could have trajectories ending in the calorimeter, but would not enter
the plasma. These particle would lead to an overestimation of the power to the calorimeter.
To calculate the fraction of small angle deflected neutrals the full magnetic field in the
magnet and the neutralizer is need and a valid gas model in both. This is not done yet,
but both uncertainties are under further investigation.

To measure the difference between the different NBI sources a discharge was designed that
switches through all NBI sources individually at constant density. In addition, at the end of
each single beam phase, NBI beam 3 is switched on for 70 ms to obtain measurements with
the FIDA diagnostic. To measure the influence on the plasma the diamagnetic flux loop
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NBI Source | Geometrical Transmission | New new Scraper
Q1 98.0% -
Q2 92.0% -
Q3 92.0% -
Q4 98.0% -
Q5 96.5% 95.5%
Q6 On-Axis 92.0% 92.0%
Q6 Reference 92.0% 92.0%
Q6 Off-Axis 91.5% 91.5%
Q7 On-Axis 93.5% 93.5%
Q7 Reference 93.0% 93.0%
Q7 Off-Axis 90.0% 90.0%
Q8 97.0% 95.5%

Table B.2.: The resulting geometrical transmission from figure B.13 at the end of the duct.
Also the calculations for the new beam exit scraper installed in beam box 2
before the campaign 2017.

measurement (see section 3.3.1) is used. The measurements are compared with TRANSP
simulations assuming different transmissions for all beams. The result can be seen in
figure B.14. The calculation of the diamagnetic flux in TRANSP mainly based on the
pressure profile. As only a single source is active the pressure profile is dominated by the
thermal pressure, calculated from the input kinetic profiles. Unfortunately in this case the
kinetic profiles seems to be underestimated. Therefore the comparison with TRANSP is
not sensitive to minor changes in the beam power. Additionally in this case the change of
the diamagnetic flux by switching on the beams seem to be strongly underestimated, for
example due to the inaccurate kinetic profiles, as a nonphysically high beam transmission
of 200% has to be assumed to match the data. However, a systematic uncertainty in
the measurement can not be excluded. In anticipation to section 6.3.2 figure 6.21 the
uncertainty of the TRANSP predicted diamagnetic flux due to the uncertainties of the
kinetic inputs, this comparison is therefore at the moment not accurate enough to measure
the small changes in the transmission.
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Figure B.14.: Diamagnetic Flux measurement in comparison with TRANSP.

B.2. Sensitivity Analysis
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Figure B.15.: Influence of the profile uncertainties on the synthetic FIDA diagnostic for an
on-axis and off-axis point in time. All different profiles are varied individually.
The dominant influence of the electron density can be seen in figure 6.18.
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Figure B.16.: Influence of the assumed uncertainties of the kinetic profiles on the diamag-
netic flux prediction. Dominated by the electron temperature uncertainty
leading to a deviation of up to 0.47mWb, this influence can be seen in figure
6.21. The measured diamagnetic flux is not shown.
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Figure B.17.: Sensitivity of the TRANSP predicted loop voltage due to variations of the
kinetic profiles with respect to their uncertainties.
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Figure B.18.: Sensitivity off the single polarimetry channel on the variation of the kinetic
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profiles with respect to their uncertainty.

B.3. Effective Charge Calculation

Figure B.19.: Profiles of the effective charge in discharge #32148. The profile in a) is cal-
culated from the bremsstrahlung, but overestimate the effective charge. The
profile in b) is calculated from the impurity densities measured by the charge
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exchange recombination spectroscopy by equation (3.10).
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C. Appendix: Perturbation Induced Fast
lon Redistribution

C.1. FIDA Tomography: Fishbone Induced Fast lon
Redistribution

For the FIDA tomography lines of sight with a similar radial intersection with the beam of
each of the five different optical heads are used. The lines of sight of the FIDA diagnostic
are shown in figure 3.13. These lines, intersecting NBI beam 3 at similar radial position,
should have different viewing directions. This enables a coverage of the full phase space
with the combined weight functions of all the lines of sight, taking also different wavelength
regions into account. The weight functions for the five different lines of sights can be seen
in appendix C.3 in figure C.3.

With a combination of all the contained information the fast ion density in the phase space
can be calculated from the FIDA measurements. This is done for one point in time in the
on-axis phase, averaged over 8 frames. The resulting phase space resolved in pitch angle
and energy, at one central radial position can be seen in figure C.1 a).

Unfortunately the line of sight looking almost vertically from above onto beam, covering
the low pitch angle values (shown in magenta in figure 3.13 with the weight function from
figure C.3 d)), is disturbed irrecoverably by the ELMs intense radiation in the divertor.
Therefore the data of this line of sight are not usable, but without this line of sight the main
information on the trapped particle is lost. Therefore the comparison with the TRANSP
fast ion distribution functions is not as conclusive as expected.

The comparison of the three different TRANSP-predicted fast ion distributions in the
phase space in figure C.1 b),c) and d) indicates only minor differences. Most obvious are
the pronounced beam deposition peaks for the neoclassical prediction in C.1 b) from the
NBI beam 3 at 60,keV and from beam 5 and 8 at 90keV and 45keV. Furthermore all
beams deposit their half- or third energy component at 30 keV. As the beams have a slight
co-current tangential steering the fast ions are produced dominantly with positive pitch
angles and mainly as passing particles. In the simulations assuming anomalous fast ion
diffusion in figure C.1 c) and d) the peaks are blurred out.

Beyond the deposition peaks the fast ion densities are quite similar, especially for negative
pitch angles. The comparison with the tomographically reconstructed fast ion density
is less conclusive, due to the fact the information for low pitch angle values is missing.
Only the less pronounced deposition peaks in the tomography indicate a slightly better
agreement with the fast ion distributions that assume central anomalous fast ion diffusion.
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Figure C.1.: a) Fast ion distribution reconstructed from the FIDA tomography. In b),c)
and d) the TRANSP predicted fast ion distribution can be seen for different
simulations. In b) the neoclassical assumption, in ¢) the assumption of Dg =
0.3m?/s and in d) the assumption of Dg = 0.5m?/s for the profile shown in
figure 6.32.

This is in agreement with the FIDA results shown before. Due to the fact, that the shown
on-axis case is not conclusive, the off-axis case is not shown. Furthermore, as no anomalous
fast ion transport is assumed in the off-axis phases, the predicted fast ion distribution
should be the same and are so.

C.2. FIDA Tomography: Microturbulence Induced Fast
lon Redistribution

Different to the assumption in section 6.5.1 the assumed diffusion coefficients are different
for trapped and passing particle and also energy resolved. Therefore again the fast ion
distribution measured from the FIDA tomography should be compared with the TRANSP
predictions. This comparison can be seen in figure C.2 in a) the fast ion distribution
from the FIDA tomography is shown. In figure C.2 b) the fast ion distribution from
TRANSP assuming neoclassical transport and in ¢) and d) the assumption of anomalous
fast ion diffusion due to the microturbulent transport is shown. The difference between
the simulations in ¢) and d) is that in ¢) only the diffusion for the passing particle from
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Figure C.2.: a) Fast ion distribution reconstructed from the FIDA tomography. In b),c) and
d) the TRANSP predicted fast ion distribution can be seen for different simu-
lations. In b) the neoclassical assumption, in c) only the diffusion coefficents
for the passing particles from figure 6.36 are used and in d) both the diffusion
for the passing and trapped fast ions are used.

figure 6.36 is assumed while d) takes also the trapped particle diffusion from figure 6.37
into account.

Unfortunately the result is again inconclusive as in section 6.5.1. The assumption of
the energy dependent anomalous fast ion diffusion does not change the shape of the fast
ion distribution in the phase space strong enough to gain information. Again only from
the reduced maxima a slightly better agreement of the TRANSP fast ion distributions
assuming anomalous fast ion diffusion with the reconstructed one from FIDA can be seen.
The non usability of the vertical line of sight again strongly reduces the information on the

trapped particles.
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C.3. Weight Functions for FIDA Tomography
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Figure C.3.: a) shows the fast ion distribution calculated by TRANSP. b)-f) shows the weight
function of the five different lines of sight used for the FIDA tomography, but
in this case only for the wavelength region from 660.-661.1m.
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C.4. Anomalous Diffusion due to Microturbulence
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Figure C.4.: Energy averaged pitch angle distribution for passing fast ions above 20 keV as

input for equations (6.1-6.6/C.1-C.6).
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Figure C.5.: Energy averaged pitch angle distribution for trapped fast ions above 20keV as
input for equations (6.1-6.6/C.1-C.6).
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Figure C.6.: Effective heat diffusivity yeg as sum of the ion and electron heat diffusivity
calculated by TRANSP.
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Figure C.7.: Local ratio 3/fBuit with Bey from the Troyon limit with a factor g = 3.5.
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Figure C.8.: D) Energy averaged anomalous fast ion diffusion coefficient for passing fast
ions by electrostatic perturbation from equation (6.1/C.1) including the finite
Larmor radius approximation of equation (6.2/C.2). Based on the model from
Pueschel et al. [33].
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Figure C.9.: Df) Energy averaged anomalous fast ion diffusion coefficient for passing fast
ions by electromagnetic perturbation from equation (6.3/C.3) including the
finite Larmor radius approximation of equation (6.4/C.4). Based on the model
from Pueschel et al. [33].
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Figure C.10.: D Energy averaged anomalous fast ion diffusion coefficient for trapped fast
ions by electrostatic perturbation from equation (6.5/C.5). Based on the
model from Pueschel et al. [33].
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Figure C.11.: DY Energy averaged anomalous fast ion diffusion coefficient for trapped fast
ions by electromagnetic perturbation from equation (6.6/C.6). Based on the
model from Pueschel et al. [33].
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C.5. Anomalous Diffusion due to Microturbulence in
Discharges #18703, #27237 and #28071

#18703 E > 20keV
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Figure C.12.: Fast ion diffusion coefficients for the passing particle from the equations (6.1)
to (6.4) describing the redistribution of fast ions in the plasma due to electro-
static and electromagnetic microturbulence based on [33].
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Figure C.13.: Regarding to figure C.12 the fast ion diffusion coefficients for the trapped
particle from the equations (6.5) and (6.6).
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Figure C.14.: Fast ion diffusion coefficients for the passing particle from the equations (6.1)
to (6.4) describing the redistribution of fast ions in the plasma due to electro-
static and electromagnetic microturbulence based on [33].
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Figure C.15.: Regarding to figure C.14 the fast ion diffusion coefficients for the trapped
particle from the equations (6.5) and (6.6).

210
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Figure C.16.: Fast ion diffusion coefficients for the passing particle from the equations (6.1)
to (6.4) describing the redistribution of fast ions in the plasma due to electro-

static and electromagnetic microturbulence based on [33].
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Figure C.17.: Regarding to figure C.16 the fast ion diffusion coefficients for the trapped

particle from the equations (6.5) and (6.6).
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D. Appendix: Quantitative Investigation
of Non-Inductive Current Drive

D.1. Discharge Overview of #33379
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Figure D.1.: Discharge overview, with the neutral beam power and the control parameter
Bpol i &) and the electron cyclotron resonance heating power in b). In c¢) the
electron temperature and in d) the electron density profiles are shown.
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D.2. Current in the Central Solenoid
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In a) the loop voltage measurement and in b) the current in the central solenoid
is shown. This discharge got an inductive current fraction in the order of 50%
and more, leading to a strongly negative slope in the current of the central
solenoid and a loop voltage, above zero.

D.3. Anomalous Fast lon Diffusion due to
Microturbulence in Discharges #33134
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Figure D.3.: Fast ion diffusion coefficients for the passing particle from the equations (6.1) to
(6.4) describing the redistribution of fast ions in the plasma due to electrostatic
and electromagnetic microturbulence based on [33].
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Figure D.4.: Regarding to figure D.3 the fast ion diffusion coefficients for the trapped particle

from the equations (6.5) and (6.6).

Acronyms

BS  bootstrap current Section 2.4.4

CXRS charge exchange recombination spectroscopy Section 3.3.6
ECCD electron cyclotron current drive Section 2.4.3

ECE -electron cyclotron emission Section 3.3.4

ECRH electron cyclotron resonance heating Sections 2.4.3 and 3.2.2
ELM edge localized mode Section 2.3 and Reference [46]
FIDA fast ion D-alpha spectroscopy Section 3.3.8

H-mode high confinement mode Section 2.3

IDA integrated data analysis Section 3.3.7

IDE integrated data equilibrium Section 2.1.1

IPP Max-Planck Institut fiir Plasma Physik

ITER Latin word for “The Way” References [8—10]

MHD magnetohydrodynamic Reference [57]

MSE motional Stark effect polarimetry Chapter 4

NBCD neutral beam current drive Section 2.4.2

NBI neutral beam injection Sections 2.4.2 and 3.2.1

NTM neoclassical tearing mode Section 2.5.3
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