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Kurzfassung

Der Gegendstand dieser Arbeit ist die Untersuchung des Einflusses von resonanten externen Storfeldern
(RMPs) auf das radiale elektische Feld FE, in magnetisch eingeschlossenen Hochtemperaturplasmen
mittels Ladungsaustauschspektroskopie (CXRS) am Tokamak TEXTOR. Dazu wurde eine optische
Diagnostik entwickelt, welche CXRS an C%t unter Ausnutzung eines Wasserstoffdiagnostikstrahles
ermoglicht. Zwei Systeme, eines zu Messung der poloidalen Rotation vg und der Ionentemperatur sowie
eines zur Messung der toroidalen Rotation vy, werden verwandt. Die Instrumentation erlaubt Messun-
gen mit 1-2 cm radialer Auflosung bei einer 1 km/s Auflosung fiir vy und 5 km/s fiir v4. Die radiale
Kalibrierung der Beobachtungssysteme wird mit aktiver Beam-Emissions-Spektroskopie (Dopplerver-
schiebung) durchgefiihrt. Die Festlegung der Wellenlidnge geschieht durch differentielle Dopplerspek-
troskopie fiir das poloidale und durch eine Neonreferenzlinie fiir das toroidale System. Das FE, wird
abgeleitet unter Benutzung der radialen Kriftebilanz fiir C%T Ionen. Die externen Storfelder werden
hier durch den Dynamischen Ergodischen Divertor (DED) in der m/n = 6/2 Basismode aufgeprigt.
Mittels des neuen Beobachtungssystems wurden Studien zum Einfluss externer Drehmomente auf Ro-
tation und E, durchgefiihrt. Die toroidale Rotation folgt dem durch Neutralteilcheninjektoren einge-
brachten Drehmoment. Eine Nullpunktsverschiebung entgegen des Plasmastromes wird bei ausgeglich-
enem Impulseintrag beobachtet. Im Plasmarand wird die v durch Reibung an Neutralteilchen gebremst
und folgt der Teilchenfluss in der Abschilschicht. Die poloidale Rotation folgt im Plasmazentrum der
poloidalen Komponente des Drehmomenteintrages (3 & 3 km/s); im Plasmarand wird die poloidale Ro-
tation durch Drifteffekte und Verluste von schnellen Teilchen des NBI dominiert.

Der Einfluss des DED manifestiert sich in einer Zunahme der Rotation in Korrelation mit der
Storamplitude und daher einem positiveren F,. Ein Anstieg von +10 kV/m kann beobachtet werden.
Der toroidale Beitrag zum F, erhoht sich tiber den gesamten Plasmaradius. Dieses Verhalten wird durch
die hohe Senkrechtviskositit verursacht. Der poloidale Beitrag ist stark lokalisiert innerhalb der durch
die externe Storung verursachten ergodischen Zone, hier wirkt eine 5 x B Kraft. Diese wird durch einen
nach innen gerichteten Ionenstrom, der einen erhdhten Elektronenverlust kompensiert verursacht.

Der DED kann das globale Einschlussverhalten dndern: Abhidngig vom Sicherheitsfaktor (¢,) im
Plasmarand erhdlt man verbesserten oder verschlechterten Teilcheneinschluss. Im Fall verbesserten
Teilcheneinschlusses, genannt ,,Improved Particle Confinemeny (IPC)”, beobachtet man einen Anstieg
von Dichte (40%) und Teilcheneinschusszeit 7, (30%), korreliert mit einer Verbindung von Feldlin-
ien zwischen der q=5/2 Fliche und den DED Wandelementen. Dies ist mit einer Verringerung des
Teilchentransportes korreliert und fiihrt zu einem positiven Anstieg des F, und der F,.-Verscherungsrate
(AQ ~ 1.5-10%°s71) bei q=5/2. Die Anderungen in der berechneten magnetischen Vacuumtopology
korrelieren mit sichtbaren Verdnderungen in der Teilchenflussverteilung auf den DED Wandelementen.
Feldlinien dringen nach aufien, Strukturen erscheinen ab Ipgpp = 2.5 kA. Mit zunehmender DED Am-
plitude wird der ergodische Bereich breiter, der Teilcheneinschluss besser. Sobald aber die q=5/2 Flache
komplett ergodisiert ist, verschlechtert sich der Einschluss deutlich.

Der Ubergang in dieses, ,,particle Pump Out(PO)” genannte, Szenario kann eher erzwungen werden,
indem die q=5/2 Flidche zur HFS verschoben wird, q=5/2 wird dann direkt ergodisiert und der Transport
durch laminare Feldlinien (kurze Verbindungen zum DED) dominiert. Der Einschluss verschlechtert
sich. Verdnderungen in der Verscherungsrate treten nicht auf.

Ein Anstieg in der FE, Verscherungsrate und der verbesserte Einschluss sind genereall korre-
liert. Vermutlich ist dies verbunden mit einer Abnahme von Dichtefluktuationen wie in Messungen unter
Einfluss der 3/1 DED Basismode beobachtet wurde.
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Abstract

In this work the influence of external Resonant Magnetic Perturbations (RMPs) on the radial electric field
E), in magnetically confined plasmas is investigated by Charge Exchange Recombination Spectroscopy
(CXRS) at the Tokamak TEXTOR. For this purpose, an optical diagnostic was developed to perform
CXRS with C%F ions utilizing a neutral hydrogen diagnostic beam. Two systems are used to measure
the poloidal rotation as well as the ion pressure and the toroidal rotation, respectively. The setup allows
measurements with 1-2 cm radial resolution and a velocity resolution of typically 1 km/s for vy and
5 km/s for vg. For the radial calibration active beam emission spectra (Doppler shift) are used. The
wavelength reference is determined via differential Doppler shift spectroscopy and a neon reference line
for the poloidal and toroidal system, respectively. The radial electric field, E,, is then deduced from the
radial force balance of C'%* ions. The experiments have been performed at the Tokamak TEXTOR. Here,
the RMPs are produced with the Dynamic Ergodic Divertor (DED), a set of 16 helical perturbation coils
located at the high field side of TEXTOR. Within this work, the base mode number of perturbations has
been m/n = 6/2.

With these new observation systems, we have first investigated the influence of external torque from
neutral heating beams on plasma rotation and E,. The toroidal rotation in the center is proportional to
the net beam torque with an offset counter-current rotation at zero net torque. At the plasma edge, the
toroidal rotation is dampened by friction with neutrals and coupled to the counter-current Scrape-Off
layer flow by perpendicular viscosity. The poloidal rotation follows the poloidal component of the beam
torque in the plasma center (ranging from 3 £ 3 km/s), at the plasma edge it is dominated by drift effects
and loss of fast particles of the counter beam.

Under influence of the DED, a spin-up of rotation with the rise of the perturbation amplitude causes the
E, to become more positive. An increase of +10 kV/m is observed. The toroidal contribution increases
all across the minor radius because of the large perpendicular viscosity, while the poloidal contribution
increases only locally inside the ergodic zone caused by the RMPs. The ergodic zone causes an electron
loss, and subsequently af x B force driven by the compensating ion return current.

In addition, the DED changes the global confinement properties. Depending on the edge safety factor
("field line twist™) qq, either increased or decreased particle confinement is observed. In case of the in-
creased particle confinement (IPC) the increase in density (40%) and particle confinement time 73, (30%)
is correlated to the connection of field lines at the q=5/2 surface to the DED target, locally changing the
transport properties and the E,.. Transport is reduced and the F,. shear is increased locally at q=5/2 up to
1.5-10%s71, while the F,. becomes more positive. The changes in magnetic topology calculated in the
vacuum approximation for the radial perturbation field can be related to the experimental particle flux
pattern at the DED target. This situation is characterized by field lines connecting the ergodized x-points
of the 5/2 island chain to the target. With further increasing perturbation, the ergodic zone widens, the
particle confinement increases, up to the point where the q=5/2 surface is completely ergodized and the
particle confinement decreases again.

Under conditions, where the q=5/2 surface is closer to the perturbation coils (smaller edge safety factor),
the particle confinement is observed to decrease (particle Pump Out - PO), local field line connections to
the target are not established and enhanced transport within laminar flux tubes with short connection to
the target directly leads to the loss in global confinement.Enhanced shear in £, is not observed for this
case.

Increased E, shear and increased particle confinement are correlated. They probably are connected to a
reduction of density fluctuations as was observed in discharges under the influence of DED in m/n =
3/1 base mode configuration.
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Chapter 1

Introduction

The limited supply of fossil fuels and the connected issues of pollution and climate change are
forcing the turnaround towards sustainable and clean energies.

A viable new primary energy source is needed. Fusion power is one of the most ambitious and
promising scientific projects of our times, aiming at providing one of the most reliably available
future energy sources [Horton 08, Williams 02] .

Nuclear fusion utilizes the energy output resulting from the fusion of singly and doubly heavy
water, deuterium and tritium, raw material that is either abundant (deuterium) in nature or can
be bread from lithium (tritium).

The fusion process applicable with highest cross section at low energies

1D+ T —5 He +n" + 17.6MeV (1.1)

causes the hydrogen isotopes to fuse into helium and release one neutron in conjunction with
the release of 17.6 MeV of binding energy [Wesson 97]. The helium takes 3.5 MeV while the
neutron has a kinetic energy of 14.1 MeV. In order to gain energy from this reaction a setup has
to be devised that allows the confinement of the reaction partners for a duration large enough
to ensure collisions and hence fusion. The fuel mixture has to be brought up to high enough
temperature and pressure. Since the kinetic energy follows the Maxwell-Boltzmann distribution
a temperature of about 4 - 107 K (average energy of ~ 10keV) is sufficient for a viable fusion
power production. At such temperature the gas is fully ionized and forms a thermonuclear
plasma.

The next step towards the realization of fusion power as a new primary energy source is the
international tokamak ITER, the largest magnetic confinement experiment so far (plasma vol-
ume ITER: 837 m? JET (largest device today): 80 m?). For the first time an output of 500 MW
fusion power will be targeted with a gain () larger than ten to demonstrate the feasibility of
fusion. Q is the ratio of fusion power to externally injected heating power which can be above
one only in a sufficiently confined thermonuclear plasma. A typical fusion power-plant has to
reach Q > 50 in order to operate economically [Horton 08].
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2 CHAPTER 1: INTRODUCTION

In order to reach this ambitious goal, several smaller facilities have been working towards the
aim of developing a viable scenario for ITER from a physics and engineering perspective. Ex-
periments at the JET tokamak showed that break even is possible with a device of that size. JET,
in addition, produced 16MW of fusion power during its deuterium-tritium campaign.

To reach the envisioned 500 MW fusion power with ITER, the base line plasma scenario will
be the so-called H-Mode. The H-Mode is characterized by an improved confinement connected
to the spontaneous onset of a transport barrier close to the plasma edge by means of external
heating power [Wagner 82, Wagner 84]. The transport barrier in the H-Mode is associated with
a strong pressure gradient in the edge. This gradient is also the origin of pressure driven in-
stabilities, so-called Edge Localized Modes(ELMs). The pressure gradient relaxes periodically
causing a burst of particles and energy onto the plasma facing components [Zohm 92, Zohm 96].

Based on extrapolations ELMs could have devastating effects on the first wall of the ITER
device. Those transient events will be connected to heat loads large enough to cause significant
melt damage, carbon erosion, cracking of wall tiles and hence substantially limit the operational
time and availability of ITER [Leonard 99, Becoulet 03, Loarte 07, Linke 08]. This means that
while keeping the advantageous improvement of confinement one needs to devise a method to
mitigate the ELMS to a sustainable level or suppress them completely [Becoulet 03].

It was shown [Evans 04, Evans 06b, Liang 07] that by means of external resonant magnetic
perturbations (RMPs), imprinted by external coils, a stochastization of the plasma edge can
be achieved effectively changing the pressure gradient to a sustainable level, suppressing the
ELMs. RMPs are one tool to effectively control ELMs and are considered for operation in
ITER and future devices. In order to extrapolate those results for ITER or even the prototype
reactor DEMO and the corresponding coil design, a detailed understanding of the changes in
the plasma edge during H-Mode and ELLM suppression is required.

The radial electric field F, is one of the most important aspects in this context as the sheared
E x B rotation is thought to be instrumental for the onset of the H-Mode. The suppression
of anomalous / turbulent transport is the most convincing concept to explain the emergence of
the transport barrier. This turbulent driven transport is typically thought to be caused by micro
instabilities in plasma density, temperature and plasma potential [Biglari 90, Ida 98].

It is seen that a strong E x B shear is connected to the onset of improved confinement scenarios
[Biglari 90, Moyer 95, Burrell 97, Burrell 05] such as seen in the changes occurring with the
transition into high confinement mode [Ida 90]. The shear is driven by either the steep pressure
gradient (H-Mode) or the poloidal rotation [Groebner 90, Burrell 97] as part of the radial force
balance (E,(Vp, vy, vpni)) [Kim 91, Rozhansky 96].

Experiments with external magnetic perturbations have been performed at TEXT, Tore Supra,
TEXTOR and have revealed many basic aspects of transport and structure formation of plasmas
with stochastic boundaries, however, mostly in L-Mode plasmas [DeMichelis 95, Ghendrih 96,
Schmitz 07].

At TEXTOR the Dynamic Ergodic Divertor (DED) is installed [Finken 98, Finken 99b], a
very flexible tool to control power exhaust to the first wall, plasma edge transport and rota-
tion [Finken 01, Finken 05b, De Bock 08]. The DED, consisting of sixteen helically wound
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coils, at the high field side of TEXTOR, can produce a magnetic multipole field by running
either DC or AC current. This magnetic field is able to break up the closed flux surfaces by
resonantly interacting with the magnetic field at the rational flux surfaces, causing a stochastic
plasma boundary.

The changes in plasma rotation are in general connected to the evolution of the radial electric
field through the radial force balance . Assuming a stochastic or ergodic system as stated above
will lead to a loss of electrons and hence cause a more positive radial electric field towards the
center of the plasma which in turn has to be connected to a spin up of rotation due to a j x B
force [Unterberg 07]. This enhanced particle loss and the connected radial ion return current
[Kaganovich 98, Cornelis 94] are spinning up the rotation into the co-current or ion diamagnetic
drift direction.

In this work, a detailed study of the radial electric field under the influence of the DED connects
the changes in plasma transport to changes in the £ profile and hence provides an insight to the
improvement of confinement with respect to turbulent suppression by means of £ x B shearing.

In order to be able to measure the radial electric field, high resolution diagnostics for the ro-
tation are required, since especially the poloidal rotation can be very small. Typically for di-
vertor tokamaks the poloidal rotation is measured with a resolution in the order of kilometers
[Groebner 90]. Effects caused by the DED are in the range of such uncertainties; hence a system
had to be devised to improve the resolution well below 1 km/s.

Charge exchange spectroscopy on carbon impurities is the most successful tool at the moment
for the measurement of impurity rotation and temperature profiles [Fonck 84, Isler 94]. Carbon
as one of the prominent target materials for the vessel wall is always present in the plasma in
small amounts.

At TEXTOR the main diagnostic used in this work is a charge exchange spectroscopy setup
utilizing a toroidal and poloidal observation system in combination with a low power hydrogen
diagnostic beam. Since carbon is fully ionized at the temperatures present, the neutral hydrogen
from the diagnostic beam or any hydrogen beam (NBI) is able to actively populate the energy
levels via charge exchange. Emission from those ions then allows localized measurements of
Doppler shift and spectral broadening to determine the impurity ion velocity and temperature.

Compared to other diagnostics like Doppler Reflectometry [Conway 04, Soldatov 07, Trier 08].
or the heavy ion beam probe [Ida 98] the advantages of this charge exchange diagnostic are, its
high spectral and rotation resolution as well as its large coverage over half of the minor radius
0.5 < r/a < 1.1, including the whole plasma edge. This diagnostics is capable of supplying all
necessary information for the radial force balance and thus the radial electric field calculations

The aim of this work is to study the influence of the Dynamic Ergodic Divertor on the radial
electric field by means of Charge Exchange Recombination Spectroscopy and determine the
role of the F,. and its shear during global confinement transitions.

This meant developing a viable method to measure the radial electric field in a consistent fash-
ion. Thus a toroidal observation system for the hydrogen diagnostic beam RuDI [Ivanov 04,
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Deichuli 05] was developed to complement the existing poloidal system [Busch 06, Kreter 01].

In order to make measurements of the radial electric field, the diagnostic had to be improved to
realize measurements with 0.7 km/ s and 5 km/s resolution for the poloidal and toroidal rotation
direction, respectively.

Equipped with this diagnostic, measurements during the newly discovered [Finken 07a] Im-
proved Particle Confinement (IPC) scenario were made. The connection between the improve-
ment in particle confinement time and its connection with changes in the £, should be studied.
All contributions to the radial force balance are measured (Vp, vy, v,). The question on how
the radial electric field is affecting, or is affected by, the IPC and the changes in magnetic topol-
ogy should be answered in order to compare the general paradigm [Biglari 90, Moyer 95] of
turbulent suppression and the existence of transport barriers with strong E x B shear, with the
observation during IPC. Connecting the evolution of the radial electric field and its shear to
the DED induced magnetic topology and the in parallel evolving IPC should be compared with
measurements of turbulent transport [Xu 07, Kramer-Flecken 06] indicating indeed a prominent
role of the E,. in the evolution of transport barriers and the IPC.

The work presented here is structured in the following manner:

In chapter 2: Physics Principles of Tokamak Transport and Rotation (p. 7) the basic principles
for this work are elucidated. Starting with the principles for plasma confinement and transport
regimes this chapter finally presents the equations determining the rotation for a one and two
component plasma as well as the radial force balance deducing the radial electric field and its
shearing rate.

Chapter 3: TEXTOR and The Dynamic Ergodic Divertor (DED) (p. 23) is used to describe
the TEXTOR Tokamak, the plasma experiment on which the presented work has been per-
formed. In addition the Dynamic Ergodic Divertor and its properties are presented here as they
will be used during the discussion of the results.

Since one of the main aspects of the work was the development, design and
improvement of the Charge Exchange Diagnostic on the RuDI hydrogen beam,
chapter 4: Spectroscopy & Diagnostics (p. 37) is dedicated to the description of the diagnostic
and its features. It gives an overview on the capabilities and special features of both the high
resolution poloidal as well as toroidal observation system. In addition it explains the methods
used to acquire rotation and temperature measurements form the spectra as well as the methods
used for the radial calibration.

chapter 5: Data Evaluation (p. 57) will be used introduce the actual measurements as well as
the methods of data evaluation including a detailed analysis of the measurement uncertainties
connected to photon statistics.

The outcome of the measurements performed with the developed diagnostics are presented in
chapter 6: Results (p. 67). They include the first ever performed toroidal rotation measure-
ment in the very plasma edge of TEXTOR, as well as the first consistently measured radial
electric field profiles via Charge Exchange Recombination Spectroscopy at TEXTOR and the
first consistently measured profiles under the influence of external magnetic perturbation (DED)
altogether. Data under the influence of different external momentum input is shown as well as
the detailed analysis of the so-called Improved Particle Confinement (IPC) scenario with respect
to changes in plasma parameters, confinement time and the changes in the radial electric field.

4 CHAPTER 1: INTRODUCTION



This analysis allows a connection of the topological changes induced by the external magnetic
perturbation and the changes in the rotation and hence the radial electric field. This presents
the unique opportunity to study the influence of E,. changes and its implication on transport
suppression (turbulence). Results regarding turbulence behavior with DED are shown as well
to compare with the Ex B shearing rate and the comparison with established hypotheses for
transport barriers and suppressed turbulent transport.

chapter 7: Summary & Outlook (p. 119)is the place for the final overview on the results. Here
the conclusions with respect to the acquired data are presented. Based on the experience with the
existing diagnostic setup and acquired results an outlook is presented for future improvements
on the diagnostic setup and with respect to future experiments.
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Chapter 2

Physics Principles of Tokamak Transport
and Rotation

Vertical Field Coils Primary Coil

Toroidal Field Coils Plasma Current

Figure 2.1: Sketch of a basic tokamak setup, showing an air solenoid as the primary coil driving the
plasma current which in turn produces the poloidal magnetic field. Also shown are the toroidal field
coils which produce the toroidal field component and some vertical magnetic field coils.

2.1 The Tokamak

In the following chapter some of the basic physical aspects of confining a thermonuclear plasma
with a tokamak device will shortly be browsed through: the basics for toroidal plasma confine-
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8 CHAPTER 2: PHYSICS PRINCIPLES OF TOKAMAK TRANSPORT AND ROTATION

ment, beginning with the description of the basic particle drift motions and their effects, the
necessary confining magnetic fields and the different transport regimes originating from the
confinement method (neoclassical transport). The following sections will describe the concept
of the tokamak confinement and some basics on the resulting transport physics. Especially the
section on plasma rotation and radial electric field will later be used to discuss the measured
data and resulting interpretations.

In order to confine a highly energetic plasma one can, for instance, use the charge of the parti-
cles, that is use the inherent properties of the plasma to confine it. A plasma is basically ionized
gas and hence can be confined using electromagnetic fields.

From this, one can deduce the concept of magnetic confinement. Charged particles are gyrating
around magnetic field lines but move freely along them and thus can be confined when choosing
a viable magnetic configuration ( [Wesson 97]). In the history of fusion research several con-
cepts have been used in the past, out of which two realistic options have manifested themselves.
The stellarator, operating with a completely external magnetic field, and the tokamak where
the magnetic field confining the plasma is in part originating from a current driven inside the
plasma itself.

Nowadays the most promising option to achieve nuclear fusion on an commercial level seems to
be the tokamak which reaches far better energy confinement conditions than the more demand-
ing concept of a stellarator. The machine discussed in the course of this work is the tokamak
TEXTOR (described in Chapter 3).

A typical tokamak setup is shown in figure 2.1, showing the mechanical setup as well as the
basic principles.

The tokamak itself is a “doughnut” shaped vacuum vessel, in which ionized gas is used as the
secondary winding of a transformer. Due to the current, the plasma is heated and a magnetic
field is induced into the poloidal direction around the current (ey) namely the so-called poloidal
magnetic field By. In order to obtain a reasonable particle confinement an additional toroidal
field By, is applied along (eg) the torus via external field coils together with a vertical magnetic
field B, for plasma shaping and position control.

The basic idea hence can be described quite simply. The plasma pressure needs to be balanced
by the magnetic pressure. The plasma pressure itself exerts an a force in the radial direction
while the poloidal magnetic field counteracts this by a radially inwards oriented magnetic force.
This in then complemented by toroidal and vertical fields to control the plasma position and
shape [Wesson 97].

2.1.1 Confinement

As has been described above, the particles are confined to the magnetic field. Despite this
fact the whole confinement concept is far more complex. Including particle drifts, anomalous
transport and other effects and instabilities which arise from the magnetic confinement idea one
has to draw a far more detailed picture.
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Figure 2.2: Particle drifts in a toroidal magnetic field configuration

Particle Drifts

Particle drifts are the crucial ingredient to understanding, even in a simplified single particle
approach, the motions in tokamak plasmas, and hence understanding the confinement principles
and the transport phenomena (sec. 2.1.2).

Under the influence of a force perpendicular to the magnetic field, particles are subject to certain
drift motions given in a general form as

FxB
o= 2.1
Up q B (2.1
The most prominent drift motions are determined via equations 2.2-2.4 (cf. [de Blank 08]).
1 .
Tr+ v = %(vﬁ +5v)Bx VB (VB dify 2.2)
. ExB .
Ugep = B (ExB drift) 2.3)
Vp x B
Uvp _YpX 5 (diamagnetic drift) 2.4)
qnB

To explain the necessity of a helical field structure for the magnetic confinement in a tokamak
one can start with the assumption of only a toroidal field being present which is generated by
the external coils (2.1).
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This field has distinct curvature causing on the one hand a centrifugal force operating on the
particles following the field line and on the other hand causing a gradient in the magnetic field
from the innermost parts of the torus to the outer edge. Both forces combined are described in
eq. 2.2 and lead to a charge separation between the positively charged ions and the negatively
charged electrons.

This charge separation leads to the build up of a vertical electric field, which in turn will,
according to eq. 2.3, cause all particle to be expelled from the confined volume as can be
seen in fig. 2.2.

A poloidal field added to this setup will lead to a good toroidal confinement, and in turn to the
already mentioned helical flux surfaces. [Weynants 08, de Blank 08]

Magnetic Topolgy

In the course of the work the terms flux surface and safety factor will be used more than once,
and since it is an essential part of what the tokamak physics is made of, the following section
will introduce the idea of magnetic flux surfaces, the nested structures common for the tokamak
and the so-called safety factor q quantifying the helicity of the magnetic field line.

B, P

magnetic
flux surfaces

3 WS
SZ

>
»
2

Figure 2.3: Nested flux surfaces in a toroidally and poloidally symmetric geometry (Limiter Tokamak)
as well as pressure and current profile together with the Shafranov shift

Based on the balance of magnetic pressure and plasma pressure (f x B = Vp) one can deduce
the concept of the so-called flux functions, quantities that are constant on the flux surfaces.
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One typically assumes an axisymmetric magnetic field which can be written as

B = Bgréj + Byéy + B.€, 2.5

where the poloidal part can be expressed as

By = Brén + B.¢, = V¢ x VU (2.6

It can be shown [Helander 01] that due to the structure of the magnetic fields the poloidal flux
function
U = RAL(R, 2) 2.7

is constant along the helical field lines and thus leads to so-called flux surfaces. ¢ is the toroidal
flux function.

For the confinement the pressure balance must be satisfied which automatically means that no
current can flow across flux surfaces and the pressure needs to be constant on flux surfaces
p = p(¥) based on equation j x B = Vp.

B-Vp = 0 (2.8)
V¥ = 0 2.9)

The typical setup as observed in a tokamak is displayed in fig. 2.3. The complete magnetic field
produces a set of nested flux surfaces with embedded field lines following the above discussed
helical structure. The direction of the field lines changes from surface to surface, which is
described by the so-called safety factor q.

A feature shown also in figure 2.3 is the Shafranov shift A, which accounts e.g. for the shape
of the plasma pressure being peaked close to the plasma center and determines the structure of
the flux density of the magnetic field.

Safety Factor q

The so-called safety factor ¢ can be defined as the average change in the toroidal coordinate ¢
over the change in the poloidal coordinate § along the magnetic field.

The safety factor can hence be written as

(BV¢)
U) = = 2.10
q(¥) Vo) (2.10)
or (2.11)
- A¢ - ’f‘B¢
q(r) o S ReBy (2.12)

The safety factor ¢ is also a measure for the number of toroidal turns when performing one
poloidal turn, which is displayed in fig. 2.4. A field line on a flux surface with in this case a
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(a) q=1 (b) g=2 (c) g=3

Figure 2.4: Helical field line on different rational flux surfaces

certain rational value of ¢ while staying on this flux surface ends up in itsself an infinite number
of times.

This safety factor and flux surfaces are playing a very important role when considering external
magnetic perturbations (cf. chapter 3) either from intrinsic error fields or externally applied
perturbations like the Dynamic Ergodic Divertor [Finken 99b].

There are basically two types of flux surfaces, firstly the ones with m /n € Z an irrational number
like 4/ %1 v a €N where the magnetic field lines fill the whole flux surfaces and secondly the

ones with m/n € Q where the field lines cross the same point on the flux surfaces over and over
again (cf. 2.4).

The rational g-surfaces are prone to resonant effects and hence are called resonant flux surfaces.
The position of such flux surfaces to e.g. the DED coils will determine whether and how they
are influenced. Field lines with low m and n numbers are more influenced by such resonant
effects, since they will interact again and again on a short timescale.

The flux surfaces with irrational ¢ in turn are robust against such influences since the field lines
will never cross the same point in space twice and hence will not get in resonance.

2.1.2 Transport Regimes & Collisionality

As we have seen in the last section, the movement of the charge particles is bound by the
magnetic field and confined to the magnetic flux surfaces. To understand the imperfections in
the plasma confinement it is necessary to consider a particle and heat transport perpendicular to
the flux surfaces (cf. sec. 2.1.1). The charge particles are bound to the magnetic surfaces, but
since they are subject to a gyro-motion and hence collision with particles from other surfaces,
they are able to move radially.

This is called the classical transport in the cylindrical approximation and the typical scale length
for this diffusive regime would be the gyro or Lamor radius.

Since the tokamak can not be simply described in cylindrical geometry other effects like the
above mentioned drifts become relevant. One can take into account two types of particles, one
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Figure 2.5: Neoclassical transport regimes given in their dependence on the collisionality in comparison
to classical transport

il

with a high and one with low ratio of o, - The first are abled to move freely along the magnetic
field lines and the latter are underlying a magnetic mirror effect due to the difference in magnetic
field between the inner torus side (High Field Side) and the outer part of the torus (Low Field
Side). This leads to a oscillatory movement, which than in turn is distorted to a so-called banana
orbit due to the inhomogeneous magnetic field and the resulting drift motion.

This kind of transport is called neoclassical transport and can be characterized via the so-called

collisionality, given by the collision frequency v.,;. and the transit frequency v;,.q,s. = q%o. The

collisionality is comparable for electrons and bulk ions since -2 ~ ;ﬁ [Helander 01], while
Vlle i

highly charged ions are more collisional than the bulk ions. The collisionality without mass

dependence can be written as
o .q-R,
pr= Dot P10 (2.13)

Virans. /2. )|

with v the collision frequency and e the measure for the inverse aspect ratio r/ Ry at the observed
location. v)| is the measure for the parallel thermal velocity along the magnetic field lines.

One can separate three transport regimes via their specific values of collisionality, as visible in
fig. 2.5.

The high collisionality regime, also called Pfirsch-Schliiter or fluid regime with v* > 1, where
a typical thermal particle can not complete a single orbit without being disturbed by collisions.

In the case small aspect ratio and v* < 1 one speaks of the combined banana-plateau regime,
typical for the core of a tokamak where the orbits of particles are generally completed. If the
aspect ratio is large compared to unity this regime is divided into the banana and the plateau
regime. Where in the plateau regime most particles are completing their orbits while in the
plateau regime both kinds of behaviors are equally probable.

Even though the last section on tokamak confinement and transport gives a quite well theoretical
approach, the actual confinement is not as good as it should be from the theoretical point of
view [Wesson 97], we have already seen the difference between the classical transport and
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the neoclassical transport in the toroidal geometry, but the transport is even higher due to the
so-called anomalous transport. This anomalous transport is caused by micro-instabilities in
the plasma like small scale temperature and density variations, in turn causing turbulence and
enhanced transport.

2.1.3 Energy and Particle Exhaust - Limiter vs. Divertor

The last sections have been dedicated to the description of particle and energy confinement due
to the applied magnetic fields and some basic transport description. The question remains how
to deal with the plasma boundary which will of course at some point have to have contact to the
first wall.

The exhaust of particles and energy is one of the crucial issues connected to nuclear fusion
devices. On the one hand is it necessary to keep the heat load to the wall materials at a reason-
able value in order to ensure high component lifetime and, on the other hand, it is vital that the
plasma is not contaminated by impurities originating from plasma-wall interaction.

| confined plasma |

‘,/'

,‘*

;

-Po
I
. . %
limiter \

divertor target plates

Figure 2.6: Particle and Energy exhaust concepts; Plasma boundary magnetically (divertor) or mechan-
ically (limiter) constraint

One of the more important issues are the exhaust of fusion products and concepts regarding
refueling of the plasma with deuterium an tritium (hydrogen).

In the following section a short description of the two more common configuration is given,
of which the divertor has proven to be the more promising (Divertor H-Mode [Wagner 82]). A
more detailed description of these concepts can be found in the work of Stangeby [Stangeby 00].
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Figure 2.6 displays both concepts, the limiter configuration on the left and the divertor config-
uration on the right side. Clearly visible are the differences between the two concepts, while
the limiter configuration is shaping the plasma with means of a mechanical limiter the divertor
is using additional coils, shaping the magnetic field in a way such that the outermost field lines
are bent onto the divertor target.

In both case one moves from the confined plasma region over the last closed flux surface (LCES)
into the so-called scrape off layer (SOL).

In cases of the limiter configuration the magnetic field lines end on the limiter and lead particles
and energy into the SOL. Straight opposite to the Limiter there is the so-called stagnation point
which defines the direction along which all particles, heat and energy flow towards the limiting
element where the particles can then be neutralized and pumped away. At the stagnation point
itself the velocity is zero. The SOL has an extension of a few centimeter in radial direction and
features exponential decay of the plasma parameters.

Whereas the limiter configuration presents a very direct connection between the hot core plasma
and the SOL, hence putting much stress on the limiting elements, the divertor configuration
presents a much better way to decouple the plasma exhaust from the core plasma.

As can be seen in fig. 2.6 a current is running through an additional coil, thus deforming the
magnetic surfaces. An x-point is forming where the diverting and the main magnetic field are
compensating. The field lines are now diverted into a separated volume, the divertor, where they
will be neutralized and pumped away. This method leads to strong separation between the main
plasma and the divertor volume, allowing for a better suppression of back spill of neutrals into
the plasma. The divertor concept is what is nowadays mostly considered for future tokamak
devices such as ITER and DEMO [Aymar 02, Horton 08].

The Scrape-Off Layer

In order to be able to understand the edge behavior of the toroidal and poloidal rotation, pre-
sented in chapter 6, a short introduction into the aforementioned SOL is given in the following
section. Since the SOL is rather small in comparison to the minor plasma radius (A < a) one can

|on|zat|on V=0 Vu 0
1= 3n main plasma main plasma
D dx
Vi=Cs Vi=Cs Vi= Cs |on|zat|on Vu Cs
- 1._ |_ — LCFS - |_ - — LCFS
4 _f L, r _5
I ru
SOL
stagnatlon plane stagnatlon plane
2L 2L
(a) Simple SOL (b) Complex SOL

Figure 2.7: 2-d model of the SOL, (a) a simple SOL filled via crossfield diffusionD; and (b) the complex
SOL with the ionisation taking place near the target.

use a simplified approach to describe the SOL, by straightening the SOL into a two dimensional
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picture as given in figure 2.7. The particle flow is in general along the field lines in z-direction,
while the radial diffusion is described as being in the x-direction.

One general distinguishes two models, the simple SOL as shown in 2.7(a) and the complex SOL
given in figure 2.7(b). While the simple SOL models mostly holds true for the so-called Limiter
configuration assuming the ionization taking place inside the plasma the complex model is valid
for the divertor configuration, with the ionization taking place inside of the SOL near the target.

In principle the electrons will rush to the target and build up a negative potential with the char-

acteristic length being the Debye length
kT,
Ap = ) 2Ee (2.14)
Nee

which in principle now builds a thin shielding sheath.

In any case the shielding is not perfect and the thermal motion of the plasma particles is suf-
ficient to penetrate the sheath and accelerate the ions towards the target. Due to a pressure
gradient towards the target a symmetric flow is developed toward both ends which at the stag-
nation points has no velocity in parallel direction while it reaches sound speed at the target
(”"Bohm criterion”). This flow is one of the boundary conditions for plasma rotation close to the
edge and can be observed through radial coupling in the edge plasma rotation.

The symmetry of the flow can be removed by drift motions due to the electric fields or pres-
sure gradients normal to the magnetic field direction. For more details see [Unterberg 08,
Stangeby 00].

2.2 Plasma Rotation and Radial Electric Field

The following section will give the necessary theoretical approaches to get an understanding
of the plasma background and impurity rotation, meaning the rotation of the deuterium plasma
and the rotation of impurity species which due to different charge mass and coupling may very
well rotate differently from the background. Plasma rotation, in this work the impurity rotation,
is the main ingredient in determining the radial electric field from the radial force balance as
discussed in some detail in section 2.2.3.

2.2.1 Background Rotation

As is described in Section 2.1.1 a simple picture of single particle movement can already be
given by the application of particle drifts due to the gradients in pressure and magnetic field or
other perpendicular forces.

Since the plasma cannot simply be seen in the single particle approach one can only describe the
plasma rotation on the basis of the fluid equations, namely the single fluid model, incorporating
ions and electrons.
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47, S L )
nimi——=nie(E + (0; x B)) =V -II; = Vp;+ F;  + Rj. — nimivt;  (2.15)

dt ~— _  N———

Lorentz force viscosity & pressure  ext. forces  friction collisions
(CXRS friction)
4z, L L
nemeﬁ =-nee(E+ (. x B)) = V-IIo — Vp. + F. + R, (2.16)
dv, O,

T ,V-U, , aefi,e 2.17
a ot - aelie} @17

In the following discussion we concentrate on the approach presented in [Chen 85, Helander 01,
Rozhansky 96, Cornelis 94] starting on the momentum balance equation describing the force
density for electrons (e) and ions (i) as given in the equations above. n,, m, and v, are describ-
ing the density, mass and velocity of electrons and ions (a€{i, e}).

While the first term on the right side describes the well known forces (given in terms of the force
density) operating on charged particles in electric and magnetic fields (Lorentz force) the other
terms introduce the viscosity tensor II,, the friction between the two species (R;. = —R.;),
the external force F|, and a collisional term for the ions reflecting the friction caused by thermal
neutrals in the plasma edge interacting via charge exchange with the plasma ions. Typical
external forces on ions are the external momentum input due to neutral beam heating, while
during the further development of the formalism, external forces on electrons will be neglected.
From equations 2.15 & 2.16 one can readily deduce the single fluid equation when representing
the mass and velocity by m,; and v; and assuming a quasi neutral plasma (n. = n;), following
[Cornelis 94, Rozhansky 96].

v . o - )
dz =X B—V-IL - V(p + p;) + F — nimavioti (2.18)

Here p is the plasma mass density (p =~ m;n;). Electron inertia as well as viscosity have been
neglected, while the electric field and friction cancel out.

p

In order to obtain the poloidal and toroidal equations of motion for the plasma one multiplies
equation 2.18 with the magnetic field B and utilizes a so-called flux surface average ({)) as de-
scribed in [Rozhansky 96, Helander 01, Cornelis 94] and ends up with the following equations

A% B-VII .
(1+ 2q2)n2~m2~—9 =—(jr)Bo — & + Fy — 2q(Fycos0) — (1 + 2q2)mmiyioV9 (2.19)
dt OB,
nimi% =0(j,) By + Fy — minivioV, (2.20)
) By
with © = —. (2.21)
B,

A feature visible in those equations is the connection between toroidal and poloidal rotation
(Vo,s = (Bo/B¢ug,s), flux surface averaged velocities).
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A toroidal force e.g. neutral beam injection can lead to a spin up in poloidal rotation, while a
purely poloidal force does not cause a poloidal spin up in a straightforward way [Helander 01].
Another implication from the formula is the factor (1+ 2¢?) which connects the rotation in both
direction, so the plasma can not rotate separately but connects both components via the flux
surfaces. .
(B-VII)
OB,

is the viscous force and can, according to [Cornelis 94, Rozhansky 96], be approxi-
mated as given by equation 2.22 with « the viscosity and Vj the neoclassical poloidal rotation.

+ Fy = a(Vy — V) (2.22)

(B - VII)
© By

o = gm}%mznz (Plateau-Regime) (2.23)
k dT; .
Ve — (Plateau-Regime, k=-0.5). (2.24)
eB dr

This description holds as long as the poloidal velocity is well below the thermal ion velocity
vy, = \/2kpT /m; and is derived under the assumption of stationary conditions % =0

From the given formula and assumptions one can now deduce the equations, determining the
poloidal and toroidal rotation.

a(Vp = V3) = — (jr)Bo + (Fy — 2q(Fy)) — (1 + 2¢°)min;viVy (poloidal) (2.25)
— (%mmiDL%) = O(jr) By + Fy + myn;vV, (toroidal)(2.26)

Equation 2.25 is the determining equation for the poloidal rotation, valid under the assumption
that the plasma is in stationary conditions and the convective derivative as well as anomalous
transport are negligible.

Equation 2.26 is the expression for the toroidal rotation where as commonly proposed a large
transport of momentum is introduced (from experimental observation). This transport is de-
scribed via the anomalous perpendicular viscosity ((VII),, = %nan%, Nan = myn;D1). A
typical value for D, is the empirical value 1 m?/s. Due to the strong dampening in the poloidal
rotation the anomalous perpendicular viscosity is neglected in the poloidal equation.

Note that in a truly neoclassical approach neither the external force nor the neutral particle
dampening are present, which together with the ambipolarity constraint would prohibit toroidal
rotation by itself. In an actual experiment toroidal rotation is present, owing mainly to momen-
tum input from an external source like tangential neutral beam heating, which is then balanced
into stationary conditions by the above mentioned collision with neutrals (eq. 2.15) as well as
convection and the introduced anomalous viscosity.

2.2.2 Impurity Rotation

In case of a typical tokamak plasma, the single fluid description has to be extended, so that
besides the background ions (denoted with 1), another contribution is taken into account which
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we call impurities (denoted with Imp.) in effect leading to a three species plasma. The following
considerations are of special importance since the measurements, that are discussed, are based
on emissions originating from plasma impurities, namely fully ionized carbon.

In this section a short introduction to the poloidal rotation shall be given considering a tokamak
plasma with one single impurity ion species based on the calculations performed in [Kim 91].

Beginning with the equilibrium parallel momentum and heat flow balance equations for a pri-
mary and impurity ions in eq. 2.29, with I, and ©, here the viscous stress tensors for friction

—

and heat respectively, the rotation in the neoclassical description can be developed. [, and

—

F,1 are denoting the associated friction forces.

R

(B-V-1,) = (B-F,y) 2.27)
(B-V-8,) = (B-F,) (2.28)
ae{i, Imp}

Poloidal Rotation

For the polidal rotation equation 2.29, 2.30 can be derived, when assuming that the electron
contribution to the viscous and friction forces is negligible [Kim 91, Testa 06] and that | can
also be neglected (cf. toroidal rotation).

|BBy|

‘/ei = _O~5'Uth,ipi(Kl'Lil) <BQ>

-h (2.29)

Zi Tlmp) -1 |BB¢|
Zlmp Tz Pi <BQ>

V™ = 0.5 vgps | K+ gKg Lyt —(h— “h (2.30)
In these Equations Ly, L,, are the gradient lengths for temperature and pressure (e.g.
d(InTi)/dr), while vy,; = /2kpT;/m; is the thermal ion velocity and p; = m;ve,;/Z;eB
the corresponding Lamor radius. In this case [Kim 91] gives a complete description of the in-
teractions between main and impurity ions parametrized in the two collision parameters /{; and
K5, which both depend on the applicable transport regime (given in [Kim 91]). The factor h
describes the possible helicities for the tokamak magnetic field configurations and is h = —1
for a typical TEXTOR discharge (h = sign(By) - sign(I,)) [Testa 06].

2.2.3 Radial Electric Field

The following section will give a short overview on the formalism describing the radial electric
field calculated based on the momentum formalism as seen above as well as the shearing of the
radial electric field and its relevance for typical confinement regimes [Ida 98]

To start with an obvious statement one should imagine that any kind charge separation will lead
to an electric field counteracting this charge separation or to a return current as described in
[Stangeby 00, Cornelis 94, Chen 85], as e.g. observed for the V B drift in section. 2.1.1.
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As part of this work it will be described that, even though the ambipolarity is maintained, during
ergodisation experiments a permanent J x B force is present, in turn being connected to changes
in the radial electric field [Unterberg 07, Busch 05]. In general ambipolarity (V] = 0) would
prohibit this, since V;' = ( is required for a plasma in equilibrium state.

Assuming the typical 2 species plasma such a current would be written as

] = en;v; — eneve, (2.31)

containing both the electron and the ion contribution.

A violation of the ambipolarity would directly lead to a radial electric field to compensate the
charge separation or to the evolution of a compensating current. [Stangeby 00, Cornelis 94].

Also the changes in NBI ion confinement and in particle confinement in general can be con-
nected to the changes in the radial electric field and the rotation.

To understand this, the following section will introduce the two most interesting quantities, the
radial electric field and the ExB shear.

The Radial Force Balance

Assuming a stationary case (9/9t = 0) for the momentum balance equations 2.15 & 2.16 (p.
17) and neglecting the force and friction terms discussed one can formulate the radial force
balance with a diamagnetic contribution as well as contributions from the toroidal and poloidal
rotation.

E’r = Er(diam.) + E’r(pol) =+ Er(tor) (232)

L dpi
Er(diam) = 2.33
(diam.) Zzen; dr ( )
Erpoy =  —v0iBs (2.34)
Er(tm:) = U¢,iBG (235)

In case of this radial equation convectivity and viscosity can be neglected under the assumption
that local variations in density and temperature are small on the scale of the ion Larmor radius
(pi/Ln, 1, , ae{i,e}) [Rozhansky 96].

This equation is determining the radial electric field given the knowledge about the pressure
(pi), density (n;) as well as the toroidal(v,) and the poloidal (vy) rotation.

As described in section 2.2.2 the impurity ion rotation might deviate from the rotation of the
main ions, but the radial electric field given by equation 2.32, if consistently measured for one
species, should be valid universally.

Since F,. is a common property to all ion species it should be possible to determine the field
profiles based on main as well as impurity, which has been proven by measurements at machines
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like the JET Tokamak [Testa 06] and TFTR [Fonck 84] as well as DIII-D [Burrell 94]. For the
JET experiments the evaluated values for the radial electric field calculated from deuterium and
carbon agree within 15% and within the intrinsic error bars.

The ExB Shearing Rate Q5

Whereas the quantity directly accessible from the radial forrce balance and the plasma rotation
and pressure is the radial electric field, the ExB shearing rate is the parameter most noticed
with regard to changes in plasma transport.

The shearing rate [Hahm 95, Burrell 97] given as

_ (RBy)?* 0 [ E,
WExB — B 78\11 RB@ (236)
. RBy 8 [ E
Qpy 4 : 2.
BB 1B, or <RBQ)‘ 237

shows several interesting features. By is the poloidal magnetic field, B, the toroidal magnetic
field and B its amplitude. R describes the major radius.

The term E,/ByR shows that both the electric field as well as the magnetic field shear are
contributing to the final result. Since the lowest order electrostatic potential is a flux function
this term is also constant on the flux surfaces, while the term (RBy)?/B varies. In a strong
simplification in order to understand this equation, F,./ R By could be understood as the toroidal
angular speed described by standard neoclassical equations [Burrell 97], assuming negligible
poloidal and diamagnetic contribution to FE,.

Relevance for Plasma Confinement and Fusion Research

Now that the most quantities are introduced the following paragraphs are used to give a short
insight on what is the importance of the radial electric field and the E x B shear for tokamak
transport and confinement. We will try to give some hints to the data and discussions in later
chapters (Section 3.3 & Chapter 6)

As has been pointed out before, the H-Mode [Wagner 82] and similar improved confinement
scenarios have driven the success of fusion development in the last 15 years. One major aspect
of this research was the developement of models explaining the transition between L-Mode
(low confinement) and H-Mode (high confinement). Most of these models [Burrell 97] have in
common that they are taking into account changes in the radial elelectric field and especially the
Ex B shearing rate to explain the changes in plasma transport and confinement. The changes
in the radial electric field and its gradient are related to changes in the turbulent transport and
the growth rates of instabilities [Biglari 90, Burrell 97, Moyer 95]. The radial extent and growth
of turbulent eddies in the plasma edge is influenced.
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Figure 2.8: Schematic picture of turbulence decorrelation / distortion by E x B shear

As shown in figure 2.8 the basic effect is assumed to be the reduction in radial transport due to
a decrease in the radial correlation length of fluctuations in density temperature and or plasma
potential.

As is described in section 2.2.3, equation 2.32 indicates that the radial electric field can be
influenced by altering the plasma pressure, the toroidal or poloidal rotation.

A long list of experiments have been performed to test the connection between Ex B velocity
shear and plasma confinement, including H-Mode edge confinement improvement, VH-modes
and ITB discharge experiments [Burrell 94, Synakowski 97, Van Oost 03, Dreval 08].

It was shown that in the L-H transition especially changes in the edge pressure gradient as well
as vy are observed. Changes in those quantities directly related to changes in the radial electric
field and its shear.

Considering all the experiments, the velocity shear seems to have a quite universal character for
tokamak confinement. This role is backed up by the theoretical work of Kim [Kim 91], pointing
out the crucial role of the £/ x B velocity in the description of plasma fluctuations.

A shear in the E x B velocity distorts the flow eddies as depicted above and reduces radial
transport. This reduction in radial transport is due to both the change in phase between the
velocity and density perturbation and to a decrease in amplitude of the perturbation themselves.

The shearing rate as given in equation 2.36 & 2.37 enters the various stabilization models
quadratically, hence the sign is not playing an important role [Stacey 05]. Even though the
models still deviate from the measurement data, when comparing the ExB shearing rate with
the turbulence growth rates, it seems clear that the radial electric ﬁeld is the crucial parameter
to understand and influence plasma confinement. In general wi, 5 < Ymae is used as a the
prediction for turbulence suppression.

In chapter 3 the Dynamic Ergodic Divertor is discussed as a tool to influence plasma transport
in the edge as well as a means of changing the radial electric field by influencing the plasma
rotation. The suppression of turbulent transport [Xu 06, Kramer-Flecken 06] as well as the
spin-up of rotation [Finken O1, Finken 05b, Busch 06, Unterberg 07] have been observed under
the influence of the DED. This will be complemented in chapter 6, where the use of the DED
is demonstrated, causing two distinct scenarios to emerge, one with improved particle confine-
ment, the so-called improved particle confinement scenarios and one with decreased particle
confinement, the so-called particle Pump Out scenario [Coenen 08, Schmitz 09].
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Chapter 3

TEXTOR and The Dynamic Ergodic
Divertor (DED)

16 Toroidal Field Coils
Iron Yoke

Ergodic
Divertor
<]
).
Hydrogen /
Diagnostic <
Beam (RuDI) /B

Figure 3.1: Top View of TEXTOR. Directions given for standard conditions. NBI=Neutral Beam Injec-
tor.

TEXTOR-DED stands for the combination of the limiter tokamak TEXTOR (Torus Experiment
for Technolgy Oriented Research) [Neubauer 05] and a set of perturbations coils mounted inside
of the tokamak vessel, the Dynamic Ergodic Divertor (DED) [Finken 99b].
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3.1 The Tokamak TEXTOR

TEXTOR is a medium size Tokamak operated at the “Institute for Energy Research - Plasma
Physics, Forschungszentrum Jiilich GmbH”. TEXTOR is the experiment of the Trilateral Eure-
gio Cluster and has been operated since 1982. During the lifetime of TEXTOR additions to the
experimental setup have been performed, e.g. the installation of the Dynamic Ergodic Divertor
in 2002, which plays the crucial role in the work presented here.

The experimental setup is displayed in fig. 3.1, which shows an overview of TEXTOR, includ-
ing some of the major components e.g. the toroidal field coils, the neutral heating beams and
the diagnostic hydrogen beam RuDI.

3.1.1 Setup and Operational Parameters

In contrast to most present day devices TEXTOR is a limiter tokamak, with a minor radius of the
plasma column of about 47 cm . The major radius is given as the distance from the center of the
primary solenoid to the center of the liner, the inner metal wall, and has a value of R = 1.75m.
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Figure 3.2: Typical TEXTOR discharge, #107471, showing the plasma current () and the toroidal
magnetic field (By) as well as the line averaged electron density (n.) and temperature of the plasma(7%).

The setup consists of a primary transformer solenoid with an iron core and a six legged iron
yoke (cmp. fig. 3.1), a set of 16 copper toroidal field coils and a stainless steel vacuum vessel.
As mentioned before, inside of the vacuum vessel a so-called liner is mounted. Its is heatable
and equipped with several openings for the diagnostic ports. It gives the opportunity to use the
inner wall quite flexibly, e.g. mounting different wall components to test new wall materials.
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TEXTOR like every tokamak is an axisymmetric machine, with a circular plasma. This sym-
metries hold true up to the plasma edge where the nature of the topology is more a three di-
mensional one than simply 2D [Schmitz 08b]. In any case reversing the plasma current and
magnetic field should in turn just reverse the rotation and drift directions and hence mirror the
machine. The one exception to this rule is the ALT-II limiter belt limiter. Since the ALT-II
limiter is fixed at the bottom of the machine (at 45°) with a radial position of r=46.6 cm, its
position can have implications on plasma rotation and flows in the plasma edge.

Apart of the ALT-II limiter two poloidal limiters are mounted at the top and the bottom of the
machine which can be moved into the plasma when required. An overview of the specifications
is given in table 3.1.

The central solenoid is able to induce a current into the plasma between 0.2 and 0.8 MA, while
the typical operational window lies around 350kA. The toroidal magnetic field ranges up to
3.0T and is being sustained during the whole discharge.

Depending on the plasma current the discharge has a maximum duration of up to 10 seconds,
while a typical flat top phase is in the order of 5 s.

Parameter Value
Plasma boundary Limiter / DED
Major plasma radius 1.75m
Minor plasma radius 0.47 m
Plasma shape circular
Plasma volume 7 m3
Number of TF coils 16
Magnetic Field (max) 30T
Plasma current (max) 0.8 MA
Pulse length (max) 10s
Installed heating power 9 MW
Heating systems NBI, ICRH, ECRH

Table 3.1: Parameters of the TEXTOR tokamak [Neubauer 05]

The line-averaged density depends on discharge and machine conditions; it ranges from
0.9-10"%m=3 to 10 - 10'9m =3, while typical electron and ion temperatures are in the range of
keV in the core and ~ 100eV in the plasma edge (fig. 3.2).

3.1.2 Diagnostics & Heating

TEXTOR is equipped with a large set of diagnostics, either for plasma and machine control
or for scientific purposes. Several heating systems are available to supply additional energy
to the plasma [Neubauer 05]. The diagnostics include magnetic pickup coils, ECE imaging,
HCN laser interferometry, Microwave reflectometry, thermal beams, active beam spectroscopy
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(CXRS), optical spectroscopy, Soft-Xray spectroscopy, VUV spectroscopy, optical overview
cameras and many more [Donne 05, Brezinsek 05a]. The HCN interferometer as well as the
magnetic diagnostics are integral part of the plasma density and position control scheme, while
the other diagnostics are mainly used for physics purposes, density measurements (ion, elec-
tron), high resolved rotation measurements, impurity studies and more.

To reach and maintain a viable high confinement fusion plasma external heating is necessary to
drive the transition from so-called L-Mode (Low) to a higher confinement stage (H-Mode). In
case of the TEXTOR tokamak three main systems are installed.

Neutral Beam Heating is supplied via two tangentially mounted 45 to 60 V, 100A hydrogen
(deuterium) beams which can inject a power of up to 2 MW each(fig.3.1). TEXTOR has two
systems of Cyclotron heating ( [Koch 08]), a set of two pairs of ICRH (Ion Cyclotron Reso-
nance Heating) antenna and one gyrotron for suppling ECRH (Electron Cyclotron Resonance
Heating). Both systems can add another 5 MW in total.

3.2 The Dynamic Ergodic Divertor

The Dynamic Ergodic Divertor (DED), installed at TEXTOR in 2002, is a flexible tool to control
and study the behavior of the plasma edge properties under the influence of an external magnetic
perturbation field in resonance with the tokamak field [Finken 99b, Finken 04]. It is also intro-
ducing a divertor concept based on the generation of a ergodic boundary layer [Schmitz 08b].

Setups similar to the DED have been applied at Tore Supra [Ghendrih 96], and by use of existing
correction coils at Jet and DIII-D [Evans 06a, Liang 07] and have proven to be a powerful tool
to control power and particle transport in the plasma edge, including suppression of harmful
edge modes [Evans 06b].

Beginning with the early phase of development of the DED several theoretical and modeling
approaches as well as intensive experimental measurements have been performed to under-
stand the interaction of DED with the tokamak plasma [Lehnen 05b, Lehnen 05a, Schmitz 07,
Abdullaev 03, Finken 05a] and compare the calculated magnetic topologies with the actually
measured quantities like plasma density and temperature as well as heat flux patterns on the
DED target [Schmitz 08b, Jakubowski 04b].

On the following pages a short overview on the DED setup and its operational parameters shall
be given followed by a simple description of the magnetic topologies and regimes accessible
with the DED. In the end a short theoretical overview will be given in order to later connect
observed effects with the their theoretical counterparts.

3.2.1 Setup and Parameters

The DED consists of 16 helically wound perturbation coils mounted on the High Field Side
(HFS) of TEXTOR (+2 additional compensation coils). Those coils (1 < 7 < 16) can be seen
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in the left part of fig. 3.3. They are mounted at a minor radius of » = 0.535 m and cover a
poloidal range of about 72°(2 x . = 80° incl. compensation coils). The coils are mounted in
such a way that they are aligned with the pitch angle of the field lines on the ¢ = 3 surface at
the High Field Side (cf. sec. 2.1.1). The ideal coil setup, to produce pitch resonance, is given as
such that the coils start at ¢; = j7/8 and wind once around the vessel. This means a poloidal
angle starting from 0; = m — 0. and ending at §; = 7 + 0.
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Figure 3.3: Coordinate System under normal TEXTOR Conditions (DED AC+ || electron diamagnetic
drift direction (EDD), DED AC- || ion diamagnetic drift direction (IDD)), DED Wiring for different
operational modes (sec. 3.2.2)

The coils can be interconnected in several setups, which allows the following DED configura-
tions: m/n 12/4, 6/2, 3/1. m being the poloidal mode number and n the toroidal mode number
or the number of toroidal(n) or poloidal(m) turns (cf. figure 3.3). Those configurations have
different consequences regarding the magnetic topology and plasma transport which are ex-
plained in more detail in section 3.2.2. Each of those configuration has a unique spectrum of
modes with different amplitudes.This causes resonances at several of the g-surfaces apart of the
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main resonance. The coils are protected by a layer of graphite tiles (fig.3.3). A more detailed
introduction in the magnetic field and setup of the DED can be found in [Finken 05a].

The DED can be operated in all of the configurations at several amplitudes depending on the
connection of the different coils. This causes different perturbation amplitudes with respect to
the different mode spectra. In addition to normal DC operations, the power supplies are also
able to provide a multitude of frequencies between 89 Hz and 10 kHz.

While in the 3/1 mode four neighboring coils are combined such that the same current is flowing
through them, allowing for I,,,, of 3.75kA the setup in 12/4 uses each coil separately (cf fig 3.3)
allowing for a maximum current of 15kA. The different configurations produce different mul-
tipole structures and have different behaviors regarding radial decay and extent as is described
in the following section. The 3/1 mode has the most prominent resonances at m=3 and n=1, the
other configurations behave according to the defined mode numbers.

In the course of this work mainly the 6/2 DC configuration is considered.

3.2.2 Magnetic Topology of TEXTOR-DED

The magnetic topology and the different operational regimes mostly depend on the position
of the resonant q surface with respect to the plasma edge and the DED [Finken 05a]. Even
though the typical perturbation Bpgp < 0.02T is small in comparison to the main B field
(Bpep/Bs < 0.1 [Finken 05a]) the topological structures can be seen very well in the experi-
ment [Schmitz 08b, Jakubowski 04b] and in the calculations [Finken 05a].

(a) mn=12/4 @ 11 kA (b) m/n=6/2 @ 7.5 kKA (c) mn=3/1 @ 3.75 kA

Figure 3.4: Poloidal cut through the TEXTOR vessel: DED operational modes - showing the calculated
vacuum topology (Poincaré plot) overlayed with the CIII emission of intrinsic carbon impurities.

As an introductory example fig. 3.4 shows a comparison between the calculated magnetic topol-
ogy (Poincaré Plot see below) and the intrinsic CIII emission (from carbon impurities) gathered
via a tangentially viewing camera. The three images show the three different base modes of the
DED. The 12/4 mode shows a shallow penetration, only the plasma edge is affected, while in
the 3/1 configuration the penetration reaches far into the plasma (half the minor radius). In all
cases the CIII emission matches the structures of the near field shown by the topology plots.
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Visualization and Modeling

A standardized method is applied to model and visualize the magnetic structures present in the
ergodic plasma edge of TEXTOR-DED. Such methods are necessary in order to understand the
influences on the particle and heat transport (electrons and ion follow the magnetic field lines).

Codes At TEXTOR two numerical codes are applied. The Gourdon Code [Gourdon 70,
Finken 05a] and the ATLAS approach [Abdullaev 99, Jakubowski 04b, Finken 05a], both su-
perimposing the DED field over the two dimensional axissymetric and stationary tokamak field,
hence neglecting self consistent reactions of the plasma (see below). Both Codes will be used
in this work, in order to present the data in comparison with the magnetic topologies.

The Gourdon Code was developed in 1970 and uses the assumption that one can simply su-
perimpose the equilibrium magnetic field and the radial perturbing field. This method exactly
describes the field lines, neglecting any plasma response (Vacuum Approximation). The re-
sulting field vector can be used to track the field lines. The interaction between plasma and
perturbation is neglected and the screening of the magnetic field is assumed to be negligible.

The code requires the equilibrium fields as well as the fields originating from the external DED
coils. While the plasma equilibrium is calculated using the DIVA Code [Zehrfeld 99], the ex-
ternally applied field is based on the current distribution in the coils and Bio - Savart’s law
[Biot 20]. The equations of motion are solved in 3 dimensions with numerical integration. The
calculations represent the magnetic topology as given by those calculations.

The ATLAS Code uses another approach for the calculation of the field line in the vacuum
approximation (so-called mapping), it uses a suitable mapping function to allow n-dimenional
steps to be performed instead of integrating step by step [Abdullaev 03]. With this approach,
it is possible to formulate an analytical solution and hence formulate a mapping between dif-
ferent poloidal cuts [Abdullaev 03, Jakubowski 04a]. This approach is also called “’simplectic
maping” [Jakubowski 06]. Both methods can achieve good agreement with the experiments
performed at TEXTOR-DED [Schmitz 08b, Jakubowski 04b, Coenen 08], but details are sub-
ject to the m/n configuration of the DED. Every configuration has a different spectra and causes
different resonance effects depending on the amplitude of the respective modes and amplitudes.

There are two main methods to visualize the results of the above mentioned calculations. The
Poincaré and the laminar plot. Both are combined in fig. 3.5 and will be explained in the
following paragraphs followed by the different parts of the magnetic topology.

Limitations to the Vacuum Picture As is stated above, both approaches assume the so-called
vacuum approximation. While this is so far the only way to judge the measured data in compar-
ison with the theoretical magnetic topology, limitations are known to exist. From measurements
at TEXTOR it is known that the m/n=12/4 setup agrees very well with the magnetic calculations,
based e.g. on measurements on the DED divertor target footprint pattern [Jakubowski 04b] but
the lower modes of the DED can show deviations from the calculations. Especially the effects
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Figure 3.5: An overview of the magnetic topology in the stochastic edge for m/n = 6/2 base mode configuration. Shown here is a superposition of Poincaré

(black colored intersection points of the magnetic field lines with the chosen poloidal plane), laminar plot (color coded connection length distribution)
and highlighted are the characteristic topological domains [Schmitz 08b] in the r-0 (poloidal) plane.
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during m/n=3/1 setup with its deep penetration into the plasma are likely to deviate from the
calculations in vacuum approximation.

Deviations from this vacuum approach are e.g. effects of rotational screening, the more the field
is theoretically thought to be penetrating, the more likely is a counter action of the plasma by de-
veloping screening currents [Cole 06]. This is similar to the behavior in an electric motor where
the rotation is induced due to counteracting forces. In addition effects like resistive and ideal
MHD effects, tearing modes [De Bock 08] and resonant field amplification [Reimerdes 06] are
also not included in the vacuum approach.

Under TEXTOR conditions, limited low temperature, L.-Mode plasmas, those effects are
thought not to cause deviation from the vacuum approach at least for the higher perturbation
mode numbers.

In order to judge the agreement between calculations and actual magnetic topology in this work
the footprint patterns on the DED target are used as is shown in the discussions given in chapter
6. Another way is to actually measure the structures in the plasma, as given in [Schmitz 08b]
for the 6/2 and 12/4 setup. For the 6/2 setup discussed here, reasonably good agreement has
been shown.

Poincaré Plots are the classical approach (cf. classical mechanics) to visualize the field lines.
It takes a poloidal cut, hence reducing the problem of representation by one dimension, and
traces one or more field lines, marking each intersection of those field lines with the given
poloidal plane. The intersection point is marked with a dot, as shown in fig. 3.4 and 3.5. The
field line is either traced to a maximum number of steps or intersects with the divertor target
plate at r=47.7 cm, simulating the theoretical end of the field lines and the effects of the DED
near field. Fig. 3.4 displays the topology as an overview over the whole 360 degrees. Typically
a visualization as in fig. 3.5 is used to better discriminate between the different topology layers
(see below).

Laminar Plots are a different approach to topology visualization and one example is shown
in fig. 3.5 by the color coding. In contrast to the black dots (Poincaré plot) the color coding is
given by the field line connection length (L.).

The field line is traced from a starting point into both direction until it hits the wall. The con-
nection length to the target is assigned to each point in the poloidal plane. From the connection
length a contour plot is calculated as shown in fig. 3.5. One typical use for these calculation
next to the poloidal cuts is the representation of so-called footprint patterns on the DED target,
where the field lines intersect with the vessel wall [Jakubowski 04b].

Topological Structures and Layers

In the following we will structure the magnetic topology into 4 distinct zones, beginning with
the unperturbed core of the plasma and leading to the ergodic edge of the tokamak plasma.
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As can be seen in fig. 3.5 the clear distinction in zones or layers is mostly a simplification to
describe the features of the more complex structure in a more accessible way (e.g. Ergodic vs.
Laminar Zone [Ghendrih 96]).

Unperturbed Flux Surfaces are located in the innermost parts of the plasma (fig.3.5). The
magnetic surfaces are structured following the typical onion principle as described in section
2.1.1. The surfaces may be distorted by the external perturbation, but are not yet completely
restructured.

Island Chains are areas where the resonant coupling to the external perturbation field causes
aradial field line displacement in such a way that the magnetic field lines are sampling magnetic
island structures during their movement. The number of islands is determined by the poloidal
mode number and their radial and poloidal extent is given by the position of the resonant flux
surface with respect to the position of the perturbation coils. The mode spectrum of the pertur-
bation and the q surface at which the external perturbation interacts (compare fig. 3.5, island
chains at q=5/2 and 4/2), is crucial to the magnetic topology. Only g-surfaces that are pitch
resonant to parts of the applied mode spectrum will be influenced.

”Ergodic Zone” The ergodic zone is the term characterizing a specific part of the ergodic
plasma edge. Although the term zone maybe misleading, when comparing to figure 3.5 and the
shown complex structure. In general there are ergodic areas with a long connection length L¢
as part of the ergodic edge. As long as the connection length is larger then the decorrelation
length L one can speak about an ergodic zone (see below).

In the following work, we will use a broader approach when using the term ergodic zone. One
can assume an island chain where the resonant perturbation is strongest. In case of such an
island chain one could reach a situation where the island width AV, , exceeds the distance be-
tween two islands |¥,, 1 , — U, .|, which can be called the ergodic zone. Three parameters can
describe this zone, the connection length, the Kolmogorov length and the Chirikov Parameter.

The island width is a function of the perturbation field components |h,, | for the relevant
poloidal and toroidal mode numbers (m, n) as well as the q profile ¢(¥). With U the Poloidal
Flux Function [Finken 05a].

6h'm.,n(‘ll)

A,,, = 4. | mn®)
S q(U)!

(3.1)

The connection length (L) inside the ergodic zone is very large accounting for the stochastic/
ergodic character of the field lines, filling the ergodic volume completely.

The Chirikov Parameter is a measure for the island overlap and is given as

A\I}m,n - A\Ijm+1,n
2- |\Ijm+1,n - \Ilm,n‘ .

(3.2)

OChir =
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Where o¢y,;,- €xceeds unity, one observes an ergodic field line behavior, which can also be de-
scribed via the Kolmogorov or field line decorrelation length in the quasi-linear approximation

\—4/3
M) ) (3.3)

Ly = mqR, ( >
The ergodic zone at TEXTOR typically covers about 4 cm at the plasma edge depending on
plasma parameters and especially the edge safety factor and the poloidal beta [Jakubowski 04b].
The field lines in the ergodic zone are still bundled together, but are stretched and radially
displaced.

The Term ergodic field lines can be misleading even though widely used In literature. Field
lines with long L. and decorrelated behavior are generally described as ergodic field lines.
However, application of the Hamiltonian formalism requires generation of fixed points which
prohibit ergodization of a complete radial domain in the perturbed edge layer. Only specific
sub-volumes can be ergodized. Therefore the term stochastic can be somewhat more accurate
in some places and is then used.

”Laminar Zone” The laminar zone is the outermost part of the TEXTOR stochastic edge, if
speaking in terms of layers. It is characterized by a small connection length, being influenced by
the near field of the DED, connecting two parts of the wall via short field line connection length.
The Term Laminar Zone applies at a Kolmogorov Length which is larger than the connection
length.

If one considers figure 3.5, one ends up with a laminar zone which is quite structured. A Zone
consisting of so-called laminar flux tubes with short connection length to the DED target as well
as inwrought ergodic fingers with the typical ergodic behavior, elongating the flux tubes with
large L. While the Laminar flux tubes with short connection length are dominated by parallel
transport along the field lines, the stochastic areas (long L) feature enhanced radial transport
[Schmitz 08b].

All in all the stochastic plasma boundary as depicted and described above is a complex structure
with direct influence on particle and heat transport as well as on the confinement. Open field
lines are connecting directly to the target.

3.3 Effects of Stochastization & Scenarios

In this section a short introduction into some scenarios accessible with the DED will be given,
with a main focus on the so-called improved particle confinement and the opposite scenario, the
particle pump out. This will be the motivation and a first insight into the data later discussed
in Chapter 6 regarding those two regimes. As another important example the influences by the
DED due to the ergodized edge plasma will be discussed by introducing the concept of a jxB
force originating from enhanced parallel electron transport.
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3.3.1 Edge Stochastization (5’ x B Force)

¢

(a) Ergodised magnetic field lines  (b) Geometry of currents. Inclined field lines due to radial mag-
can approach each other. A parallel  netic components; Perpendicular to the field lines is not anymore
electron current j. can hence be com- the same as radial.

pensated by an ion return current j;

Figure 3.6: Currents in the ergodized edge plasma.

As described above, the stochastic plasma edge produced by the DED consists of several differ-
ent layers, one being an ergodic zone of some centimeter extent. Already previous experiments
at TEXT [Yang 91] with a heavy ion beam probe have observed that, with the presence of an
stochastic edge layer, changes to the radial electric field are inevitable. This has been confirmed
by Tore Supra by means of spectroscopic measurements on plasma rotation, giving a spin-up in
the ion diamagnetic drift direction, hence showing a change in the £, into the positive direction
[Hess 95].

Typicallly the effects observed have been interpreted as an extension of the SOL into the ergodic
plasma region [Ghendrih 96] in order to compensate for the enhanced electron transport to the
wall.

At TEXTOR we have the ability to change the properties of the ergodization and the strength of
the perturbation field by means of the DED base mode numbers and the current amplitude. In all
of the DED configurations the effect of rotation spin-up into the ion diamagnetic drift direction
has been observed and its value was correlated to the amplitude of the magnetic perturbation
(DED current).

The model applied, here, to describe this effects is displayed in figure 3.6 and is explained
in more detail in the work of Ch. Busch and B. Unterberg [Busch 05, Unterberg 07]. The
open ergodic system leads to an enhanced parallel electron loss along the field lines which
is conceivable since the electron mass is much smaller (~ 1/1800) than the ion mass. This
enhanced transport leads to the changes in the radial electric field, and causes a ion return
current as depicted in figure 3.6(a). The radial component of the perturbation field causes the
field lines to come close enough to each other to allow a certain amount of cross field current j;.
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This current is sustained by a finite cross-field conductivity related to viscosity and friction
with neutrals, it is necessary in order to keep the ambipolarity condition satisfied which can be
written, as in case of the radial currents,

-

Vi = 0 (3.4)
Jysin(a) + jicos(a) = 0. (3.5)

The angle alpha is introduced due to the fact that the disturbed field lines are tilted by the angle
alpha with respect to their original direction by the magnetic perturbation field.

This angle alpha also causes a radial component of the current to be present and to flow outward,
leading to a j x B force with a poloidal and a toroidal component (the parallel component can
be neglected).

One can use the radial force balance of ions as well as the poloidal and toroidal momentum
equations given in equations 2.32 and 2.25,2.26 as well as the calculations in [Kaganovich 98]
regarding the transverse current (here given for the collisional limit) to create a model for com-
parisons [Unterberg 07] with the measured rotation and £, data (Chapter 6). Assuming that the
parallel loss current needs to be balanced by the perpendicular return current one reaches the
following statement.

E, = FE.giam) + Erwo) + Ergor) (rad. force balance) 3.6)
i) = —ULs) = Oerg(Er — Ey) (transv. current) 3.7
FE, is the so-called ambipolar field which can be written as

1. dln(n.) 1.71dT,
e dr e dr

E, = (3.8)
and basically is valid in the case of zero current. o, is the cross-field conductivity given by
the parallel conductivity o) as well as the Kolmogorov length Lyand the field line diffusion
coefficient Dp; as

D
Terg = O—HL—Z (3.9)

Dpy, Ly can both be taken from mapping calculations [Abdullaev 99] and lead to a scaling of
Oerg a8 1187/ ,;i p- Those quantities represent more or less scaling factors, to match this simple
model with the observed effects.

3.3.2 Confinement Scenarios under the Influence of the DED

During the studies regarding the influences of the DED on the radial electric field and the plasma
rotation discharges were performed that not only showed the changes in £, towards more pos-
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itive values and increase of rotation as expected from the above mentioned model, but also
showed changes in the particle confinement.

As an example, discharges in Limiter H-Mode [Unterberg 09] and such with so-called Improved
Particle Confinement (IPC) [Coenen 08, Schmitz 09, Finken 07a, Finken 07b] as well as parti-
cle Pump Out (PO) [Schmitz 09] are accessible.

The stochastic boundary at TEXTOR caused by the external magnetic perturbation from the
DED is the origin of at least the IPC as well as the PO scenario. In both cases a direct connection
between the changes in magnetic topology and confinement as well as plasma rotation and radial
electric field can be seen as will be shown in Chapter 6.

Numerical simulations of the magnetic topology show that both scenarios are distinguished by
the changes in field line connection length with respect to a specific resonance layer, namely the
q=5/2 surface, and by the total extension of the stochastic boundary [Coenen 08, Schmitz 09],
up to 6-8 cm into the plasma depending on the plasma current and position. The changes in
the magnetic field are connected to changes in the global confinement, as will be described in
chapter 6.
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Chapter 4

Spectroscopy & Diagnostics

Emission spectroscopy is one of the most common methods to investigate plasmas. It allows the
measurement of densities, temperatures and particle fluxes and more, via an unintrusive method.
The utilized device is the plasma itself, its intrinsic or excited emissions. The interpretation of
line emission requires an extensive knowledge of atomic and in some cases molecular physics,
the specific cross-section and the underlying processes. For strongly fluctuating plasmas or high
gradients, a local measurement is required, which can be supplied by using active atomic beams
or laser [Schweer 08].

In this chapter an introduction is given in the spectroscopic methods used, namely active charge
exchange with a diagnostic beam and passive Carbon III spectroscopy. The basic principles of
measuring ion velocity, temperature and density shall be explained.

4.1 Active Charge Exchange Recombination Spectroscopy
(CXRS)

The term Active Charge Exchange Recombination Spectroscopy (CXRS) describes the popu-
lation and excitation of the atomic levels of impurity ions [Fonck 84] via introduced neutral
particle beams. It allows both time and space resolved measurements of plasma parameters
such as temperature, density and rotation.

The basic techniques are based on the evaluation of spectral profiles and Doppler-shifted emis-
sion lines from plasma impurities excited by charge exchange via the following reaction

A+ B?t — AT + B V4 (n 1) 4.1)

n is the excitation state, |1 the angular momentum

A low Z impurity receives an electron from a fast or thermal neutral particle beam (H°, D°, Li°
etc.). Those impurities do exist in almost every fusion plasma, hence this diagnostic method is
widely used.
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In this particular case we discuss the charge exchange reaction between neutral hydrogen and
fully ionized carbon ions. The recombination process as described above leaves the resulting
ion in an excited state. For Carbon the following reaction takes place:

H+C% — HY 4+ 0% (n,l) (4.2)
C**(n,l) — CF(n',l') + hv 4.3)

In order to choose the most suited emission line one needs to have an understanding of the ex-
citation processes and the intensities of the different spectral lines. In this work only transitions
with emission in the visible range are considered since they can be observed with reasonable
effort.

It was shown [Fonck 84] that the charge exchange process is a resonant one, leading to the
population of levels where the electron preserves its orbital energy and radius. This behavior
leads to a peaking of the cross-section for 7,,,, ~ Z°/*

For higher excited states n, the distribution of the angular momentum number [ is peaked around
[ ~ nmax [Fonck 84]. Thus transitions with Al = 41 between states near or below the maximum
n are the most intense.

For the carbon spectroscopy considered in this work the visible spectral range is used and hence
the transition n — n’ = 8 — 7 at 529.0525 nm [Wiese 96] is the most suited.

4.1.1 Measured Quantities

In the following paragraph a short description of the accessible parameters shall be given, intro-
ducing the measurement of rotation velocity v; as well as the measurement of ion temperature
T; and ion density n; or intensity. In case of all quantities the measurements are commonly
performed on impurity ions as described. For the background plasma additional assumptions
have to be made. In Section 2.2.3 we have pointed out that eventhough the measured param-
eters are strictly applicable only for the used ion species, but can be interpreted via the radial
electric field as a universal quantity. In the next paragraphs this aspect will be ignored and only
sketched if being of interest for the particular quantity.

All quantities can be deduced from the spectral data shown in fig. 4.1(a).

Ion Velocity

The ion velocity is in principle is the most straightforward quantity to calculate, according to
equation 4.4 based solely on the Doppler shift [Doppler 42, Einstein 05].
A—=Xo
Ao
Here c is denotes the speed of light, A\ the wavelength in the rest frame, A the Doppler-shifted

wavelength. In the presented case movements away from the observer are counted as having
positiv velocities.

(4.4)

Vion = C*
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Figure 4.1: (a) Active CXRS Spectrum from RuDI Diagnostic beam, acquired with the poloidal observa-
tion system. Shown are the discharge averaged active signal together with the fitted gaussian. Symbolized
are the peak position as well as the intensity and FWHM. (b)Rate coefficient for the C'V'I (A =529nm)
transition stimulated via CX with a 50KeV hydrogen beam [Summers 94], Presented here are the curves
for hydrogen in the n = 1 ground state (—) and n = 2 excited state (— - —, scaled down by 100)

Ion Temperature

The ion temperature is connected to the spectral width of the observed emission line.It can be
easily deduced. Based on the assumption of carbon being in thermal equilibrium [Bogen 95]
the shape of the spectra can be assumed gaussian.

[ myc2 1 —mic? (A — X\g)?
I, =1y SnkpT, ~)\Oexp{ kT, . v 4.5)

I, denoting the Intensity of the chosen observed wavelength, [, the total observed Intensity for
the chosen line, T}, m; the ion temperature and mass and kp the Boltzmann constant.

With 4.5 the ion temperature is given in eV ! as follows [Bogen 95, Isler 94]:

AN pwind 2 me?
Ao 8e-In(2)
_ A)\FWHM
Ao

TileV]

2
) -1.68-10% - pfamul] (4.6)

The measured value is valid only for the species from which the spectra have been obtained.
In how far the temperature agrees with the value of the background hydrogen or deuterium
ions depends on the interaction between the two species. A typical measure for the agreement
between both temperatures would be the so called equipartition time [Huber 00, Hey 94] which
depends on the plasma density and temperature.

kg T,[K] = T;[eV], kp = 8.617343 - 107 °eV K !
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With typical plasma parameters in the plasma edge of TEXTOR and a spatial resolution of the
order of lcm one can assume that the temperature measured is comparable to the temperature
of the main ion species (deuterium, hydrogen) [Hey 94] since during one equipartition time the
ions only travel 5 mm.

Ion Density

The impurity density measurement not only depends on the emission spectra but also on the
knowledge of the photon flux produced in the plasma [Fonck 84] as well as on the beam atten-
uation.

M

1 B
I, = yy Z (ov); /nglnb,jdf 4.7)

=1

Equation 4.7 describes the intensity of a particular transition at wavelength A along a line of
sight that crosses the neutral beam (causing prompt CX recombination). Here nz, is the impurity
density and ny, ; is the beam particle component at velocity v; = vy, /+/J. In case of a neutral
hydrogen beam M=3 [Fonck 84]. The contribution of the beam halo neutrals is neglected.

Fig. 4.1(b) shows the rate coefficient for the charge exchange reaction with hydrogen at levels
n=1 and n=2. Since both levels can have significantly different contributions to the intensity
calculations, they both have to be taken into account (at low energies only 1% of the beam is in
the level n=2 but the rate coefficient is 100 times larger).

Commonly an iterative code like CHEAP [von Hellermann 00] is used to solve this equation
based on the measured photon flux and the known beam components. The calculation of the
carbon density has to be performed in a self consistent way, since the beam attenuation and the
carbon density are interdependent quantities in the course of solving this equation.

4.1.2 Fine structure & Zeeman Effect

The excitation due to charge exchange tends to prefer high angular momentum (/) states. Until
those states decay, they have the possibilty to mix with lower [ states due to ion ion collisions
[Fonck 84, Schorn 92], which leads to a statistical population (2] + 1)/n>%. Due to the coupling
between electron spin and ion angular momentum two distinct energy levels for each state (/)
are generated (except for [=0) which both contribute to the spectra. Fine structure components
can not be resolved with the means of the used spectrometers, but tend to broaden the spectra
as well as give an assymetric contribution to its shape (cf. fig.4.2(b)) [Hey 94, Gangadhara 06].

Another Effect contributing to the spectra shape is the Zeeman effect. At magnetic fields well
above 17" the Zeeman effect is in the order of the spin orbit coupling hence both couple sepa-
rately to the magnetic field. Depending on the observation angle with respect to the magnetic
field either the 7 and o or both are visible.
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Figure 4.2: (a) Corrections for the ion temperature at three values of the magnetic field, as well as
corrections for the central wavelength of the spectra. Influence of Zeeman effect and fine structure
splitting within a magnetic field. Displayed data is valid for the poloidal system at an average angle of
85°[Hey 93]. (b) The fine structure components for the CVI 8-7 transition at 529 nm (simplified with
B=0) [Hey 94] overlap to a complex spectrum changing the profile to a non gaussian shape.

In the plasma edge, as observed by the diagnostic the Zeeman effect plays an important role,
and thus needs to be corrected for [Hey 94].

Both, the Zeeman effect as well as the fine structure need to be calculated in order compensate
for the effects on the actual wavelength and width of the spectra [Hey 93]. With knowledge of
magnetic field, temperature, as well as observation geometry a correction is performed, correc-
tion factors are calculated and simply applied to the values obtained from the spectral data (cf.
fig.4.2(a)).

4.2 Diagnostic Setup

In order to understand the improvements brought to the diagnostic setup, a few remarks are
made, in advance, on the necessary diagnostic capabilities.

The resolution in poloidal and toroidal velocity is required to be < 1 km/s and < 10 km/s
respectively, based on existing measurements at TEXTOR [Busch 06, Duval 07]. This requires
a good spectral dispersion, here e.g. 10.8-1073A /pizel for the poloidal system. Taking into
account the severe limitations due to photon statistics for the velocity resolution and the spectral
shape (Section5.3) is one of the main tasks. The used hydrogen beam (cf. Section 4.2.1)
delivers, in comparison to larger NBI, only a small current (2A), leading to a weaker emission
of CX light, and hence making intensity one of the main diagnostic requirements (cf. Section
5.3).

In addition to the requirements for the rotation measurements the system should be capable of
measuring the temperature over the whole temperature range accessible in the observed volume
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at TEXTOR 30 eV < T; < 1000 eV [Schorn 92].

Common measurement tasks involve the study of DED induced magnetic topology and its in-
fluence on plasma rotation and temperature. In order to resolve this a high spatial resolution
between 1 and 2 cm is necessary.

The time resolution for the measurement is typically 3 seconds considering the whole acqui-
sition cycle necessary to reach a level of intensity required for high resolution velocity mea-
surements. The frame rate with which the data is acquired is actually 10Hz which is required
to allow the background substraction procedure (cf. Chapter 5) based on the beam modulation
cycle of 5 Hz.

—

Dynamic
Ergodic
Divertor
(DED)

toroidal observation

(drawn out of plane)
lower observation

Figure 4.3: Overview of the vessel mounted components and the realized viewing lines of the CXRS
diagnostic system. Observing 0.5 < r/a < 1.1. The diagnostics are mounted to observe the Low Field
Side (LFS). More details in figures 4.7 and 4.9

The diagnostic setup consists of three distinct systems, the Russian Diagnostic Injector (RuDI)
and the two observation systems, including the subsequent spectrometers and camera DAQ
systems.

As is depicted in figure 4.3 the diagnostic beam is located on the low field side of TEXTOR
in the equatorial plane, while the observation systems are mounted nearly perpendicular to the
direction of the beam in the poloidal and toroidal (equatorial) plane. In the following section
each component shall be introduced, with a focus on the detailed description of the observation
systems.

Both systems cover about half the minor radius of TEXTOR (0.5 < r/a < 1.1) allowing
coverage of the plasma edge (SOL) up to the plasma core. They are optimized to deliver as
much intensity as possible to minimize the effects of photon statistics on the measured quantities
[Coenen 09], as described in section 5.3.
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The poloidal observation system was operated since 2002 [Kreter O1] and subsequently up-
graded to its present form. The toroidal system was designed and included into the diagnostic
in 2006. The optical designs were performed with the ZEMAX [Zemax-EE 06] software.

A similar systems exist at the TJII stellarator [Carmona 06] which also uses the differen-
tial Doppler shift method for CXRS, as applied already at JET and TEXTOR [Hawkes 92,
Kreter 01, Busch 06].

The unique combination of the poloidal and toroidal systems at the TEXTOR Tokamak allows
a consistent measurement of the rotation as well as of the radial electric field at one toroidal
position.

4.2.1 The RuDI Diagnostic Beam

The Hydrogen Beam as depicted in figure 4.4 is based on the same principles as the common
heating injectors [Uhlemann 93, deGrassie 03], but scaled down in terms of ion current and
beam power, as well as beam diameter.

In case of RuDI an arc discharge plasma box [Deichuli 05] with a heated La B¢ hollow cathode
is used to produce a hydrogen plasma with a proton fraction of 78% as given in table 4.1. The
plasma produced is accelerated by a set of grids with an accelerating voltage of up to 50kV. The
beam subsequently neutralized in neutral hydrogen gas and fed through the beam duct into the
tokamak vessel.

Parameter Value
v plasma‘ boamduer | ) zZing magner 100 SOUICE Arc Discharge
7 . & ion dump Beam energy 20-50 kV
- i 4 ||/ newtmalizer - op current 1-2.1 A
e |ve 2P Species at SOkV
e R PRSI H* Hi Hi, HY [%] 74, 5,15, 5
& - \ Divergence 0.55°
S = = w% Neutralisation efficiency 60-70 %
T 1/e width in TEXTOR 8cm
R i Discharge duration 0.5-4s
' Modulation Frequency SHz

Figure 4.4: Setup of the Russian Diagnostic Hydro- Table 4.1: Parameters of the Russian Diag-
gen Beam (RuDI) at TEXTOR. Components such as nostic Injector (RuDI) including beam com-
the Arc-ion source, the Neutralizer and the bending position, beam divergence and typical modu-
magnet with their respective positions are shown. lation frequency

The typical ion current of ~ 2 A leads to a neutral particle current of about 1.2 A, with a width
(1/e) inside the vessel of 8 cm [Kreter 01, Busch 06]. The typical operation is performed at
50kV to maximize the rate coefficient of the charge exchange process between the CVI state
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and the full energy component hydrogen ground state [Fonck 84, Wiese 96]. The arc source is
capable of producing 2A ion current with SHz modulation over a duration of 4s. The modulation
presents an easy approach to background subtraction as described in Chapter 5, differentiating
between active charge exchange from the beam and passive charge exchange from the back-
ground plasma.

Due to small width, divergence and especially input power the diagnostic beam can be used for
spatially resolved CXRS measurements during all plasma scenarios with and without externally
applied heating. Since the input power from the diagnostic beam is in the order of 55kW
“modulated” (compared to an ohmic heating of ~ 300kW) on can be assume that the discharge
remains unaffected by the interaction with the beam, and hence measurements can be performed
during every heating scenario. The 50kV neutrals undergo charge exchange and then thermalize
along the field lines, hence no local heating is achieved.
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Figure 4.5: (a) Spectroscopic measurement of the H, emissions for the arc discharge plasma box,
showing the different energy components and the beam composition. (b) Beam Profile measurement via
the RuDI calorimeter (cf. fig.4.4)

Spectroscopy is used to determine the beam composition [Uhlemann 93, Geskus 03] based on
the Doppler-shifted emissions from the several energy components. The shape and divergence
of the beam can be measured via a calorimeter positioned 2 m after the plasma source. A typical
species composition measurement is shown in figure 4.5(a), while figure 4.5 shows the gaussian
shape of the beam.

4.2.2 Poloidal Observation System

The poloidal setup in this work was used in two distinct configurations. One used until Decem-
ber 2007 and the currently available setup. Both are displayed in figures 4.6 and 4.7.

The crucial point in measuring small poloidal rotation velocities is sufficient intensity reaching
the CCD chip. Poisson statistic can have a significant influence on the measurement accuracy
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[Coenen 09]. The work performed with the original setup lead to the conclusion that an upgrade
was necessary in order to perform the measurements of the radial electric field. In the following
section both configurations will be presented with the main focus on the current and improved
setup. Since some measurements are based on the older system a short introduction will be
given[Busch 06].

Original Setup (2002-December 2007)

The original setup, as displayed in figure 4.6 consists of two optics mounted on the tokamak
TEXTOR. The main optics are mounted on top of the vessel, imaging the CVI emission onto
25 optical fibers, which are imaged in turn onto a high resolution spectrometer. The additional
optics are mounted below the tokamak vessel, imaging the carbon emissions on 3 optical fibers
used to function as reference channels ([Coenen 09, Carmona 06, Busch 06]). This system was
mainly used for passive spectroscopy on intrinsic Carbon emissions (CIII) due to its lack of
transmission and hence intensity for active profile measurements.

Window

ey ' 0 Fiber

Lens focal length [mm] diam. [mm]

2o h L1(2x) 250 50
" L2(2x) 190 80
L3(3x) 190 80

= Boam - L4(1x) 50 80
sooromomr L5(2X) 315 120

L6(1x) 315 100

L4 =

Figure 4.6: Poloidal observation with fiber con- Table 4.2: Optical components of the poloidal ob-
nection (used until December 2007) servation systems

The system covered about 30 cm of the plasma minor radius leading to a complete coverage of
the outer region of the plasma including the plasma edge and SOL at the low field side.

However this system due to its way of transmitting the light through optical fiber suffered from
severe restriction due to photon statistic (5.3) and was consequently replaced by an upgraded
system with a direct imaging optics for the upper main observation system. The upgrade in-
cludes a new camere system and improved transmission optics from spectrometer to CCD chip
(cf. tab. 4.6).

Upgraded Setup (since December 2007)

The current poloidal observation system is also located in the poloidal plane of the tokamak
vessel, as depicted in figure 4.3, it is equipped with a direct imaging from the vessel top and
an additional bundle (3 channels) of optical fibers with a line of sight from the bottom of the
tokamak vessel (opposing lines of sight) for the differential Doppler spectroscopy (cf. 4.3).

4.2 DIAGNOSTIC SETUP 45



46 CHAPTER 4: SPECTROSCOPY & DIAGNOSTICS

Table 4.3 in combination with figure 4.7 gives an overview of the properties of the poloidal
observation system.

direct imaging { %C_g;?e?mera
1

Jojawolpads

Plasma

calibration channel
(diff. Doppler shift)

—_—
—
P

Poloidal Observation
System

Figure 4.7: Geometrical overview, including optical components, of the poloidal observation system
(Poloidal Cut). (colored in electronic version)

The direct imaging is optimized in two ways to satisfy the experimental needs and to overcome
intensity limitations: Firstly the direct imaging components (figure 4.7) relay the 30 cm ob-
servation volume on to the entrance slit (h=25mm, w = 200pum) and subsequently through the
spectrometer onto the 25 mm tapered image intensifier (= 10.5mm Chip) (cf. table 4.6) and
secondly the numerical aperture (NA) is optimized to satisfy as much as possible the limitations
due to the spectrometer acceptance angle (NA=0.05, table 4.5). The spectrometer as well as the
camera system is explained in more detail in section 4.2.4.

(@ (b)

lense focal length [mm] diameter [mm)] Components Distance
L1(2x) 250 50 OBJ to L1 740 mm
L2(2x) 190 80 LltoL2 150 mm
L3(1x) 100 350 L2to L3 478 mm
L4a(1x) 145 150 L3to L4 1110 mm
L4b(1x) 50 80 L4 toL5a 710 mm
L5(3x) 190 80 L5ato L5b 20 mm

L6(1x) 80 12 L5b to L5c 32 mm

L5c to Slit 45 mm

Table 4.3: Optical components of the poloidal observation systems and lens distances for both observa-
tion systems displayed in figures 4.7

The distance between the RuDI beam and the first optical element (L1) is 74 cm.

The in-vessel components (L1& L2) were optimized for an image NA of 0.4 [Busch 06] since
they originate from the previous setup and are imaging the emission through the window on to
the relay optics (LL.3-L5). This setup has a length of about 216 cm and is build to image the
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emission from the NA=0.4 at the window onto the spectrometer slit. By using a direct imaging
system instead of fiber optics almost an order of magnitude in intensity was gained. In addition
a broadband anti-reflection coating was applied for the range of 400 to 700 nm.

The bottom vessel observation for the differential Doppler spectroscopy is located 99 cm away
from the beam, with one (L4b) lens imaging the emissions onto the optical fibers (NA=0.4) and
another one (L6) imaging the fibers onto the spectrometer slit via a small mirror. Both parts are
inclined by an angle of about 11° to the beam due to the available access points. This fact is
later used to perform beam emission spectroscopy (BES) to determine the radial position of the
viewing lines via the Doppler shift.

The radial channels can be chosen depending on the experimental scenario and the intensity
requirements. Since a CCD Camera is used it is possible to either readout each CCD line, hence
realize a very high spatial resolution with low intensity, or combine (binning) some channels in
order to have reasonable spatial resolution with a good intensity.
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Figure 4.8: (a) Spatial resolution for the poloidal system under the assumption of a channel spacing of
lcm.Bars also represent the resolution.(b) Observation volume, determined by beam width, and channel
extension, as well as incident angle.

The spatial or radial resolution is determined by the size of the observed beam volume (fig.
4.8(b)), which in turn is determined in size by the CCD binning and the optical magnification.
A channel observing lcm of the beam will collect light from the complete volume, defined by
the incident angle and the beam width.

The radial resolution is in the order of centimeter and is visualized in figure 4.8(a) for a case
with each channel covering 1 cm. The poloidal system has a specially good resolution in the
plasma edge due to the small incident angle with the beam at larger minor radius. This is of
special interest for edge transport studies, as well as the measurement of the radial electric field
in the plasma edge. The resolution plotted in figure 4.8(a) represents an evenly spaced case, but
different radial resolutions for each part of the observation volume can be chosen. The overlap
between several channels is only resolvable by sacrificing radial resolution, but should in the
worst case only smoothen the profiles slightly.
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4.2.3 Toroidal Observation System

The toroidal observation system is mounted in the equatorial plane of the tokamak observing
the hydrogen diagnostic beam via a small mirror tangentially, as displayed in figs.4.3 and 4.9.

It consists of the collecting part (L1, L2) inside the tokamak vessel including the small mirror
collecting the light from the direction of the beam, as well as a set of lenses to image on to
the optical fibers (L3, table 4.4). The design was optimized to transfer the light to the fibers
mounted on the image space side of the optics. The fibers have a numerical aperture of 0.4 and
a diameter of 1 mm.

Toroidal Observation
System

CCD Camera
& Taper

Interference-
filter

Figure 4.9: Setup of the toroidal observation system and its optical elements(Top View)

In contrast to the poloidal system the radial spacing is given by the size and the mounting of the
optical fibers. The core of the fibers is 0.8 mm and leads to an object size of 12-15 mm.

(a) (b)

lense focal length [mm] diameter [mm] Component  Distance
LI1(1x) 120 31.5 OBJto L1 1132 mm
L2(1x) 70 31.5 LltoL2 128 mm
L3(2x) 100 50 L2toL3 152 mm
L4(1x) 80 25 L3 to Fiber 68 mm
L5(1x) 50 25 Fiber length 2500 mm
Fiber to L4 100 mm
L4toL5 55 mm

L5 to Slit 45 mm

Table 4.4: Optical components and parameters of the toroidal observation system
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The radial spacing and resolution is shown in figure 4.10 and is with 1-2 cm comparable to the
poloidal system. The fibers are arranged in a block of 2 times 10 fibers, giving 2 fibers per radial
channel (10 total), in order to improve the intensity available for each radial channel. In contrast
to the poloidal system the resolution decreases to the plasma edge. Even though it would be
preferred the other way around, constructional constraints leave this as the only viable viewing
option for the toroidal observation system.
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Figure 4.10: Spatial resolution for the toroidal system calculated for the actual fiber viewing lines. Bars
represent the resolution.

In front of the spectrometer the fibers form a single line and are imaged on to the 250pum wide
spectrometer slit using a small relay optic (cf. Section 4.2.4. In between the first 5 channels (10
fibers) and the last 5 channels (10 fibers) an additional fiber is supplied for the neon reference
(A=529.82 nm) produced by Geissler discharge neon lamp [Geissler 08, Pluecker 58]. All fibers
are mounted in a straight brass housing, supplying accuracy and support to assure all fibers are
aligned perfectly parallel to the reference channel [Coenen 09].

4.2.4 Spectrometers & Camera Systems

The light dispersion elements for the described diagnostics are two high resolution spectrome-
ters as described in the overview table 4.5.

‘ Poloidal Yellow Spectrometer | Toroidal Blue Spectrometer

Spectrometer Type Littrow Littrow
Grating Type Echelle Echelle
Grating Size[mm] 220x110 160x 130
Line Density [%] 79.015 1200
Blaze 76° 57.37°
Order used 46 2
Focal Length [mm)] 1000 750
Numerical Aperture 0.05 0.08

Table 4.5: Parameters for both spectrometers used in the poloidal and toroidal observation systems

4.2 DIAGNOSTIC SETUP 49



50 CHAPTER 4: SPECTROSCOPY & DIAGNOSTICS

The high resolution is required to resolve the particularly small poloidal velocities of order of
1 km/s. As mentioned before, the light collecting parts of the diagnostic are optimized for
high transmission, since the spectrometers themselves have got very small numerical apertures
(table 4.5) and etendue. The values are 0.021, 0.072 for the poloidal and toroidal system re-
spectively. This trade off between resolution and photon statistics is the limiting factor for the
capabilities of the diagnostic (section 5.3).

Both spectrometers are mounted in the Littrow configuration with an Echelle grating. Since
intensity is of the essence to assure good photon statistics and hence a good spectral resolution,
both gratings are used near the blaze angle. The poloidal spectrometer with a focal length of 1
m and a high dispersion grating is optimized for the use at A=529 nm in the 46™ order, while the
toroidal spectrometer is a common multi purpose spectrometer. Since in this high order several
other lines may be visible in the observation region a bandpass filter with a width of 2 nm is
used. The toroidal spectrometer is used in the 2" order; an additional filter is not required.

Even though the poloidal spectrometer in particular is optimized for use on the CVI line, both
spectrometers can be used over most parts of the available spectral range (400-700nm) by ad-
justing the grating angle [Busch 06, Kreter 01].

Poloidal (Upgrade) DAQ  Poloidal DAQ \ Toroidial DAQ

Image Intensifier BV2562 TZ-V BV2562 TZ-V | BV 2582 QZ 100N
Structure 22um 22um 22um
Taper 27:11.9 optical 1:1 27.5:12
Structure 6pm - pm
Camera AVT Pike F100B Dalstar 1IM30 Dalsa CA D1
Chip (1000x1000) px (1024x1024) px (256x256)px
Pixel Size 7.4 um 12pum 16pm
Effective Size 16.8 um 12pm 36.67um
DAQ PC SYSTEM PC SYSTEM VXI Controller
File Format PNG/Raw Binary Binary

Table 4.6: Overview of Cameras, Chips, Fiber Tapers and Image Intensifiers used, including the older
version of the poloidal setup.

The width of the slit is 200 um and 250 um, leading to an instrument function of 20 pixel and 12
pixel for the poloidal and toroidal system respectively after imaging on the subsequent cameras.
In case of the toroidal system the instrumental function can be checked for each discharge with
the available neon reference line.

The dispersion of the two spectrometers, measured with emission from an argon and neon
reference lamp around A=529 nm, are given in table 4.7. As an example figure 4.11 shows the
argon lines used for the upgraded poloidal observation system.

Both specrometer systems are supplied with an image intensifier as stated in table 4.6, which
are tapered on to the respective cameras to increase the transmission to the chip.
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Figure 4.11: Argon lines used, to deduce the dispersion for the poloidal spectrometer

System Wavelength[A] Discharges Dispersion [A/px]
Poloidal (AVT Pike)  CVI 5290.53 (10.799 #+ 0.003) 103
Toroidal (Dalsa-VXI)  CVI 5290.53 (0.1624 £ 0.0005)

Table 4.7: Overview on the used dispersion values (Setup cf. section4.2)

Each system contains of a CCD camera system with symmetric chips allowing frame rates up
to 30 fps with the full chip. The typical time resolution for the measurement is one beam period
per discharge. This means a time window of three to four seconds per discharge. The frame
rate is 10Hz to supply an integration time of up to 2 seconds for signal and background frames
according to the 5 Hz beam modulation.

In chapter 5 the method is described to discriminate the background light from the actual active
CXRS signal. Based on the beam modulation a scheme is developed for the acquisition of
camera frames. During one beam period of about 3 to 4 seconds the beam is switched on and
off every 100 ms and a frame is acquired every 100 ms with an exposure (shutter) times of
100 ms resulting in a set of frames with active and passive CXRS light as well as with only
passive CXRS emissions. The cameras are triggered at a pace to match the modulation period
of the diagnostic beam (5Hz) and hence are delivering 10 fps.

The toroidal system, due to the generally higher rotation velocities, is not as critical with respect
to resolving rotation spectrally. It uses a 256 pixel x 256 pizel chip where always two lines
are combined in the direction of the chip correspoding to the radial direction in the plasma.
This is done to increase the read out speed. A radial channel (fiber) typically is imaged onto
3(6) pizel x 256 pixel, while the carbon spectrum itself is only covering a small part in spectral
direction. This allows for the neon reference line (A=529.82 nm) to be displayed continuously
next to the plasma emission lines.

The whole chip covers ~ 4 nm (table 4.7) which corresponds to temperatures between 20 eV and
3000 eV (Typical O(100 eV)) measured from the Doppler broadening. The spectral resolution
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of the spectrometer allows a Doppler shift rotation measurement between 1 km/s (0.1 pixel) and
the maximum measured of ~ 100 km/s [Finken 05b].

The situation for the poloidal spectrometer is more specialized to the needs of the measured
parameters. The setup is comparable with the toroidal system with one distinct difference,
due to the high dispersion of (10.799 4 0.003) 10~ A/px only a limited spectral window can
be obtained across the (1000x1000) pixel? chip. The spectrometer has a resolving power of
Ripeo = 4.1-10°. The spectral window of 1.1nm allows temperature measurements of up to
900 eV with a resolution well in the range of eV, taking into account only the dispersion of the
spectrometer. The resolution in terms of Doppler shift measurements of the ion velocity is in
the order of 0.3 pixel based on the computer aided analysis, meaning 200 m/s when considering
the dispersion.

The radial binning, meaning the combination of several CCD lines, is performed off line. Since
the emissions are directly imaged onto the spectrometer and hence the camera chip one has
complete freedom whether to analyze the whole frame line by line with a small intensity, or to
choose a binning which offers more intensity. The AVT Pike F100B is able to obtain full frame
images with a frame rate well above the beam modulation rate.

The resolutions can be severely limited by the photon (Poisson) statistics which has to be taken
into account for later measurements and accuracy discussions, as given in section 5.3.

4.2.5 Theoretical Resolution of the Measurements

In this paragraph only the resolution available due to the dispersion as mentioned before, now
taking into account the actual CCD pixel size and the computer based methods to determine
the spectral shape. The actual resolution is determined by the actual spectra described in the
following chapter (chapt. 5).

Poloidal Observation System

If one takes into account the Dispersion ab. 4.7) of (10.799 4 0.003)10~3A and equation 4.4
one can calculate the actual resolution available in terms of velocity. In order to assess the
velocity and temperature resolution one needs to assume a certain accuracy determined by the
mathematical procedure used to fit the data to the gaussian hypothesis. One can assume that the
procedure is typically able to determine the peak position well under one pixel. For the purpose
of this discussion we assume 0.3pizel, based on the experience with the used routines.

Disp[nm/px] - 0.3 pixel
¢ 529nm

For the assesment of the theoretical temperature resolution we perform a similar calculation
based on equation 4.6

|Avge| = ~ 180m/s (4.8)

03px >
ATﬂI'eO = 1. .1 3. 12 - Dis ixel] - ~ le 4.
AT = 1.68-10 isplnm/pixel] (529nm> v @9
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As can be seen here the dispersion together with the evaluation methods gives still sufficient
margin for high resolution measurements.

Toroidal Observation System

The same applies for the toroidal observation system. The dispersion is given as 0.1624 +
0.0005A.

Di /px] - 0.3 pixel
[ Aafee] = . PEPIREL BIPIEL o 9400 s (4.10)
nm
0.3 pixel \ >
AT-theO — 1.68- 108 .12 Disp[nm/px] . ﬂ ~ 10eV (411)
; 529
nm

4.3 Calibration Methods

The two observation systems utilize two distinct ways to determine the rest frame wavelength
Ao, Which is necessary for the rotation (cf. equation 4.4) as well as for the temperature (cf.
equation 4.6) measurements. The poloidal system uses the so called differential Doppler spec-
troscopy [Hawkes 92, Busch 06], while the toroidal system simply relies on a neon reference
line, which is imaged on one of the channels imaged onto the CCD chip.

Differential Doppler spectroscopy utilizes two opposing lines of sight to acquire one red shifted
and one blue shifted spectrum from the same rotation. In case of the poloidal observation sys-
tem, this is one channel mounted on top of the tokamak and one optical fiber channel originating
from below the vessel as displayed in figure 4.7.

l.o.s
above the vessel ‘ ‘

—_— blue shifted p E

|, red shifted

\I.o.s :
below the vessel 7\,0

Figure 4.12: Sketch of the differential Doppler spectroscopy principle. Two opposing lines of sight
compensate for any inherent calibration error and deliver a very precise measurement of the reference
wavelength [Busch 06].
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Via this setup one obtains two spectra, with distinctly the same shift in opposite directions. Both
shifts represent the rotation velocity (vp.) with respect to the rest frame wavelength A\, as shown
in figure 4.12.

Both spectra are fitted with a gaussian distribution and the positions of \,..; and Ay, are then
used to calculate the position of Ay on the CCD chip. This is achieved by taking the mean value
of the peak position corresponding to the wavelength on the CCD.

Pos(Xg) = 0.5 % (Pos(Aed) + Pos(Abie)) (4.12)

With sufficient photon statistics this method is accurate to the order of the velocity resolution of
the spectrometer (<1 km/s) and hence the best method to assure a valid measurement of small
poloidal rotations. This system is used in a similar form since 2000 [Kreter O1] and a similar
system is used at the TJII stellarator [Carmona 06]. In contrast to the common use of reference
lines this method presents a direct measurement of the rest frame wavelength and is hence less
prone to systematic errors, which are here compensated by the differential approach.

The toroidal observation system uses a neon reference line imaged onto the CCD which is con-
tinuously emitted through the whole discharge. The line (529.82 nm) is fitted together with
the CXRS spectra and its position is used to determine the position of the rest frame wave-
length. Since all fibers, including the reference channel, are mounted collectively in front of the
spectrometer, the discrepancy between incident angles is negligible.

The absolute intensity calibration is needed for the density calculations, it is performed using
an Integrating sphere in front of the observation system at the position of the neutral heat-
ing beam. This allows to measure the ratio between emitted photon flux and the counts on
the cameras CCD. This is then could later be used as input for the iterative CHEAP code
[von Hellermann 00, von Hellermann 08] which solves equation 4.7.

4.3.1 Radial Calibration

The radial calibration can be performed in two ways. The first option is to illuminate the optical
fibers or the spectrometer slit, so that an image is produced on a measuring tool at the position of
the hydrogen beam inside of the vessel. Hence a direct connection can be established between
the fiber or slit position and the radial position along the beam. This method is very accurate
and used during openings of the tokamak vessel.

Since a vessel opening is only performed once every year a second reliable option is needed.
This option is based on the Dopplershift spectroscopy principle using so called Beam Emission
Spectroscopy(BES). A typical frame from one of the BES discharges is shown in figure 4.13.
Each energy component of the neutral beam has got a different velocity, and each line of sight
has got a distinct angle with respect to the beam direction. Hence one can use this knowledge
to deduce the position of the viewing line with respect to the known position of the zero degree
viewing line.

Tplumb., — h lumb.
OS:Rosz :l _plumb.  “7plumb. 4.13
MLo. Lo. 0 3 Z ta'ﬂ(ﬁl‘o,s, i) ( :
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H,, (unshifted) H, (E/18)
A
inner H
Vessel H
1
outer
Vessel

Wavelength "
Figure 4.13: H, emissions for the radial calibration of the poloidal observation system. Due to the
inclination angle of the viewing lines each channel has a distinct Doppler shift for the different parts of
the beam energy spectrum (1(H'), 1/2(Hg ), 1/3(H5"), 1/18(water) [Busch 06].

Bros, i = arccos(AX-0.15 - V/7) (4.14)
i=E/i, ie{1,2,3) (4.15)

[ describes the angle between the line of sight and the diagnostic beam deduced from each
Doppler-shifted energy component spectrum. The factor 0.15 accounts for the H,, wavelength
as well as the beam velocity with respect to c. The value A\ is the wavelength shift for each
energy componens with respect to the /,, emission. The beam emission takes place during a
beam discharge into the H, gas vented tokamak vessel, at 10~ mbar.

4.3.2 Finite Slit Height

™ slit image

slit height

e
buneib

lense wavelength
(@) (b)

Figure 4.14: (a) Sketch of the effects of finite slit and grating height, causing a distortion of the image
of straight slit.(b) shows a typical frame obtained with the observation system imaging a neon pen-like
lamp onto the entrance slit of the poloidal spectrometer.
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In order to determine the correct spectral position for each channel of the observation system
one has to take into consideration the finite height of slit and grating as displayed in fig. 4.14(a).
Since the slit as well as the grating have finite height, different points of the entrance slit are
imaged under distinct angles y onto the grating [Last 03]. For light coming to the grating under
the angle y the grating has a smaller line density, since the lines are closer by cos(). This
effect leads to a stronger bending of the outermost parts of the slit. according to equation 4.16.

I )\0

=——> )\ (4.16)
cos()

The image on the camera chip (fig.4.14(b)) has to be corrected accordingly. In case of the used
spectrometers a Neon or Argon line around A =529 nm was imaged onto the entrance slit. The
acquired images have been evaluated and a 2nd order polynomial was fitted to the data.

When data from the database is read, the correction is automatically applied according to a
configuration file on a shot by shot basis.
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Chapter 5

Data Evaluation

This chapter will continue the explanations given in section 4.1.1 of the measured quantities.
The methods to acquire the information regarding temperature, density and rotation are ex-
plained and the accuracy of the resulting data is being discussed.

5.1 CXRS Measurements with the RuDi Hydrogen Beam
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Figure 5.1: Intensity evolution of the C VI Line, measured during one discharge. showing the modu-
lation of the intensity with the neutral beam modulation. Charge Exchange Spectra from the poloidal
observation system, displaying the measurement of the spectral shape.

The measurements are performed via charge exchange as explained in section 4.1. In case of the
setup used at TEXTOR the hydrogen beam is modulated with SHz and the frames are acquired
accordingly. This means that the cameras are triggered with a frequency of 10 Hz, acquiring
one frame with and one frame without active charge exchange signal from the hydrogen beam.
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The time resolution of the acquisition system is accordingly 100ms while the time necessary to
acquire signal with sufficient S/N ratio is in the range of seconds.

This becomes more clear when taking figure 5.1 into consideration. Both (a) and (b) show the
principle used. On the left hand side a time trace of the acquired camera data is shown, depicting
the overall intensity and the modulation in its amplitude.

Shown are modulated signals for the poloidal and toroidal system with a modulation depth (ratio
of active to passive signal) of A(I,y)/ I = 0.199 £ 0.060 and A(1;,,)/ 11 = 0.054 £ 0.027
respectively, which is the typical value for a TEXTOR discharge with densities around n, =
(2 —3)-10Y¥m=3.

The modulation depth describes the ability to discriminated the active from the passive compo-
nent of the CXRS spectra as shown in figure 5.1(b).
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Figure 5.2: Typical analysis steps shown based on the poloidal data for discharge # 106584 in the
typical order. (a) shows the active signal along the spectral and radial axis, before and after smoothing.
(b) shows the linearized spectra (assuming gaussian distribution) performed on channel 6 (R=2.03m) of
the presented data giving a linear decay of Aln(I)= 2.8 or a gaussian behavior over more than one order
of magnitude.(c) shows the data and the resulting fit for channel 6 (R=2.03m), (d) shows the calculated
intensity over the whole radial profile.
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Regarding the signal intensity a few facts need to be taken into account. Typically a modulation
depth above 10% [Kreter 01, Busch 06] is preferred to acquire reliable data, but on the other
hand a small modulation depth can be compensated by a large overall intensity. The shape of the
spectra and hence the ability to perform the data analysis directly correlates with the intensity
available (cf. section 5.3).

Regarding the signal to background ratio a few factors come into play. The C®* density rises
towards the plasma center as can be seen in figure 5.2(a) and 5.2(d) while, on the other hand,
the hydrogen beam intensity drops towards the center due to the interaction with the plasma
ions. This means the active signal depends on these two factors while the recycling flux, which
is the source of the passive background CX, is scaling with the plasma density. The higher the
density the higher the background signal the worse the modulation depth. In addition to this
effect discharges with neutral beam introduce additional difficulties since the background signal
increases even more towards the plasma center [Kreter 01]

To acquire the spectra shown in figure 5.1(b) or figure 5.2(c) the data is evaluated as follows.
First one determines the length of the flat top phase of the discharge for evaluation and after-
wards sums up all the available active and passive frames, respectively. Then the difference
between the two spectra delivers the actual active CX emission spectrum.

One ends up with a set of spectra, one for each radial channel, which represents the mean
spectra for the whole shot or time period selected. From experience at least 2s of flat top phase
are necessary to acquire a reasonable signal quality (10 active and 10 passive frames with 100
ms duration each).

After those spectra are acquired, additional analysis steps are performed ending with the final
fitting procedure and the calculation of the ion temperature and rotation.

Figure 5.2 shows the steps based on the poloidal data of shot 106584. The data was binned into
25 channels into the radial direction and retains its original 1000 pixel in the spectral direction.
Figure 5.2(a) shows the raw data for all radial channels after the initial averaging process.

It is obvious that the temperature, meaning the width of the spectrum is increasing towards the
plasma center, as well as the intensity of the signal which is correlated to the impurity density
(cf. equations 4.6-4.7).

In order to improve the spectral shape but at the same time retain the spectral features like width
and peak position a Savitzky-Golay smoothing is applied [Savitzky 64, Press 92] which results
in the smoother representation shown on the right hand side of 5.2(a).

In order to determine if the spectrum actually fulfills the assumptions of a gaussian shaped
emission spectrum a test is performed. According to equation 4.5 the logarithm of the intensity
displayed against the quadratic distance from the peak maximum should follow a linear trend
if the emission spectrum is of gaussian shape. Figure 5.2(b) shows this behavior for one of the
radial channels of the previously presented data. Typically the window of gaussian behavior is
used as an input parameter for the subsequent fitting in order to guarantee the best fitting results
by using only the truly gaussian part.

After the data has been averaged and the individual fitting windows have been determined the
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fit is performed [Markwardt 03] assuming a gaussian shape and a base line of zero according
to the background subtraction scheme. Figure 5.2(c) shows the resulting curve together with
the used data from channel 6. The agreement between the gaussian assumption and the fit is
reasonably good and accounts for the later discussed (cf. section 5.3) high velocity resolution
of the poloidal system.

At the end of the data evaluation the quantities Intensity as well as temperature and rotation are
calculated. Figure 5.2(d) displays as an example the calculated intensity profile given from the
amplitude and width of the evaluated spectra according to

FWHM
=21 A —— 5.1
" 2v1n4 1)

where A is the peak amplitude and FWHM represents the Full Width Half Maximum.

Remarks on the Carbon Density Measurements:

From the above mentioned intensity the carbon density can in principle be deduced by us-
ing the so-called CHEAP Code (Charge Exchange Analysis Package) [von Hellermann 08,
von Hellermann 00]. The code, if supplied with the correct RuDI parameters and geometry,
is able to calculated self consistently the local beam attenuation in an iterative process, always
taking into account the carbon density as well. With the input of plasma density, ion tempera-
ture and plasma rotation as well as the beam composition, the carbon density can be deduced.
The calculation is based on the conversion of intensity into photon flux density, hence needs an
in vessel calibration using a calibrated light source. Since in the course of this work only the
pressure is of interest, an absolute calibration has not been performed; only a relative point to
point calibration was necessary.

Remarks on Impurity Rotation Measurements:

As given in equation 4.4 the rotation is calculated from the shift in wavelength, or spectral peak
position. The peak position for each radial channel is calculated and corrected with respect
to the effect caused by the finite slit height. The positions are then used with respect to the
calculated reference position (based on one upper and one lower viewing line) to deduce the
actual impurity rotation after correcting the wavelength difference with respect to Zeeman and
fine structure influences (section 4.1.2).

Remarks on the Ion Temperature Measurements:

The ion temperature is calculated from the width of the spectrum given by the gaussian fit
performed during the data evaluation. The width represents the temperature without account
of the Zeeman and fine structure broadening as given in section 4.1.2. The temperature is
derived with the corresponding correction factors. Profiles of the ion temperature are shown
in the following section and rotation profiles are presented in chapter 6. The discussion of the
accuracy of the calculations and the respective uncertainty remarks are given in section 5.3.
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5.2 CIII Measurements
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Figure 5.3: (a)Shows the setup of the viewing lines used during CIII emission measurements. the dots
symbolize the equatorial viewing lines of the toroidal system. (b) Presents data for a plasma discharge
observed via CIII emission to observe the time dependences.

In the case of the active CXRS measurement the time resolution is limited by photon statistics
to an integration time of 1.5s (3 s modulated). In cases where a higher time resolution for
the rotation is needed, both the poloidal and the toroidal observation systems can measure the
passive CIII emission from the plasma.

The C III emission at 464.7 nm is localized at the plasma edge since it represents a low ion-
ization stage of carbon, in contrast to the CVI emission which can be observed over the whole
plasma radius [Claassen 90].

Where the active measurements allow, due to the intersection of viewing lines and beam, a
profile measurement from the whole plasma the CIII measurements are restricted to one local
measurement with high intensity just inside the last closed flux surface.

Thanks to high intensity at this position the time resolution can be increased up to 30 ms (limited
by the DAQ).

An example for this is shown in figure 5.3, displaying the rotation measurement during DED
operation. The CIII rotation follows the DED amplitude, it changes towards the ion diamagnetic
drift direction (cf. section 3.3).
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For both systems the signals are line integrated since the viewing lines run tangentially through
the emission layer. One the one hand this means that the localization of the signals is especially
difficult, on the other hand it means that especially for the poloidal system the deduction of the
wavelength reference position is more complicated.

While in case of the toroidal system a neon lamp can be used to blend in a reference line and
hence deduce the Doppler shift, the poloidal systems differential Doppler shift approach needs
to be revisited. For the active method a clear assignment between upper and lower channel
was possible based on the radial calibration. For the passive method the lower channel is now
matched with a channel showing the same spectral width, hence the same temperature and
location as the upper partner.

With respect to the data analysis, the difference between the active and passive measurements
is that, for the latter, the averaging is not performed. All subsequent steps are identical except
that the procedure is performed for only one radial channel, but for a large number of frames.

5.3 Accuracy

In the following section the accuracies and the constraints as well as the applied uncertainty
calculations for the toroidal and poloidal impurity velocity, and for the the ion temperature are
presented.

The measurement uncertainties in rotation and temperature are calculated on the basis of the un-
certainty of the dispersion and the calculated uncertainty on width and position of the gaussian
fit. For the temperature an additional term is used to account for the poisson statistic.

Some of the numbers regarding the resolution have been discussed earlier (Section 4.2.4 & Sec-
tion 4.2.5); with the dispersion, as given in table 4.7 the poloidal system is capable of resolving
1km/s rotation as a spectral shift of 1.6 pixel on the CCD Chip while 100eV in ion temperature
are equivalent to a FWHM of 118 pixel. For the toroidal system 1km/s is around 0.1 pixel and
100 eV are in the range of 7 pixel.

Two points are evident: first the poloidal system is quite well equipped for rotation and ion
temperature measurements but, due to limitations in the intensity, is prone to errors due to
Poisson statistics, especially regarding the position measurements. The smaller the intensity
the more distorted the spectral shape can be. Secondly this does not have a large effect on the
temperature measurements, since the width is well determined.

For the toroidal system the situation is much less complicated, firstly because of the toroidal
system has much more light available and a smaller dispersion and secondly due to the differ-
ent measurement scale (> 10km/s). The temperature measurement on the other hand is more
difficult with the given dispersion.

In Figure 5.4 a temperature measurement is shown, comparison between the poloidal and
toroidal data. The agreement between both measurements is quite well. Considering the ra-
dial and the temperature uncertainties the two curves match. The radial uncertainty originates
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Figure 5.4: (Temperature measured by poloidal and toroidal observation during discharges #106584,
January 2008)

from the calculations presented in figures 4.8(a) and 4.10. This plot on the other hand shows the
different capabilities of the two systems, while the poloidal temperature uncertainty is minis-
cule compared to the symbols displayed, the toroidal temperature uncertainty is much larger.
Typically the poloidal system is preferred for temperature measurements, since the resolution
is much better (1 eV = 1 pixel).
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Figure 5.5: Simulated spectra on a 1024 pixel chip, with a FWHM comparable to typical temperatures at
TEXTOR. Gaussian shape spectra with different “intensities” and overlayed poisson noise. The central
value is 512, the values fitted afterwards are presented as well.
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The effect of Poisson statistics has been discussed to some extent; to show the effects qualita-
tively and quantitatively figures 5.5 and 5.6 are used.

Fig.5.5 shows the simulated behavior, assuming a gaussian signal distorted by poisson noise.
The smaller the intensities, the more dominant the changes on the spectrum and the subsequent
position calculation.

Since the simulations were used to understand the behavior of the diagnostic before the present
status was established, measurements with a tungsten lamp were performed additionally. The
result is presented in figure 5.6(a). An intensity of 1 is equivalent to the worst case and evidently
shows that intensity gain is required to reach a reasonable velocity resolution.

This stresses that intensity and dispersion are intertwined and that both need to be optimized in
order to obtain reasonable results.

The data typically taken is presented using the following uncertainty calculations:

0y = \[D2 03+ D (03 +02) /o (5.2)

1 pizxel

op =T, - (2\/(01)/D)2 b (04)Tpec)? + ) (5.3)

fwhm

For the velocity, equation 5.2 describes the calculation of the uncertainty taking into account
the doppler shift in terms of chip position (A, [pizel]), the the Dispersion (D[A/pixel]) and its
uncertainty (op[A/pizel]) as well as the uncertainty on the peak position (o, [pizel]) and the
reference position (oy,[pizel]) (both pixel positions on the chip). The gaussian fit uses as input
parameters the obtained spectral data and statistical information from the data set. The statistical
weight is given as 1//Nycive + Npassive» Where N denotes the number of counts per pixel in the
frames with and without active beam respectively. For the temperature a similar uncertainty
calculation (eq.5.3) has been performed, and a systematic error (1 pixel / fwhm[pixel]) has been
included accounting for the unfortunate fact that a small deviation due to poisson noise can
have a significant influence on the toroidal measurements of 7;. The dispersion as well as its
uncertainty are included into the calculation as well as the spectral width (opec [pizel]) and its
uncertainty (o[pizel])

From this calculation one can deduce the typical error bars, which amount for the poloidal
rotation typically to o= 0.7 km/s and for the toroidal rotation o=4 km/s.

For the temperature it is clear from equation 5.3 that the error scales with the temperature itself,
and is larger further inside the plasma. To this a systematic uncertainty is added, accounting
for the narrow spectral width being subject to more influence from photon statistics. A photon
ending up in one or another pixel can have influence on the shape and hence on the width and
peak position.

The typical error for the poloidally measured ion temperature is in the range between 2 eV and
10 eV, while the toroidally measured temperature has a larger uncertainty of 5 eV to 40 eV.
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Figure 5.6: (a) Behavior of the velocity measurements, simulated measurements with different assumed
intensities. (b) Data showing the distribution of the measured reference position for the rest frame wave-
length in pixel, measured during different discharges within one day of operation (30th January 2008).

As has been pointed out, the absolute accuracy strongly depends on the photon statistics. The
present status of the diagnostic utilizes the described direct imaging to supply as much intensity
to the spectrometer as possible. The poloidal diagnostic produces very good results with respect
to the relative accuracy (0.7 km/s) which only depends on the light gathered and transported by
the observation system on top of the tokamak vessel. But the reference channel from the vessel
bottom is still transfered via fiber optics(as can be seen in figure 4.7. Those signals suffer from
small intensities compared to the directly imaged main observation on the vessel top.

Figure 5.6(b) shows data accounting for the determined wavelength reference position (equation
4.12) based on one upper and the single lower channel. This shows that a spread of a few pixels
is possible when relying on a single measurement of the reference position.

Since the spectrometer components are not in anyway influenced or moved during the measure-
ment campaign, it is assumed that the actual reference position is not changing from discharge
to discharge. The calculated average position is reasonable and its uncertainty is well below
one pixel (2.41p7’wel/\/% = 0.47 — 0.2km/s) (cf fig.5.6(b)) and in this case small compared
to the relative uncertainty of 0.7 km/s.

With the described accuracy this system is well equipped for the measurement of small poloidal
rotations, of the ion temperature and toroidal rotation.
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Chapter 6

Results

This chapter will focus on the results obtained with the diagnostic setup presented in the previ-
ous chapters, which will be complemented by a number of other TEXTOR diagnostics.

As has been already stated in chapter 2.2 the results on plasma rotation will mainly be presented
and discussed in terms of the radial electric field and its contributions as given by the radial force
balance 2.32, the diamagnetic, the poloidal and the toroidal terms.

We will concentrate in the description of £, because this is a general and unique quantity, while
the rotation of carbon and background ions can be different as described in chapter 2.

The data will be presented in terms of rotation only if necessary for comparison with calcula-
tions or in order to put the profiles and measurements in perspective with recent other results.

In order to introduce the measurements and give an assessment for the connection between
the measured quantities like the rotation and the electric field contributions section 6.1 will
demonstrate the general behavior of plasma rotation in TEXTOR, while 6.2 will focus on the
general effects of the external magnetic perturbations on the plasma rotation. Section 6.3 will
then in detail discuss the results on the influence of the DED with respect to global confinement
properties as seen during Improved Particle Confinement (IPC, section 6.3.1) the particle Pump
Out (PO, section 6.3.2) scenario.

The observed phenomena, the interpretations and implications for plasma confinement and op-
eration of external magnetic perturbation for the plasma confinement will be given and possible
interpretations described. In the end this will lead to a coherent picture for confinement changes
with the Dynamic Ergodic Divertor at TEXTOR.

6.1 Rotation and Radial Electric Field without DED

In general the plasma rotation is given from the equations in the sections 2.2.2. The rotation
discussed below is the C'®* rotation as has been described in chapter 5, which means that it
might differ from the rotation of the background ions (hydrogen, deuterium).
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6.1.1 Influence of Neutral Beam Injection - Toroidal Torque
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(a) (+Br, —Ip) co-injection (b) (+Br, —Ip) counter-injection

Figure 6.1: The co and counter beam injection at TEXTOR, displayed for the case of the given field and
current configuration. The NBI directions are shown in comparison with field and current.

Neutral beam injection is used at TEXTOR for two purposes, firstly in order to apply additional
heating (up to 4 MW) to the plasma and secondly to apply external momentum to the plasma.
The following example is a series of discharges with constant input power of 1.3 MW from two
neutral beam injectors (co and counter current), a toroidal field of 2.1 T and a plasma current of
410KkA. In the course of the different discharges the total torque applied by the two tangentially
located heating beams is gradually changed from full co current (-) (#106850) as displayed in
figure 6.1(a) via balanced beam (#106848) to full counter current injection (+)(#106846) as
shown in figure 6.1(b). The total heating power is kept constant.

This rotation sweep allows it to study the behavior of plasma impurity (C°T) rotation for the
poloidal and toroidal direction during external momentum input. It also allows to judge the via-
bility of the measurement procedure. The TEXTOR plasma during this discharges was centered
around a major radius of R=1.75 m and had a minor radius of » = 0.46 m, locating the last
closed flux surface at R ~ 2.21 m.

The neutral heating beam was applied during a phase from 1.2 s - 4.8 s. The RuDI diagnostic
was operated for 3 s from 1.5 s to 4.5 s. The line-average electron density (n.) was measured
with the HCN interferometer as ~ 4 -10Ym 3. The central electron temperature stayed con-
stant at about 900 eV (cf 6.2).

Toroidal Rotation

The first set of data presented in figure 6.3 shows the influence of momentum input on the
toroidal rotation in TEXTOR, in addition the contribution to the radial electric field is shown.
It is visible that the momentum input from the neutral beam has the biggest impact in the center
of the plasma.

68 CHAPTER 6: RESULTS



6.1 ROTATION AND RADIAL ELECTRIC FIELD WITHOUT DED 69

X 1019 # 106846
4F T T T T T T 3
@
E o .
o
0 1 1 1 1 1 1
1000F T T T T T T 7]
%w WMWMWWWW
—, 500 1
0 1 1 1 1 1 1
oF T T T T T T =
E
o 17 b
0 1 1 1 1 1 1
O T T T T T T
g_zoo\ / |
T -400¢ ) i i — i L 1 .
0 1 2 3 4 5 6 7

t[s]

Figure 6.2: Shot parameters during the first discharge of the rotation scan. All following discharges
106847-106850 are similar. Shown are the line-averaged density, the electron temperature, the magnetic
field and the plasma current.

The rotation in a tokamak during ohmic or balanced beam injection always tends to be driven
slightly into the counter current direction [Kim 91, Rice 97]. The motion is following the
toroidal drift of the electrons. A small contribution of the rotation always points in the counter
direction, following the elctron drift. The yellow curve in figure 6.3 shows a case with both
beams equally contributing to the plasma heating and the rotation still being slightly positive
(counter).

The changes in momentum input can be observed across the whole profile except over the
Scrape of Layer SOL area beyond R=2.20 m, where the profiles are underlying a general flow
into the counter direction [Lehnen 01, Zagorski 02] (cf pp. 77) under standard TEXTOR setup
(—1I,/ + By) (cf. figure 3.3 6.1(a)). The rotation is slowed down in the plasma edge caused
by friction with neutral particles and is connected to the SOL flow. The profile structure can
be explained by the perpendicular viscosity, keeping the outer part connected to the innermost
momentum source.

All rotation profiles as well as the profiles for toroidal contribution to the radial electric field
E.(tor.) can be distinguished outside of the one sigma error bars over the whole radial range.

All the systematic corrections applied (Zeeman, fine structure pp. 40 sqq.) including the finite
slit height correction (pp. 55 sqq.) are smooth functions of the radius and hence cannot cause
sudden changes or unsteady behavior of the profiles.

In the case of the toroidal system the radial channels do not overlap, hence the profiles are
not artificially smoothed by gathering light from neighboring channels. In general the toroidal
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Figure 6.3: Toroidal rotation data during a momentum input / NBI torque scan, changing the momentum
fraction between the two neutral beam injectors but keeping the input power constant.

profiles available from the RuDI CXRS system are better resolved with smaller uncertainties
when compared to the NBI CXRS system.
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Figure 6.4: Comparison of the NBI and RuDI CXRS regarding the toroidal rotation. #106538.

This NBI CXRS system suffers from a larger systematic uncertainty in the absolute wavelength
calibration in the order of 10 km/s [Delabie 08], absolute measurements are thus difficult when
needed in the range of 1 km/s. The radial resolution (~ Scm) is too large to distinguish local
effects, especially in the plasma edge.

From discharge #106538 a comparison of the two systems is available, showing that when
considering the systematic offset, both profiles can be brought into agreement (see figure 6.4),
especially when considering the large radial uncertainty of the NBI CXRS system. The system-
atic error for the absolute calibration is not critical for the RuDI CXRS system due to the used
mounting method 4.2.3, not causing an angular deviation between measurement and reference
channels. Using both systems the whole minor radius is covered.
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The shape of contribution to the radial electric field by v, connects directly to the shape of the
toroidal rotation when folding it with the poloidal magnetic field profile. If the plasma rotates
more in the counter direction the radial electric field is more negative and vice versa.

The errors bars for the radial electric field and its contributions are originating from the uncer-
tainties of the rotation measurement and mainly from systematic errors determining the mag-
netic field components (cf. [Testa 06]).

Poloidal Rotation

Figure 6.5 shows the profiles of the poloidal rotation for the NBI torque scan. In the center of the
plasma the rotation follows the trend of increased momentum input. Here the ion diamagnetic
drift direction corresponds to negative rotation values and the co-direction when talking in terms
of toroidal rotation. The poloidal rotation is influenced by the toroidal torque since the beam
is not tangential to the flux surfaces. The momentum input has a component into the poloidal
direction when performing the flux surface average.
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Figure 6.5: Poloidal rotation data for the same momentum input scan as presented in figure 6.3.

In addition to this momentum induced feature a more general feature can be observed which will
gain some importance in section 6.1.2: The poloidal rotation is predominant into the electron
diamagnetic direction. This has also been seen by previous active hydrogen CXRS measure-
ments at TEXTOR [Busch 06] and is being supported by measurements on intrinsic carbon
impurities at other machines [Severo 03, Condrea 99].

While the momentum input might explain the changes in the plasma center from the electron
diamagnetic drift direction (edd, Counter(+)) towards the ion diamagnetic drift direction (idd,
Co(-)) it can not explain the changes close to the plasma edge.
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Only the discharges with dominant NBI 2 injection show the strong increase in edge rotation,
hence a connection with the different ion confinements for the two beams can be assumed.

It has been estimated from calculations [Ongena 08b, Ongena 08a] on a similar scenario that
about 8 % of the beam ions (2.6 - 10%° particles/s) are lost via orbit losses when using the counter
beam. The co-beam has a much lower loss rate. Qualitatively this can explain the change in
poloidal rotation due to an electron return current and the corresponding change in the radial
electric field towards more negative values, counteracting the ion loss.

The Total Radial Electric Field

Following equation (2.32) the radial electric field can be calculated from contributions of the
pressure gradient (~ the ion density times temperature) and the rotation in the toroidal and
poloidal direction. This is valid as long as being used on a single ion species since the different
field contributions (cf equation 2.32) might differ when deduced from different ion species
(carbon, hydrogen, deuterium).

The pressure gradient calculated from the plasma pressure (p = nkgT’) is usually negligible.
This can be seen in figure 6.6(a) and has already been observed by [Busch 06]. It is typical for
TEXTOR and other L-Mode plasmas [Ida 98].

In case of the presented discharges, which have a significant momentum input from neutral
heating beam, the toroidal contribution v4By dominates the radial electric field in terms of
absolute value. Especially in the plasma center the £, profile shape is basically given by the
rotation profile. The poloidal contribution, on the other hand, dominates the effects in the
plasma edge.

The radial electric field at the plasma edge is mostly determined by the poloidal rotation. The
magnetic fields (By/By ~ 10) contributing to either component of the electric field differ in
one order of magnitude. It is clear that even the small poloidal rotations can have a significant
influence at the plasma edge, where the toroidal magnetic field is much larger than the poloidal
field.

As can be seen from the poloidal force balance (cf. equation 2.25 p. 18)

o(Vy = Vo)
— (Jr)Bo (radial currents)
+ (Fy —2q(Fy,)) (ext. Forces, NBI)
— (14 2¢*)min;vVy (Collisions & CXRS Friction)

the poloidal rotation is governed by several localized momentum sources (and sinks) causing
deviations from neoclassical poloidal rotation (cf. section 6.1.2).

The poloidal rotation is only following the neoclassical theory when the right hand part of the
above equation is zero. The assumption, obviously not valid, would neglect any momentum
sinks and sources. Section 6.1.2 will show the comparison to neoclassical calculations.
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Taking a closer look at the balanced beam scenario (discharge #105848, central yellow curve
in figure 6.6(d)) one can see that even for a scenario with no net momentum input, the rotation
values differ from zero and the radial electric field is negative almost over the whole profile.
The dominant contribution to the negative F), again originates from the poloidal term where
the rotation is in the electron diamagnetic drift direction. This effect can be explained at least
partially, when using the equation for the neoclassical electric field and the neoclassical poloidal
rotation 2.24 (cf. section 6.1.2).

The negative F,. can be understood from the qualitative neoclassical approach for deuterium
ions:

0.5
E:zea x Vpion _ /U;L;jz:n . B¢ = Vpion — eiBVT;I . Bqﬁ (61)

Taking into account the pressure profile as well as the temperature gradient one can deduce that
their values are predominantly negative over most of the plasma profile represented here. This
means that for the radial electric field the resulting value is also negative.

6.1.2 Impurity Rotation in Scenarios with Negative field Line Helicity

€o

field lines field lines

REVERSED -By/Ip NORMAL By/-lp

Figure 6.7: Fieldlines at TEXTOR with negative helicity

At TEXTOR it is possible to perform experiments with the REVERSED configuration, meaning
positive [, and negative By. In principle this reverses the drift direction, but preserves the
magnetic field geometry [Lehnen 00, Lehnen 01] and the helicity h = sign(I,- By) = —1.
This allows a more detailed view on the source and sinks in the poloidal force balance.

For later analysis of the measured data in section 6.2, we have to consider here both the potential
differences and similarities between the two setups with h = —1. Since especially the poloidal
rotation is important for the profile shape of the radial electric field a focus will be laid on the
understanding of the poloidal rotation behavior in general and during field reversal in particular.
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In order to understand the effect of field and current reversal as well as the different contributions
to the plasma rotation a few aspects of momentum input (NBI torque) and plasma edge rotation
shall be discussed in detail especially with respect to the neoclassical approach.

Liner
DED
Target
Poloidal
limiter

. Toroidal belt limiter
S ALT-I

Figure 6.8: In-vessel view of the TEXTOR tokamak, showing the toroidally symmetric ALT-II belt
limiter at a poloidal position of -45 °.

A few remarks need to be made about the geometry of the torus itself in order to understand
the symmetries applicable at TEXTOR. On the one hand the torus itself is toroidally symmetric,
which means that when reversing field and current and —keeping the field geometry identical—
nothing should happen except for the drift reversal. On the other hand the TEXTOR tokamak
is not poloidally symmetric (In-vessel components such as Limiters), thus an effect of this
reversal procedure will manifest itself on density profiles and probably on the rotation of the
plasma itself due to the reversal of drifts.

The largest structure inside the tokamak vessel which is causing the non symmetry is the ALT-II
toroidal belt limiter (cf. figure 6.8, figure 4.3 - pp. 42).

In the experiments that have been performed for this work, all plasmas have been limited by
this structure, causing the scrape off layer (SOL) and the Last Closed Flux Surface (LCFS) to
be defined by the ALT-II position at a minor radius of r = 46 cm.

If one takes two similar discharges (#106584, #106577) differing only in the setup of mag-
netic field and current as well as a small amount of NBI heating (torque) one will observe two
distinctly different behaviors for the poloidal and the toroidal rotation.

Neutral Beam Injection - Coordinates

As seen in section 6.1.1, where it was demonstrated by switching from co to counter beam
injection, the momentum input can have a large influence on the rotation profiles when e.g.
switching from co to counter beam injection. This is also true of course when reversing the
magnetic field configuration. One point needs to be discussed for the further understanding:
when reversing the configuration one has obviously to switch to the opposite NB injector. This
is due to the fact that in order to compare e.g. two discharges (NORMAL vs REVERSED) on
has to make sure they would be both heated in the same direction with respect to the plasma
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Figure 6.9: Rotation data for NORMAL (B, Ip) (black) and REVERSED (B, Ip) (red). Discharges
differ slightly in the amount of counter NBI heating (NORMAL: 1 MW, REVERSED: 0.6 MW).

C
o
=
8 "
3 ),,'Be
S B
Y NBI-|
,:|_ B¢ll
(@) (+By, —1Ip)
[
S
=)
(9]
9
€
o
()

"

NBI-2

' ﬁ 7"+Be”
/"-B

(©) (=By,+Ip)

counter-injection

counter-injection

)-B "
B 1/ e
NBI-2 4_/

+B

n q)
®) (+Bg, ~Ip)

(&) (=B, +1p)

Figure 6.10: All four possible heating scenarios available with helicity h = —1 at TEXTOR.
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current and magnetic field. The NBI torque has to be the same. For the toroidal rotation this
means a forced reversal of plasma rotation, for the poloidal rotation it means a reversal of the
source term (external momentum - NBI) influencing the poloidal rotation, hence contributing
to the poloidal rotation in the opposite direction too.

Figure 6.10 demonstrates this in terms of coordinates and NB input directions. The upper row
shows sketches for co and counter injection for the NORMAL configuration, while the lower
row shows the REVERSED case. NBI-1 injection switches from co to counter injection beam
and NBI-2 vice versa. This means that a co-injected beam during the NORMAL scenario would
cause a momentum input into the negative direction, while co- injection during the REVERSED
scenario would mean momentum input in the positive direction (the coordinate system does not
change).

Figure 6.9 demonstrates this effect for the toroidal rotation and in addition shows the poloidal
rotation profiles. Both discharges are dominantly heated by the respective counter beam causing
the toroidal rotation to turn into the counter direction. The slight difference in absolute ampli-
tude is caused by a difference of about 400 kW in heating power, the REVERSED case getting
a slightly lower momentum and heat input. It is seen that the toroidal rotation is very sensitive
to momentum changes, and it is mostly dominated by it.

The poloidal rotation also shows changes in rotation when reversing the setup. While neoclas-
sically the rotation remains in the electron diamagnetic drift direction the local changes are due
to momentum input from external sources.

In the core the change in rotation is connected to the change in momentum input. When com-
paring this plot with the torque scan (cf. figure 6.5) the change is consistent with the amount of
beam power applied. The change in momentum source changes the poloidal rotation locally in
the plasma core. This is a deviation from the neoclassical approach which neglects this kind of
momentum sources. In order to understand the deviations from the neoclassical profile shape in
the outer edge of the plasma, the effects like SOL flow and drifts have to be considered.

Edge Rotation and SOL flow and Drifts

Inside the SOL the particles are subject to a flow due to a pressure gradient to the nearest target
(cf. 2.1.3) parallel to the magnetic field and drifts perpendicular to the field line direction. Both
motions have components in the toroidal and poloidal direction [Lehnen 00, Lehnen 01].

Since the observation volume is located on the low field side the nearest target is the ALT-
II limiter. This means that the toroidal rotation is forced into the positive direction and the
poloidal rotation into the negative direction if considering the flow to the target, as can be seen
from figure 6.11. This does correspond well with the data presented in section 6.1.1.

Since we keep the helicity h negative, the simultaneous inversion of field and plasma current
does not change the direction of the scrape off layer flow and hence its contribution to the
rotation. This can explain the typically negative values of the poloidal rotation in the outer edge
as well as the typically positive values of the toroidal rotation in the plasma edge due to viscous
coupling to the SOL flow.
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(a) Sketch of field line Configuration at TEXTOR for the NOR- (b) Sketch of flow directions (projections
MAL configuration (+B,/ — Ip). Field line helicity does not along field lines) inside the SOL, assuming
change with simultaneous reversal of field and current, but the the shortest connection to the target from the
arrows change direction. The red arrow shows the toroidal rota- observation volume (RuDI Beam, blue). This
tion during ohmic discharges. It coincides in this case with the is independent of the simultaneous (B /Ip)
SOL flow direction. reversal which keeps the helicity constant. .

Figure 6.11: Field lines near the ALT-II limiter causing a “constant” SOL Flow to the target..

The differences between the NORMAL and REVERSED case, especially in the poloidal rota-
tion may well be given by different drift direction when reversing magnetic field and current. A
comparison with data from [Lehnen 00] shows comparable tendencies, an exact comparison is
lacking due to different NBI heating directions. Whereas for the toroidal rotation the external
momentum input can play a significant role, as seen before, the poloidal rotation in the edge is
most likely dominated by effects originating from the SOL, even though the center is following
the NBI momentum input.

Poloidal Rotation Measurements vs. Neoclassical Theory

In section 2.2 a short introduction into the equations describing the plasma rotation has been
given including the neoclassical description and the poloidal force balance. The following
discussion is based on the work of [Kim 91, Testa 06] where a neoclassical description has
been developed for the poloidal and toroidal rotation of carbon and deuterium plasma.

The toroidal rotation, especially the beam induced toroidal rotation, is described satisfacto-
rily by the momentum balance equations and work from [Kim 91, Rice 97, Rice 04, Testa 06,
Yoshida 08]. In contrast to this, the behavior of the poloidal rotation lacks the complete neo-
classical description of the measured profiles, as already shown in [Testa 06, Solomon 06,
Wong 08]. The momentum sources and sinks play an important role for both rotations mostly
not covered by the neoclassical approach.

Taking into account equations 2.29 & 2.30 for a two component plasma (D, C%T) one can see
that keeping the helicity unchanged also keeps the poloidal rotation signs. Differences arise due
to different gradient lengths and different collision parameters K and K, which might differ
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Figure 6.12: This figure presents calculations of the neoclassical poloidal deuterium and carbon rotation
(based on [Kim 91, Testa 06]) for both the NORMAL and the REVERSED TEXTOR configurations.
The solid lines represent the calculated rotation profiles with the error bar given by broken lines in the
according color. (cf. equations 2.29 & 2.30).

for different shots, but should be similar for the two shots compared (only reversal of field and
current). The background profiles for the compared discharges are the same.

Figure 6.12 shows the profiles calculated according to equations 2.29 & 2.30) for vy. The
deuterium and carbon rotation as well as the measured data are shown in comparison. One
thing that stands out is that, although neither the profiles for deuterium nor for carbon match
the measured data they do however not change sign during simultaneous reversal of the toroidal
magnetic field and the plasma current and at least show the correct sign of the rotation into
electron diamagnetic drift direction. Carbon as well as deuterium are both rotating in the counter
direction, but the deuterium rotation is negligible when being compared to the amount of carbon
rotation.

The calculations are based on the profiles of electron and ion temperature (the last supplied by
the CXRS RuDI diagnostic) as well as electron density, poloidal and toroidal magnetic field.
The uncertainties for the input parameters are reflected by the broken lines.

Only the measurements near the center of the plasma do agree to some extent with the calcula-
tions. They do not exactly match with each other (NORMAL vs. REVERSED). The difference
between the two shots however may be explained by the small difference in heating power and
the different momentum input. The work of Wong et al. [Wong 08] also showed a strong in-
fluence of the central momentum input on the calculations for neoclassical poloidal rotation.
The edge of the plasma does not agree with model calculations at all. This might have several
reasons, of which probably the influence of the SOL due to viscous coupling and the dampening
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due to neutral particles may be the most important factors.

The model calculations are based on an analytical description of the collision and friction factors
for the different collisionality regimes present over the whole plasma radius [Kim 91, Testa 06].
This analytical solutions are most reliable for the banana regimes (cf. 2.1.2) but is most unsuited
for estimations in the plateau regime near the plasma edge. This means that the SOL flow as
well as the uncertainties in the calculation are the probable reason for the deviations.

Plasma rotation during field reversal In summary the following statements can be put forth.
The toroidal rotation changes sign during REVERSED configuration discharges mainly due to
the contribution of the reversed neutral beam injector setup.

In ohmic discharges the toroidal rotation would reverse as well since it depends on the sign of
the loop voltage considering the approach given by Kim and Rice [Kim 91, Rice 97]:

Z, Vi T
ViR n;

1 is the atomic mass of the background ions in amu, V; the loop voltage in volts, R the major

radius in cm and 7} the ion temperature in keV. n; is the ion density in 10"cm 3.

V) =419 x 10*f (km/s) (6.2)

The poloidal rotation however does not change sign in the inner parts of the plasma probably
explainable due to neoclassical effects. However, the experimental data shows the importance
of sorces and sinks for the poloidal rotation profile (NBI, and in the outer part of the plasma
viscous coupling to the SOL flow)

The differences, however, between NORMAL and REVERSED configuration seen in the
poloidal rotation at the plasma edge are most probably caused by the changes of drift direc-
tions as given in [Lehnen 00] showing a more negative SOL flow during REVERSED setup
then for the NORMAL configuration.

6.2 Rotation and Radial Electric Field under the Influence of
the DED

6.2.1 Changes in the Radial Electric Field

As we have seen in the last section the measured rotation strongly depends on the magnetic
configuration and hence on the changes in the intrinsic coordinate system with respect to the
laboratory frame system (co, counter, vs. [+],[-]).

Especially the very small poloidal rotation, which is very sensitive to changes in the plasma
transport and magnetic topology due to the low viscosity, is behaving counter intuitively (even
though consistent with theory) during field reversal: it does not change sign due to the helicity
being preserved (cf. equations 2.29 & 2.30 and figure 6.12).
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While the toroidal contribution to the electric field does not changes sign, the poloidal contri-
bution does change sign and changes the whole radial field profile when reversing the configu-
ration. The E, profiles are not very similar in their shape when compared between NORMAL
and REVERSED setup. The poloidal contribution either adds to the radial field or counteracts
the toroidal contribution.

In order to judge the influence of the DED to radial electric field we apply a method that elimi-
nates those different behaviors and allows a shot by shot comparison.

In the following discussion of the results we follow a certain procedure when comparing dis-
charges with identical setup, except for the B,,/I,, configuration:

1. Compare general discharge parameters

e Plasma Position

e Electron Density (n.)

e Electron & lon Temperature
e [, Emission

e Neutral Beam Heating Power
e Total Power

e DED Amplitude (Ipgp)

e Plasma Current

e Toroidal Magnetic field

2. If discharges are comparable take the unperturbed discharge (e.g. O kA DED) as a
reference for the further analysis

3. Use the following quantities for the analysis :

o AE,(all.) = E.(all.) — E(all.)
o AE,(tor.) = E.(tor.) — E"(tor.)
o AE,(pol.) = E,.(pol.) — E"*(pol.)

On the one hand the absolute values of the radial electric field are important, on the other
hand the changes caused by the DED, including changes in particle confinement and magnetic
topology will be very well visible also in the A profiles.

The advantage of doing so is twofold. Firstly, taking the radial electric field presents quanti-
ties that do not reverse sign during switching between NORMAL and REVERSED setup and
secondly taking the delta values produces data which, except for topological or minor transport
changes, should be comparable over the two scenarios. This procedure allows to resolve topo-
logical effects visible by changes in the poloidal rotation on the one hand caused by increasing
the perturbation amplitude and on the other hand by shifting the magnetic topology toroidally
due to the field reversal with respect to the DED coils.
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6.2.2 DC DED - Stochastic Force

As has been described in section 3.3.1 and [Xu 07, Kramer-Flecken 06, Busch 06,
Unterberg 07] the dynamic Ergodic Divertor can have a significant influence on particle trans-
port and rotation in the plasma edge due to strong parallel electron loss in the ergodic zone in
the plasma edge.

Even though the focus of this work will be put on the role of the F),. for the Improved Con-
finement Scenarios presented in section 6.3 a short overview on the general effects of stochas-
tic magnetic fields on the £, will be given here focussing on the radial electric field and the
changes in plasma rotation connected to the amount of magnetic perturbation (amplitude of the
DED current). A new data set for the 6/2 DED base mode is shown below.
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Figure 6.13: Rotation data acquired from CIII emission spectroscopy during DED ramp up, shown in
reference to the 0 kA discharge phase.

In order to judge the effects more closely this data will consist of discharges covered by mea-
surements on the intrinsic carbon emission (passive spectroscopy on CIII , A = 464.7nm) as
described in section 5.2 obtained during 6/2 operation of the Dynamic Ergodic Divertor.

The discharge parameters are : By = 1.4 T, n, =1 10" m~3 Ip = 200 kA, DED: m/n= 6/2

This data allows a local, time resolved (30 ms) measurement of the rotation, and hence the radial
electric field, when ramping up the perturbation, namely the DED current. The CIII emission
is localized inside a small shell just inside the LCFS [Claassen 90]. Figure 6.13 shows for both
contributions the influence of increasing perturbation (DED current). The DED amplitude is
ramped up within 0.5 s to a maximum amplitude of 7.5 kA.

This effect directly correlates with the simple model put forth in [Busch 06, Unterberg 07],
which assumes that, gue to the fast loss of electrons a cross field return current is generated that
in turn drives a 7 x B force leading to poloidal and toroidal rotation (cf. 3.3).
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The torque is exerted perpendicularly to the current and magnetic field and has of course a
poloidal and toroidal component with respect to the magnetic field components. This fact is
demonstrated in figures 6.13.

The poloidal rotation as well as the toroidal rotation show a stringent trend when increasing the
current of the external perturbation coils (DED). With reference to the 0 kA phase the poloidal
as well as the toroidal rotation become more negative, hence causing the radial electric field to
become more positive.

The poloidal rotation changes towards the ion diamagnetic drift direction and at the same time
the toroidal rotation turns towards the co-direction. This rotation is consistent with the direction
of the acceleration due to the fx B torque. Assuming an ergodic layer of a few centimeter extent
the force is in the order of 20 N for the poloidal direction and a 3-4 N for the toroidal direction
as has been calculated by Unterberg in [Unterberg 07]. This is consistent with a poloidal spin up
of a 2-4 km/s and a toroidal spin up in the order of 10 km/s towards the negative (co) direction
as is also visible in the data presented here. With the narrow ergodic layer this would mean a
current density in the order of a few 10 A/m>.

Taking into account this data, the radial electric field £, is driven towards more positive values.
The higher the DED current, the more positive the radial electric field becomes. The maximum
excursion is 4 kV/m.
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Figure 6.14: Total radial electric field, and its toroidal contribution measured from CIII emission spec-
troscopy during DED ramp up
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The measurements presented here are unique in a sense that the first time they present resolved
consistent measurements of the two rotation directions near the LCFS at TEXTOR at the same
location and time. They show the effect of ergodization and they do not show significant screen-
ing of the perturbation or the equivalent plasma response. The behavior is almost linear for low
perturbation but should run into saturation when increasing the perturbation [Unterberg 07].
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Figure 6.15: Impact of magnetic perturbation expressed as perturbation current /ppp on: (a) poloidal
(solid line) and toroidal rotation (dashed) and (b) radial electric field (solid line) and transverse current
density (dashed)

Field and Current Reversal A set of discharges has been used to check the rotation behavior
with DED when being in the REVERSED setup.
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Figure 6.16: Change in poloidal rotation in NORMAL and REVERSED setup, given with reference to
the 0 kA phase of the discharge.

The discharge parameters are: By = 1.4 T, n, =1-1.4 10" m™3 Ip = 200 kA DED: m/n= 6/2.
Figure 6.16 shows that the electron loss, and there for the ion return current do not change sign,
the magnetic field and the direction of the torque change signs.
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The poloidal rotation is always directed into the ion diamagnetic drift direction, which for the
blue curves (REVERSED) is the positive while for the red curves (NORMAL) the negative
direction.

Even the amplitude of the change in rotation is similar, which shows that, even though there
is a shift in topologie [Schmitz 08b] when operating in REVERSED setup, the electron losses
originating in the ergodic zone remain similar(cf. section 3.2.2), causing the rotation spin up.

The changes between the single discharges are due to the different ramp up times of the DED
and the influence of the density changes during that time (bad density control causes different
interaction regimes near the LCFS concerning e.g. neutral particle dampening).

The changes in rotation, towards the ion diamagnetic drift direction, are similar to the ones
observed in experiments via passive carbon spectroscopy for instance at Tore Supra [Hess 95].

6.3 The Radial Electric Field during Confinement Changes
with DED

While in the last section more general effects of the DED onto the rotation and the radial electric
field have been discussed this chapter will present two specific scenarios, the so-called Improved
Particle Confinement (IPC)[Finken 07a] and as an expansion of this the so-called particle Pump
Out (PO)[Schmitz 09]. The application of the DED causes a significant increase or decrease in

density ——Jp—

time —»

Figure 6.17: Scheme of the density behavior during confinement changes, IPC and PO. Difference
between scenarios is in the edge q (¢, ~ 3.8 — qo ~ 3.4).

the particle confinement [Finken 07a, Schmitz 09, Coenen 08] as is sketched in figure 6.17.

At a threshold amplitude, depending on the value of edge ¢, plasma current, toroidal B-field and
DED configuration, the transition into PO (section 6.3.2) or IPC (section 6.3.1) is triggered.

For this study the DED is operated in 6/2 configuration and the ¢, is ¢, = 3.5 for the PO
scenario and ¢, = 3.8 for the IPC. The transition into IPC or PO occurs at Ipgpp = 2.5kA.
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Depending on the degree of ergodization, the confinement changes from normal to increased
(IPC) or decreased confinement (PO). The two scenarios can even be reached changed into each
other IPC—PO) when applying the perturbation above a certain threshold.

In the following we discuss the role of the radial electric field with respect to local changes
connected to the magnetic topology and with respect to the local shear rate 2. 5.

The IPC and PO will be discussed separately. For comparability reasons only data from dis-
charges with negative helicity is considered.

6.3.1 Improved Particle Confinement with Resonant Magnetic Perturba-
tions

The improved particle confinement as such was first described by Finken et al. [Finken 07a] at
TEXTOR. It was discovered that when applying the DED several transitions occurred at distinct
DED amplitudes (/pgp = 3.5kA, 6kA). An increase in density can be observed, shown in figure
6.18.

40 (- I TTTT I TTTT I TTTT I T 171 TTTT I TT I‘l:'
35 Radial Channels
E —— R[m]=1.81
— 3.0 — R[m]=1.85
;E E R[m]=1.89
PR R[m]=1.93
= = R[m]=1.97
() -
220 RIm]=2.01
15 [ R[m]=2.05
= —— R[mM]=2.09
1.0 |&
g 11 I 1111 I 1111 I 1111 I 1111
15 2.0 25 0 35 4.0

3.
t[s]

Figure 6.18: Electron density traces during IPC discharge #100972, the DED current is ramped up from
0 kA at 1.5 s to 7.5 kA at 3-3.5 s. Note that the axis zero points are suppressed.

The increase in density was attributed to an increase in particle confinement, caused by the
stepwise connection of field lines from deeper island chains to the DED target [Finken 07a,
Jakubowski 07]. Later in this section the actual connection between IPC and DED target pattern,
hence the magnetic field lines connecting to the target will be made.

Each of the transitions occurs when an island chain is connected via field lines with the DED
target, starting at the outermost island chain followed by the next deeper ones. The threshold
amplitude (/pgp) reproducibly depends on the choice of plasma parameters, especially the hor-
izontal position, meaning the position of the resonant ¢ surface with respect to the perturbation
coils (DED)[Schmitz 09].

In the following sections a scan of the DED perturbation current in subsequent discharges is
discussed. The discharges are optimized in terms of g-profile and magnetic field to reach IPC
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Ipgp NORMAL REVERSED

0.0kA 106584 106577
20kA 106587 106581
40kA 106586 106580
6.0kA 106585 106578
7.5kA - 106582

Table 6.1: IPC discharges with DED current and shot number

at a certain level of perturbation (/pgp=2.5 kA) with only one transition step in the density,
connected to only one island chain at around q=5/2. This allows a detailed study of the features
connected to the onset of the IPC. The discharges are performed with a set of in total four
different currents, 2 kA, 4 kA, 6 kA and in case of the REVERSED setup up one additional
discharge with 7.5kA (Table 6.1). The NORMAL and REVERSED discharges are treated as
one set of discharges with negative helicity.

General Plasma Parameters and Discharge Conditions

The plasma parameters for both setups (NORMAL, REVERSED) are shown in figure 6.19.
Setup: Ry =1.74 m a =0.47 m, q, =3.77, Rse, =2.21 m with B, = 2.1 T and Ip =395 kA and
PNBI(counter) =0.6/1 MW
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Figure 6.19: Shot overview for the two IPC reference discharges. Presented are the general plasma
parameters including line-averaged density (n.), the electron temperature (7,), magnetic field and plasma
current (/p) for the discharges performed during the NORMAL and REVERSED TEXTOR setup.
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The overall plasma parameters are kept constant over the whole scan including the switch be-
tween NOMRAL and REVERSED discharges. Figure 6.19 shows that this is realized in spite
of a slight increase in density is seen. Slight differences in the behavior of the plasma density
during the separate discharge are quite common and do not lead to significant changes since it
is only in the range of a few percent.

The ergodization of the plasma strongly depends on the edge safety factor [Finken 99a,
Jakubowski 04b]. The plasma current and magnetic field are chosen such that the stochastiza-
tion due to the DED is focussed on the q=5/2 surface (edge ¢ dependence) apart of the already
ergodized q=3 surface.

The only difference between NORMAL and REVERSED discharges is the sign of B-field and
plasma current as well as the amount of beam heating applied in the respective counter direction.
Even though the neutral beam injectors have been operated with the same aperture (V-target)
the amount of acceleration voltage was changed slightly in order to allow stable operation of the
two beams. The two different heating powers used for the NORMAL and REVERSED setup
are presented in figure 6.20(a). The REVERSED discharges are given 400 kW less input power
causing slightly different 7,(~ 10%) and T; (Figure 6.20(b)). The total power of the discharge
varies between IMW and 1.4 MW including the ohmic heating power.
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Figure 6.20: (a) Beam power from both neutral beams during the reference discharge. (b) Ion temper-
ature profile measured with the RuDI Diagnostic (/pgp =0 kA). The NORMAL (#106584) and the
REVERSED (#106577) setup are presented.

The difference in heating has consequences for the rotation of the plasma, especially the toroidal
rotation is being influenced, due to different momentum input. The toroidal rotation is not
completely inverted with respect to O but has an offset of about 10-20 km/s for balanced torque
input. The REVERSED discharges hence rotate less in counter direction than in the NORMAL
discharges. This is comparable to the beam induced rotation changes presented in section 6.1.
A variation of 400kW changes toroidal rotation in the order of 20 km/s.

The external perturbation is applied via the DED in the so-called 6/2 base mode (cf. figure 3.3,
section 3.2), which produces a poloidal mode spectrum with 3 < m < 9 centered at m = 5 -
6 and toroidal mode number n = 2. The DED is switched on during a period of 3.5 seconds

88 CHAPTER 6: RESULTS



6.3 THE RADIAL ELECTRIC FIELD DURING CONFINEMENT CHANGES WITH DED 89
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Figure 6.21: Typical Ipgp development during the presented discharges. Here an example is given,
discharge #106578 with 6kA DED current.

as shown in figure 6.21 for the 6 kA case. For each discharge the shape remains, while we
systematically scan the DED amplitude. For both the REVERSED and NORMAL setup the
perturbation is applied in the same manner. The only difference originates in the phase shift
of the perturbation, due to the reversal of the poloidal field component [Schmitz 08a]. The
poloidal phase shift is given as ® = 180/n (n the toroidal mode number): for the 6/2 case
this means ® = 90° offset between NORMAL and REVERSED. This effect is visible in the
vacuum topology when later comparing the poloidal island position between the NORMAL and
REVERSED discharges (figure 6.28).

In the following discussion both discharges scenarios will be treated together, and will only be
separated when discussing slight variations in F. (e.g. island position, phase shift, AE,). The
effects caused by this phase shift are minor when compared to the overall changes of £, during
the confinement scenarios.

Plasma Particle Confinement and Particle Balance

ne[10"°m

1 2 4 5 0 1 2 4 5

3 3
loeo[kA] loeo[KA]

(a) Density(n.) vs. DED Current # 106585 (b) Density(n.) vs. DED Current #106578

Figure 6.22: Electron Density time traces for the NORMAL and REVERSED IPC discharges (#106585,
#106578) with Ipgp = 6 kA.

After we have discussed in the last section the general comparability of the NORMAL and
REVERSED discharges with respect to plasma parameters and overall setup we will now start
to discuss the IPC scenario in more detail. The first step is the measurements of the plasma
density increase and its connection to an increase in particle confinement time 7p.
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Figure 6.22 displays the density traces shown against /ppp for different radial positions mea-
sured with the HCN interferometer [Donne 05] for the 6kA discharges in NORMAL and RE-
VERSED setup respectively. It is observed that in both cases an increase in density can be
observed at Ippp = 2.5 kA. The gradients steepen outside of q=5/2.

The behavior of density and density gradient is demonstrated on the basis of a set of similar
discharges where Thomson scattering measurements for profiles with high spatial resolution
have been performed.

TEXTOR #107426/27 e #107426 no DED wweseees — #107427 1,c,=175kA =——
3 T T T T 1600

1400
1200
1000
3 800
= 600

400

19 3
n, 1107 m=, 150 [kA]

25 3 35 4 45 5 o ; ; . o
time [s]

(a) (b)

Figure 6.23: (a) IPC discharge (#107427). Shown are the density traces as well as the two temper-
ature traces and the DED current for the case with and without DED perturbation.(b) IPC discharge
(#107427)Thomson profiles of electron density and temperature as well as their gradients.[Schmitz 09]

Figure 6.23(a) shows n., 1., Ipgp time traces in comparison with a non DED reference dis-
charge, while figure 6.23(b) shows the electron density and electron temperature profiles as
well as their respective gradients for the given two discharges. The density evidently rises when
comparing the IPC discharges with the non IPC cases. In case of figure 6.23(b) also the increase
in the density gradient outside of z = 0.2m is visible, z = 0.2 m.

In order to determine whether this density increase an the correlated density gradient increase
is an effect of improved confinement or just of changes in the gas influx, wall recycling or
pumping behavior, one has to deduce the particle confinement times from a single reservoir
particle balance as performed in [Schmitz 09].

The time dependent global particle balance in a single reservoir model reads:

dNtot Ntot
dt = - Tp + frec ®7’ec + q)emt = ®emt - ©pump7 (63)

with total number of electrons Ny, recycling flux @, with fueling rate f,... and external flux
Doyt = fnpr Pnpr + foasPgas With fueling rate fyp; for the neutral beam influx and fj,
for the gas influx. Input parameters are the fueling rates which are subject to changes in edge
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parameters and as such difficult to assess. As stated in [Schmitz 09], f,.. = 0.7, fypr = 1.0
and fy,, = 0.1 are used.

For the calculation of 7, one needs the recycling flux ®,.. on the TEXTOR wall elements.
To gain a quantitative measure of the quantity one can use a tangential view of the TEXTOR
plasma given from an external camera (camera 4 with H,, Filter, described in [Schmitz 08a]).
This tangential view covers about 1/3 of the plasma facing elements in TEXTOR. This view
includes the coverage of the two poloidal limiters and the ALT-II as shown in figure 6.8.

The view covers the carbon target of the Dynamic Ergodic Divertor on the high field side of
TEXTOR. The lines of sight allow to cover the three dimensional features of the stochastic
edge layer with DED. [Schmitz 08b].

For the studied discharges none of the limiting surfaces extents into the perturbed edge region.
Beginning with a small amount of external perturbation the field lines start to diverge outward
and intersect with the target elements of the DED. When increasing the DED current further
the discharge changes from a limited plasma towards a discharge with a stochastic boundary
([Schmitz 08b],[Jakubowski 06]).

The analysis presented here is described in [Schmitz 09]. The work is based on earlier ap-
proaches and atomic data found in [Gray 98] and [Brezinsek 05b].

The CCD camera was calibrated against an calibrated flux ® ., from a gas inlet during a density
ramp. Then the measured CCD intensity signal Ioop(t) in counts s=' is converted into the
recycling particle influx

q)'rec = (pA + q)M (64)

as given by the molecular flux ®,; and the atomic flux 4. With S/X B and D/X B as the
conversion factors (see [Brezinsek 05b]) a direct functional has been derived

ICCD(q)gas)(t) = Ceal X q)gas(t)~ (65)

In order to deduce the calibration factor and the different conversion factors a set of assumption
has been made including that both the DED target and the ALT-II similarly are the main limiting
elements and are treated similarly with respect e.g. to the used ionization rates (
citeSchmitzPSIO8. In the end a constant calibration factor is used and only adapted by the ratio
of molecular to atomic fluxes (~ 2/3) describing the composition of the gas calibration cloud
as given in [Brezinsek 05b].

The particle influx injected by the neutral beams ®,.,,, was calculated considering the beam
voltage, the species composition [Uhlemann 99] and the beams aperture, while the particle
influx ®,, from the three TEXTOR gas inlets was deduced from the pressure measurements in
each of the gas feeds.

This analysis shows that particle inventory is build up by gas feed during the plasma build up
(t < 1.0s) and eventually maintained by a dominant ®,,. ~ 10*2s~! and the beam injected
particles of ®p.q, ~ 102°s7L. The gas injected builds up the plasma density is pumped away to
a large fraction (~ 98 — 99%) as we find @,y ~ Pyqs during ¢ < 1.0 5. This was reflected in
a low fueling efficiency coefficient fyqs = 0.1 for @ y.
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Based on this balance [Schmitz 09] one can calculate

Tp = Ntot/[(_dNtot/dt) + frecq)rec + feth)ezt} (66)

as particle confinement time and

7—;; = Ntot/[(idNtot/dt) + (bezt] (67)

as effective particle confinement time. Both quantities together allow to characterize the particle
confinement and to determine the recycling coefficient R = 1 — (7, /7).

Statements regarding the particle confinement and the recycling can only be based on the com-
plete analysis as presented above and shown in figure 6.24.

The 7p value deduced is related to changes of the perpendicular diffusion coefficient D in the
plasma source region with 7p = ’\Ig—f where \;, is the ionization length of the fueling neutrals

and a is the minor plasma radius [Stangeby 00]. Since for the IPC Scenario calibrated camera
signals are available, at least for the REVERSED scenario, one can now calculate the changes
in particle confinement connected to the visible density increase.

T T T T T T
1.40 e,
’.0 0..
.
1.36 R
& 132 : R T, @
° AR ‘e,
g 1z o ‘@
— * *
g 122 7 K J |
= R4 *
2 1.18 R
* *
0' 0‘
.
0"‘ 0‘.
r KOS R @ 21s<t<24s b
1.06 (03 o @ 38s<t<4.2s
0‘.
1.03 o
10 i i i i i i
“ o 1 2 3 4 5 6 7 8
Ipep [KA]

Figure 6.24: Particle Confinement time measured during IPC-REVERSED. Different discharges are
used to calculate the values for each DED current separately[Schmitz 09].

Figure 6.24 shows the behavior of the particle confinement times during the different discharges,
each representing a different level of ergodization caused by the different amplitude of the DED
current. The confinement time is normalized with respect to the 0 kA DED discharge.

For each discharges a calculation has been performed before and after the transformer switch
(t=2.8 s), in order to exclude effects caused by a slightly changed discharge behavior. The data
presented was acquired during the REVERSED scenario, but shall hold true for both setups.
This is suggested by the very similar discharge setup conditions.

With increasing perturbation level (DED current), the particle confinement increases up to 40%
at 6 kA which evidently correlates to the increase in density shown in figure 6.22. Only a
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certain threshold of about 7.5kA the trend changes and the confinement diminishes again. In
the following the increase in density and confinement time, as well as the subsequent transition
into a lower confinement regime, will be connected to the magnetic topology and the local island
structures at q=5/2. The energy confinement follows the density scaling [Finken 07a] and is not
effected improved with respect to the non DED reference discharges. With the increase of the

» electron pressure (HCN&ECE) diamagnetic energy
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Figure 6.25: Shown are the Scaling of pressure and Ey;, with the density.

density the pressure almost linearly rises up to a certain point (n = 4-10'"m~3) indicating at
least for the smaller densities a constant electron temperature during the density rise.

In figure 6.25 the scaling of plasma pressure as well as the comparison with the diamagnetic
energy is shown. Compared are shots with IPC and reference shots with increasing density. In
addition the left figure shows indisputably that this increase in pressure is correlated with an
increase in stored energy (Ey;,), indicating an improved confinement in this case driven by an
improved particle confinement. Increasing the particle confinement and hence the density and
the number of particles, while keeping a constant temperature, evidently increases the amount
of energy stored in the plasma.

Correlation of Magnetic Topology and Particle Confinement

In this section the variation in particle confinement will be related to changes in magnetic topol-
ogy and connected to changes in the external perturbation. In this case the relation between
the radial profiles and the g-profile is essential. Measured profiles are shown with the g-values
on the abscissa. Since the external perturbation is interacting with the rational g-surfaces in a
pitch resonant fashion one has to know with some degree of certainty, at which radial position
the q surfaces are located. The g-profile can be calculated using TEXTOR input data as well
as the equations presented by Wesson in [Wesson 97] and applying an analysis performed for
TEXTOR discharges with externally applied heating [Lehnen 08].

The setup as we have seen in the discussion of the general parameters of the IPC discharges is
always the same with respect to the magnetic field, the plasma current and for the g-profile. The
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Figure 6.26: 6.26(a) q-profile for the IPC discharges. (b) Sketch of a five over two structure lying on a
cylindrical q=5/2 surface at R=2.15 (green shell). The blue shell symbolizes the LCFS at R=2.21m.

differences in external heating (400kW) does not influence the poloidal beta (~ 10%, AB, ~
0.05) nor the g-profile significantly.

Shown in figure 6.26 is the g-profile applicable for the IPC discharges discussed here, locating
the ¢ = 5/2 surface at R = 2.15m. This is exactly the location of the density increase and
the radial position of the most dominant stochastization. Since the increase of the density is
located inside of the ¢ = 5/2 surface we imply the hypothesis that the effects are located at
this particular resonant surface and the apparent stochastization. Figure 6.26(b) can be used
to get some visual sense of what a 5/2 structure could look like in order to understand the
complexity of the magnetic topology. The red tube symbolizes a a 5/2 island. It neglects
effects like Shafranov shift but allows to understand the complex way the 5/2 island structure
winds through the plasma. The green surface stands for the q=5/2 flux surface in which the
unperturbed field line is embedded and around which the island evolves.

In the following discussion vacuum calculations of the perturbed magnetic topology will be
connected to the changes in particle confinement using the visualization approach explained
in section 3.2. In a first step (cf. figure 6.27) the measured DED target pattern can be used
to check for changes in the ergodization of the plasma edge with increasing /pgp. This can
then be compared to calculations of the field line penetration depth. The penetration depth is a
measure for the depth the field line reaches along its path through the plasma, deduced from the
LCFS.

In order to calculate this one takes a set of field line,which start at one position, follows those
field lines in both direction to the target. The excursion up to their deepest penetration in terms
of radius is plotted in figure 6.27(b) [Jakubowski 07](cf. 3.2).

In figure 6.27(a) the measured CII photon flux density (%) is shown. Using a 2d-CCD
camera with a filter at 436 nm a part of the DED target was observed during the ramp up of
the DED current. Afterwards a poloidal cutout at a known toroidal position is used to follow
the development of the target pattern with the change in perturbation(/prp). With no external
perturbation applied no pattern is visible. The pattern starts to emerge when a small level of

perturbation is applied it evolves and move apart as the current increases.
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Figure 6.27: DED target pattern: CII emission from discharge # 106585 and the calculated penetration
depth from vacuum calculation.

At Ipgp = 2.5 kA the pattern changes its shape and increases drastically in intensity. A
structure arises and keeps steady with increasing perturbation. A similar approach is used to
study the behavior of the open field lines by varying the edge safety-factor ¢,, the ergodization
and the DED target pattern [Jakubowski 07].

The calculation of this target pattern, or in this case the magnetic field lines connected to such
a target pattern, can be compared with the measured data. Even though the calculation reveals
much more detail than available from the measurements, the behavior is evidently the same. At
an amplitude of 2.5 kA DED current the pattern changes, a much more pronounced structure
arises with a penetration depth close to 6-7 cm. Taking the radius of the LCFS on the HFS
and using the penetration depth one can deduce that the open field lines, hitting the target, are
coming from the ¢ = 5/2 surface at R = 2.15m.

If one compares the measured data and the modeled target pattern, the correlation between the
pattern and the transition threshold of Ipgp = 2.5 kA is evident. This change in topology is
thus correlated with the stepwise increase in electron density and the steepening of the density
gradient at R = 2.15 m (¢ = 5/2). As soon as field lines connect to the DED target the density
increases, the field lines are called open field lines or tangles.

In order to get a deeper understanding of the magnetic topology applicable to this scenario
figure 6.28 shows a set of several plots, representing the footprint of the magnetic topology for
different amplitudes of Ipgp.

As expected from the setup of the discharge, the most prominent structure visible are the 6/2
and 5/2 island chains. While the 6/2 island chain at ¢ = 3 is influenced already by very small
perturbation, the 5/2 island chains starts to get ergodized at the x-points, just when reaching
Ippp = 2.5 KA. This behavior correlates with the observation of the target pattern, where
at first there is only a small structure originating from the ¢ = 3 surface. With the onset
of the ergodization of the ¢ = 5/2 island chain the structure changes and a clear connection
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Figure 6.28: Magnetic topology calculations for the IPC scenario, based on Gourdon calculations. The
connection length (color coded laminarplots) as well as the field lines (Poincare plot) are shown for 3
different amplitudes of the external magnetic perturbation (Ipgp). These plots have been made for the
NORMAL setup.
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between target and island x-points is established. This provides the same picture as established
in [Finken 07a]. The x-points are ergodized without ergodizing the whole island chain.

Figure 6.28(a) shows the 2 kA case just before the onset of the IPC. No ergodization near
the q=5/2 surface can be seen in the vacuum topology while the 2.5 kA case shown in figure
6.28(b) shows the onset of ergodization at the island x-point. This correlates with the onset of
the target pattern in figure 6.27. With increasing perturbation 4, 5, 6 kA the ergodization of the
5/2 island chains increases further, until at 7.5 kA the ergodization encloses the whole island, de
facto breaching the island chain. With increasing DED amplitude the ergodization zone moves
deeper into the plasma, while the laminar SOL like behavior, with short connections length,
increases as well. The width relative to each other changes while the stochastic zone becomes
wider.

The made observations lead to the conclusion that the confinement strongly depends on the level
of ergodization of the last island chain and the number of connected tangles to the DED target.
Since in section 6.3.1(p.89) a method was described to perform a detailed particle balance for
the IPC discharges (cf. figure 6.24) the direct connection between the DED amplitude and the
particle confinement was established and can now be quantitatively compared to the stochastic
edge layer composition.
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Figure 6.29: Increase of particle confinement time 7p with Ippp and corresponding evolution of
laminar and stochastic layer width AW [Schmitz 09]

As has been described in section 3.2 figure 6.29 shows the results of an analysis regarding the
3D perturbed edge layer in comparison to 7p for discharges with density build up on different
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levels of Ipgp. The left ordinate shows the width of laminar and ergodic layer. The width of
both layers are depicted as bars and the length of the complete bar shows the complete extension
of the perturbed edge. Red bars with markers as boundary depict the laminar layer width while
green bars with markers as boundary depict the ergodic layer width. The width is given in
units of normalized flux ¥y (AW yiminar = 1 — Y Niaminars DAY Nergodic = 1 — Y Nergodic). YN
describes the radial coordinate in terms of the normalized magnetic flux enclosed at the given
position.

This approach assumes the simplification as explained in section 3.2.2 regarding the ergodic
(L. < L) and laminar zones (L. > Lg).

For the low DED current discharge (2 kA) the influence on the 7p is barely visible. The exten-
sion of the perturbed layer is small and the q=5/2 surface, as also visible from figure 6.28(a), is
not affected in this case. Increasing the DED current up to 4 kA leads to the extension of the
perturbed layer towards the q=5/2 surface and in addition a small laminar zone is established.

The last but one step, increasing the current up to 6 kA is again correlated to an increase in 7p
with an increase in the ergodic zone width and a quite steady laminar zone. This marks the most
increase in 7p seen in this study.

At 7.5 kA the perturbed layer completely extends over the q=5/2 surface and a strong increase
in the width of the laminar zone is shown. This level of perturbation marks the transition
from improved particle confinement towards the so-called particle pump out scenario (PO) as
discussed in 3.2 and 6.3.2. The two mechanism contributing to the loss of confinement are the
rather diffusive radial transport in the ergodic region and the scrape of layer like parallel losses
in the laminar zone [Schmitz 09].

In summary the IPC is characterized in terms of transport and magnetic field changes by the
increase in Ny,; and 7p.

The changes in topology and in transport are directly correlated to the amount of stochastization
reaching the ¢ = 5/2 surface and connecting field lines to the target (field lines are shorter than
mean free path for electrons). It is surmisable and plausible that along these field lines the
plasma energy is carried outward and a short circuit is formed between island chain (x-points)
and the wall. The improvement is tentatively attributed to a modification of the electric potential
in the plasma carried by the open field lines. This leads to the need to study the radial electric
field and its changes.

From the agreement of measured and modeled target pattern 6.27, one can conclude that the
open ergodic structures develops a short field line connection to the target which transfers the
plasma flux. These short connection length field lines should also transport efficiently the
electric potential from the walls deep into the plasma, in this case, to the perturbed island
chains (x-points). This statement is in agreement with a previous observation on the TEXT
tokamak[Mccool 90].

Connecting distinct changes in the £, to the IPC scenario and the different levels of ergodization
can lead to a deeper understanding of the underlying plasma behavior. The observed effects and
connections to the IPC will be described in the following section.
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The Radial Electric Field and its Changes

Improved confinement scenarios (cf. e.g. H- Mode), espe01a11y when connected to a transport
barrier are connected to changes in the E, and the Ex B shearing rate [Moyer 95, Burrell 97,
Ida 98, Burrell 05]. What Moyer [Moyer 95] calls the paradigm of shear suppression of turbu-
lence is one of the most prominent effects during the transition into high confinement modes or
the onset of transport barriers.

In the following discussion the features of the radial electric field under circumstances of IPC
will be discussed in detail for both scenarios with negative helicity. As discussed in section
6.2.1 the profiles will be given in absolute values and in terms of A-values, relative to the
measurements for the discharge without DED.

As discussed in section 6.1.1 the radial electric field contributions from the poloidal and toroidal
rotations are relevant, the diamagnetic contribution is small and can be neglected.

For the discussion of the case of IPC during negative helicity discharges the set under NORMAL
field and current configuration is chosen. A comparison between NORMAL and REVERSED
scenario is considered later in section 6.3.1 (pp. 103)

For reasons of simplicity and clarity the plots are shown without explicitly showing the error
bars. As has been described (section 5.3) the measurement uncertainties are in the order of £0.7
km/s for the poloidal rotation and 44 km/s for the toroidal rotation, leading to an uncertainty on
the radial electric field of ~ 1kV/m taking into account the local magnetic fields. In addition
typical systematic uncertainties for the poloidal, the toroidal field and the local safety factor ¢
have to be considered.

Accounting for a typical uncertainty of 5% for the toroidal field, 15% for the poloidal field and
10 % for the safety factor [Busch 06, Testa 06] one reaches total error bars of ~ 5 kV/m for E,.,
~ 3 kV/m for the toroidal contribution and ~ 1.5 kV/m for the poloidal contribution.

In order to understand the changes in the radial electric field and distinguish effects connected to
the IPC from effects originating in the return current concept discussed in sections 3.3 & 6.2.1
the poloidal E,.(pol) as well as the toroidal E,.(tor) contributions to the radial electric field are
discussed before turning to the description of total radial electric field F,.

Figure 6.31 & 6.30 give a detailed insight into the trends for the two E,. contributions as well as
the behavior with respect to the 0 kA reference discharge.

Toroidal Contribution E.,.(tor), (figure 6.30) The toroidal contribution has very stiff pro-
files due to the radial viscosity. With the increases of the perturbation amplitude, the DED
current, the radial electric field increases consistently with the approach discussed in section
3.3 & 6.2.1. Even though the absolute shape has a tendency towards negative values in the
plasma center caused by the counter current NBI torque the relative approach clearly shows
that the whole profile is affected quite homogeneously. The j x B force is causing the general
spin up in the ergodic zone, and the radial viscosity causing the whole profile to follow this
momentum input.
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Figure 6.30: Profiles of the toroidal contribution to the radial electric field contributions in case of the
NORMAL setup. Absolute values and relative values (with respect to the unperturbed case) are shown

The evolution of the DED induced rotation shows the effect also seen in theory. A tendency of
saturation is observed for the later steps in DED amplitude. Less increase of E,.(tor) per kA is
manifested. The largest increase is 2-3 kV/m for the first 2 kA DED amplitude.

The homogeneity is only broken at the highest perturbation amplitudes locally at ¢ = 5/2. A
structure evolves in the radial profile exactly at the location of the 5/2 island chain. The IPC is
fully developed at this point, which again demonstrated the strong correlation of local effects at
¢ = 5/2 and the localization of the IPC.

Poloidal Contribution F,(pol), (figure 6.31) The poloidal contribution is responsible for
most of the localized structures in the total £, profile, dominating the shape, while the toroidal
rotation adds an overall offset as seen in figure 6.30.

The poloidal rotation is subject to strong neoclassical dampening and thus is affected by local-
ized changes. This means that e.g. the j x B force originating in the ergodic zone between
q=5/2 and =3 is the driving force changing the poloidal contribution towards more positive E,
values.

The profile of the poloidal contribution shown in figure 6.31 as well as the relative profiles are
clearly much more inhomogeneous when comparing to the toroidal contribution. The reference
discharge is following the tendency of the central poloidal rotation into the electron diamagnetic
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direction, meaning a negative electric field and negative poloidal rotation (following the SOL
flow) in the plasma edge, results in a positive contributions to the F,.
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Figure 6.31: Profiles of the poloidal contribution to the radial electric field contributions in case of the
NORMAL setup. Absolute values and relative values (with respect to the unperturbed case) are shown

When switching on the perturbation the outer part instantaneously reacts on even the smallest
perturbation amplitude increasing the E,.(pol) already to almost the maximum excursion. The
g = 2 surface does not react at all and the innermost part of the profile only react when increas-
ing the DED amplitude well beyond the IPC threshold (2.5 kA). The deepest penetration for the
perturbation is achieved at very high amplitudes, the £,.(pol) is then increasing within ¢ < 2.

The gradient of the radial electric field at ¢ = 5/2 is directly connected to the steepening of the
poloidal contribution, when comparing the different discharges for different DED amplitudes.

Total E, After the discussion of the seperate contributions figure 6.32 displays the total E,.
An overview on all discharges used during the IPC in NORMAL configuration is given. In
figure ((a) the absolute profiles are shown including the OkA case, while figure (b) represents
the relative profiles with respect to the 0 kA reference discharge.

The profile shape with the negative values in the plasma center and the positive values close to
the plasma edge is the combination of both the toroidal and poloidal contribution in respective
directions. The toroidal contribution and the underlying NBI torque is dominating the negative
radial electric field in the plasma center while the positive values from the poloidal contributions
are responsible for the overall positive radial electric field at ¢ > 5/2.
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Figure 6.32: Profiles of the radial electric field and relative changes with respect to the Ipgp = 0 kA
reference discharge). Shown for the NORMAL configuration.

As can be seen already from the separate contributions the radial electric field increases with
increasing DED amplitude. The maximum change with respect to the reference discharge is
reached with 9 kV/m. The E, profile follows the strong reaction of the poloidal contribution
outside of ¢ = 5/2 and shows a reaction of the E,. profiles inside of the ¢ = 2 surface only for
high amplitudes. The toroidal contribution gives an overall offset.

Outside of ¢ = 5/2 the tendency is visible that would be expected from the return current
model discussed in 3.3 and shown on local rotations measurements in 6.2.2 as well during the
discussion of the toroidal and poloidal contribution. At the level of 2 kA the total E, is already
increased almost to its maximum since the zone around ¢ = 3 is completely ergodized (cf.
figure 6.28(a)), increasing the current further leads to the improved particle confinement and
local changes of the E,. at ¢ = 5/2, the steepening of the gradient.

It is only with additional amplitude of the perturbation that effects are manifesting inside of
the ¢ = 2 surface, probably due to deeper penetration of the perturbation. Those effects may
be connected to topology like the formation of a 3/2 island with higher perturbation which are
then manifested in the poloidal rotation changing toward the ion diamagnetic drift direction.
The calculations in the vacuum approximation gives a clear island chain at ¢ = 3/2. This is not
included in the presentation in figure 6.28.

The radial electric field steepens at ¢ = 5/2 as an effect of the local changes in the toroidal and
especially the poloidal contribution. The more DED is applied the steeper the radial electric
field becomes. This effect becomes particularly visible when taking the relative changes in to
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account. The gradient is further discussed in terms of the shearing rate {1, after establishing
the comparability of negative helicity scenarios (NORMAL and REVERSED).

IPC Scenarios with Negative Helicity

In order to underline the universality of the IPC scenario in the following the comparison be-
tween the IPC in NORMAL and REVERSED configurations shall be given.
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Figure 6.33: Profiles of the radial electric field, shown for both setups with negative helicity.
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As discussed in section 6.1.2 the reversal of magnetic field and plasma current while preserving
the helicity is connected to distinct effects on the rotation. The poloidal rotation does not change
sign as has been shown in section 6.1.2 (figure 6.12, equation 2.29 & 2.30), while the toroidal
rotation, driven by external momentum input (NBI torque), does.

This causes distinct differences in the absolute values and profile shape of the E, when com-
paring the two configurations as can be seen in figure 6.33

The obvious differences between the two sets of profiles can be seen in Figure 6.33. While
the profiles for the E, in the NORMAL setup are visibly oriented from negative values in the
plasma core (¢ < 2), corresponding to strong counter rotation due to the NBI, the profiles
representing the REVERSED setup are seen to be flat. This feature can be explained due to the
difference in behavior of the toroidal and poloidal contribution, when switching from NORMAL
to REVERSED setup. The poloidal contribution is not changed with I,/ B reversal and thus
now complements the toroidal contribution with opposite sign, flattening out the total F,.

The structure of the profiles when comparing both setups in figure 6.33 is not comparable when
taking the absolute values into account even though the steepening of the gradients at q=5/2
is seen as well. Only when subtracting the respective contributions for the OkA reference dis-
charges the profiles become similar.

The AFE, plots for the NORMAL and REVERSED configuration show the same distinctive
dent at ¢ = 2, the rise of the F,. at low perturbation for ¢ > 5/2 as well as the late increase of
L, in the plasma center.

Absolute Values The absolute values as been seen from the overview in figure 6.33 are quite
different when comparing NORMAL and REVERSED configuration. A deeper look at this
behavior is available from figure 6.34.

The toroidal contribution for both configurations are very similar only differing slightly by 2
kV/m or about 10-20 km/s due to the difference in applied external heating and momentum
input. With increasing DED amplitude the radial electric field contribution becomes more pos-
itive in both configurations, the agreement remains, as for the unperturbed case, over the whole
profile.

The poloidal contribution however differs completely when comparing the red and blue curves.
The Poloidal Rotation profile remains mostly unchanged when keeping the helicity constant,
hence reversing the toroidal magnetic field causes the contribution to the radial electric field to
change sign. The two curves are not overlapping at all. With increasing DED amplitude the
structure of the profiles change differently since the influence due to the j % B points always
towards the ion diamagnetic drift direction, towards more positive F,..

At last the contributions can be used to calculate the total radial electric field shown in the
bottom row figure 6.34. The total radial electric field is flat for the REVERSED configuration
and steeply inclined to the plasma center for the NORMAL configuration. The curves do not
agree, with one exception, the gradients around the ¢ = 5/2 surface are very similar, hence
giving one indication for the IPC occurring in both configurations.
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Relative Values Already the absolute values show similarities at the ¢ = 5/2 surface for both
configurations, in order to study those agreements in more detail and resolve possible difference
causes by the changes in magnetic perturbation one can plot the relative changes with respect to
the unperturbed case. For each discharge and DED amplitude the comparison between the two
configurations is made.

This method will remove the influence of the different behavior originating from the rotation
and allow the resolution of the changes caused by the increase of the DED amplitude in both
scenarios (cf 6.2.1). In figure 6.35 the relative profiles for the toroidal contribution, the poloidal
contribution as well as the total radial electric field are shown.

All three comparisons show that the profiles after removing the background behavior are quite
comparable for the REVERSED and NORMAL configuration, the effect of the DED on the
radial electric field is comparable in all discharges with negative helicity.

Minor changes however are visible, when comparing the profiles at rational surfaces. The
Toroidal rotation profiles are comparable in amplitude and increase with DED, however at
q=3/2 and q=5/2 the profiles deviate slightly upwards for the NORMAL and downwards for
the REVERSED configuration. Regarding the poloidal contribution a similar effect is observed
at rational surfaces q=3/2, q=5/2 and q=3 which is even increasing with rising DED amplitude
in contrast to the constant effect in the toroidal rotation.

The overall effects of the IPC such as density transition and confinement improvement increase
of E,. and steepening of the £, at q=5/2 do not vary between the NORMAL and REVERSED
configurations. This is also valid for the overall increase of the F£,.. It can, however, be seen that
the magnetic topology does vary (figure 6.36).

While one of the island x-points for the NORMAL case lies just at 0° it is moved by 90° when
reversing By and [p. This has no indication for the analysis presented in figure 6.29 or on the

general effects regarding the £, but it can have indications for the local measurements of the
E, and the observation of the slight variations. The RuDI diagnostic beam is located in the
equatorial plane, meaning poloidal angle 0°. At the ¢ = 5/2 island chain the 360° are divided
onto 5 islands (~ 360/5) meaning that, with a phase shift of 90° and approximately 36 degree
between x-point and o-point of the island, the observation volume is shifted from the o-point to
the x-point of the island.

This behavior might explain the variations between the NORMAL and REVERSED scenario.
While the dominant radial viscosity is probably smoothing this effect in case of the toroidal
rotation the poloidal rotation can be affected more locally and hence is showing an evolution
of the deviation with increasing DED. Especially at the g=3/2 the vacuum topology is typically
thought to be failing. The observed behavior is showing indications for the vacuum topology to
be true even this deep inside plasma.

The overall influence of the DED remains the same, with increasing DED the profiles become
more positive and the F, steepens. Since those features are the one most prominently connected
to the IPC scenario a more detailed look at the ¢ = 5/2 surface and its connection to the radial
electric field shear or better the £ x B shearing rate {2, 5 is given in the following section.

106 CHAPTER 6: RESULTS



6.3 THE RADIAL ELECTRIC FIELD DURING CONFINEMENT CHANGES WITH DED 107

‘ﬂwuuwuwuuwu ‘ﬂwuuwuwuuwu 15
10} 5 10} 5 10l
a4 = I SN S
e~ ——— 1 § B r
———\ r ] r
~ o = - ofF — — of
£ I ] £ T ] £ T
1 14
-10f- e -10F- e —10f-
-15F- e -1sF- e 15|
PS8 I R e PO\ I R e _ooll
15020 25 30 35 15020 25 30 85 1520 25 30

(a) 2KA - AE, (tor) (b) 4KA - AE.(tor)  (c) 6 & 7.5kA - AE, (tor)

'Mpuwuxwuuwu ‘Mpxuwuwuuwu
10~ { m}
5 g 5}

£ L £
z o i
u 5L | u [ u
< s ] < <

-10- - -10-

-15- - -15-

0755 20 25 3.0 35 20755 2.0 25 3.0 35

q q

‘ﬂwuuwuwuuwu ‘*ﬂwuuwuwuuwu

1 . :

_ _of E E
£ £ r 1 £ ]
< :or 1 2 ]
K E 1 <50 ]
R ;

R ]

_ bl bl _ Bl
15 20 q25 3.0 35 15 2.0 q25 3.0 35

(2) 2kA - AE, (h) 4kA - AE, (1) 6 & 7.5kA - AE,

Figure 6.35: Profiles are showing the different contributions to the £, as well as the E, itself with
respect to the OkA reference discharge(comparing NORMAL, REVERSED configuration). Black is the
7.5 KA discharge in the REVERSED setup.
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Figure 6.36: Magnetic topology represented as overlay of laminar and Poincare plot calculations for
the IPC scenario, based on Gourdon calculations. Comparing the NORMAL(a) and the REVERSED(b)
setup.

— —

E X B shearing Rate Q3. 5
The quantity discussed in the following is directly connected to the electric field gradient as
discussed above and called the E x B shearing rate (cf. equation 2.37). Similar to the approach
chosen for the presentation of the radial electric field data, the shearing rate is presented in
terms of the actual values as well as the A-values. In order to allow a clear presentation of
the data the error bars again are suppressed. The error bars are in the order of 1.75-10%s7!
for € including systematic uncertainties, the error bars for the delta values follow according to
gaussian uncertainty propagation.

Typically the absolute value of €2 5 is used as the parameter judging upon turbulent suppres-
sion and hence transport suppression during improved confinement scenarios like the H-Mode
[Wagner 82]. €1z, 5 exceeding the turbulence growth rate is taking as the criterion. Taking the
H-Mode as an example one applies external heating up to a threshold to initiate the improve-
ment, or applies external biasing as been done at for example at TEXTOR [Weynants 92] to
reach the state of improved confinement. This is typically connected with an edge transport
barrier and strong gradients of edge plasma pressure, hence shearing

It is assumed that in case of the H-Mode the edge pressure gradient becomes the dominant
driving term of the £, and hence local shearing of the E,. occurs. This shearing can when being
large enough tear up turbulence [Biglari 90, Moyer 95], leading to decreased radial transport.

When comparing with H-mode or biasing experiments [Biglari 90, Wagner 82, Moyer 95,
Weynants 92] the data discussed here provides another insight in the universality [Burrell 97]
of the shearing rate {2 as the parameter defining the improvement for confinement in tokamaks.

In Figure 6.37 the shearing rate and the relative shearing rate for the NORMAL and RE-
VERSED scenario are shown. In both cases the shearing rate increases locally inside or at
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g=>5/2 again making the connection to the previously discussed effects at this rational surface
(density increase and gradients, magnetic topology and F, gradients and profile similarities).
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Figure 6.37: ExB shearing rate ). Figure 6.37(a) and 6.37(b) shows all discharges available for the
IPC scenario (cf. section 6.3.1). Black gives the 7.5 kA discharge in REVERSED configuration.

The shearing rate changes very locally up to a absolute value of 1.4 - 10°s~1 and 1.2 - 10°s~! for
the NORMAL and REVERSED case respectively. The shearing rate increases drastically and
only at the rational surface. When observing the relative changes of 2 it even becomes more
clear that the effect is localized to this particular resonance and the shearing rate increases with
the amplitude of the DED.

Comparing the curves in figure 6.37 for each step the trend is clear for the NORMAL and
REVERSED, the data correlates with the localization and the tendency of the increase of the
particle confinement time as seen in figure 6.29.

The density increases, the 7p rises, the magnetic topology changes and the local shear is in-
creased in both setups. This leads to the conclusion that localized at this particular resonance
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the improved particle confinement is connected to a resonant change of magnetic topology and
a connected change in F, as observed in other improved confinement scenarios.

Since this behavior in the case of the IPC is reached with means quite different from those seen
in e.g H-Mode experiments it might permit the conclusion that indeed the shear of the E, is not
only one of the features connected to improved confinement modes, but the feature connecting
all the different approaches to reach improved confinement scenarios in tokamak machines.

However the question of causality remains, which could only be solved by a far higher time
resolution that is not available with the current setup.

6.3.2 Pump Out Scenario with DED

In order to contrast the findings of the IPC one can ask the opposite question: Is there a scenario
with decreased particle confinement available during DED operation? And what separates such
a scenario from the IPC?

This question in part was answered already taking figure 6.29 into consideration where at a
certain value of the perturbation (7.5kA) a decrease in particle confinement correlated with a
large increase in laminar zone width was seen. This means that when reaching a scenario where
the laminar zone becomes large at very low perturbation current a so-called Pump Out (PO)
scenario with decreased particle confinement can be established.

The data considered was obtained in the REVERSED configuration, since only here a profile
coverage over the whole radial range was achieved.

With respect to the IPC scenario the general setup of the PO discharges is only marginally
changed. The main change is in plasma position and edge safety factor ¢, in such a way that
the resonant surface ¢ = 5/2 is more closely located to the perturbation coils (DED).
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35— ]
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Figure 6.38: q-profile for the PO discharges Table 6.2: PO discharges with DED current

and shot number

The discharge parameters are : Ry =1.755 m, a =0.458m, ¢, =3.4 , R, =2.213 m with
B, =2.1Tand Ip =410kA and Py pr(counter) =1.6 / 2 MW
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The edge q was reduced by about 0.4 in comparison to the IPC case moving e.g. the ¢ = 5/2
surface closer to the DED coils by 1-2 cm. This can be seen when comparing the ¢-profile for
the PO discharges shown in figure 6.38 with the one given for the IPC discharges in figure 6.26.
The resonant rational flux surfaces are shifted more towards larger minor radii.
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Figure 6.39: Density time traces for the NORMAL and REVERSED PO discharges (#106540, #106545)
with Ipgp =7.5 kKA.

This slight change of the g-profile caused by the changes in plasma current has drastic con-
sequences for the particle confinement. Figure 6.39 displays the density traces for the 7.5 kA
discharge in PO scenario. A drop in density can be observed for the phase of DED operation,
between 1.8 s and 4.8 s. The line average density drops, and the density traces outside of 2.15
m are effected by a drop of at most 30% of density decrease.
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Figure 6.40: PO discharge (#105784). Shown are density traces of DED and reference discharge as well
as the temperature values and the DED current. PO discharge (#105784)Thomson profiles of electron
density and temperature as well as their gradients.[Schmitz 09]. z is the vertical position, and the broken
lines indicate the affected g-surface

Since figure 6.39 can only supply Abel-inverted measurements of the density for the PO sce-
nario, figure 6.40 is supplying a much more detailed picture for a comparable discharge with
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available high resolution n. and T, from Thomson scattering measurements. For the discharges
presented in table 6.1 the threshold for reaching the PO is at 2.5 kA DED current for the addi-
tional discharge the scenario was adapted to reach PO already at 1.5 kA.

Again the drop in density can be observed when comparing the perturbed and unperturbed
discharge. In addition the highly resolved density and temperature profiles show the flattening
of the edge gradients outside of the q=5/2 surface. This stands in clear contrast to the IPC
scenario, where the gradients in the edge increased, showing the afore mentioned improvement
of particle confinement.

Since the density loss and the onset of the PO at 2.5 kA are similarly connected to each other an
analysis of the particle confinement as performed for the IPC has been carried out. This analysis
is presented in figure 6.41 together with the zone widths for the ergodic and laminar zone (cf.
section 3.2.2).

At OkA DED the layer widths are zero and the normalized particle confinement time is unity.
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Figure 6.41: Decrease of particle confinement time 7p with Ipgp and corresponding evolution of lam-
inar and ergodic layer width AW y[Schmitz 09]

When increasing the DED amplitude the picture changes, the particle confinement time drops
and the ergodic zone immediately jumps towards the q=5/2 surface. While the increase towards
5 kA is indifferent for the two measurements of the particle confinement time, the trend towards
7.5 kA and a drop of about 22 % in 7p is evident. For this last step again the laminar zone again
increases drastically, increasing the particle transport in the edge by SOL parallel particle and
energy flows in the laminar flux tubes.

The description of the layer width corresponds to the evolution of the structures and the stochas-
tization of the field lines shown in figure 6.42. The q=5/2 surface is almost reached by the
perturbation at the low amplitude of the DED while the higher amplitudes cause stochastization
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of the island chain up to a level of complete stochastization. In contrast to the IPC the island
chain is reached far earlier, the ergodiszation is significantly larger and hence the PO is caused
immediately.

The early stages correspond to what has been seen in the high amplitude discharge presented
during the IPC discharges. This means that the IPC and PO are two phases of the changes in
magnetic topology due to influence of the DED.

While the low levels of stochastization and small doses of field lines connecting DED target
and resonant island chain are causing the IPC, the increase in stochastization and in the end the
increase in the laminar zone width is causing a decrease in particle confinement.

Complete L_[m] for #106544 Complete L_[m] for #106544

309 350 o 50 1

9‘0 1 0 oo 1.59 00 isﬂ
poloidal angle o [deg]

oo 1.59 00 isﬂ
poloidal angle o [deg]

(a) PO Scenario @ Ipgp=2.5kA (b) PO Scenario @ Ippp=5.0kA

Complete L_[m] for #106544

50 100

1.59 00 isﬂ 300 kL
poloidal angle o [deg]

(c) PO Scenario @ Ippp=7.5kA

Figure 6.42: Magnetic topology calculations for the REVERSED PO scenario, based on Gourdon
calculations. The connection length (color coded) as well as the Poincare plot is shown for three different
amplitudes of the external magnetic perturbation (/pgp).

Without going into the details of the radial electric field behavior it can be said for the Pump
Out the radial electric field is becoming more positive with increasing DED amplitude while
the gradient remains flat at ¢ = 5/2.
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The shearing rate {2z, 5 The gradient of the radial electric field and hence the shearing rate
as given in equation 2.37 is much different in two aspects when compared to the IPC case.
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Figure 6.43: () 5 and AQz 5 calculated from the profiles acquired during PO in REVERSED con-
figuration.

Figure 6.43 is showing on the left side the absolute
frorprrrprrTyrry values of the shearing rate and on the right side the

—i— |PC relative behavior with respect to the 0 kA discharge.
--#l-- PO Firstly, the absolute value close to the q=5/2 surface
is low compared to the IPC case, secondly, the ab-
solute shearing rate is an order of magnitude lower
and is not showing the clear increase connected to
the IPC. This is even clearer, when taking the rel-
ative values for the shearing rate. The profile is
flat, not showing any increase or change around the
q=5/2 surface.

2.0

This means that even though the general tendency,
the increase in F,, is similar between IPC and PO,
the local changes of the shearing rate are not sim-
ilar (fig. 6.44). While the small amount of field
line connections in case of the IPC cause the po-
pec b b L] tential to change locally at the resonant surface, the
0 2 | 4kA 6 PO is dominated by the stochastic field lines and
oeolkAl the large extend of the short connection length field
Figure 6.44: E x B shear rate vs. Ippp at lines present in the laminar zone.
the ¢ = 5/2 surface for PO and IPC scenario.

00F

In one case small amounts of field lines connect tar-
get and island chains and cause steep gradients in the £, and density, improving the confine-
ment, while in the other case (PO) the parallel transport along the field lines decreases the
confinement due to strongly enhanced SOL like transport.

To complement the picture the following section will give a short overview on the influence of
the DED onto the turbulent transport. Indications of suppressed or enhanced turbulent transport
are found to be correlated with the existence of IPC and PO respectively.
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6.3.3 Turbulent Transport and Plasma Fluctuations

The following section presents a comparison with turbulence measurements, during a IPC like
discharges, derived via reflectometry at TEXTOR[Kramer-Flecken 06]. Data is available for a
scenario similar to the IPC in DED m/n=3/1 configuration and for the presented PO discharges.
The multi-horn antenna setup at TEXTOR allows measurement of correlation properties of the
turbulence and its rotation.

As was seen in the discussion before, the IPC as well as the PO are connected to a local change
in the transport. In the case of the IPC probably a zone of decreased transport is build up
by a local change in E x B shear or poloidal flow. The understanding of local turbulence,
its influence on the transport and the methods influencing it are of uttermost concern for the
understanding of the IPC and PO scenarios.

A description of a plasma scenario, similar to the IPC discharges, can be found in
[Kramer-Flecken 06] together with the methods used to deduce the turbulence correlation data
and its detailed description.

The discharges [Kramer-Flecken 06] similar to the IPC are performed with 1.3 MW of counter
heating and 0.3 MW of co NBI heating. The DED amplitude during the flat top phase is 2.5kA
in 3/1 mode. During those discharge the diamagnetic energy increases as a sign of improved
confinement in conjunction with an increase in density as shown before for the 6/2 base mode.

The toroidal rotation shows a change in amplitude towards the co-direction, effectively de-
creasing the predominant counter rotation, when comparing to the non DED discharges. The
amount of 30 km/s is comparable to effects observed during the IPC discharges(see above). For
the investigation of turbulence characteristics in [Kramer-Flecken 06] spectral and correlation
analyses has been performed. Details of the procedure can be found in [Kramer-Flecken 06].

The lifetime of density fluctuations can be considered as a measure of the growth rate of insta-
bilities. The developed instabilities lifetime can be deduced by the cross-correlation coefficients
() for several spatially distributed antennas and known turbulence velocity. Measuring the dis-
tribution of () at different poloidal distances (A©;) gives a gaussian line shape of which the
FWHM [, allows the average lifetime of the fluctuations to be determined as
le
Tie = (6.8)

)
Vturb

with vy, being the linear turbulence velocity deduced by reflectometry.

In contrast to the fluctuations lifetime the density fluctuations can be deduced by single antenna
data as given in [Kramer-Flecken 06, Kramer-Flecken 04] :

<|an|2>0'5 ~ <(i)> )\O

. 6.9
Ne A -1.5-23/4/L A\ ©.9)

Here @ is the phase fluctuation level in radians, ), is the vacuum wavelength of the probing
microwave and L, is the density scale length. ) is the poloidal wavelength of the turbulence ,
n. the cut-off density.
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So to answer the question regarding the connection of turbulence, transport and IPC a sim-
ple model regarding the transport, assuming a random walk process, is used [Liewer 85,
Kramer-Flecken 06]. The diffusion coefficient (Dgy) is related to the turbulence properties
by

)\2

-+ (6.10)

Tdc

DRW =

where \,. and 7pc can be determined from reflectometry measurements.

Figure 6.45(a) shows the properties deduced by reflectometry for the discharges as discussed
above while figure 6.45(b) shows the diffusion coefficient Dgyy. Evidence for the formation
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(a) Turbulence Properties, including density fluctua-
tions poloidal wavelength and de-correlation time, de-
duced for DED and non-DED discharges

(b) Diffusion coefficients determined from the turbu-
lence properties and compared for DED and non-DED
discharges.

Figure 6.45: Plasmas similar to IPC, during 3/1 mode. Discharges with DED are denoted by » and those
without by o.[Kramer-Flecken 06].

of a transport barrier were taken in [Kramer-Flecken 06] by the measurement of the quantities
in shown figure 6.45(a). The density fluctuation in the upper part of the figure are decreasing
outside of r/a=0.8 whereas they remain similar within this radius. The density fluctuation drop
in absolute numbers 0.2 % points, meaning a decrease of about ~ 15%.

Regarding the poloidal wavelength the situation is also correlated to changes inside and outside
this radius (coinciding with the rational q surface). While the wavelength decreases around the
radius of r/a 0.8 the wavelength even increases outside of r/a = 0.9, which then translates into
the measure of density fluctuations observed.

The analysis of the turbulence lifetime, estimated from the different antenna correlation mea-
surements presents a constant lifetime of 8 microseconds for the non-DED cases while the
lifetime increases to 13 micro seconds during the DED operation in the region around r/a =
0.8 (figure 6.45(a)). When comparing this, or more exact 1/7p¢, to the measured shear rate
[Kramer-Flecken 06] and the shearing rate in 6.37(a) and 6.37(b) the turbulence life time is
superseded by the shearing rate, hence strengthening the arguments for turbulent suppression.
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Coming back to the random walk model one can then calculate the diffusion coefficient for the
discharges in question. And compare this between the DED and non-DED discharges and the
calculated topologies. Applying the DED reduces Dpgy in the region 0.75 < r/a < 0.85. In
the laminar zone, Dy, increases again. This effect is in good agreement with the observation
made in the IPC discharges, since at the rational g-surface the transport is changed towards
better confinement while in the outward plasma edge r/a > 0.9 the laminar zone is taking
effect.

Those observations — even though available only for the 3/1 configuration of the DED —
confirm the observations made during the 6/2 IPC experiments presented here and show good
agreement with the analyses made in [Biglari 90, Moyer 95, Burrell 97, Ida 98, Burrell 05]. The
forming of a zone with reduced transport, or the increase in plasma confinement coincides with
the increase in £ x B shearing rate and hence a decrease in turbulent transport if and when the
turbulent lifetime or its growth rate is superseded by the shearing rate.

13 :
: : o : :
12l g@ g BB
11 . :E . n .
: oo Hg g YE
g_ 10+ - B R B a E R | En S o
<
8 | o |
Se B o g ok
| =
8f o= O lpgp=6kA
- o = 0 lpgp=2kA
m O lpep=4kA
‘ ]

8.3 0.32 0.34 0.36 0.38 0.4 0.42
rc/ m

Figure 6.46: Turbulence life time for the discharges used in the PO analysis [Kraemer-Flecken 08]

To complement this, the turbulent lifetime was also measured for the PO scenario. The life
time shown in figure 6.46 decreases by 30 % hence probably causing an increase in D gy and
coinciding with the drop in particle confinement time visible during the PO scenario presented
in figure 6.41. Increasing the DED amplitude reduces the turbulent transport.
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Chapter 7

Summary & Outlook

The aim of this work is the characterization of the radial electric field I, at the tokamak TEX-
TOR under the influence of external Resonant Magnetic Perturbations (RMP) imprinted onto
the helical tokamak field by means of the Dynamic Ergodic Divertor (DED). With respect to the
influence of RMP the aspects of transport control in future fusion devices such as ITER, under-
standing improved confinement and control transient heat loads (ELMS) are some of the most
prominent ones today. This work contributes to the understanding of how RMPs are changing
the magnetic topology, the £, as well as the plasma rotation to hence realize changes in confine-
ment. High confinement modes in divertor tokamaks are typically connected to changes in the
FE, and its shear . The DED provides a flexible tool to control plasma edge transport. The DED
can be operated at different toroidal(m) and poloidal(n) mode configurations, m/n= 3/1, 6/2,
12/4. The 12/4 mode leads to a very shallow stochastic zone, while for 3/1 operation a deeper
penetration is anticipated. At TEXTOR two scenarios are achieved with the DED (m/n=6/2):
The Improved Particle Confinement (IPC) as well as the particle Pump Out (PO). The role of
the £, during confinement transitions with RMP is investigated.

In order to perform this work a diagnostic has been developed using Charge Exchange Recom-
bination Spectroscopy (CXRS) on C%*ions, induced by an active hydrogen diagnostic beam,
observing the most intense visible transition. Doppler shift and spectral width are measured
and from this poloidal and toroidal rotation as well as ion temperature and density are deduced.

For the measurement of rotation and temperature profiles a high spatial resolution is required.
The hydrogen diagnostic beam used is of low divergence (0.5°) allowing a small radial resolu-
tion of 1-2 cm and is used in a modulated fashion (10Hz) in order to subtract the background. To
ensure a radial calibration for the diagnostic a method was devised using active Beam Emission
Spectroscopy (BES). The diagnostic beam interacting with hydrogen gas emits doppler shifted
H,, light, hence allows the deduction of the radial position (by angle).

Signal intensity and hence photon statistics is one of the optimization criteria used in the course
of diagnostic development and improvement. The beam performance was optimized by in-
stalling a new arc-discharge plasma box, improving the beam composition, while the optical
systems were optimized for high transmission. Increased intensity improves the velocity reso-
lution: > 5km/s —> 0.7km/s (poloidal); > 10km/s — > 5km/s(toroidal).
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The poloidal observation was optimized by installing a direct imaging system on top of the
tokamak vessel, improving transmission by a factor of 40, complementing the fiber transmitted
channels observing from the bottom of the vessel. Together both systems utilize the differ-
ential Doppler shift approach to measure the reference wavelength. The toroidal observation
system was developed with one optical fiber per radial channel and in course of the installation
improved by a second set of fibers increasing the intensity by a factor of two. Measurements
require a minimum integration time of 1.5 s (3 s modulated)(flat top of one TEXTOR discharge).

The capabilities of this new diagnostic are used in this work in order to consistenly measure and
resolve even small changes in the E, and its contributions under the influence of the DED.

The toroidal and poloidal rotation have been studied in this work under the influence of mo-
mentum input from Neutral Beam Injection as well as under the simultaneous inversion of
toroidal field and plasma current. Both methods are used to establish a picture of the effects of
external torque and magnetic configuration causing changes in the FE, before studying global
confinement changes under the influence of the DED. The plasma current and toroidal field have
opposite signs (helicity —1). The Neutral Beam can be injected in the direction of the plasma
current (co) and in the opposite direction (counter) causing a spin up of the toroidal rotation
accordingly, the poloidal rotation follows according to the flux surface averaged contribution to
the poloidal force balance. Full co or counter heating means fast toroidal rotation (100 km/s)
in the respective direction symmetrically between co and counter injection, while the poloidal
rotation is symmetric (+3km/s) around an offset value of +3 km/s close to the plasma center
following the neoclassical prediction for negative helicity.

The F, as determined by the radial force balance consists of terms given by the toroidal and
poloidal rotation as well as term given by the pressure gradient each being measured via CXRS.
Besides the magnetic field the £, is one of the crucial parameters determining radial transport of
ions and electrons. Transport perpendicular to the field lines as well as open ergodic structures
can influence the £, shear the rotation and change the confinement. Depending on the scenario
each of the F, contribution can be significant.

With respect to the presented study regarding global confinement effects under RMP, the contri-
butions from toroidal and poloidal rotation to the F,. are the dominating ones, while the pressure
gradient is negligible in TEXTOR plasmas. Contributions to the £, are driven by external mo-
mentum input from NBI as well as by the ergodisation of the plasma edge via the DED.

Whereas in this work the role of the £, and its shear during the transition into IPC and PO plays
the most prominent role, the influence of the DED in general, without IPC and PO, is discussed
as well. Those changes in F, are the underlying contribution to the £, with RMP (DED).

When increasing the DED current amplitude the toroidal rotation and poloidal rotation are
changing towards the co direction or the so-called ion diamagnetic drift direction, respectlvely
causing the F,. to change towards more positive values. This effect is caused by a j x B force
originating in the ergodic zone close to the plasma edge (open field lines — electron loss — ion
return current), spinning up the rotation.

During the operation of the DED the maximum observed change of £, from toroidal rotation
is +6kV/m over the whole observed profile (0.5 < r/a < 1;1.3 < ¢ < 3.8), while the
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poloidal rotation contributes up to +6 kV/m depending on the local q. The total radial electric
field is in the range between —1kV/m and +10kV/m for a typical TEXTOR plasma. The
toroidal contribution is changed homogeneously over the whole profiles due to strong radial
viscous coupling, while the neoclassical dampening for the poloidal contribution accentuates
local changes (at rational ¢ surfaces, especially ¢ = 5/2, ¢ = 3).

The transition into IPC is characterized by an increase in density (An, = 40%) and density
gradients as well as particle confinement time (A7, = 30%). The density increases inside of
q = 5/2 with the gradients steepening outside of ¢ = 5/2. The energy confinement follows the
density, scaling with the increase in particles confined.

In the presented scenario the transition occurs at 2.5 kA (for g, = 3.8), the stochastic zone
is still not reaching the ¢ = 5/2 surface and the laminar zones contribution to the parallel
transport remains small. Field lines are connecting the ergodized island x-points with the DED
target, thus the plasma flux is directed to the DED target. This causes the sheath potential to
be changed and hence local changes deep inside the plasma (q=5/2). The onset of the IPC
is consequently correlated with the Ex B shearing rate increasing locally at ¢ = 5/2. The
shearing rate is probably connected to a suppression of turbulent transport when exceeding the
actual turbulence growth rate at ¢ = 5/2 and would directly contribute to improved confinement
as seen also in H-Mode and biasing experiments performed previously at several machines.

After the transition into IPC the confinement increases further when increasing the external
perturbation up to a point where the ergodization completely engulfs the island chain, effectively
destroying the localization effect at ¢ = 5/2.A broad ergodic and in addition a much broader
laminar zone now causes enhanced outward transport, weakening the confinement.

The transition appearing at high perturbation amplitude is changing the effect of the DED to-
wards the PO scenario. This scenario can be achieved by changing the position of the q=5/2
island chain with respect to the DED coils by changing the edge ¢. The PO scenario is showing
a decrease in density and particle confinement time in the order of 30 %, while also showing
an increase in turbulent transport. In contrast to the IPC no local increase in E,. shearing is
observed. The transition is triggered already at low perturbation (/pgrp = 2.5kA) with the
stochastic behavior extends already to the resonant ¢ surfaces (island chain) enhancing parallel
transport. At higher perturbation the laminar zone grows causing further confinement degrada-
tion.

This work contributes to the knowledge assembled regarding RMPs influencing plasma trans-
port as well as the underlying changes of magnetic topology and the consequences for plasma
confinement. It allows to study the behavior of tokamak confinement with changing £ using
the DED as the controlling tool. It presents evidence for the forces originating from an ergodic
plasma boundary as well as evidence for the connection between Ex B shearing rate Q. g,
turbulent transport and confinement transitions.

Using the DED as a tool influencing dedicated rational surfaces evidently causes a transition
into IPC via increased shearing. Especially the poloidal rotation is changed and thus is causing
the increase in {2z, 5 shear. This shearing phenomenon during the IPC is similar to the pressure

gradient driven E x B shear during H-Mode in divertor machines or experiments with actively
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controlled H-mode via F, biasing. Even though all three modes (IPC, H-Mode, ’Biasing”)
reach a sheared E, and confinement improvement under different circumstances, the study of
sheared F,. in this work allows to deliver a very detailed picture of IPC properties and develop-
ment which evidently connects the changes in magnetic topology directly with the increase in
E x B shear and Tp- The question of causality remains, the balance between £, rotation and
confinement is prohibiting the question to be actually answered. This study again stresses the
relevance of F, shear for the transition.

The study is very conclusive when it comes to the experimental results, so far a detailed model
has not been applied to the findings. A more detailed database would be required. Since the
changes to the F, and the confinement can be gradually controlled by the DED this allows
a deep insight into the confinement transition. In the future a more detailed scan (/pgp, ¢,
Heating, DED configuration) for the IPC and PO scenarios, including turbulence diagnostics,
should be conducted. A detailed model would allow a prediction of the global confinement
scenarios available in ITER and in a future fusion power plant.

Beyond the fact that the £, shear is evidently one of the major contribution to confinement
transitions the question remains what different collisionality regimes together with different
turbulence behavior in devices such as ITER or DEMO mean for the actual confinement transi-
tions and the suppression of turbulent energy and particle transport.
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