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Zusammenfassung

In magnetisch eingeschlossenen Fusionsplasmen werdenr&spbrtbarrieren &hrend
dem Ubergang von einem turbulenten Plasmaregime mit niedri§emrgieeinschluss (L-
mode) in ein Regime mit hohem Energieeinschluss (H-modejednafut. Die Einschlus&te
einer H-mode Angt von der lBhe der Transportbarriere ab. Diese erstreckt sich typrsch
weise nuriber dieauBersten % des eingeschlossenen Plasmas. Es ist weitgehend akgeptier
dass eine verscherte Plasmastung senkrecht zum Magnetfeld, hervorgerufen durch ein
radiales elektrisches Feld,, eine wesentliche Rollelif die Turbulenzunterdickung am
Plasmarand spielt und damiirfden Aufbau der Transportbarriere und ddimergang in die
H-mode. Daher ist das Wechselspiel zwischen makroskopms&iomungen und mikrotur-
bulentem Transport ausschlaggebend um den Einschlusdadesd® zu verstehen.

Der Gegenstand dieser Arbeit ist die Untersuchung und Ctersierung des radialen
elektrischen Felds am Plasmarand des Fusionsexperim&i&EX Upgrade (AUG). Dazu
wurden neue optische Diagnostiken, die auf Ladungsaudtapektroskopie im sichtbaren
Spektralbereich basieren, an der inneren und adual@eren Mittelebene von AUG installiert.
Diese neuen Diagnostiken ebglichen die Messung zeitlich unéumlich hochaufgéister
Profile der lonentemperatur, Verunreinigungsdichte undatmisgeschwindigkeit einer
bestimmten lonenspezies. Mithilfe der radialen Kraft&ann dagv, Profil direkt aus den
Messdaten bestimmt werden, sowohl an@eBeren Niederfeldseite und erstmals auch an der
inneren Hochfeldseite. Die neuen Ladungsaustauschngsskombiniert mit den bereits
existierenden hochadenden Randdiagnostiken an AUG égiichen eine hochpzise
Lokalisierung (2—3 mm) desg,. Profils.

Das radiale elektrische Feld wurde mittels Ladungsauskamessungen an Heg B>+, CoF
und Ne’* bestimmt. Das daraus resultierendg Profil ist innerhalb der experimentellen
Messungenauigkeiten identisch. In der Randtransporérarder H-mode bildet sich ein
negatives (nach innen gerichtetes) mit steilen Gradienten aus. Das Minimum dgs
Profils befindet sich nahe der letzten geschlossenen magmeti Fhiche. Die maximale
Verscherung vorE,. und die steilsten Gradienten in den kinetischen Profilerialegn liegen
innerhalb deg?, Minimums. Dieses Resultat deutet darauf hin, dass die Regionegativer
E, Verscherung entscheidend ist fdie Unterdiickung der Turbulenz.

Ein Vergleich desE, Profils mit dem Druckgradiententerm der Hauptionen zeigissd
dieser Term am Plasmarand in der radialen Kraftbilanz dermpHanen dominant ist. Dies
unterstitzt, dass da&,, Minimum durch die Gradienten der Hauptionen hervorgeruven.

In der Randtransportbarriere ist die Hauptionerd®@ung senkrecht zum Magnetfeld nahezu
Null. Dies wurde durch direkte Messung der Hauptionen-#san Heliumplasmen beisigt.
Die Ubereinstimmung zwischen def) Minimum und dem maximalen Druckgradiententerm
der Hauptionen ist im Einklang mit der Tatsache, dass siehpdiloidale Sttmung der
Hauptionen neoklassisch véih Untersuchungen der gemessenen poloidaléning von
Verunreinigungen als auch der Hauptionen-Spezies zeigensehr gutdJbereinstimmung
mit neoklassischen Vorhersagen.

Die vorliegende Arbeit gibt Aufschlussber die Physik, die das radiale elektrische Feld
antreibt. Es konnte experimentell nachgewiesen werdess den Plasmarand die Gradi-
enten der Hauptionen-Spezidg fdas starkeF, verantwortlich sind. Aus den Messungen
geht hervor, dass die Hauptionen eine entscheidende Roll&V@ohselspiel zwischen
E xB-Verscherung, Turbulenz- und Transportreduzierung spiel






Abstract

In magnetically confined fusion plasmas, edge transportidsar (ETBs) are formed
during the transition from a highly turbulent state (low finoament regime, L-mode) to a
high energy confinement regime (H-mode) with reduced teree and transport. The per-
formance of an H-mode fusion plasma is highly dependent erstitength of the ETB which
extends typically over the outermostbof the confined plasma. The formation of the ETB
is strongly connected to the existence of a sheared plasmgépendicular to the magnetic
field caused by a local radial electric field.. The gradients inF, and the accompanying
E x B velocity shear play a fundamental role in edge turbulenppssion, transport barrier
formation and the transition to H-mode. Thus, the intergdajween macroscopic flows and
transport at the plasma edge is of crucial importance to nsteleding plasma confinement
and stability.

The work presented in this thesis is based on charge exchrangmbination spectroscopy
(CXRS) measurements performed at the plasma edge of the ASOigxade (AUG) toka-
mak. During this thesis new high-resolution CXRS diagnostiege installed at the outboard
and inboard miplane of AUG, which provide measurements eftémperature, density and
flows of the observed species. From these measurementsdiad esectric field can be
directly determined via the radial force balance equatidime new CXRS measurements,
combined with the other edge diagnostics available at AUBwafor an unprecedented,
high-accuracy localization (2—-3 mm) of ti&& profile.

The radial electric field has been derived from charge expdapectra measured on different
impurity species including He, B>", C5* and Neé’". The resultingE, profiles are found
to be identical within the uncertainties regardless of thpurity species used, thus demon-
strating the validity of the diagnostic technique. Inside ETB theF, profile forms a deep,
negative (i.e. directed towards the plasma center) welichvis localized near the last closed
magnetic surface. The maximuh}. shear and the steepest gradients in the ion profiles lie
inside the position of the minimum of thié. well indicating that the negative, shear region
is the important region for turbulence reduction.

The E, profile has been compared to the main ion pressure gradient tehich is found
to be the dominant contribution at the plasma edge, sumpgpttie idea that thé’, well is
created by the main ion species. From these measuremergsrbendicular main ion flow
velocity is evaluated and is found to be close to O in the ETHs Tésult is evidenced by
direct measurements of the main ion species in helium plasrniae fact that the pressure
gradient term of the main ions matchg&sin the ETB is consistent with the main ion poloidal
flow being at neoclassical levels. Quantitative compasdmgtween neoclassical predictions
and experimental measurements of both impurity and maipadeidal rotation show that the
sign and the magnitude are in remarkably good agreementET peofile has been measured
in different confinement regimes including L- and H-mode. eTdepth of theE, well is
correlated with the ion pressure at the pedestal top, inikgepith the main ion pressure
gradient term being the dominant contribution.

The findings obtained in this work shed more light on the ptg/gioverning the radial electric
field and the ETB and provide experimental evidence thatAhewell is created by the
gradients of the main ion species. The results discussdudriitesis underline that the ion
channel plays a key role in the interplay betwderB shearing, turbulence and transport
reduction.
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Chapter 1

Introduction

1.1 Fusion - an option for a safe long-term energy supply

A physically and economically viable energy source is esakio meet the energy demand of
the next generations. Fusion power has a great potentiab&t these demands and is one of
the considered energy options. Stars, such as our Sun,agenleeir power mainly by fusing
hydrogen nuclei stepwise to helium. However, on Earth tledability of this reaction is too
low due to the weak interaction involved in the process. Tthessovercome this problem by
their huge mass, i.e. the gravitational force. On Earthptlbst prominent fusion reaction is
the D-T reaction between two isotopes of hydrogen, deutefd) and tritium (T), due to its
high cross-section and high energy yield [1]:

D+ T — sHe+n+17.6MeV (1.1)

The D-T reaction releases the binding energy of 17.6 MeV astki energy shared between
a helium ion He (3.5MeV) and a neutran(14.1 MeV). D is a non-radioactive isotope which
can be extracted from water, while T does not occur natuaail{earth, but can be generated
from lithium (Li). In a fusion reactor T will be produced in alésustained manner through
the reaction between Li and neutrons inside of the so-caliddanket, just behind the first
wall. For a self-sustained cycle of fusion reactions theigas need to be confined such that
they experience many collisions before losing their eneiyere are different methods for
confining the particles: gravitational confinement (like 8un), inertial confinement (where
the heating needs to be faster than the expansion of therfdeha burn-up condition needs to
be fulfilled) and magnetic confinement (where strong magrfegtids are imposed to confine
the plasma particles). The technology developed withinmhgnetic confinement community
has good prospects for constructing a viable fusion powant@s a continuous power pro-
duction is envisaged. The highest energy confinement toldat®een achieved in a tokamak
configuration[[1] (see sectidn 1.2).

The efficiency of a future fusion reactor depends on the fupmwer gainy, the ratio of fu-
sion power to externally applied heating power. If the fagpmwer is equal to the auxiliary
power then) = 1 and ‘break-even’ is obtained. The highest fusion power ghtained so far
has been achieved in a D-T plasma in the JET tokamak, locatétingdon, England, with
Q ~ 0.62 [2]. In a future fusion power plant the challenge is to getl&saintained burning
plasma where enough particles are confined for a sufficieat éind at a sufficiently high den-
sity and temperature such that the heating from the alphécies, which are produced during
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Figure 1.1: (a) Schematic of a tokamak device, (b) magneticdurfaces spanned by helical
magnetic field lines in a torus.

the fusion reaction, is the main source of heating for themk The threshold for ignition
is given by the Lawson criterion, which states that the ériptoduct, i.e. the product of the
density, temperature and energy confinement time, needshiher than 510*' keV s n13.

1.2 H-mode in tokamaks

The tokamak is one of the established configurations in thgnetec confinement fusion com-
munity. Here, the toroidal magnetic field is produced by Bxeécoils, while the poloidal field
component is produced by an inductively driven plasma oarr€his current is induced by a
transformer which uses the plasma as a secondary coil. Tgeetia flux through the central
coil changes inducing a toroidal electric field, which sirgdhe plasma current. Overlaying
the poloidal magnetic field with the externally imposed tdab magnetic field creates a heli-
cal field structure. In figure_1.1(a) an example tokamak condiion is shown, while figure
[L.(b) illustrates the magnetic flux surfaces which are spdrby the helical field lines. The
magnetic flux surfaces can be labelled with an indgxwhich ranges fromp,,; = 0.0 in the
plasma center tp,,;, = 1.0 at the last closed flux surface (LCFS), also called separatrax
divertor configuration. This normalized poloidal flux lalgl, is defined as:

-,
ppOl* \I[s_\Ija

(1.2)

whereV is the poloidal flux,, and WV, are the poloidal flux at the magnetic axis and at the
separatrix, respectively. Typical parameters of the ASQEpg§rade (AUG) tokamak, in which
the work for this thesis was performed, are given in table AUG is a mid-size tokamak lo-
cated at the Max-Planck Institute for Plasma Physics in dag; Germany.

In the 1980s a high energy confinement regime, the H-modeobserved for the first time at
the predecessor experiment ASDEX [3]. The H-mode is chariaeid by an improved energy
confinement, which is about a factor of 2 higher than in the-é@mnfinement regime (also
called L-mode), and accompanied by a sharp decrease in ttadtion level at the plasma



1.2 H-mode in tokamaks

major plasma radiug 1.65m
minor plasma radius 0.5m
toroidal magnetic fields, 1.8-2.8T
plasma current, 0.4-1.2MA
heating power up to 30 MW
plasma volume 14

plasma mass 3mg
plasma types D, H, He

Table 1.1: Typical parameters of ASDEX Upgrade.

edge. With the onset of an H-mode the formation of an edgemi@m barrier is observed and

a steep pressure gradient builds up at the edge of the plasadiguré 1]2(a)). Due to this
steepening the pressure profile is shifted upwards alonglioée plasma radius leading to the
formation of a characteristic pedestal structure. Thempéasonfinement in the core is directly
connected to the edge transport barrier since the heightgfedestal sets the boundary con-
ditions for the core plasma performance. In addition, tltkaleelectric fieldE, is observed

to develop a deep well in the edge transport barrier, whishltg in strong gradients iR,

(see figuré_1]2(b)). These gradientdinpare believed to be fundamental for suppressing edge
turbulence thus, aiding the formation of the edge trandpamier and leading to the transition
from L- to H-mode [4]. However, after 30 years of active resbaon this field the mechanism
responsible for the transition into H-mode is still an opssue. The paradigm in explaining
the physics underlying the formation of the edge transpamtéx calls for a continuous devel-
opment and improvement of diagnostic techniques. Thisps@ally true because the edge
transport barrier and the, well are formed in a thin layer at the plasma boundary, noewid
than 2.cm on AUG. Note the scale 5 mm as indicated in figure L.2(b

One method for determining’, is active charge exchange recombination spectroscopy
(CXRS) [5] which provides measurements of flows, temperatanesdensities. The radial
electric field is diagnosed spectroscopically through #ukal force balance equatidn [6]:

1 Op
E. = = _ Vg.aBe + V.o Bs. 1.3
" naZse Or e o (1.3)
"L “®)
2 3 L-mode
st 1] N = = = I #2601
4F H-mode T
= [ #26508 g
S 3f > 20f
a | =
2F L
(F -40r 5 mm H-mode
r L-mode ] #26598
of_. #26601 . . . 6ol . . . . ]
090 092 094 09 098 1.00 090 092 094 09 098 1.00

p pol

ppol

Figure 1.2: Edge profiles in L- and H-mode of the (a) ion pressid (b) radial electric field.
The edge transport barrier region is highlighted in yellavgubfigure (a). Note that the input
power in H-mode differed by a factor 65 compared to the L-mode discharge.
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Here,r is the radial coordinate;,, the density,Z, the charge state, the elementary charge,
85';: the radial pressure gradient ang, andv, , the poloidal and toroidal rotation velocities
of the observed species B, and B, denote the toroidal and poloidal magnetic field. CXRS
measurements combined with knowledge of the magnetic f@igpbonents provide all quan-
tities needed to evaluaté,.. Details on the setup of the edge CXRS diagnostics at AUG are
given in chaptefl4.

1.3 Earlier results and scope of this thesis

In 1988 the importance of the role of the radial electric fiéldin the L-H transition was
recognized([[7, 18] and since then extensive effort has beectdid to the measurement Bf.
The most commonly used tool to determine the radial elefigid is active charge exchange
recombination spectroscopy (CXRS$) [5]. The diagnostic teghan exploits spectral lines
which are produced by charge transfer from neutral atoneseixtited states of impurity ions.
Using an external source of neutral particles, such as aaldagam, provides the advantage
of spatial localization as the measured active CX signaldallged in the volume where the
lines of sight of the CXRS diagnostics intersect the path ohtwgral beam particles.

At DIII-D, a mid-size tokamak located at General Atomics ianSDiego, CXRS measure-
ments were performed in the early 19905([9, (10, 11], whicleatd that the radial electric
field forms a negative well just inside the last closed fluXaee. A correlation between an
increasedF, shear and confinement improvement was observed [12]. IniatdrH-mode
operation the depth of th&, well was found to range between 10 and 30 kV/m, however,
depths of up to 100 kV/m were later measured in quiescent Hentischarges [13]. The
width of the £, well (=1 cm) did not alter significantly despite varying the magnéeld,
current, topology and density [14]. At JET, to date the latgekamak experiment in Europe
located at the Culham Centre for Fusion Energy in Abingdon, CXR&surements of the
edge E, profile [15,[16] showed that the width of th&. well is of the order~2cm and
reaches depths of up to 50-60 kV/m. High-resolution CXRS nreasents at Alcator C-Mod
[17], a compact high-field tokamak (up to 8 T) at the Massaetisidnstitute of Technology
in Cambridge, USA, showed that the. well reaches depths of up to 300 kV/m, while the
width was found to be 5 mm. Combining tli¢ data with other machines indicated a scaling
of the E, well with machine size [17]. Recent upgrades to the CXRS diagsoat JT-60U
[18], a tokamak operated at the Naka Fusion Institute inddagach has a size similar to JET,
enabled radially and temporally resolvél measurements which indicate that the shear

is not directly connected to higher plasma confinement, &ilter a complex relation exists
between these two parameters. In H-mode discharges thie olegbie £, well reached values
of up to 80 kv/m.

Another diagnostic technique capable of measuring theakaslectric field is Doppler
reflectometry [[19], which measures the perpendicular wlaaf density fluctuations and
can be related to thE x B velocity and thus, td¥,. In addition, the heavy ion beam probe
[20,[21], which provides radial measurements of the plasoterial and hencé&’,., or probes,
which measure the potential in the scrape-off layer andarvéry edge of the plasma, may be
used to diagnose,.

At AUG previous radial electric field measurements were dase CXRS in the plasma
core [22], Doppler reflectometry [28, 24] in the plasma conel at the edge and passive
He" emission spectroscopy, which provides measurements gbldsena edge and in the
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scrape-off layer[[25]. The previous CXRS measurementg,oprovided temporally and
radially resolved profiles in the core of the plasma, howetle interpretation of the data
was challenging due to atomic physics effects in the medsspectral[22]. These effects
are discussed in chapfer 4. Using passive emission spegpp®f He™ allows E, profiles

to be measured in all types of discharges without disturltegplasma by a beam or a gas
puff, however, a deconvolution of the line-integrated nueesients is required to obtain
an FE, profile. This was performed by forward modelling in the framoek of integrated
data analysis using Bayesian probability thearyl [26]. Havethis approach lacks radial
resolution as the measurements are integrated along #eedinsight and the localization of
the £, well depends on the magnetic equilibrium. Doppler refleetynon the other hand is a
powerful diagnostic to measure fast transient events astieeresolution is of the order of us.
However, the measurements require turbulent fluctuatitns, hampering measurements in
the H-mode edge pedestal region where turbulence is syroedgliced. The radial positioning
of the measurements relies on the local density profile amgl the localization of, depends
on additional diagnostics.

The work presented in this thesis is based on CXRS measuremerftssrmed at the
plasma edge of AUG using the new edge CXRS diagnostics, whioh iwstalled to enable an
independent and local measurement of the radial electtit fidne main advantage of deriving
E, from active CXRS is the high accuracy in the spatial local@atf the measurements.
The evaluation ofF, is independent of measurements of other diagnostics aies isblely
on the CXRS measurements and magnetic field components, wigclegy well known at
the plasma edge. Furthermore, a high-accuracy alignmehtrespect to the edge kinetic
profiles is possible because the ion temperature is pareo€XRS measurements and thus,
is rigidly connected to thd’, profile. The edge diagnostic suite available at AUG provides
high-accuracy measurements with high temporal and spasalution which are required
for the measurement of complete edge kinetic profiles angt tradients. This unique
diagnostic set combined with an established alignmentquia@ enables a full and very
detailed comparison between the profile and the edge kinetic profiles. Comparing multiple
impurity species allows for a validation of the diagnosgchnique and to test whether the
E, profile is consistently determined. The installation of @0€XRS measurements at the
inboard midplane allows the unprecedented studyofat two different poloidal locations
and thus, provides an experimental consistency check adldatrostatic potentiab being a
flux function.

The aim of this thesis is to gain a better understanding ofcitvenections between the
radial electric fieldE,, E, shear, the edge transport barrier and plasma particle asrdyen
confinement. The structure, the evolution and the behawbu, is studied in a variety of
plasma regimes. In particular, the physics questions wdnieladressed in this work are:

* What is the structure aF, in the H-mode edge transport barrier? HowFischaracter-
ized with respect to the edge kinetic profiles?

» What is the behaviour aF, in different confinement regimes?

» Are the impurity density, temperature and flows forming gaikbrium within a flux
surface? Is the electrostatic potential constant alonfulkesurface?

* Neoclassical transport theory, which is the extensiorassical diffusion to include the
toroidal tokamak geometry, allows the prediction of tramggluxes and the poloidal
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flows. Is neoclassical theory sufficient to describe the ofeskpoloidal rotation veloci-
ties at the plasma edge?

This thesis is structured as follows:

Chaptef 2 describes the underlying physical background itrapbto this thesis. In chapter
an overview on the available edge diagnostics at AUG, whrehrelevant for the present
work, is presented. Chapter 4 describes the details of tlymdsdic setup of the edge CXRS
systems and discusses the data analysis techniques u$esltimesis. In chaptéd 5 a general
description on the evaluation @f. is provided. The structure df, is presented along with a
validation of theF,, measurements. The poloidal flow structure of the impurdiesthe radial
electric field measured at the inner and outer midplane aseritbed. Chapter 6 discusses the
interdependence @, and the edge kinetic profiles and its gradients. Fherofiles measured
in different confinement regimes are presented and the ctions betweert, and the edge
transport barrier are described. In chajfer 7, a compabsbmeen the measured poloidal
rotation velocities to neoclassical theory is presentatitha findings are discussed. Chapter
summarizes the results and main points of this thesis ama$ gi brief outlook for future
work.



Chapter 2

Theoretical background on the radial
electric field at the plasma edge

The edge radial electric field and its shear play a key role@studden plasma transition to a
higher energy confinement state, also called H-mode. Irctiapter the relation between the
plasma rotation, the radial electric field. and heat and particle transport is presented. The
basic principles for deriving an expression for the radiettic field are discussed. The gen-
eral characteristics of the H-mode are described and awieveof the most widely accepted
model to explain the transition into H-mode is given.

2.1 Particle motion and collisional transport in a tokamak

2.1.1 Particle drifts in a magnetic field

The high temperatures required for fusion reactions imipdy the interaction between the hot
plasma particles and the plasma facing components needsrtortimized in order to avoid
damage of the first wall. Magnetic fields are used to confineliaeged particles, thus keeping
them away from the wall. In a magnetic field, a charged partiolith electric charge,, and
massm,, feels the Lorentz force, which is perpendicular to the phlatvelocityv, and to the

magnetic fieldB:

dvq
F = ma% — guva X B. (2.1)

This force causes the particle to gyrate around the magheliclines at the gyro-frequency
we,o (the cyclotron frequency) and with the gyro-radiys, (also called Larmor radius):

c,a — ‘qa’ b TLa = Ha - Halla (22)

’ mMe ' wc,oa |qa| B
wherewv, , is the velocity component perpendicular to the magneticl figf an additional
force F with a non-zero component perpendicular to the magnetid &ets on the charged
particles, guiding center drifts occur [1]. In this ansdte gyromotion is separated from the
motion of the center of the gyration, which is called the guiccenter. For magnetic fields that
feature large spatial gradient scale length8/B and slow temporal changes of magnitude
%—f /B with respect to the Larmor radius and cyclotron frequertdg, approximation is valid.
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The guiding center drifts are different to the gyration, dese they move the particles across
the magnetic field. In general, this particle drift velodgygiven by the expression:

FxB
Vg = .
1T B2

(2.3)

In a tokamak important guiding center drifts are, amongbkes, theE x B-drift ([£.4), the
V B-drift (2.8) and the curvature drift (2.6). If an electricléide perpendicular to the magnetic
field B exists the charged particles will feel an additional foice, F = ¢E, which results in
the E xB velocity drift:
ExB
BQ
Note that theE x B drift is independent of the charge of the particle and isrefoge, in the
same direction for both electrons and ions. The shear &>aB velocity drift is believed to
be fundamental for turbulence suppression in the plasme,algs leading to an improved
plasma confinement regime, the H-mode (see section 2.3ce;iémis drift is a crucial ingre-
dient in this thesis and its interconnection to turbulenggpsession and confinement improve-
ment will be discussed in detail in sectionl2.3.
In a tokamak the absolute value of the magnetic field has aegraiah the direction of the ma-
jor radius R and an additional force perpendicular to both the magnetdid &ind its gradient
acts on the gyrating particles and causes\iti¢-drift:

(2.4)

VExB =

2
mavi
2q., B3

VVB,a = VB x B. (25)
The particles moving along the magnetic field lines are slgea centrifugal force, since the
field lines are curved. The centrifugal force results in thevature drift:

mavﬁ,a

Veuwrv,a = —WVB x B. (26)
A charged particle travelling along the magnetic field limel pass through regions of differ-
ent magnetic field strengths. If the particle moves into goregith stronger magnetic field its
perpendicular velocity component , increases while the parallel velocity componept,
decreases due to the conservation of the particle engérgymv? and its magnetic moment
pn = mov? /2B. Particles with low parallel velocity compared to their pendicular velocity
will get trapped in a magnetic mirror as the magnetic fieldasgonstant along a field line.
Due to the curvature an¥ B drifts the trapped particles are displaced from the magneti
surface and the projection of their orbits onto a poloidaissrsection of the plasma has a
banana-like shape since they are reflected as soon as thkelpatocity is fully converted
into the perpendicular velocity.
Another drift motion important to this thesis is the diamatn drift (see section 2.2.1). This
drift is not a guiding center drift, but an apparent drift maot(i.e. a fluid drift) arising from the
presence of a gradient perpendicular to the magnetic fietgir€2.1 illustrates the situation
for ions in the presence of a density gradient. Due to theitjegisadient, in a given volume
element there are more particles gyrating in the upwarctie than in the downward direc-
tion, thus causing a net current. This current is also calileddiamagnetic current,,,. The
particles seem to drift, but they are not displaced. A simeféect is caused by a temperature
gradient and the general formula for the diamagnetic dvift;j, . = —YpaxB \yheren, is the

(IanaBQ !



2.1 Particle motion and collisional transport in a tokamak 9

O vn
O

(P

OO, -

0

SO
¢

D
OOO;

Figure 2.1: Schematic principle of the diamagnetic driftitms: in the presence of a density
gradient, in a given volume element more particles are gygan the upward direction than
in the downward direction, leading to an apparent drift mo&nd causing a net currejy,,.

density of the considered speciesNote that the diamagnetic drift depends on the charge of
the particles and hence, the diamagnetic drift directiapjzosite for electrons and ions.

Other drifts such as the polarization drift or gravitatibdaft exist, however, only the drifts
presented above are relevant to this thesis.

2.1.2 Collisional transport in a fusion plasma

As discussed above, charged particles are bound to the tafjakl, but since they gyrate
around the field lines they can collide with particles movamgother magnetic flux surfaces.
This leads to radial particle transport (i.e. perpendictddhe magnetic flux surfaces), called
classical transport. Here the typical scale length is glwethe Larmor radiug;, (equation
(2.2)) and the typical time scale is the collision time, thee time needed for cumulative colli-
sions to scatter the pitch angle of the particle by ®0the velocity space. The inverse of the
collision time is also termed as collision frequency forisadns of 90.

In atokamak, effects due to the toroidal geometry arisatake account in neoclassical trans-
port theory [27] which represents classical diffusion eoted for the effects of the toroidal
curvature. The main differences to classical transport @ygarticles can get trapped in a
magnetic mirror as the magnetic field is not constant aloadi#id line, (ii) the banana orbits
of the trapped particles due to the curvature & drifts (as described above) [1]. Here, the
typical scale length is the banana width givenvby= r1q/+/¢, whereq is the safety factor and
e the inverse aspect ratio, i.¢ = m/n ande = r /R (with m andn the number of toroidal and
poloidal turns of a magnetic field line to close on itselthe minor radius and? the major
radius of the tokamak). The typical time scale is given byaéfiective collision frequency
vett = v/2¢ wherev is the collision frequency fop0° collisions. The fact that a trapped parti-
cle becomes a passing patrticle for scattering anglegefis taken into account in the theory
[28].

The curvature of the plasma enhances the diffusion processiapending on the collisional-
ity v,, the transport induced by Coulomb collisions is split inteethregimes. The collision-
ality is defined as the effective collision frequency norized to the trapped particle bounce
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frequencyw, [29]:
vqR

—_— 2.7
YT (2.7)

Vi = Veff/wb =
whereuy, is the thermal particle velocity. In the high collisionglitegime ¢, > ¢%/2), the
Pfirsch-Schiliter regime, trapped thermal particles typically do not ptate a single banana
orbit without experiencing a collision. In the banana regifthe low collisionality regime,
v, < 1) particles complete several banana orbits before codjidin the intermediate regime,
the plateau regime (¥ v, < ¢ %), trapped particles collide before completing a banana
orbit, while slowly gyrating particles with low parallel \aity are almost collisionless. These
particles dominate the transport in this regimie [1]. At thesma edge the impurities, which
are intrinsically present in the plasma or actively injelcie.g. nitrogen seeding), are usually
in the high collisionality regime, while the main ions candither in the low, medium or high
collisionality regime.

The radial particle and thermal transport present in tokaplasmas is not well described
by means of neoclassical theory [27] B0l 29], which alsoiptedhe heat transport, since at
all radii the measured heat and particle diffusivities gy@dally larger than the theoretical
predictions. Experiments demonstrate that in tokamaknpdasthe heat flux of electrons is
two orders of magnitude higher than the neoclassical vatdeuader certain conditions also
the ion heat transport is a few times larger than the neackdgsrediction [31]. Neoclassical
theory does not account for micro-instabilities in the plas These are believed to play a
crucial role in the enhancement of transport, called twiutransport, due to variations in
the electric field (electrostatic turbulence) arising fremall scale density and/or temperature
fluctuations or due to variations in the magnetic field (magriarbulence)[[3R]. However, in
the edge transport barrier of an H-mode plasma (see sécBptubulent transport is strongly
reduced. In this region the ion heat transport level and #nggbe transport of impurities [33]
is near neoclassical values, while the electron heat toahspalso reduced but still larger than
the neoclassical prediction.

Neoclassical theory predicts the flux-surface averagespart fluxes and the poloidal flows
of main ions and impurities. The basic concepts of the thaaledescription of plasma flows
and the radial electric field, are presented in the next section.

2.2 Theoretical description of plasma flows and the radial
electric field

2.2.1 Basic equations and ambipolarity condition

The motion of a particle species which experiences electric and magnetic forces can be
derived from the Fokker-Planck equation([1] 34]:

%+va-Vrfa+q—a(E+vaxB)-V\,fa:Ca(f) (2.8)
ot Me
wherem,, ¢, are the mass and charge of the particle gnda f,(r, v, t) is its distribution
function in a six-dimensional phase space. The FokkereRlaollision operator C(f) =
>_5Cap describes the change per unit of time of the distributiorciom /., given by Coulomb
collisions with the particle speciegs An equation for the mean velocity of all particles of
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speciesy may be obtained by taking the first order velocity momenfE.di2nd allowing for
an external force. This results in the momentum or forcermaaquation [29]:
dv,,

Mana (Lt + (Vo V) va) = Naga (E+ v, x B) — Vp, — VI, + Ro + Fa. (2.9)
Here, n, denotes the density, the fluid velocity,p, the scalar pressur&], the viscous
stress tensoR,, the collisional friction and*,, represents the external momentum change per
volume due to e.g. neutral beam injection. The fluid veloisifyprmally derived from[(2.19) by
taking the cross product with the magnetic fi@ld= b B from the right:

1

Nafa

Vo = Vjab — { (Manaba+ Vpa + VT, ~ Ry — Fy) = E] (2.10)

B
wherev,, = 2= + v,, - Vv,. The second term on the right-hand side of equafion12.1) (i
the cross-product witlB / B%) describes the perpendicular velocity. To lowest order, fhe
viscous forces are much smaller than the pressure gradidnhartia, collisional friction and
external forces are neglected, equatfon (2.10) simplifies t

\ B
Vo = v ub + [—n ]; n E} X (2.11)
Vp, xB ExB
= VL0 = B b S = e+ Ve, (2.12)

Hence, the perpendicular velocity of a species is given bystim of the diamagnetic drift
and theE xB velocity. Note thatv, = e, v, wheree;, = b x ey is the unit vector in the
perpendicular direction angl, the unit vector alond/ WV, ¥ being the poloidal magnetic flux.
In axisymmetric configurations the equaliis2 = f52e | holds, whereR is the local major
radius andB, the poloidal magnetic field. The pressuyrgand the electrostatic potentidl
are assumed to be flux functions. UsiRp, = %’;;V\If andE = - Vo = —%V\IJ the

perpendicular species velocity may be rewritten to:

1 Opo 09\ V¥ xB
_ T I 2.1
Ula (naqa 0w axp) B (2.13)
1 Opo 0P\ RBy
« = — — 4+ — | —. 2.14
=L <naqa o " 8\1!) B (249
Introducing the radial coordinateand using the equalitgg = RLBH yields:
1 Op, 0¥ 0P Or\ RBy
— o2 2770 ) 22 2.15
Vb (naqa or Or - or 3@) B ( )
1 Opo 0P\ 1
« = — — 4+ — | =. 2.16
= v (naqa or * 8r) B ( )
Solving equation[{2.16) for the radial electric field = —%—f results in theradial force
balanceequation:
B o= L% g (2.17)
NaQe OT ’
1 Opa
= i — U97aB¢ + U¢7aBg. (218)

NaQe OT
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Using the relatiore, = —%eg + %%, whereey ande, are the unit vectors in the poloidal
and toroidal directions, equation (2117) transforms toagign (2.18). Herep,, and v,
correspond to the poloidal and toroidal rotation velosite the species, whilé, and B,
denote the toroidal and poloidal magnetic field. The radaté balance relates the lowest-
order flow @y, andv,,) on a magnetic surface to the lodak B velocity (caused by the
radial electric field) and to the diamagnetic flow (presswadignt) [27]. Using the radial
force balance equation, the radial electric fiéldcan be evaluated from the pressure gradient
term of the ion species, which depends on the density,, the chargey, = Z.e (Z, being
the charge state andhe elementary charge) and the radial pressure gra%;enlhe poloidal
rotation term and the toroidal rotation term.

The radial force balance may be rewritten to give an expoadsir the parallel ion velocity
v|;. The general velocity expressien= v b + v, (equation[(2.1]1)) may be combined with
vV = Uy€y + Upey 0 give:

B B¢ B 1 1 8pz- Bd’
i = Vgi— i— =Vi—+ = | b — — — 2.19
Vi = Wip T VLG = Wip T p ( e ar) By (2.19)

Multiplying equation[[2.1P) with the magnetic fieléland taking the flux surface average leads

to: B2>
RB, |- 22 _
By " d)[ oV nq OV

where® = &() is the electrostatic potential aﬁ’gj is constant on a flux surface. Using
the neoclassical expression for the poloidal rotation aiglo(see sectioi 2.2.2) and the flux

function f(¥') = RB, results in[27]:

1 InT;

{v1:8) = §”th’ipiKld(d\p s+ g [_8_\11 g O
where vy, ; is the thermal ion velocityp; the ion Larmor radius ands; a collisionality-
dependent viscosity coefficient as defined id [35]. Hencth knowledge of the radial electric
field and the gradients of the ion temperature and ion pressiue parallel ion velocity may
be obtained.

Theory allows the prediction of the radial electric fidlfl via the ambipolarity condition of
the radial particle fluxes, which connects the radial eiedield with the flows in a plasma.
This condition can be derived as follows: summing the monon@rttalance equatioh (2.9) over
all species results in:

(v B) = Ue,z'<

(2.21)

mnv =34 xB—-Vp—V .-II+F (2.22)

where j is the total current of all species. Here, the electric fiEldirops out as it is the
same for all species and the collisional friction forcesnasn charged particles vanish as
> . R = 0. Taking the cross product with the magnetic field from thétrigsults in:

B
J=75b—|mnv+Vp+ V. .II-F Xﬁ (2.23)
) vxB VpxB V.IIxB FxB
=7, =mn Iz + 7 + 7 =T (2.24)

The fundamental requirement for the ambipolarity conditi® given by a divergence-free
current, i.e.V - 3 = 0]29,36], leading to:

V- (jb+4.) =0. (2.25)
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Here,j, is the current perpendicular to the magnetic field and is #rarpeter in which the
radial electric field enters through the flows, Taking the flux surface average and using
(V- jyb) = 0 results in:

. . g .
(Vo) =(V-ji) =5 U IVI])=0. (2.26)
Using the identithiV ¥ = 0¥ /0r = RBy, equation[(2.26) may be rewritten {& By j,) = 0.
Thus, in a pure plasma with only electrons and ions the anhduip condition which deter-
mines the radial electric field,. is given by:

<RB9]7“> = FZ(ET) - F€<E7”) =0. (227)

and the main features can be described in terms of the twibdhpiations. In equation(2127)
I'ie = (.- V) are the flux surface averaged transport fluxes of the ions kEutrens,
respectively.

In the case of dominant external forces, such as neutraioini¢37], the radial electric field
can be determined as follows: The diamagnetic flows in thearmh electron fluid arise due
to the pressure gradient and are pointing into oppositetitres. Thus, a diamagnetic current
Jaia = P(Vdiai — Vaia,e) 1S BUilt up and is subject to a friction forde; ;. = 7nja., Wherep is the
charge density anglthe plasma resistivity. This causes ambipolar radial prartsof ions and
electrons which is described by the radial drift veloeity = u, . = F.; ,/enB, wheren is
the density and3 the magnetic field. In addition, the force arising due to radtiction acts
differently on electrons and ions and hence, leads to hipat¢ses. The perpendicular neutral
friction force density acting on the speciess given byF, ,, = —niy ,me *v1 o, Whered, ,

is the collision frequency between particles and neutratenalized to the mass of the particle
Ma, 1.€. Uy p = um/mi/Q. The perpendicular flow velocity of the species,,, is given by
the diamagnetic and tHex B drifts:

E,
V1,0 = Vdia,x E (228)
Due to the neutral friction force, radial outward drifts afth electrons and ions arise. The
drift velocity is given byv, , = F,, ,,/q.nB. The ambipolarity condition, which demands equal
radial drift velocities ¢, ; = v,..), can only be fulfilled iff; ,, = — F, ,,, which is obtained when
the E x B drift velocity (and thus, the perpendicular flow veloc[fyd2) of each species) adjusts
such that the perpendicular neutral friction force deesitire the same for both electrons and

ions. Hence, the radial electric field is determined by théipoiarity condition leading to

[37]:

m 1/2 Un,e Ope | Opi
E, 1- (W) s or | or
() R

Vn,i

In case ofl, ~ T; and?, . ~ 7, ; equation[[2.29) simplifies to:

1/2
- ()
k= 75 | VdiaiB 2 Vdiai B (2.30)
()
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Since the electron to ion mass ratio is small, the radialtetetield is determined by the
diamagnetic drift velocity of the ions. This in turn meansittithe ExB drift and the ion
diamagnetic drift are in balance and the ion fluid velocitglisost zero. The radial electric
field is defined by the ambipolarity condition leading to:

B~ VP (2.31)

en;

Note that neutral friction might only be important at theywedge of the plasma, where the
density of the neutrals is high while further inwards it ds@xponentially.

If impurities are present in the plasma, the friction terraazen all species become relevant
and need to be considered, however, the basic physicspenmemains similar as described
above. In neoclassical codes such as NEOART [38] the frictsms between main ions,
impurity and electrons are treated consistently.

In the more general case, in which the neutral friction fasceot the dominant mechanism,
the radial electric field is determined by other non-amlapglarticle transport mechanisms,
such as neoclassical toroidal viscos[ty|[39, 40], turbulReynolds stress [41, 42], ion orbit
lossesl[43], fast-ion orbit width effects [44] and auxijiaoroidal torque via e.g. neutral beam
injection. Only in specific cases all these contributions geoduce a simple relationship as in
equation[(2.31), which requires in particular both the maband the toroidal rotation velocity
to be damped to small values, as it is indeed observed in tthespa region (see chaptéls 6
andT).

2.2.2 Neoclassical poloidal rotation

Using the Hirshman and Sigmar moment approach [30], thdikdquim flux-surface averaged
parallel component of the momentum force balance (2.9) fermain ion and one impurity
species is[35]:

(B-V-II,) = (B-F,) (2.32)

whereF,, is the friction force. Here, external forces, the parallectic field £, and the
electron contributions to the viscous and friction forces @eglected. The equilibrium flux-
surface averaged parallel momentum equafion [2.32) descai balance between viscous and
friction forces. In the Pfirsch-Sdiier regime, the neoclassical main ion and impurity poloida
rotation velocitiesy;° andvy$, respectively, which can be derived from equation (P.3@), a

given by [35]:

1 1\ BB 1 oT;
neo _ oo | Ky — O — — f(E(T)—B 2.33
Vg 2vth, P ( 1LTi) <B2> 2€f( ) ( )8\11 0 ( )
1 3Kb\ 1 1 ZT. 1] BB,
neo_ . || K et e T 2.34
Ué,a 2’Uth72pl |:( 1 + 9 ) LTi Lpi + Za 7—; Lpa <B2> ( 3 )

wherew, ; is the thermal velocity of the main iong; is the ion Larmor radiusk’; and K5
are the collisionality-dependent viscosity coefficiergsdefined in[[35],f(V) = RB, and
k(W) are flux functions. Ly, denotes the ion temperature gradient scale length wjth=

d (InT;)/dr, while L,, is the ion pressure gradient scale length. Note that for thim fon
poloidal rotation velocity[(2.33) the ion temperature gead is crucial, while for the impurity
poloidal rotation velocity also the pressure gradientestaigth of the main ions is important.
The impurity pressure gradient contribution is small as inultiplied byZ,;/Z,. In the edge
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transport barrier of H-mode plasmas (see se¢fioh 2.3) ntiperiity poloidal rotation velocity
can reach large values due to the steep ion pressure gradientThe impurities typically
rotate in the electron diamagnetic drift direction. The mein poloidal rotation velocity
can be close to zero or even change its sign (i.e. pointirgythn¢ electron or into the ion
diamagnetic drift direction), depending on the ion pararsett the plasma edge, mainly on
the ion collisionalityv, ; which changes the neoclassical coeffici&nt

The conventional neoclassical approach (equakion(2:38J234)) to main ion and impurity
poloidal rotation velocities is used in this thesis to conepaeoclassical calculations to the
measured poloidal rotation velocity. Furthermore, fulbclassical models such as NEOART
[38], NEO [45] and HAGISI[46] are compared to the measurement

2.3 The High-confinement mode (H-mode)

2.3.1 Edge Transport Barrier (ETB)

In tokamaks, the confinement time depends on the edge deasitytemperature profiles,
which set boundary conditions for the profiles in the plasora cUnderstanding the transport
at the plasma edge is, therefore, of crucial importanceaesgmt and next-step fusion devices.
A high energy confinement regime, the H-mode [3], occurs &p@ously in a divertor toka-
mak like ASDEX Upgrade (AUG) when power is injected. The &ition into H-mode is
characterized by a sudden change in plasma confinemeriting$a a global rise of tempera-
ture and density and an increase in stored energy. An eduspwe barrier (ETB) is observed
to emerge causing a reduced level of particle and heat toaing@rpendicular to the magnetic
field. The ETB is responsible for the steep edge temperatutdansity gradients, thus, result-
ing in a steeper pressure profile compared to the L-mode @eef2.2). In this edge region
the radial particle and energy transport is significantjueed compared to the L-mode and
to the plasma core, thus, leading to an improved confinemeheicore. The steeper pressure
gradient leads to an upward shift of the pressure profilegatbe whole plasma radius and
a characteristic pedestal structure is formed which detessithe increase in the particle and
energy confinement found in the H-mode. The top of the pebissajust within the edge
transport barrier (marked by an arrow in figlrel 2.2).

The characteristics of the barrier and the temperatures\atthe pedestal top are two of the
factors determining how well the plasma, including impastand the He ash, are confined.
This is important as the presence of impurities leads toypdedilution and radiation and might
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Figure 2.2: Kinetic electron profiles in L- and H-mode: (anfeerature, (b) density and (c)
pressure (reprinted from [47]).
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Figure 2.3: Profile resilience at AUG: Electron temperafli{¢ profiles in H-mode discharges
(reprinted from[[48]).

limit the performance of the fusion plasma. As the ETB exkishort gradient scale lengths
(Lx = X/VX, whereX is the temperatur&’, densityn or pressurey) and is built up in a
region bridging closed and open field lines, the transpordetimg in the pedestal is quite
complex. Full transport models are needed to explain theteaxte and the characteristics of
the H-mode barrier, especially the pedestal height andhwighich determine the boundary
conditions for the transport in the core of the plasma. Dudaéocomplexity of the pedestal
behaviour, edge and core transport modelling are usualidd separately.

Since the 1980s, ‘profile resilience’ [48,149] has been oleskon many tokamaks. Profile
resilience refers to the observation that the temperatwwigs are ‘stiff’, i.e. they exhibit a
strong trend to keep the same gradient lengths despite Vféayedit experimental conditions.
The temperature profiles plotted on a logarithmic axis khegame shape and are only shifted
vertically depending on the edge temperature value (seesf8).

The stiffness of the profiles arises from the fact that theaiod electron temperature profiles,
T; andT,, are limited by a critical temperature gradient scale lerigt = 7'/ |VT|. Beyond
this critical temperature gradient scale length the hdhatsivities increase [50] thus, resulting
in profile stiffness. Hence, with stiff profiles the edge tergiure is a key to attaining higher
core temperatures and, therefore, higher confinement gdflésena. The physical mechanism
of the core profile resilience is plasma turbulence drivegiaglients, such as ion temperature
gradient modes\{7T;), trapped electron mode¥ (. and partlyVn,.) and electron temperature
gradient modes\{7.). The turbulence is excited above a certain threshold ohthvenalized
temperature and density gradient scale lengthd, andR/L,, whereR is the major radius.

In the pedestal region of H-mode plasmas, however, turbydarticle transport is strongly
reduced due to the existence of strong radial gradientseieligctric fieldE perpendicular to
the magnetic fieldB [4]. The sheared electric field translates #@aB to a sheared plasma
flow, which distorts the turbulent eddies and eventuallysdélaem apart. It is widely accepted
that the suppression of the edge turbulenceBsaB velocity shearing leads to the formation
of the pedestal and, therefore, to the H-mode and bettemmamént thanks to a reduced loss
of energy and particles. Details on thexB shearing model are presented in subsed¢tion|2.3.3
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along with an alternative mechanism which could be respbméor the L-H transition.

Access to the H-mode occurs above a certain power thresRgld51], which increases
with plasma densityn. and toroidal magnetic field3;,. The power threshold scaling
Py, =0.049 B£'8ﬁ£'7250~94, with S the plasma surface area, is only valid above a certain line
averaged density. Below this critical value, the power thoés increases with decreasing
density as observed in many devices| [52,/53/54, 55]. Exmerisnat AUG indicate that the
transition appears to be closely related to the magnitudeeot’, well [56]. However, a full
understanding of the transition from L- to H-mode has notgstn achieved.

2.3.2 Edge localized modes (ELMSs)

Edge localized modes (ELMs) [67] are plasma edge instasilithat occur after the edge
profiles steepen up to a limit that is thought to be defined leypeeling-ballooning limit
[58,59]. ELMs eject particles and energy from the pedestigilon and cause a transient
degradation of the edge pedestal. They appear as a peraldi@ation event and lead to a
crash of the density and temperature gradients for a few 4 (&0].

Figure[2.4 shows time traces of the (a) edge ion and electropérature, (b) line-averaged
edge electron density and (c) thermocurrents in the divartich indicate the ELMs. After
an ELM the gradients recover and build up again until the f&xX¥1 occurs. Each ELM
produces energy losses between 1 ant I the total plasma energy and leads to large heat
and particle loads on the divertor targets during a timeggeoif about 1 ms. These loads can
be high enough to cause damage and rapid erosion of theststaigence, small frequent
ELMs are preferred to large and infrequent ELMs as the latdeise a much higher power
load per ELM.

For the next step fusion experiment ITER[61] and for futursidn devices the control or
even full suppression of ELMs is mandatory, while at the sime the pedestal top pressure,
which determines the global energy confinement, should @oétuced.
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Figure 2.4: Temporal evolution of (a) the edge ion and etectemperature, (b) the line-
averaged electron density at the plasma edge and (c) thmadharrents in the divertor.
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Figure 2.5: Basic principle of aBxB velocity shear acting on a turbulent eddy: The shear
breaks up the structure of the eddies, reducing their radiaélation lengthsL,., thus leading
to turbulence suppression.

2.3.3 Turbulence suppression in sheared plasma flows

The most prominent candidate mechanism to explain theisostat of the ETB is the exis-
tence of a strong radial shear in the plasma flow perpendituthe magnetic field caused by
a local radial electric fieldv,.. It is widely accepted that thisx B velocity shear is fundamen-
tal for suppressing edge turbulenteé [4] and thus, aidinddireation of the ETB and leading
into H-mode.

In 1990, Biglari, Diamond and Terry|[4] showed that&r B velocity shear leads to the re-
duction of the radial correlation length of the turbulenoe & the suppression of turbulent
transport at the plasma edge. The& B velocity shear decorrelates the turbulent eddies and
changes the phase between density and potential fluctad6€h This results in reduced ra-
dial transport as the transport is determined byEheB convection around the eddies. This
decorrelation mechanism appears to be independent ofgh@tbothE, and its shear.
Figure[2.5 shows a schematic picture of the physical meshanf the turbulence decorrela-
tion. In a constant background flow an eddy is carried alonpéylow without being distorted
(cf. figure[2.5(a)). If the background flow has a shear thetitly will experience a distortion
in the direction of the velocity flow and the eddy is elongaisee figuré Z15(b)). If the shear
in the background flow is large enough, the eddy is torn age# {iguré 2]5(c)). Compared
to the original eddy, the resulting elements have much smalidths and thus, much smaller
radial correlation lengths. The criterion for the shearadesdation of the turbulent eddies is
given by:

‘VET i (2.35)

B, |~ koL,
Here, VE, is the radial gradient of,, B, the toroidal magnetic field,, the lifetime of a
turbulent eddyk, ' the poloidal elongation witl, being the poloidal wavenumber of the tur-
bulence, and... the initial radial correlation length. The turbulent eddage decorrelated if the
shearing rate significantly exceeds the turbulence ddetioe time, i.e. decorrelation takes
place when the background flow shear is strong enough. Howtéeeturbulent energy is not
reduced, but rather leads to a redistribution of the enexgy farge turbulent scales to smaller
scales[[317].
An alternative mechanism for reducing turbulent transp®gtortex thinning [[63]. Smaller
eddies can be strongly elongated if the flow shear is largeiginand can be reduced by a
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Figure 2.6: Straining-out process (reprinted from [63nhefl eddies are absorbed by the shear
flow.

straining-out mechanism. During this process, the enef¢fyeosmaller eddies is absorbed by
a zonal flow (as defined below) leading to a reduction of theuient fluctuation[[63]. This
mechanism efficiently reduces the turbulent energy. Figueshows the basic concept of the
straining-out mechanism. Smaller eddies are tilted, eltedyand are pulled into the larger
background flow shear, i.e. they are absorbed. It represemis-local process, which trans-
fers the vorticity from the microturbulence to the largedscshear flow.

The ExB shear model [4] is, nowadays, the most widely accepted yhieorexplaining the
formation of the ETB due to its success in explaining sewanakrvations across the L-H tran-
sition [12,[62]. Recent AUG experiments showed that a clitiatue of £, of ~15 kV/m is
needed to access the H-mode regime [56]. Thus, the backgjbuB shear flows caused by a
sheared radial electric field might be the important plagetiie L-H transition. However, the
dynamics of the transition into the H-mode regime remainbigoous due to the associated
timescales+{ ps). In addition, turbulence itself could modify the shedvackground flow via
Reynolds stress$ [41], which couples the level of turbulenitie the sheared flows ang,.

In more recent L-H transition theories the role of zonal flawgsa possible trigger mecha-
nism leading to the development of a transport barrier has béscussed [64, 65, 66]. These
theories have characteristics of a predator-prey mod&hich the background flow and the
zonal flow are predators and the fluctuation level is the ey, thus, imply that turbulence
and £, or the mean background flows need to be calculated selfstensly. Zonal flows are
non-oscillating turbulence-drivaax B flows with finite radial extent and are homogeneous in
the poloidal and toroidal directions [64,/65]. Hence, zdi@al's cannot drive radial transport
and cannot tap energy directly from the free energy sousted) asvT, Vn, but indirectly
from the turbulence (which is driven by the gradieht) [65].

Zonal flows can be excited by all types of microinstabiliteesd can cause transport reduc-
tion [37]. The nonlinear damping of zonal flows leads to cehéflow oscillations, so-called
geodesic acoustic modes (GAMs), which are localized in eomaradially extended region at
the plasma edge. AUG results [67] support that GAMs providenhain turbulence shearing
mechanism in the L-mode regime and, together with the backgt flow, might be the trigger
for the shear-flow turbulence suppression feedback loopter into the H-modé€ [68]. These
oscillations as well as the turbulence-driver B zonal flows play an important role in regu-
lating turbulent transport as they can amplify the backgdbilow shearing of turbulent eddies
and also constitute an additional energy sink via collial@nd/or Landau damping [64].
However, as described above, the fluctuation level is afioeinced by the background sheared
flows via tilting and stretching the turbulent eddies. Ansaiopy is created which stimulates
the Reynolds stress drive leading to an autonomous zonal figulifecation. Thus, théexB
shearing rate, turbulence and transport are tightly wiagd in multiple feedback loops.
Other trigger mechanisms|[6] that can modHy and lead to the transition into H-mode are,
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amongst others, ion orbit logs [69], turbulent Reynoldssstfd1] and poloidal spin up due to
Stringer instabilities [70, 71].

Despite extensive study by both the theoretical and expmariah fusion communities, the ac-
tual mechanism responsible for the L-H transition is not ptately elucidated. The self-
consistent evolution of th&, profile, pedestal shape and improvement in plasma confinemen
are one of the fundamental open issues. Hence, detailedureeaants of, are highly desir-
able to get a better understanding of theB shear and its connection to the transition from
L- to H-mode.



Chapter 3

Edge diagnhostics and experimental
techniques at ASDEX Upgrade

At the plasma edge the requirements for temporal and spasialution are considerably more
demanding than in the plasma core due to the fast transperntophena and steep gradients.
This is one of the main reasons why special attention is sacg$or the edge measurements.
In order to study the interconnection between the edge Iratiiatric field (£,) and the edge
transport barrier (ETB) it is important to gather data fromashilable edge diagnostics. This
chapter gives an overview of the edge diagnostic systenilableaat ASDEX Upgrade (AUG),
with special focus on the measurement techniques usedsdrtitesis. Details on the edge
charge exchange recombination spectroscopy diagnostiosh have been installed and up-
graded in the course of this thesis, are presented in séktion

3.1 Measurements of plasma parameters

At AUG temperature, density and rotation profiles of impurins are measured using charge
exchange recombination spectroscopy (CXRS) as diagnoslickoom these measurements
the radial electric fieldF,, can be evaluated using the radial force balance (equéidg))
for impurity ions. The basic principles of CXRS are discussedection 3.1]J1. Another
diagnostic technique capable of measurifigis Doppler reflectometry which measures the
perpendicular velocity of density fluctuations,. With knowledge of the magnetic field B
the radial electric field can be directly obtained using #lation £, = u, B. Details on the
diagnostic principle are given in section 3]1.2.

The electron temperature profiles are measured using theaiecyclotron emission (ECE)
and the Thomson scattering (TS) diagnostics, while thereleaensity profiles are obtained
via TS, impact excitation spectroscopy at a Lithium beamlasdr interferometry, which are
described in section 3.1.3. Using the radial plasma swedmigue (see sectidn_3.2) and
combining all measurements, detailed edge kinetic proféesbe obtained. However, special
attention is required when combining the measured dataeagriifiles need to be aligned
in order to map them along the normalized poloidal flux cawatk, p,,,. This method is
presented in sectidn 3.3.

Figure[3.1(a) shows a poloidal cross-section of AUG indingathe measurement locations of
the various systems, which will be presented in detail belshile figure[3.1(b) shows the
lines of sight in a top-down view of the AUG vessel. In figlré(®) only one line of sight
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Figure 3.1: (a) Poloidal cross-section and (b) top-dowmvwaé AUG showing the measure-
ment locations of various diagnostics. The last closed flufase (LCFS) is shown in orange.

is shown for the Thomson scattering (TS), interferometrZKD and Doppler reflectometry
(DR) systems. The last closed flux surface (LCFS, also callgaratrix) is shown in orange.

3.1.1 Charge Exchange Recombination Spectroscopy (CXRS)
Basic principles of CXRS

Charge exchange recombination spectroscopy (CXRS) [5, 7% #8 most common method
used to measure the ion temperature and rotation in a tokptaska. The technique exploits
spectral lines which are produced by charge transfer froeusral species, usually deuterium
(D) or hydrogen (H), into excited states of impurity ions:

AZt 4D - AEDY LDt 5 AEDF Ly 4 DY (3.1)

The recombined ion is born in an excited state and duringubeesjuent decay it emits pho-
tonshv at characteristic wavelengths, which can be observed daied spectrometers. The
observation of these spectral emissions for diagnostipgag is CXRS. The resulting spec-
trum gives information on the emitting ion species.

The neutral atoms (H or D) are typically injected into thespha via neutral beam injection
(NBI) and induce CX processes. Along the neutral beam line @ I8X signal is measured
since the impurity ions radiate in the region where the linésight (LOS) of the CXRS
diagnostic intersect the path of the neutral beam particlé® light emitted due to charge
exchange (CX) reactions between fully ionized impuritied arected neutral atoms yields
localized information on impurity ion temperature and gty from the Doppler widths and
Doppler shifts of the measured spectra. Impurity denséresobtained from the radiance of
the measured spectral line.

Typically, CXRS diagnostics analyze emission lines from Bwnpurities, such as boron or
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carbon, rather than from high-Z elements or from main iosssi@lly deuterium at AUG). The
impurity concentrations of high-Z elements are typicadlg tow for CXRS and high-Z impu-
rities are usually not fully stripped, i.e. the emissiomfra given transition is localized to a
shell within the plasma in which the charge state of the iastexLow-Z impurities are fully
stripped throughout the plasma volume enabling CXRS measuntsnto be obtained in the
plasma edge as well as in the core. For the application to Ekdraund emissions and the
beam halo([74], i.e. charge exchange between beam neutichlsudk ions, prevent a simple
interpretation of the spectra.
For thermal neutrals the radiance of the CX signal observeal b§S of a CXRS diagnostic
is given by

Lex(N\) = Z—; /L . ; Nz TN (T )etindl (3.2)
wheren, z is the density of the impurity in ion stage Zny ,, the neutral density with main
quantum numbet and(o,,v)ex » the effective CX rate coefficient.) indicates the Maxwellian
average over the cross-sectiomnd the relative velocity between the reaction partners, i.e.
v = |[Vn, — Vaz| With vy, being the velocity of the neutral and, ; the velocity of the
impurity in ionization stage Z. Here, the integration israjahe LOS and the contributions
from all states of the hydrogen or deuterium neutrals (gdoamd excited states) are summed
up. The formula may be rewritten if the radiance of a traasithat has been excited by CX
with a neutral beam is considered:

hy & K
Lox(\) = — OnV)k, ff,,\/ Ne,z N e dl (3.3)
)= nz:: ’;< et |

where all beam componentg are summed up(o,,v) e IS the effective CX rate coefficient
of the specific transition including the velocity of tlheth beam component and the neutral
density of each beam component The radiance of the CX signal yields information on
the impurity density if the neutral beam density is known atleintersection point of the
LOS of the CXRS diagnostic with the neutral beam. The neutnasithe of the beam and the
associated beam halo is obtained via modeling of all beanpoaents taking into account
the beam geometry and the measured kinetic profiles. Seveu#ial excited states have to be
considered as the CX cross-sections depend on energieslandls [74]. The local neutral
beam density may also be derived from beam emission specpp$75].

The assumption of a constant impurity density in the volurhene the beam crosses the LOS
is made and thus,,, is determined by:

_4Ar Lex (M)
hv 3 5 (00 kefin [ 06 PN Endl

As the impurity ions have a Maxwellian velocity distributicalso the line-integrated spectra
obtained from CXRS have a Maxwellian distribution, which leéala Gaussian line shape:

My 2 mac® (A — Xg)?
I S e am—— . .
exN) = Toy[5 0 T o [ SkpTn A2 ] (3.5)

Here,Iox () is the line shape function of the CX line normalized to a radéaaf 1, ], the
observed radiancen, the mass of the species ¢ the speed of lightkz the Boltzmann

(3.4)

Na
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Figure 3.2: CXRS spectrum: The Doppler shift, width and initynsf the spectral line give
information on the rotation velocity, temperature and dgrof the observed species.

constant, T, the temperature of the considered species anthe theoretical wavelength of
the measured spectral line. Figlrel3.2 shows an examplérgped\ote that though the CX
emission results from &~Y+, the CXRS measurements represent the original ion population
A7+ and the CXRS spectra contain the information of the fully iedizmpurity ion. The
temperature of the species is determined by the Doppledkroag of the spectral line and is
proportional to the width of the distribution:

My C

T, = —eC
81In(2)A\3e?

FWHM? (3.6)
where FWHM is the full width at half maximum. Here, it is assuhtieat Doppler broadening
is the dominating line-broadening mechanism. In this wdik~ T;, T; being the main ion
temperature, since the energy equilibration time betwegsurities and main ions is short
(~ us) compared to local transport time scalesr(s). Thus, this quantity is denoted as the ion
temperaturd’; throughout this thesis.
The Doppler shift of the spectral linea)\, is directly connected to the rotation velocity,; ,,
of the considered species
AN Voot €L0S
)\U N C
wheree; s Is the unit vector along the LOS.
A combination of poloidal and toroidal views of the plasmaleles the measurement of the
impurity ion temperature, density and poloidal and torbrdéation velocity. Thus, the radial
electric field, E,, can be calculated directly from these measurements (sgserhb). A
detailed description of the setup of the edge CXRS systems &t i&lgiven in chapterl4.

(3.7)

3.1.2 Doppler reflectometry

Doppler reflectometry (DR) [19] is a diagnostic techniqueahhises backscattering of elec-
tromagnetic waves and provides a complementary methoddasuaring, profiles. DR uses
a microwave beam which is launched obliquely into the plasntia a tilt angled relative to
the normal onto the plane cutoff layer. The incident beanefiected, and, in the presence of
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Figure 3.3: The principle of Doppler reflectometry: (a) beattering of an oblique mi-
crowave beam in a slab plasma geometry (adapted [18]in feal geometry (reprinted
from [79]).

fluctuations, Bragg scattered at a cutoff surface in the pdadrhe refractive inde¥ is deter-
mined by the wave equation which is derived from the Maxwellaions and the two-fluid
MHD equations|[l| 76]. For the ordinary mode (O-mode), wheeeelectric fieldE of the
wave is parallel to the static magnetic fiddd of the plasmayV is given by:

w2

N?2=1- w—g (3.8)

Here,w, is the plasma frequency andthe angular frequency of the wave. For oblique inci-
dence the wave is at a plane cutoff surface when the refeattilex reaches a minimum at
N = sinf and is reflected, while it is resonant with the plasma wheapproaches infinity
and the wave does not propagate further. For normal incejeaxis the case in conventional
reflectometry, cutoff occurs & = 0 andw? = w;.
For the extraordinary mode (X-mode), where the electridfaélthe wave is perpendicular to
the magnetic fieldE | By, the index of refraction at oblique incidence is givenby][77

NZ=1- w—éwa (3.9)

we W — wh

with w;, the upper hybrid frequenay;, = w) + w? andw, the gyro-frequency as defined in
section Z]l. The cutoff condition for the X-mode, equatiBi], yields two solutions, the
right-hand and left-hand cutoff frequencies; andwy,.
In the case of a corrugated cutoff layer, when turbulenceasgnt at the cutoff surface (see
figure[3.3(a)), the wave is also scattered. For coherentomire scattering the momentum
conservation equation holds |80] and the wave vektof the fluctuations is given by the dif-
ference of the scattered wave vedkgrand the incident wave vectd, i.e. k = k, — k;. The
backscattered reflected wave is either detected by a neatégrea or by the same launching
antenna. For a setup where the scattered microwave is negldsythe launching antenna the
diffraction pattern of the t order is selected (Bragg backscatteriig) [79]. Thus, the d8rag
condition isk | = 2kqSind, wherek , is the turbulence perpendicular wavenumber &nid the
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probing wavenumber.
The spectrum of the backscattered microwave is Doppleteshifyw, = u-k and gives infor-
mation on the velocity of the plasma fluctuationsand on its wavenumbér. By aligning the
reflectometer perpendicular to the magnetic field such beantenna is only sensitive to the
perpendicular wavenumber, the Doppler shift resultsin= w k,, whereu, is the perpen-
dicular velocity of the electron density fluctuations dndtheir perpendicular wavenumber.
The perpendicular wavenumber of the turbulence fluctuataomd the actual cutoff position
are obtained from ray tracing calculations, which take aoount the real geometry, i.e. the
curvature of the magnetic flux surfaces (see fiquré 3.3(Isjhguthe density profile and the
magnetic equilibrium as inputs [79].
With knowledge of the perpendicular wavenumber,is determined directly from the mea-
sured Doppler shifv,. The perpendicular velocity corresponds to the sum oEth& veloc-
ity of the plasma+{g«g) and the phase velocity of the density fluctuationg), v, = vgxs +
vy Usually,v,, is assumed to be negligible: an assumption that is suppbytedmparative
measurements performed, amongst others, at W7-AS [81],[B2]| DIII-D [83] or AUG in
the plasma core [24]. Hence, knowing the magnetic fi¢Jd.; gives a direct measure of the
radial electric fieldE,.:
(A)DB
ki -
As such, the measured Doppler shifts, the position of theftlatyer of the probing wave and
k, are required to derive thg, profile.
At AUG the edge DR system consists of two identical V-band epreflectometers (fre-
quency range of 50—75 GHZz) [23,184,185], which have stepplabileching frequencies with
X- or O-mode polarization. Two pairs of bistatic antennase(being the launching and the
other the receiving antenna) are used for each polarizafioa edge system is complemented
by a core system which uses a W-band Doppler reflectometef (T6GHz, O- or X-mode
polarization) [86/ 87]. The time resolution of the DR diagtics is in the ps-range, while the
radial resolution, which depends on the wavenumber semgitf the diagnostics, isc1cm
at AUG.
Comparing theX, profile derived from CXRS to the one obtained with DR enableslidaa
tion of the £, measurements. In chapfér 5 a comparison of these measuseahéime plasma
edge of AUG is presented.

E,«ZUJ_B:

(3.10)

3.1.3 Electron temperature and density measurements
Electron cyclotron emission (ECE)

The electron cyclotron emission (ECE) of the plasma givesrmétion on the electron tem-
peraturel,. The electrons emit radiation at the angular electron ¢satofrequency, . = fn—B

and its harmonicsy, = kw,.. While gyrating around the magnetic field lines. In optiE:aIIy
thick plasmas, i.e. assuming thAt is equal to the radiation temperature at the cold reso-
nance position of the measured frequency, the intensityeatyclotron frequency equals the
Planck curve. Due to the Maxwellian velocity distributiointloe electrons and when the mea-
sured plasma element is optically thick, Planck’s law otktaody radiation holds. For high
temperatures, this results in the classically derived Rglyl@eans expression:

w2

L=——
2722

kiT. (3.11)
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wherel,, is the spectral radiance at a given frequewcyin optically thick plasmas the mea-
sured emission region is identified with the position of cadonancev. . (neglecting rela-
tivistic and Doppler effects when the ECE antenna is meagu&diation perpendicular to the
magnetic fieldB). Owing to the spatial variation d® in a tokamak configuration{ « 1/R),
the location of the emission can be identified. Thus, by nagthe spectral radiance at the
corresponding frequency, the electron temperature caretheced directly via the Rayleigh-
Jeans approximation. In general, the optically thick plasipproach is applied. If the plasma
is optically thin the assumptions of black-body radiatiowl a@iscretely localized emission are
not applicable due to the shine-through effect. The shinedgh peak, i.e. an increased radi-
ation temperature measured around the separatrix and netlvescrape-off layer, is observed
whenT, exhibits a steep gradient in a low density regionl [88] (e.tha plasma edge of
H-modes).

At AUG the ECE diagnostic consists of a heterodyne microwadeometer which measures
the spectral radiance at 60 different frequencies betw8eanl 187 GHZ[89]. The system is
based on measuring the second harmonic of the ECE in the etkttaty mode (X-mode). It
has a high frequency resolution (300 or 600 MHz bandwidthl) therefore, a high radial res-
olution (up to 1 cm). The sampling rate of the diagnostic whil standard acquisition time is
32 kHz, thus enabling highly temporally resolvEdprofiles to be obtained. A new acquisition
system was recently installed enabling sampling rates o6 UgMHz.

Thomson scattering (TS)

The technique of incoherent scattering of laser light isrttest common diagnostic tool to
measure the electron temperatufg) @nd density%.) in tokamaks. Thomson scattering (TS)
is based on elastic scattering of an electromagnetic wava tlyarged particle (here, free
electrons). The particle gets accelerated by the elecgostae wave and while it accelerates
it emits radiation and the wave is scattered. The Dopplecefias to be taken into account for
the scattered radiation since the particle moves relatithe incident wave, but also relative
to the scattered wave. Hence, the scattered wave is Dogipiféed by

Aw=v - (k; — k) (3.12)

wherev is the velocity of the charged particle, is the wave vector of the incident wave and
k, the wave vector of the scattered wave. In tokamaks, TS idlysexformed at a scattering
angle of about 90° and due ta. < m; (m. being the electron mass amd the ion mass)
mainly electrons are accelerated and emit radiation. Thgpl2o width of the measured scat-
tered spectrum gives information @p. In addition, the intensity of the scattered radiation is
proportional ton., thus allowing for a simultaneous measuremerif,ohndn..

At AUG edge T, and n. profiles are measured with the standard multi-pulse Nd-YAG
(neodymium yttrium aluminium garnet) laser TS diagnostibjch consists of an edge and
a core system [90]. The edge (core) system employs six (&ilifz laser beams (with a pulse
energy of about 1J and a pulse duration of 10 ns) with a dianeétabout 2 mm which are
launched vertically through the plasma edge (core). Theesea light is collected through
a horizontal port via 10 (16) four channel polychromatotsveihg simultaneous:. and 7.
measurements at the same radial position to be obtainedspHuwgral ranges of the four chan-
nels of the polychromators are determined by interfererisggiwhich are set up in front of
avalanche diodes. The spatial range of the edge TS systelmecextended using the radial
plasma sweep technique (see sedtioh 3.2). The repetitiemféhe diagnostic is 8 ms, while
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the radial resolution is 3 mm for the edge system and 25 mnmhfocore system [90]. Com-
plete, detailed radial, profiles are obtained by combining the profiles measured th@hr'S
and ECE diagnostics, provided that the toroidal magnetid fehigh enough to avoid the
ECE propagation cut-off at high density.

Impact excitation spectroscopy on a lithium beam

Injecting a neutral lithium (Li) beam into the plasma allathe Li° resonance line at 670.8 nm,
corresponding to the transition4(2p — 2s) to be measured [91]. The injected Li atoms col-
lide with the plasma particles and hence, the resulting omsprofile is directly connected
to the electron density;.. lonization and charge exchange with the background plasama
ticles attenuate the Li beam, which restricts the measunesrie the plasma edge (typically
up to p,,; = 0.95, depending on the density). From the emission prdféeetectron density
is calculated via a collisional-radiative model, which @acts for electron impact excitation,
ionization and charge exchange.

At AUG neutral Li atoms are injected horizontally into theagpina, i.e. near the equatorial
midplane of the torus, at an energy of 30 to 60 keV [92, 93]. hbam is observed with an
optical head, which is equipped with 35 LOS. The emissivitthe Li°(2p — 2s) transition is
measured using interference filters and photomultipli&fe background radiation from the
plasma is subtracted by chopping the Li beam periodicalhe modulation periods of 56 ms
beam on and 24 ms beam off are used to measure the backgrbusdllowing an accurate
background subtraction in stationary plasmas [93]. Fosthdy of transient events such as the
L-H transition or the edge localized mode (ELM) cycle the miation frequency of the beam
chopping technique can be increased to 2 kHz. The Li beanmdgiig can be operated with a
temporal resolution down to 50 us, while the radial resoluis determined by the observation
volume which has an extent of 5 mm.

DCN laser interferometry

Another method to measure thgprofile is laser interferometry, which is based on the irdera
tion of electrons with an electromagnetic wave with the addal dependence on the variation
of the plasma refractive indeX. N is directly connected to.:

w2 62
N = J1-2=1-n— (3.13)
2
~ 1N (3.14)
2€gmew;

wherew, is the plasma frequency, the elementary charge, the electric constanty,. the
electron mass and, the angular frequency of the electromagnetic wave. Usingydof
expansion, which holds if, > w,, the refractive index can be simplified to equation (B.14).
The phase differencé&¢ is measured by comparing the propagation of an electroniagne
wave along a path through the plasma to the propagation agagh through vacuum. This
phase shift is proportional to the line-integrated eletwensity of the plasma. Introducing
the classical electron radius = ¢*/4reym.c?, wherec is the speed of light, and the vacuum
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wavelength\, = 27¢/wy of the laser, the phase shift can be described by:

2

Agp=20_° / ne(z)dz = Aore / ne(z)dz. (3.15)

c 2e0mew;

Here,z is the coordinate along the beam path.

At AUG the line-integrated electron density is measurea@lfive channels using a phase-
modulated Mach-Zehnder-type interferometer with a helygme detection system and a deu-
terium cyanide (DCN) laser [94, B5]. The DCN laser operatesved\gelength of 195 um. At
this wavelength, a phase shift of 2Zranslates to a line-integrated density50f x 10'® m—2.
The sampling rate of the interferometer is 10 kHz. The systama time resolution of 300 ps
and enables the measurement of the line-integrated deaisityg 5 distinct lines of sight
through the plasma. The radial density profile is obtaine@davdeconvolution of the signal
using an Abel inversion.

3.2 Radial plasma sweep technique

A radial sweep of the plasma edge through the lines of sighiS)Lof the diagnostics is per-
formed to cover the whole plasma edge and to obtain full amy detailed edge profiles.
Typically, the plasma position is moved by 2 cm in about 80Gimsng a steady-state phase
of the discharge (see figure B.4(a)-(b)). The radial scamallews the refinement of the rel-
ative sensitivity calibration of different LOS of the edge R diagnostics (see chapfér 4) as
slight differences in the calibration show up as discontiesiin the spectral radiance profiles,
after mapping the measurements onto the plasma coordiystensp,,,. Furthermore, this
technique enables the alignment of the edge CXRS systemseviartliemperature and spec-
tral radiance profiles.

In figure[3.4(a)-(d) several plasma parameters from an Hentbischarge, which includes a
radial plasma sweep, are shown. The time period highligitgellow contains the radial
scan of the plasma. Figure B.4(e) shows the ion temperatafiéepas measured with the edge
poloidal and toroidal CXRS systems, which are described iptehid.

The radial plasma sweep technique enables the alignmeiné oi¢asured data obtained with
different diagnostics and to align the electron and ion f@efielative to each other (see section
[3.3). Hence, a high-accuracy alignmentmfwith respect to the edge kinetic profiles and to
the separatrix position is possible.

3.3 Profile alignment

The kinetic profiles measured by each diagnostic are cordimeeduce the uncertainties in
the radial position, which arise due to the mapping onto thgmetic equilibrium. The various
diagnostics measure at different toroidal and poloidaltiprs of the tokamak vessel, how-
ever, the profiles are aligned radially using the assumpifantoroidal symmetric magnetic
equilibrium. The steep gradients in the edge transporidsgiE TB) of the H-mode allow for
an accurate alignment of the profiles|[97]. The measuredatat&lM-synchronized, i.e. the
measurements are selected relatively to the occurrencieM$ Eo ensure that the profiles and
their gradients are not obscured by ELMs.

For an accurate study of the plasma edge, the position ofgfb@ atrix must be known with
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Figure 3.4: Plasma parameters from an H-mode dischargatiiadles a radial plasma sweep:
(a) plasma stored energy.,W, (black) and confinement factor (red) denoted by(k2),
which is the H/L scaling factor with respect to the ITER coafirent scaling [96], (b) line-
integrated electron density in the plasma core (black) dge €ed), (c) radial plasma position
at outer midplane, (d) radial plasma position at inner nadpl (e) ion temperature profile, as
measured with the toroidal and poloidal edge CXRS diagno&seschaptér 4), plotted against
the normalized poloidal flux coordinate,; obtained during the radial plasma scan highlighted
in yellow.

sufficient accuracy. The nominal separatrix position igdatned from the reconstruction of
the magnetic equilibrium. However, this determinationas sufficiently accurate for H-mode
edge transport analysis. Power balance and parallel la@aiort studies using a 1D heat con-
duction model([98] and the measured parallel heat flux maminmuthe divertor lead to the
assumption that the true separatrix position is locate@Gjt [

vy = (T2 + L(p Prad) L\ (3.16)
e,sep — div 9 heat rad Aq7”/{0 .
whereT. .., is the electron temperature at the separaffly, the divertor temperatures,.,.
the heating power ang,.,, the radiation powerL. is the connection length, i.e. the distance
from the midplane to the divertor target along a field lidg, the surface area for the parallel
power flux through which the power is entering the scrapdagtr andx, the constant of the
parallel heat conductivity = nOTf/z. In type-I ELMy H-mode dischargeg, .., is typically
~100 eV. This condition holds in a variety of discharges duthé&insensitivity of the model
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Figure 3.5: Radial profile alignment @f, T, andn., adapted from [100].

100

to .. .., Which arises from the power dependenceé of

To optimize the radial profile alignment and to reduce theemainties due to the magnetic
equilibrium, the following procedure is performed for theadysis of the radial electric field
from the edge CXRS measurements: Theprofile measured by TS is shifted such that
T,~100 eV at the separatrix. THE, profile measured by ECE is aligned to the profiles
measured with TS such that the upper ETB region matches. tNate¢he region which is af-
fected by the shine-through, which is typically the regioousd the separatrix and in the near
scrape-off layer, is excluded since the measured radisgioperature is not directly correlated
to 7, [88] (see section 3.11.3).

The n, measurements obtained with the Li beam diagnostic areedigm the profiles mea-
sured by TS, which has identical measurement volumes fdrfoand7,. These measure-
ments are complemented by those obtained with the interfetry system, which is used to
constrainn, at the pedestal top. To align the CXRS profiles relative to teetedn profiles

it is assumed that the position of the steepest gradients aoincide with those ir¥,. This
assumption holds in high-collisionality plasmas|[47], @thare analyzed in this work.
Figure[3.5 shows the alignment of tig 7, andn, profiles. The shifts applied for the pro-
files are within the radial resolution of each diagnostice Btcuracy of this relative profile
alignment is estimated t©2-3 mm asI. is closely connected to the separatrix position. This
enables the determination of the position of the radialtetefield with respect to the electron
profiles and the separatrix position with an accuracy-@3 mm, becausé&; is part of the
CXRS measurements and thus, is rigidly connected td:tharofile.

When non-axisymmetric magnetic perturbations (MPs) [10&]applied to the plasma edge
special care has to be taken when analyzing the measuredfdéitéerent diagnostics since
the MP field causes a toroidally non-symmetric equilibrishen applying MPs in the = 2
configuration;: being the toroidal mode number, it was found that the dempsdfile mapped
along the normalized poloidal flux labg},; shows a displacement of about 4 mm compared
to the phase without MPs, while in real space, i.e. as a fonaif the major radius, no dis-
placement was observed [102]. The displacement of the prafilults from an artefact in the
interpretation of the magnetic measurements, which are fesethe equilibrium reconstruc-
tion. Since the edge., 7. andT; profiles are measured by different diagnostics located in
different sectors of the AUG vessel, the radial position athlediagnostic relative to the po-
sition of the magnetic measurements becomes important vaterpreting the experimental
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data. When mapping the profiles alopg, the displacement varies and depends on the posi-
tion of each diagnostic. The displacement due to the equutibdistortion at the plasma edge
caused by the MPs is taken into account in the analysis dfthmeasurements when MPs are
applied (see chaptel 6) and the same procedure as desdnieslia used to align the ion and
electron profiles.



Chapter 4

The edge CXRS diagnostics at ASDEX
Upgrade

The most commonly used tool to derive radial electric fidlg)(profiles is active charge ex-
change recombination spectroscopy (CXRS) due to its relptasy applicability in tokamak
plasmas. This chapter gives details on the setup of the eddggSGKagnostics [103] at AS-
DEX Upgrade (AUG), which have been designed, installed gutaded in the course of this
thesis. The data analysis techniques used in this work scessed.

4.1 CXRS measurements at the low-field side of AUG

At AUG three toroidal CXRS systems viewing the core and the edigee plasma at the low-
field side (LFS) of the vessel (see figlrel4.1) are installegrévide temporally and radially
resolved CXRS profiles. During this thesis, the edge toroidaR&X$ystem was upgraded and
complemented with a poloidal view to provide full edge rmtatprofiles at AUG, i.e. parallel
and perpendicular to the magnetic field. Moreover, the nreasents of the new poloidal edge
system now enable the determination of the radial electid from CXRS measurements. In
general, all CXRS diagnostics on AUG use an in-vessel opteadllwhich images the plasma
onto several lines of sight (LOS). Optical fibers guide thikeoted light outside the torus hall
to Czerny-Turner spectrometers which employ two objecewsés as optical elements.

The setup of the LFS edge toroidal system, which has beemdpdwith a new spectrometer,
is presented in the next subsection. Secfion ¥.1.2 giveslslen the poloidal edge CXRS
diagnostic.

4.1.1 Toroidal edge CXRS system

The toroidal edge CXRS diagnostic was installed in 2007[104]] since then has routinely
provided edge ion temperature, toroidal rotation and intyuwn density profiles. It uses an
in-vesself/4 optical head which images the plasma edge at the outeranielnto 8 LOS.
The LOS are aligned such that they view the center of the aldatiam injection (NBI) source
#3, which is a 60 keV deuterium (D) beam mounted in sector 1&figerd 4.1). At AUG the
NBI heating system consists of two injectors with four soareach that can deliver a total of
20 MW NBI power (2.5 MW each). The injectors are toroidally asegied by 180and on each
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Figure 4.1: (a) Poloidal cross-section of AUG indicating tineasurement locations of the
CXRS diagnostics, (b) top down view of the AUG vessel showirg lthes of sight of the

toroidal LFS CXRS systems. The indicated beam lines do noespand to the actual width

of the beams~25 cm).

injector one neutral beam source is used for CXRS measurerfi¢Btssource#3 and+38,
see figuré 411). The injected neutrals have three differegtgy components since'Dons as
well as Df and Df molecules are generated in the positive ion source.

The LOS of the toroidal edge CXRS diagnostic are separatedduyt dlcm and each LOS is
equipped with 3 optical fibers (with a diameter of 400 um) tpiiave the signal. At the outer
midplane & = 2.15m) the toroidal curvature of the plasma across the width efttbating
beam (25 cm) limits the radial resolution. In order to optimize tlaglial resolution down to
3 mm the sight lines are realized by individual mirrors. Tdesrrors are Al mirrors coated
with MgF,. Radial sweeps of the plasma (see sedtioh 3.2) are perfoonsalér the whole
plasma edge and to provide radially dense profiles. In thenpdeedge of AUGT = 500 eV,
B = 2T), the typical Larmor radii of impurity species are of the@ler~1 mm and smaller
than the radial resolution. Thus, the measurements aragegiover the gyro-radii.

The toroidal edge CXRS diagnostic has been upgraded to irctleamtensity level. The sys-
tem has been equipped with a new spectrometer and a new CCDecanadaling 25 channels
to be imaged on the chip simultaneously with a repetitioretwh2.65 ms. Shorter exposure
times are obtained by using fewer LOS and binning the CCD chiigvter regions of interest.
The CX emission collected along the LOS is transmitted by 400ipers to a high through-
putf/4 Czerny-Turner spectrometer, which utilizes a variabldtlventrance slit, two objective
lenses (Leica APO-ELMARIT-R), and a movable grating with 24@0oves/mm (see figure
[4.2(a)). The spectrometer is coupled to a Princeton IngnisnProEM, back-illuminated,
frame-transfer charge coupled device (CCD) camera with gmitiultiplication gain [105].
The latter allows for low light applications while maintang short repetition times. The cam-
era features a 522512 16 um pixel chip which, when coupled with the spectrometevides
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Figure 4.2: Left: (a) Setup of a lense-based Czerny-Turnectspmeter: The fibers, which
guide the collected light from the torus to the spectrometer stacked vertically along the
entrance slit. After passing through the entrance slititjte is collimated, then dispersed by
a 2400 grooves/mm grating and focussed onto the camera.iiddrsve enables the central
wavelength of the spectrometer to be moved. Right: Examm@etspfrom the toroidal CXRS
diagnostics: (b) N spectrum of the edge system, (c)'Nspectrum of the core system 1. The
areas highlighted in grey as well as those larger (smalem 4,,,... (\.i;) are not used for
fitting the spectra.

a 13.1 nm spectral range at a central wavelength of 494.5 rire.efhtrance slit to the spec-
trometer is typically set to 50 um, but can be adjusted to ayevbetween 0 and 400 pm.
For a slit width of 50 um and a central wavelength of 494.5 nenitistrumental width of the
spectrometer channels is in the range of 0.031 to 0.036 ngh{slariations of the different
spectrometer channels arise due to imperfections of thares# slit). The collimating lense
at the entrance slit has a focal length of 280 mm, while thesog lense has a focal length
of 180 mm. This choice of lenses enables the light from 25d$ibehich are stacked vertically
along the entrance slit, to be imaged concurrently on theecamAt a central wavelength of
494.5 nm, the dispersion of the spectrometer is 0.026 nel/pix

Compared to a mirror-based Czerny-Turner spectrometer theadsantage of using an op-
tical layout based on objective lenses is the good imagiogeny (no astigmatism) of the
system at high aperture. The ability to move the central Vesggh of the spectrometer en-
ables the system to make CX measurements of different inyspécies. The system typically
utilizes either the Bf (n = 7 — 6) CX line at 494.467 nm or the®@ (n = 8 — 7) CX line
at 529.059 nm. However, it is also used forPHeN™ and Ne’" measurements. The toroidal
edge CXRS diagnostic typically images 20 channels enablimgearesolution of 2.2 ms. One
channel is always connected to a neon lamp which providesvalerggth calibration on a
shot-to-shot basis (see section 4.3), thus reducing timimental uncertainties.

An example spectrum of the toroidal edge CXRS diagnostic isvehn figure[4.2(b). Here,
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the edge system was set to thé"Nspectral line ¢ = 9 — 8, A = 566.937nm). The N+
spectra are typically fitted with 2 Gaussians, one accogritinthe active N line and one for
a nearby passiveN line at 566.663 nni[106]. Passive spectral lines are emtéite plasma
edge, mainly due to electron impact excitation and CX withirtred neutral deuteriun [107],
and blend the active CX signal. The fit to the spectrum is shawsiue, while the Gaussian
components are plotted in orange (active lines) and redigabnes). For the edge system
the passive R component is negligible as it is very small compared to thw@€X line.
Figure[4.2(c) shows a typical spectrum obtained with the sgstem |, which also utilizes NBI
#3. The core spectra are fitted with 6 Gaussians; one Gaussidnef active N line, one
for its passive component, 3 Gaussians accounting for pgassive N lines at 566.663,
567.602 and 567.956 nm and one Gaussian for a pass$ivér@ at 566.246 nni[106]. A dis-
crimination between electron impact excitation and CX wihtarimal neutral deuterium [107]
is not applied for the passive component as it is typicallamompared to the active CX
line. Note the difference in scale when comparing the specidiances between the core and
edge systems, which reflects mainly the attenuation of taenbdensity. At the plasma edge
(see figuré 412(b)) the spectral radiance of the active 8nk28<10'" photons/m/sr/s while
the full width at half maximum (FWHM) is 0.303 nm (correspomglito an ion temperature
of T; = 670.5eV) and the absolute wavelength shift of the spelitrlis 0.039 nm (equal to
a rotation ofv,,;, = 20.7 km/s). In the core the signal is much lower due to thenatition of
the neutral beam. For the spectrum shown in figuré 4.2(c)abmmce of the active line is
1.90x 10'° photons/m/st/s, the FWHM of the spectral line is 0.544 nith € 2167.9 eV) while
the wavelength shift is 0.193 nm,(; = 103.9 km/s).

4.1.2 Poloidal edge CXRS system

A newly installed poloidal edge CXRS diagnostic also utilgglmeam#3 in sector 15 enables
the measurement of poloidal impurity rotation profiles ara/mes the missing measurements
for deriving the radial electric field from the radial forcalnce equation (2.1.8).

The diagnostic has been designed to obtain high spatiduteso(down to 5 mm) measure-
ments of the plasma edge at AUG. The system featurd$2ah optics mounted inside the
vessel and employs one lense with a focal length of 40 mm. &@lrresolution had to be
compromised (by 2 mm compared to the toroidal edge systesnguse the poloidal curvature
of the plasma is stronger than the toroidal one. The optieathhas 8 LOS which view the
edge of the plasma at the outer midplane. Each LOS is condpois2 fibers to enhance the
signal. In the focal plane the radial distance between tyacadt LOS is 1.25 cm with a spot
size of 5mm. The in-vessel optical head has been alignedtkatlkhe 8 LOS view the edge
pedestal in a poloidal plane and to ensure that no toroidatiom component is picked up.
Figure[4.8 shows an overview of the viewing geometry of the sgstem.

The collected light is transmitted to a high throughfdt Czerny-Turner spectrometer which
is similar to the spectrometer used for the toroidal edgéegys It employs two objective
lenses both with a focal length of 280 mm. Thus, the light frbbnfibers can be imaged on
the CCD chip simultaneously. Due to the expected small madmiti the poloidal rotation
velocity, the lenses of the spectrometer were chosen sathhé spectrometer has a higher
dispersion and thus, a larger spectral resolution comparé one employed for the toroidal
edge CXRS measurements. At a central wavelength of 494.5 endigpersion of the spec-
trometer employed for the poloidal CXRS measurements is Ot pixel.

The entrance slit of the spectrometer is typically set todthwvof 50 um. At this slit width and
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Figure 4.3: Viewing geometry of poloidal edge CXRS diagnastiop down view of sector 15
indicating the collection regions of the poloidal systenthwespect to the path of the neutral
beam.

at a central wavelength of 494.5 nm the instrumental widtthefsystem is between 0.023 to
0.027 nm depending on the spectrometer channel. The cadi@ttotons are imaged onto a
frame-transfer CCD camera (Princeton Instruments Photorl#, 512x512 16 um pixels)
capable of an electron multiplication readout. The CCD chipypted with the spectrometer,
allows for a spectral range of 8.2 nm at a central waveleng#94.5 nm. The spectra from
12 out of 16 fibers, which are connected to the optical heasy@utinely measured with a
repetition time down to 1.9 ms. Two channels of the specttem&re connected to a neon
lamp to provide a wavelength calibration measurement (set#os(4.8). The poloidal system
is typically set to 2.2 ms to obtain concurrent measuremeiitsthe toroidal edge CXRS di-
agnostic. Figur@4l4 shows an example spectrum of thesBectral line along with the fit
which includes a background and a passive componetit, (B= 7 — 6). The spectrum is
fitted with 3 Gaussians; one accounting for the active Bhe, one for the passive component
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Figure 4.4: Example spectrum of thé'Bspectral line using a three Gaussian fit (one account-
ing for the active B* line, one for the passive component and one for the passivdiiBe);

fit in blue, Gaussian components in orange (active line) addpassive lines); the green lines
mark the wavelength range used for the fit.
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and one Gaussian for a nearby passive e at a theoretical wavelength of 494.038 nm. The
lines marked in green in figute 4.4 show the wavelength rasgéd in the fitting procedure.
The measurements of the new poloidal diagnostic are validay comparing the data to the
measurements of the toroidal CXRS systems at the LFS (seerddddi).

4.2 CXRS measurements at the high-field side of AUG

To study the flow structure and possible asymmetries on a fibase, an array of CXRS
diagnostics viewing the high-field side (HFS) of AUG has biestalled. In contrast to the LFS
CXRS diagnostics, which use a heating beam that provides thteatefor the CX reactions,
the CXRS diagnostics at the HFS utilize a deuterium (D) gas gqdf collect the light, that
is emitted after the impurity undergoes a CX reaction withexrtial D particle. Due to the
penetration of the thermal D gas puff, the HFS measuremeatseatricted to the outermost
region of the plasma.

The HFS array consists of a toroidal [108] and a poloidal \isee figuré 415) and each view
is equipped with twd /4 optical heads. For the toroidal system, one optical heasisthe gas
puff directly, while the other views the background plasragafiel to the ‘active’ optical head
(~10cm above the ‘active’ view) and thus, collects the comesiing background spectra.
Both optical heads are installed at the LFS and view throughptasma edge at the outer
midplane, intersect either the diagnostic gas puff at th& ldFthe plasma edge at the inner
wall for the ‘background’ view, respectively. Then the vewass through the plasma edge
at the other side (again LFS). Hence, the ‘background’ eptiead collects passive emission
from three separate regions along the LOS, while the ‘aatigécal head collects additional
emission from the HFS region when the gas puff is switchedamilarly, the poloidal system
has one optical head viewing the gas puff directly, while $beond views the background
plasma at the same poloidal location, but at a differentidatdocation (sector 3, see figure
[4.3) to avoid the active CX signal. These are both installal@HFS and thus, collect light
from the plasma edge at the inner wall.

Due to the installation of two optical heads for each viewe background signals, i.e. the
passive emission, can be subtracted from the active speCina issue associated with the
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Figure 4.5: Top down view of AUG showing the collection raggdcrosses) of the edge CXRS
diagnostics. The optical heads are marked by rectangles.
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Figure 4.6: Relative calibration: Spectra obtained with sloéive (ACT) and background
(BKG) toroidal HFS diagnostic shortly before the gas puffppléed.

background subtraction is the emission from moleculgr\izhich is injected from the HFS,
and might disturb the fitting procedure. However, the mdkestadiate in a very limited radial
range in the near scrape-off layer. In the present work, nlaéyais is limited to the edge of the
confined plasma where the, Inolecules are already disassociated.

Each optical head is equipped with six LOS allowing a radrafife to be measured. In the
focal plane the spot size of the LOS is 8.8 mm for the toroidaBtsystem and 5 mm for the
poloidal HFS diagnostic, while the channel spacing is 15 & he radial resolution can be
increased by applying the radial plasma sweep techniquegsetio_3]2) and moving the
plasma position towards the inner wall. All optical heads aligned such that they view
the plasma as tangential to the flux surfaces as possiblecdlleeted light is transmitted to
a high throughput/4 Czerny-Turner spectrometer which has identical progeis the one
employed for the toroidal edge CXRS system at the LFS.

To obtain measurements at the HFS thermal D is puffed fromrther wall for a certain
time period. A few milliseconds before the gas puff is apglie refinement of the calibration
on the background channels relative to the active chansglsrformed. Relative calibration
factors with respect to the corresponding active chanmelsalculated. Using this method the
relative brightnesses of the active and background viewsg;warise due to imperfections of
the calibration, are taken into account.

Figurd 4.6 shows the measured spectra from the active anadkground view, shortly before
thermal D is injected. The spectra are fitted by a Gaussiactitm(solid line in figurd_4]6)
and the fitting region is restricted to théB(n = 7 — 6) spectral line. The relative calibration
factors for each LOS are calculated from the ratio of thelhtsigf the fitted Gaussians of the
active and background LOS. For the example given in fiQurkte6calibration factors for
the different LOS vary between 0.67 and 1.05. To isolate ttieeaCX line, the background
spectra measured during the gas puff are multiplied by tineesponding calibration factors
and subtracted from the active spectra. The Doppler shiftoppler width of the measured
active spectral line give information on the rotation véipand on the ion temperature. The
direct evaluation of the HFS impurity density profile fronetmeasured radiance of the spectral
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line is not yet available at AUG, as a neutral density measarg after the application of the
gas puff is missing.

Corrections to the measurements due to the CX cross-sectamssf109] (see sectidn 4.5.1)
are negligible since at thermal energies the cross-seletista weak dependence on the energy
and hence, the temperature dependence of the effective CHareaate is small. The HFS
measurements, combined with the data obtained from the i&ghastics, enables localized
CXRS measurements at two different poloidal locations (segdid.1(a)) on a flux surface
and allows for studying possible asymmetries on a flux serfaee chaptéi 5).

4.3 Characterization and calibration of CXRS diagnostics

For an accurate interpretation of the CXRS measurementspmlponents of the diagnostic
need to be calibrated. A spatial calibration of the LOS of $lgstems is needed to know
where in the torus the optical heads are focused. Togethhbrthwe positions of the optical

heads the geometry of the LOS can be determined. For thezatiah of the measurements
the intersection of the views with the neutral beam are detexd via a 3D model of the

beam density and the LOS. A complete radiance calibratiables the calculation of absolute
values for the impurity density profile. The instrument ftioc of the systems needs to be
measured accurately to deconvolve the spectra from theteffehe spectrometer’s optics.
Wavelength calibrations are required to provide accum@ttgion velocity measurements. The
techniques for the various calibrations are presentedsrstttion.

Spatial calibration

The in-vessel setup of the diagnostics was adjusted by igatkilg the optical fibers. The
foci of the optical heads were aligned to the neutral bé&3rand gas puff, respectively, such
that the radial resolution is maximized, i.e. viewing thagpha as tangential as possible.
Backlighting the fibers also enables an in-vessel radiabion of the LOS. The position
of the focal points and the optical heads are measured useng@ measurement technology
provided by FAROI[110]. The accuracy of the LOS measuremisnt$ the order<l mm.
From these measurements the 3D geometry of the LOS throeghldema is calculated and
used for determining the intersection with the neutral beaas puff. Thus, the intersection
points of the LOS with the neutral beam and gas puff, respsgtiare known with quite high
accuracy.

Radiance calibration

A radiance calibration of the whole diagnostic setup is eéei calculate absolute values
for the impurity density. Therefore, the in-vessel optibabhds and the spectrometers are
calibrated. For the calibration a standardized light seusith a known spectral radiance
(Labsphere, Model Unisource 1200) is used in a two-stepoggbr. First, the integrating
sphere is put in front of the optical head such that the vigwione of the optics is completely
filled by the aperture of the sphere. The light emitted by fiteese is then measured at different
wavelengths. This results in a radiance calibration as etiwm of the wavelength for all fibers
of the various optical heads.

For a complete radiance calibration the channels of thetispeeters, which are connected to
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the fibers of the in-vessel optical head by a connection h@dsd need to be calibrated. This
relative calibration facilitates the interchange of themhels. Each channel is illuminated
directly with the integrating sphere thus, enabling a camspa of the detected photons of
each channel.

For the calibration a wavelength scan from 370 to 730 nm ifop@ed. While the grating is
turning, the CCD chip is illuminated by emission at differeraweglengths. The center of the
chip is irradiated by the whole wavelength range. Hences#msitivity of the CCD chip is
obtained. The resulting count rates of each pixel of the CCIp ghalds information on the
relative efficiency of imaging and detecting the light of &gjfic wavelength. The efficiency
is given by the sensitivityy' of the spectroscopical setup which is a function of the wevgth

A, the pixel position inc andy direction of the CCD chip and the spectrometer channel. The
dependence is simplified 8 = S(\, z,ix, fibre) by separately calibrating each channel of
the spectrometers which are binned in thdirection of the camera (see figurel4.9(b)). The
sensitivity is the link between the measured signal andddence of the integrating sphere
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Figure 4.7: (a) Spectral radiance of the integrating spl{bjesignal measured for one channel
and (c) resulting sensitivity curve.
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and is used to calibrate the measured spectra of the diaggiost

G — Tcounts Ncounts (4.1)

B Ltexp - LAA)\pixtexp.

Herencounts/texp IS the counting rate per pixel, the spectral radiancé,, the spectral radiance
at a certain wavelength ani\,x the wavelength range detected by a pixel. The sensitivity
of the spectroscopical setup is mainly determined by thebmuraf counts per photon, by the
acceptance angle of the spectrometer, by the etendue, vghachmeasure of how much light
can be coupled into the spectrometer, and by losses duenwnirssion, reflection, slit edges
and vignetting. Figuré_4.7(a) shows the spectral radiafidbeintegrating sphere, (b) the
measured Ulbricht sphere signal and (c) the resulting setsicurve of the corresponding
channel with a spline fit to the data in red. The dip-&00 nm is owing to the absorption by
water molecules within the fibers.

Instrument function

The width of the entrance slit and optical imperfectionsed®ine the spectral width of the
instrument function. A detailed knowledge of the instrutf@imction of the spectrometers is
needed to deconvolve the true CXRS spectra from the effecttodbe optics of the system.
The instrument functions of each spectrometer channel bega measured with calibration
lamps (Hg and Ne lamps) at different wavelengths througti@isible range and at different
slit widths. The edge CXRS diagnostics typically employ aveidth of 50 um. For slit widths

< 50 um the shape of the instrument functions are well destiblyea Gaussian function. The
deconvolution is performed analytically during the fittipgbcess and the measured width of
the spectrum has contributions from the instrumental wadtth the Doppler width. For a slit
width of 50 um the full width at half maximum (FWHM) of the ingtnent function for the
different spectrometer channels is in the range of 0.031G88nm for the toroidal LFS and
both HFS systems and between 0.023 to 0.027 nm for the pbloka system (at a central
wavelength of 494.5 nm). Slight variations of the differepectrometer channels arise due to
imperfections of the entrance slit.

Figure[4.8 shows an example instrumental fit in red at a slithwof 50 um. The curve in
black corresponds to the measured spectral line. To obtaib-gixel resolution, the grating
is slowly moved for a small wavelength interval (such tha #ipectral line falls within the
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Figure 4.8: Instrument function for a slit width of 50 um.
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spectral range of the spectrometer) while a large numbeaofds is recorded. The movement
of the spectral line is slow compared to the repetition tiriée measured spectra are then
used to obtain a highly-resolved spectral line measureimgotlculating the center of mass
for the spectral line and shifting the spectrum such thatdmer of mass coincides with the
one of the first frame. The asymmetric appearance on thehghd side of the spectral line is
attributed to the spectral line source. The arc lamps usee $everal lines with long spectral
wings on the red side of the spectrum.

Wavelength calibration

For the measurement of the small rotation velocity of theuntp ions at the plasma edge
a very accurate knowledge of the wavelength calibratioreeded, since systematical uncer-
tainties in the rotation would arise from any error in the alangth calibration. Special care
was taken to minimize the uncertainties of the wavelengtb ax

The light collected by each optical head is transmitted by 4@ optical fibers and guided
into a spectrometer. The optical fibers are stacked vegtizafront of the entrance slit of the
spectrometer. The light is collimated, then dispersed b¥@02&nes/mm grating and focused
onto the CCD camera. The grating equation of the spectronseggran by:

ng\ = CO%(Sina + sing) (4.2)

wheren is the diffraction orderg the number of grooves/mm of the gratingthe wavelength,

¢ the vertical angle of an off-axis ray (see figlrel4.9(a)) anahd 5 the angle of incidence
and diffraction on the grating, respectively. In the imat¢gnp of the spectrometer a spectral
line has a strong curvature since the wavelengttepends on ces A vertical entrance slit
has off-axis point sources and therefore, the diffractiogle@s depends on the vertical angle
e. This causes the image of a spectral line to be roughly pécdid1]. Figure[4.9(b) shows
the parabolic image at a wavelength of 650.7 nm measured adie calibration lamp. For a
particular central wavelength, the angle of incidence is fixed. If e and 3 are small,\, is

A > entrance
. X collimating slit
image —*— lense Y,
plane -
VA
. - %)
focusing - o °
lense side view =
®©
ey
entrance o
grating collimating slit
lense 4
. TX1
(a) — Ne (650.7 nm)
1
top down view x direction of CCD

Figure 4.9: (a) Schematic of a grating spectrometer (adafpten [112]), (b) image of the
spectrometer channels at a wavelength ef 650.7 nm (Ne lamp).
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Figure 4.10: Measured deviations from the parabolic imdgestraight entrance slit.

given by )\, ~ 1g(sina + ). Expanding) in equation[(4.2) aboutand leads to:

n

2

A= Ao = A\~ —%)\0 + %Aﬂ (4.3)
whereApS = 3. They-coordinate on the CCD chip (in the vertical direction) of theage of
a point source with a vertical angtas given byy = fytare wheref; is the focal length of the
focusing lense. The vertical deviation from the on-axisgeé determined by expanding
aboute (e being small) leading td\y =y —y(e =~ 0) = fye. Thex-coordinate on the CCD chip
(horizontal direction) of the on-axis image of a point s@uig given byz = fytan(5 — 5.)
whereg. is the angle of diffraction of the central wavelength. Theizuntal deviation from
the image is obtained by expandingabouts resulting inAz = f,seé(3 — 3.)AB. Thus,
equation[(4.B) results in:

_Ay? ot coss 1 Az
2/27° " ng se€(B—B.) fo

For a single wavelengthy = )\ and thusAX = 0, the parabolic image of a straight slit is
described by:

AN ~

(4.4)

n.g)\O Seé (BO - Bc)
2fa  cogf)

However, small displacements of the input fibers from a p#sferertical arrangement lead to
small deviations from this formula, i.&\x = Az, + Azgey WhereAx, describes the parabolic
image (equation (415)) anflz4e, the deviations. The deviation from the parabolic image of
the straight entrance slit of each spectrometer channdddes determined at several different
wavelengths using Hg and Ne calibration lamps. Figurel4hblvs the deviations of the mea-
sured pixel position with respect to the theoretical pixadipon, Az qe,, for each channel of the
spectrometer dedicated to the toroidal edge CX measurerardtat different wavelengths.
The effect increases linearly with the wavelength as theeiton of the spectrometer is larger
for increasing wavelengths. The deviations are mainly duedeviation of the slit orientation
of ~0.03 degrees from the vertical direction and imperfectioithe slit edges, which are of
the order 1-2 um. The deviation is similar for the spectr@msetvhich employ the poloidal
LFS and the HFS LOS, respectively. Note that in the analyisiseoCX measurements these

Ax ~

(Ay)*. (4.5)
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Figure 4.11: Example neon spectrum acquired during a digeh#he poloidal edge CXRS
diagnostic was set to the’B wavelength.

corrections are taken into account.

For the B line, the wavelength shift associated with a rotation vigyoof 1 km/s is 1.65 pm.
On this scale a systematic change in the Doppler shift mag aviee from changes in the
air pressure and temperature [113]. Therefore, an additiwavelength calibration is per-
formed on a shot-to-shot basis. Two channels of the speetemndedicated to poloidal CX
measurements (one channel for the spectrometer of thel&bmilge system) are switched to
a neon lamp which allows a neon spectrum to be measured iy digharge. One channel
is attached to the upper half of the camera and the seconaieharthe lower half. This also
provides a check on the stability of the parabola of the spewtter as a function of time (e.g.
the parabola might change due to the mechanical movemem spiectrometer). In addition,
the parabola measurements are retaken after every expgsinsampaign to track systematic
variations and possible changes of the spectrometers.

From the neon spectra, the apparent systematic shift islaééd and the ‘true’ poloidal rota-
tion velocity is evaluated. This method allows the deteation of the wavelength calibration
quite accurately with uncertainties smaller than 1 km/gukg[4. 11 shows an example spec-
trum of the neon lamp acquired during a discharge. The sun@@fspectra collected at the
end of the discharge is used for the calibration. In the itigiof the B>* wavelength three
well-known neon lines are fitted. The lines, marked in bluégare[4.11, represent the nom-
inal value of the neon lines at 493.904, 494.499 and 495.@0R0OE]. The spectral lines are
each fitted using one Gaussian. The average of the diffetmteeeen the central wavelength
and the theoretical wavelength of the three neon lines i3 tised to calculate the apparent
systematic shift. In this discharge, the shift of the neoediis 0.023, 0.022 and 0.021 nm
corresponding to velocities of 13.9, 13.3 and 12.7 km/geetively. Note that this shift is
mainly given by the mechanical uncertainties of the sineegnivhich controls the position of
the grating.

A similar wavelength calibration method is used for the HFSRSXsystems. Since the HFS
diagnostics are not equipped with a dedicated spectrontieéawavelength calibration is per-
formed after each discharge in which the HFS systems are used
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Figure 4.12: Consistency check of LFS CXRS measurements: r{dgmperature, (b) spec-

tral radiance and (c) toroidal rotation velocity. The pesdilobtained from the core systems
are shown in green, data from the toroidal edge system akensimred and measurements
obtained with the poloidal edge system in blue.

4.4 Validation of CXRS measurements

At the LFS the edge CXRS measurements may be combined with theasured in the core
to obtain full radial profiles, i.e. from the magnetic axid twthe separatrix. A comparison
of all the CXRS measurements also provides a consistency dfdic& diagnostics. At AUG
two core systems are installed, one views beam so#fe sector 15 and the other utilizes
beam sourcéts in sector 7 (see figute 4.1). For experiments in which the NBts®#8 is not
utilized the spectrometer of the core system Il is equippigalextra LOS from the optical head
of the toroidal core CXRS system I. This enables the measureofi¢wo different impurity
species on the same beam and a cross-check on radiance agldngdv calibrations when
imaging the same impurity.

Figurel4. 12 shows example profiles of ion temperature, sgleediance and toroidal rotation
velocity. In this discharge the edge systems and the coteraylsmeasured on™N (n = 9 —

8, A = 566.937nm). The spectrometer of the core CXRS system Il utilized LQ@#fthe
core CXRS system | (i.e. viewing NBI sour¢&3) and measured the’B spectral line. Good
agreement is obtained for the spectral radiance, temperamal toroidal rotation velocities and
the profiles are consistent within their uncertaintiesirgj\confidence that the calibrations of
the various diagnostics are very accurate.

A validation of the diagnostic technique can also be peréatimy comparing the radial electric
field profile derived from CXRS measurements on multiple imgwspecies (see chapfidr 5).

4.5 Corrections to CXRS measurements

Atomic physics effects may affect the spectra and can causdl srrors in the temperature
and rotation measurements if they are not properly takem astount. These include the
CX cross-section effect and the gyro-motion effect, whiah gresented in subsectibn 415.1.
Corrections due to the Zeeman effect are discussed in sidsdcb.2.



4.5 Corrections to CXRS measurements 47

E, ]
. . .B4+ (n=7—6)]
0 20 40 60 80 100
E, [keV/amu]

Figure 4.13: Energy dependent CX cross-sectional areadd@’th+ D — B** + D* reaction;
Ey, indicates the first beam energy component for a 60 keV D beaoh, &s the one used for
the edge CXRS measurements.

4.5.1 Charge exchange cross-section effect

Due to the energy-dependent CX cross-sections several@physics effects arise when mea-
suring CX emission. The main effect is that an apparent wagéeshift, which is not associ-
ated with the Doppler motion of the parent ion distributioan be observed in the measured
spectral[[109]. This effect depends on the direction of olzgiem and on the geometry of the
LOS with respect to the neutral beam. If the observatiorctioa is perfectly perpendicular to
the neutral beam, then along the magnetic field (paralieiial observation) this effect would
vanish while perpendicular to the magnetic field (poloidadervation) a net effect would arise
due to the gyro-motion of the particle (discussed below).abaeviations from a perfectly
perpendicular setup with respect to the neutral beam (m&llsangles in the LOS geometry
and/or tilt angles in the beam geometry), which is typic#ily situation in the experiment, in
combination with the energy dependent CX cross-sectionte#ds effect.

The emissiorecx from the CX process is proportional ton,(, wheren, is the neutral
beam densityp, the impurity density and) the effective emission rate. The effective emis-
sion rate can be written a8(v,¢;) = 05 (Vyer)vrer, WhereoS is the CX cross-section of
a given transitiony,..; = |v, — vy| is the relative velocity between the impurity ion with ve-
locity v,, and the neutral beam particle with velocity. The effective emission rate for the
B>* + DY — B%" + D" reaction is shown in figufe4.113. The first beam energy commutolig

of beam sourcét3 (60 keV D beam and thugj, = 30 keV/amu), which is used as diagnostic
beam for the edge CXRS diagnostics, is indicated with a vélirea

lons moving towards/away from the beam (and hence, witihidnigher/lower collision ve-
locity) sample different regions of the energy-dependent@ss-sections (marked with blue
and red arrows in figure_4.113) and thus, have a higher/low@&baility to undergo CX. In
the case of a non-perfect perpendicular view of the neutraht this might lead to an en-
hancement of the observed line intensity on one side of teetspm, while the other side is
reduced. Hence, the spectra are distorted and result ingareag line broadening and shift
not associated with the true ion temperature and velocity.

The cross-section effects on the measured CX spectra hawesheelated for the geometry
of the edge systems and for a 60 keV deuterium beam (firsthdeaind third beam energy
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components) using the approach of von Hellermanal. [L09]. At AUG, the neutral beam
#3 has a vertical tilt of 4.9 degrees and a toroidal tilt of 1@efrees.

In the vicinity of the beam the effective emission rafecan be represented by =
QoexplaAv + BAv?) wherea is proportional to the first derivative @ and 3 to its sec-
ond derivative[[109]. The apparent line shift is due to thadignt of(), while the apparent
line broadening arises due to the curvaturé)ofThe LOS of the edge CXRS systems have a
nearly perpendicular view and are aligned in a poloidal {igpee[4.3) and toroidal (see figure
[4.7) plane, respectively. Figure 4114(a) and (b) show tmeections to the observed tempera-
tures,T,,s, and velocitiesy,,s, with respect to the true temperatuie,,., and velocityv;,..,

for B>* for the inner- and the outermost LOS of the poloidal optieddh Figuré 4.14(c) and
(d) show the corrections for the toroidal edge system. Thieections are well within the error
bars of the measurements. For an edge rotation of 20 km/sotiection due to the energy-
dependent CX cross-section is less than 1.5 km/s for thed@ireystem and less than 0.7 km/s
for the poloidal system. In the considered temperatureganghe plasma edge (200-500 eV)
the temperature corrections are between 0.01 to 0.05eV.

Figure[4.1b shows the corrections for the first, second aindi leam energy components of a
60 keV D beam. Both the velocity and temperature correctidniseosecond and third beam
energy components change sign, while the temperaturectioms are an order of magnitude
higher compared to the correction of the first beam energypooent. Note, however, that
the first beam energy component contributes about 80 the total CX emission, while the
contributions of the second and third component are of tkero8% and 2%, respectively
(taking into account the effective CX emission rate and thebenergy population densities,
Ey: Eol2: Egl3=65%:25% : 10%).

The results obtained from these calculations demonsthatefér the observed temperature
and velocity ranges the cross-section effects on the meadspectra are negligible and hence,
they are not included in the standard analysis.

Gyro-motion effect

In addition to the CX cross-section effect described abdweeetfect of the gyro-motion of the
impurity ion along with the finite lifetime of the observedat [112] can become important
when measuring in the plane of the gyro-orbit. An apparerttoad velocity arises as the ion
rotateswr before emitting a photon, witly the ion gyro-frequency and the lifetime of the
excited state of the transition. If the neutral beam has acityl component in the plane of
the gyro-motion, the ions moving towards the beam have atargllision velocity and are
more likely to undergo CX due to the cross-section effecta@reld above. This leads to a
net apparent line shift toward the beam if the LOS have a commoparallel to the neutral
beam (i.e. the viewing geometry is not perfectly perpendicio the neutral beam). Sineeof
the considered transition is finite the impurity ions gyratebefore emitting the CX photon.
Hence, after an angular precessionvefpart of the velocity associated with the apparent line
shift is directed downward, perpendicular to the neutralnbgi.e. into the poloidal direction
(see figurd4.16). The apparent velocity due to the combiryed-igotion and CX cross-
section effect is given by [114]:

1 wT w?r?
Vaz-1 + E(VAZA X B) + ?(VAZA B)B . (4.6)

T 14 wr?
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Figure 4.16: The precession of the ion along its gyro-orbitrdy the lifetimer of the excited
state leads to a net (apparent) velocity pointing downwadinto the poloidal direction.

Here,v 421 is the apparent velocity of the product io?A") after the CX process. This equa-
tion is derived for a local measurement, however, CXRS measnts are integrals along the
LOS. The local equatio_(4.6) is integrated along the LOSite the correction arising from
the gyro-motion and CX cross-section effect [115] and depeardthe gyro-frequency, the
lifetime of the excited state and the angles between the L@Ste neutral beam.

An estimate for the effect of the gyro-orbit motion during finite lifetime of the excited state
has been calculated for the simplest case assuming thaptiwalchead has a perpendicular
view on the neutral beam (i.e. the CX cross-section effecers)z For a typical magnetic
field of 2 T at the low-field side of AUG, the gyro-frequency of'Bs of the ordel7 x 107 Hz.

A scan of various lifetimes has been performed and the apparent velocity due to the gyro-
motion effect as a function af andwr is shown in figuré 4.17. For = 0, i.e. the photon

of the excited state is emitted immediately after the CX psecthe apparent velocity is zero.
For a certain value of (cf. figure[4.17) the apparent velocity reaches a maximurth@rcase

of B*, T" = 500 eV and an observed velocity of,, = 20 km/s,r is approximately 7 ns and
the correction is of the order 25 corresponding to a maximal apparent velocity of 4.8 km/s).
For large values of the apparent velocity vanishes since the ion gyrates ‘tefyiifast and
eventually emits the photon.

This analysis has been extended to account for the ‘reathgéy of the new poloidal edge
CXRS system. The typical lifetime for the*B (n = 7 — 6) transition is on the timescale
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Figure 4.17: Gyro-motion effect for a perpendicular view the neutral beam: Apparent
velocity, vapp. 4,70, NOrmMalized to an observed velocity @f,; = 20 km/s for B'" as a function
of the lifetime of the excited state far= 7 x 10" Hz and7 = 500 eV.
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Figure 4.18: Apparent velocity,,, 4,.,» Normalized to an observed velocity®f; = 20 km/s
for the B spectral line as a function of the major radius of the L&3y 4, of the poloidal
system arising due to the gyro-motion effect for differealines ofwr and7 = 500 eV.

of ns, similar to the lifetime of € (n = 8 — 7). The Einstein coefficients for'8 and C*
have been calculated using the Cowan cdel[116] (as provigésebAtomic Data Analysis
Structure ADAS[[117]), which are in agreement with thosewet from Wieseet al. [118]
(the deviations are smaller than 0.0& s~!). Calculating the vacuum radiative lifetime of
both B'* and C* yields similar values, i.e. 0.638ns forBand 0.552ns for €, in good
agreement with the vacuum radiative lifetime used in refl2]1(0.54 ns for the €" transi-
tion). Using a collisional-radiative model and allowingliaive decay from highen levels
[112] an effective lifetime for € was estimated as 0.7 ns. Measurements on TFTR revealed
an effective lifetime of 1.1 ns for the®C transition [112], while on DIII-D the experimentally
derived lifetime was 1.7 n§ [114]. For parameters at AUG ambizlering the B* transition
these lifetimes translate tor ~ 0.05,wr ~ 0.08 andvr ~ 0.12, respectively. A sensitivity
study of increasing lifetimes has been performed and thétsegre shown in figurie 4.1.8. The
apparent velocity, defined as the difference between tteeatind the observed velocity, due to
the gyro-motion of the impurity ion increases for longeetimes of the excited state.

The combined effect due to both the gyro-orbit motion andd)ecross-sections is shown in
figure[4.19. Figur€4.19(a) shows the velocity correctiamsE™ as a function of the major
radius of the LOSR; g, while figure[4.19(b) shows the dependence on the true iopgem
ature. For increasing values of- the apparent velocity appears to be higher for lower ion
temperatures due to competing corrections arising fronCiKeross-section and gyro-motion
effect. Forwr = 0 the remaining effect is due to the energy-dependent CX @estens as
discussed above (see figlre 4.14).

The three beam energy components have also been considerdueaesulting velocity cor-
rections for B+ are shown in figur&4.20(a). The corrections are abolt A@yher for the
second and third beam energy component compared to the dash lenergy component.
However, as mentioned earlier the main contribution to titael tCX emission is given by
the first beam energy component. Figure ¥#.20(b) shows threat@ns of the combined CX
cross-section and gyro-motion effect for different impusipecies calculated for the first beam
energy component. The effect scales with the charge stéte cbnsidered species. For lower
charge states (e.g. M@ the correction even changes sign due to the counterbalmtaeen
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Figure 4.19: Combined CX cross-section and gyro-motion efteahe poloidal system: (a)
corrections for B* spectral line as a function of the major radius of the L@&%y, for two
different values ofur and for different ion temperatures, (b) corrections as atfan of the
true ion temperaturel;,,... The curves are normalized to an observed velocity of =
20 km/s. For the caseT = 0 (i.e. no gyro-motion effect) the impact of the energy de @
of the CX cross-sections is shown separately (as in figuré 4.14

the CX cross-section and gyro-motion effect.

The combined CX cross-section and gyro-motion effect has baeulated for real impurity
ion temperature and poloidal rotation profiles measureds AFor this case only the first
beam energy component has been considered. The effectyofiggahe lifetime of the B*
transition is shown in figure 4.21(a), while figlire 4.21(byi40) show the input temperature
and velocity profile. The theoretically and experimentalgrived lifetimes[[112, 114] dis-
cussed above have been used for the simulations. Note thaenfler R; s the corrections
appear to be large, however, for the small observed rotaétmtities (see figufe 4.21(c)) these
values translate te-0.5 km/s.
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Figure 4.20: (a) Combined CX cross-section and gyro-motiéecefor the poloidal system
evaluated for the three beam energy components of a 60 ke\am:beorrections for B spec-
tral line for an observed velocity af,,; = 20 km/s,7 = 0.7ns,wr =~ 0.05 andl’ = 500 eV.

(b) Corrections of the combined effect for different impyspecies; here the corrections are
shown for the first beam energy component.
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Figure 4.21: Calculations for a real AUG case using measumgaiity ion temperature and
poloidal rotation profiles: (a) corrections fof Bas a function of the major radius of the LOS,
Rros, of the poloidal system for different values of the lifetimgb) input temperature profile
T,s, (C) input rotation velocity profile,..

The calculations presented in this subsection show thathé&temperature and rotation ranges
observed at the plasma edge the corrections due to the Cxsrossn and gyro-motion ef-
fects on the measured spectra are small. The magnitude obthextion depends on the value
of w7, which itself is uncertain within a factor of 2. Thereforégtcorrections are not in-
cluded in the standard analysis. Due to the atomic physfestefan additional uncertainty
of +0.5km/s arises for the poloidal rotation measurementddipig a total uncertainty of
1.5km/s.

4.5.2 Correction due to Zeeman splitting

Due to the presence of a magnetic field in tokamak plasmasdken@n effect needs to be
taken into account. Each Zeeman component {£o-components) is a Gaussian itself with
a Doppler width which represents the true ion temperatureem#il of the components are
added up a line-shape which is nearly Gaussian is produaadever, the width of this Gaus-
sian overestimates the ion temperature [5,/119]. Severtiads are employed to account
for the Zeeman splitting in CX spectra. Note that the totalrdae pattern includes both the
Zeeman and the fine structure contributions, i.e. the finestre is also taken into account in
the fitting process.

At AUG, correction factors calculated as a function of thpament ion temperature [120] are
used to account for the Zeeman broadening, assuming thiaitétidine shape of the measured
spectra is Gaussian. This assumption is valid at high teatyes and low magnetic fields,
where the Doppler broadening is dominant compared to thenZeesplitting. The Zeeman
components are calculated assuming fully mixed populatidithel-states { being the orbital
angular momentum quantum number). The validity of this egxion has been examined
for the plasma edge conditions of AUG using an empirical fden{121] for determining the
critical plasma density at which a given transition is fuityxed:

1 Zl5
> .
e = 85 % 10-16 | ni7

Here,n. is the electron density in cn, Z the charge of the particle amdthe principal quan-

4.7)
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Figure 4.22: Correction factdF; ;.../T; ., for B>t to account for Zeeman splitting in CX
spectra.

tum number. For the B transition, a critical density of 1:310'° m~—2 is obtained which is
lower than typical densities at the plasma edge of AUG indigathat thel-levels are fully
mixed. Each component of the Zeeman pattern is convolveld aviaussian which corre-
sponds to the Doppler broadening at the real ion temperailine resulting feature is well
described by a single Gaussian with an apparent ion temysef@t,,, .

Figure[4.22 shows the dependence of the correction factdfo on the apparent ion tem-
perature calculated for the LOS of the poloidal optical h@dihost perpendicular view to the
magnetic field) and a magnetic field of 2 T. The solid lines uretdnd red show the theoretical
curves calculated for B=2T and an anglef 0° and 90, respectively, whereé is the angle
between the LOS and the magnetic field. The black diamondk tharcurve which is used
for the evaluation of the experimental data. The corredamtors vary for different angles

due to ther- andr-transitions. Ther-components are dominant for observation angles paral-
lel to the magnetic field, while the-component dominates in the case of observation angles
perpendicular to the magnetic field. The true ion tempeedliuy.,.. is obtained by multiplying

the measured apparent temperature with the correctioorfadtis procedure is performed for
all of the CXRS diagnostics.

In summary, in the standard analysis of the CXRS measuremem&lG the corrections due

to the CX cross-section and gyro-motion effects are not taknaccount as they are found
to be small, while the corrections due to the Zeeman effeciramiuded.



Chapter 5

The structure of the edge radial electric
fleld at ASDEX Upgrade

The most accepted explanation for the edge transport bé&Td) is the existence of a strong
shear in plasma flow perpendicular to the magnetic field achbge local radial electric field
E,.. This ExB velocity shear is thought to be fundamental for edge turimdesuppression
[4] thus, aiding the formation of the ETB and leading to thélltransition. However, the
origin and development ok, is still not fully understood although the existence iof is
ubiquitous to toroidal magnetic confinement devices sucASISEX Upgrade([2R, 24, 25],
DIII-D [122], Alcator C-Mod [17], JET [16], JT-60UL[18], TFTR123], TEXTOR [124],
MAST [125], NSTX [113], LHD [126], W7-AS[1277], TJ-II[[128] ath RFX [129]. In order

to get a better understanding of thexB shear and its connection to the transition from L- to
H-mode detailed measurementsifare highly desirable.

This chapter provides a general description of the evalnaif £, using the new edge charge
exchange recombination spectroscopy (CXRS) diagnosticdiandsses the validation of the
radial electric field measurements. ThRgprofile measured at the inner midplane is compared
to the beam-based measurements at the low-field side. Tteost@atic potential is derived
from these measurements, which enables the consistentye dfoivs and the electrostatic
potential on a flux surface to be tested.

5.1 Derivation of the radial electric field at the plasma edge
of ASDEX Upgrade

For an accurate evaluation of the radial electric figldvia the radial force balance equation
(see section 2.2.1), the poloidal and toroidal magnetidgigb, and B, as well as tempera-
ture, density and flow velocities of the observed speciase required:

1 Opa
- aB aB . 51

Here,r is the radial coordinatey,, the density,Z,, the charge state, the elementary charge,
%‘? the radial pressure gradient, whilg, andv, , correspond to the poloidal and toroidal
rotation velocities of the species. The toroidal and pabidagnetic fields are determined
from the equilibrium reconstruction of the plasma using CIEJ130]. The edge CXRS di-
agnostics provide all of the remaining quantities needesl/&duateF,. The ion temperature

E, =




56 5. The structure of the edge radial electric field at ASDEX Uptade

is determined from the Doppler width, the rotation veloditym the Doppler shift and the
impurity density from the spectral radiance of the obsei@&dline (as described in section
[3.1.3). For the evaluation of the impurity density the cimttions from the three beam en-
ergy components and charge transfer from excited deutarithen = 2 level is taken into
account. As the CXRS measurements represent the originalojomgtion, the charge state
of the fully ionized impurity ion is used for the evaluatiohtbe pressure gradient term in the
radial force balance (first term on the right-hand side ofatigu (5.1)).

The following sign convention is used in this thesis:is counter-clockwise viewed from
above, whiled points vertically downward at the outer midplane. Henceinter-clockwise
toroidal rotation is positive, while poloidal rotation weelties, which are vertically upward at
the low-field side, are negative (in the electron diamagnaift direction). In the standard
magnetic configuration of AU, is negative ands, is positive. The plasma current,, and
the neutral beam injection (NBI) are pointing into the pesitioroidal direction. The profiles
presented in the following are measured at the outer miéplae. at the low-field side of
AUG, if not stated otherwise.

Figure[5.1 shows example temperature, density and rotatiofiles of B+ (n = 7 — 6,

A =494.467 nm) obtained with the beam-based edge CXRS diagnasta type-| ELMy
H-mode with B4 on-axis of —2.5T, I, of 1MA, 5MW of neutral beam injection (NBI),
0.8 MW of electron cyclotron resonance heating (ECRH) and &raldine-averaged density
of 8 x 101 m~3. The profiles are ELM-synchronized meaning that the datssored during
the occurrence of an ELM crash are excluded. Only measursmprio 2 ms before the onset
of an ELM (which corresponds to the time resolution of theee@XRS diagnostics) are se-
lected if not stated otherwise. To obtain full edge profileadial plasma sweep (see section
[3.2) of 2cm is performed during a time window of 800 ms.

Good agreement is obtained for the ion temperature ariddensity profiles, which show a
clear H-mode pedestal (cf. figure b.1(a) and (b)). The talaidtation velocity is co-current
and exhibits a minimum located around the pedestaltop [ID®§ poloidal rotation velocity
is very low towards the plasma core, while inside the ETB argjly sheared rotation in the
electron diamagnetic drift direction is observed. Notd the measurements in the scrape-off
layer (highlighted in grey in figule 5.1) are omitted as irstfégion the impurity density along
with the active CXRS signal drops rapidly and additional backgd emission disturbs the
active spectra making active CXRS measurements unreliable.

For the evaluation ofs, each individual CXRS profile is fit to a spline function. The Héag
fits are then used for the determination/of. Note that usually th&; andn,, profiles mea-
sured by the toroidal system are used in the fitting procesine the toroidal diagnostic has
a higher radial resolution (3mm compared to 5 mm for the malosystem), which enables
the gradients in the profiles to be determined to higher @oyuin the considered discharge
(#26598) data fop,, < 0.94 from the poloidal system have also been used for fitfjrand
Ny

To reduce uncertainties due to the magnetic equilibriumidineand electron profiles are
aligned relative to each other (as described in settidn B8 relative alignment of the CXRS
systems is of minor importance for the positioningf as in the plasma edge the evaluation
of E, is dominated by the poloidal impurity rotation contributitsee figuré 5]2). While the
radial resolutions of the diagnostics are 3 and 5 mm, reségtthe relative profile alignment
is possible to a higher accuracy (2—3 mm, indicated by a bota error bar in figure 5l1(a))
due to the steepness of the gradients, which are well rasbly¢he measurements.
Figure[5.2 shows thé, profile in black deduced from the profiles of Bin figure[5.1. In
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Figure 5.1: CX profiles obtained from measurements ohiB H-mode: (a) ion temperature,
(b) B>* density, (c) toroidal (red) and poloidal rotation velodibjue). The fits to the data are
highlighted in black.

the ETB a negativeér, well, a narrow, localized minimum close to the separatisxiound.
Towards the plasma core, the magnitudeFpfdecreases an#, changes sign (i.e. becomes
positive, radially outward). The error bars shown in figur@ &re calculated via Gaussian
error propagation using the standard deviation of the mredsiata in a small radial interval
(£0.005 inp,.;, which is of the order of the radial resolution of the diagioss.

In figure[5.2 the individual terms in the radial force balaméeB°* are colour-coded: the
pressure gradient term (green), the toroidal rotation tged) and the poloidal rotation term
(blue). In the radial force balance of impurity ions the pdéb rotation term is the main con-
tribution for the evaluation of thé’, well. Towards the plasma coie. is dominated by the
toroidal rotation velocity.
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Figure 5.2: Radial electric field profile derived from CX measunents on B": E, in black,
toroidal rotation term in red, pressure gradient term iregrand poloidal rotation term in blue.

5.2 Validation of the radial electric field measurements

5.2.1 Comparison of different impurity species

Performing CX measurements on different impurity speciésnal the validation of the di-
agnostic technique and a consistency check,ofo be obtained sinc&, must be the same
for all impurities [9]. Thus, all analyses must arrive at #a@neF, profile regardless of the
impurity species used. For this purpose the discharge ibescin sectiorl 5]1 was repeated
to obtain CX measurements of He(n = 4 — 3, A =468.571nm)and € (n = 8 — 7,

A =529.059 nm). The resulting, profiles are shown in figufe 3.3(a). Within the uncertain-
ties, good agreement between the three different impupigies is obtained, not only in the
minimum of theFE, well, but also in the profile shape towards the plasma core.

In a separate discharge a neon puff was included to crosdcthe £, profile with a fourth
species. Due to the spectral range covered by the edge CXR&odtars (12.19 nm for the

20 T T T T 20

-20

E. [kV/m]
5
E. [kV/m]

4oL — B”, #26598, [2.3,3.1]s 40 :
e C™, #26599, [2.3,3.1]s [ — C¥, #26599, [6.6,7.0]s

[ ——- He™, #26716, [2.3,3.1]s 603 --= Ne'", #26599, [6.6,7.0]s

0 1 1 1
0.90 0.92 0.94 0.96 0.98 1.00 0.90 0.92 0.94 0.96 0.98 1.00
ppol ppol

Figure 5.3: Radial electric field profile determined from CX sw@@&ments on different impu-
rity species: (a) B" in black, @+ in red (dotted line), HE in blue (dashed line), (b) T in
red and N&7 in green (dashed line) during the Ne-seeded phase.
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Figure 5.4: Individual impurity contributions for the euakion of £, versus minimum of,

in H-mode: for the impurity ions the poloidal rotation terstihe main player in the evaluation
of E,. The label ‘C*, #26599, ph I’ corresponds to the non-seeded phase &g #26599,
ph II' to the Ne-seeded phase.

toroidal system and 7.84 nm for the poloidal system at a abwaivelength o\ =527.5 nm),
simultaneous measurement of botfifGind Né°* (n = 11 — 10, A\ =524.897 nm) is pos-
sible. The resulting?, profiles are shown in figuie 53.3(b). THe. profile is reproducible
within the uncertainties regardless of the trace impurstgdifor the analysis. Note that in the
Ne-seeded phase of the discharge, instead of low-frequignpié-1 ELMs smaller ELMs with

a higher frequency appeared due to the neon puff. As the BMksonization method was
also used in this discharge less inter-ELM data remain. &fbeg, the minimum of thé’, well

is not fully resolved in this time period.

For all impurity species analyzed in H-mode plasmas, theigal rotation contribution is
dominant in the radial force balance. In figlrel5.4 the irdinal impurity contributions at the
radial position of theF’, minimum are plotted against the minimum of the well. Note that
for the Ne-seeded phase th&'Gontributions correspond to the position of the minimum of
E. derived from the N&+ measurements, as no clear minimum is visible f&r.Gor all im-
purities, the toroidal rotation term and the pressure gratderm have almost the same value
in absolute magnitude and cancel each other, while the gdlonpurity rotation term is the
dominant contribution for the evaluation of the depth of Hewell.

5.2.2 Comparison to Doppler reflectometry measurements

The E, profile derived from the CXRS measurements has been compafajpjoler reflec-
tometry (DR) measurements. As Doppler reflectometry relieshe backscattering of an
electromagnetic wave at a corrugated cutoff layer (i.doulent fluctuations are present at the
cutoff surface, see also section 3]1.2), edgeneasurements using DR in fully developed H-
mode discharges are challenging due to the low level of tefigctuations at the plasma edge.
The radial range of the DR measurements is determined byefadncy and the polarization
(O- or X-mode) of the diagnostic. For the AUG systems, dethdédge DR measurements are
obtained by regulating the plasma density such that theiéecy range of the reflectometer
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Figure 5.5: (a) Example profiles @, in L-mode andFE, oscillations during the I-phase as
measured with DR (reprinted frorn [68]), (b) comparativeerxment between CXRS and DR
measurements: averagé profile derived from CXRS (black) and DR (blue) during the I-
phase.

(see sectioh 3.11.2) is covered. In contrast, the CXRS diaigsastpend only on the heating
beam+#3 to provide a measurement 6f.

To compare theF, profiles obtained with both diagnostic techniques dedéitcalischarges
were conducted. Two experiments were designed to obtameablotw density L-mode plasma
and an H-mode plasma. The L-mode discharge was performbdyit —2.3T, I, = 0.8 MA,

1 MW of NBI heating and a central line-averaged density.afx 10 m=3. At 0.8 MA the
density dependence of the L-H power threshold exhibits amum of P,_; ~ 1MW at
abouti, ., ~ 3.5x10"m~3 [131]. Thus, the plasma was close to accessing the H-mode.
At low densities the L-H transition is typically preceded dny intermediate limit cycle phase
[68]. This intermediate state, the so-called I-phase [B8hbtained by starting from a low
density L-mode plasma and increasing either the densitile@heating power. The onset of
the I-phase is characterized by an increase in the turbelllavel across the whole plasma
edge, which then starts to pulsate at 2—-4 kHZ [68]. The palsirthe turbulence affects the
mean flow shear on the turbulence timescalgus) and a strong modulation &f., which is
synchronized with the turbulence level, is observed.

Figure[5.5(a) shows example profiles of the oscillatory b&ha of £, during an I-phase
(#24811) as measured by Doppler reflectomeiryl [68]. In the @uative experiment
(#27957) presented here the density increased slightly swatttie plasma entered into the
I-phase regime. The density and the heating power were tephdonstant such that the I-
phase was maintained for several seconds of the dischatgetifie resolution of the edge
CXRS diagnostics (2.2 ms) is too slow to resolve the cyclicatan of £,.. However, the
average profile of these oscillations i) is measured by CXRS. Figure 5.5(b) shows He
profile derived from the CXRS measurements in black and thegeét, as obtained with DR
(V-band, X-mode polarization) in blue. To reconstruct tkierage profile with DR (see figure
[5.5(b)) each frequency step is averaged over a time peri@@ ofs, while for the, profiles
(labelled with ‘I low’ and ‘I high’) shown in figur€ 515(a) theeasured data was synchronized
with respect to the onset of a turbulence pulse. As the platanaity was rather low in the
presented discharge only the V-band system in X-mode ceglolve the plasma edge. While
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Figure 5.6: Radial electric field profile derived from CXRS (lpand DR measurements
(blue and red).

for CXRS high radially resolved measurements were obtaingaebfprming a radial plasma
sweep, the DR profiles result from frequency sweeps over e pieniod of 220 ms. It may be
noted that the DR measurements are a trade-off betweet mrasiidution, which is determined
by the number of frequency steps, and the accuracy of the IBogipift, which is defined by
the lower limit of the step length. The repetition rate of ghefiles is thus given by the num-
ber of frequency steps and the step length. In the dischadjeated to the comparison of the
CXRS and DR measurements, the DR system was set to 22 steps ef 10 m

The absolute magnitude and the radial location of Ehevell (cf. figure[5.5(b)) are in good
agreement. The width of the, well appears to be narrower for the CXRS measurements
which might arise due to the different characteristics efrddial resolution of each diagnostic
(as discussed below). Note that the averapeprofile of the discharge presented in figure
[B.5(a) (of the order5 kV/m) differs from the comparative experiment (figlrel 5)3(@s the
plasma conditions and the heating power were different.

The second experiment presented was performed in H-motleByit -2.3T, I, = 0.8 MA,
2.5MW NBI, 1.7 MW ECRH and a central line-averaged density.afx 10 m—3. A radial
plasma scan was included to provide detailed edge CXRS profiles plasma density was
regulated such that both the V-band and the W-band systeuid msolve the edge pedestal.
Figure[5.6 shows thé, profile derived from CXRS measurements oh Bn black and the
profile obtained with DR in blue (V-band, O-mode polariza)i@and red (W-band, X-mode
polarization). Good agreement is found for the depth of Zhevell and its radial position
is consistent within the uncertainties of the diagnostitke differences in the width of the
E, well result in different levels ofr, shear and might be explained by the radial resolution
of each system. While the DR diagnostics rely on the local iepsofile to determine the
exact measurement location, the CXRS measurements are fireal space. In addition, the
location of the DR measurements might be sensitive to fltictos of the edge density, which
could explain the non-monotonic appearance offhgrofiles from DR (i.e. ap,, ~ 0.985
E, decreases to almost 0 and then increases again). The tucbuéyel might affect the prop-
agation of the electromagnetic wave and thus, the measuatdéoration might be shifted from
the actual position. Small changes in the local density lerofin affect the radial localization
of the E,. profile. The radial resolution of the DR systems depends erd#nsity gradient,
the frequency and the polarization. For the AUG DR diagusstie radial resolution is of
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the orders 0.01 inp,,;, while for the edge CXRS systems it is approximately 0.006tHeur
comparative measurements are needed to quantify theatitferin theZ, shear.

5.3 Radial electric field at the inner and outer midplane

The novel charge exchange recombination spectroscopy (CKR8surements at the inner
midplane of AUG enable the evaluation of tlhg profile at the high-field side (HFS) and a
comparison to the beam-based measurements at the low-fieldLs$=S), thus allowing the
study of possible asymmetries on a flux surface. In this @edtie question of whether the
measured impurity flows, density and temperature profilesia@ electrostatic potential form
a consistent equilibrium is addressed.

5.3.1 CXRS measurements at the HFS

The temperature and rotation measurements at the HFS am@bty injecting thermal D
through a valve at the inner wall for the time period of ingtisee section 4.2). Dedicated dis-
charges have been carried out to compare the gas-puff bade® @¥asurements at the HFS
with the beam-based measurements at the LFS. The expempneseinted here was performed
in H-mode withB, on axis of -2.5 T/, =1 MA, 5 MW NBI and 1.6 MW ECRH power. Figure
shows time traces of the (a) stored endigy,.., (b) line-averaged density in the plasma
core and at the edge, (c) gas puff rate of the diagnostic \aide(d) radial plasma position
at the outer midplane. The plasma is radially scanned thrtiug views of the LFS and HFS
diagnostics to measure detailed edge profiles. First, thenm is moved towards the outer
wall and then towards the inner wall (see figlrg 5.7(d)). Shiefore the plasma is moved
to the HFS the gas puff is switched on (cf. figlirel 5.7(c)). Nbt the gas puff and the radial
plasma scan do not affect the stability of the plasma (seedfigd (a)-(b)).

Figure[5.8 shows inter-ELM profiles of (d), (b) poloidal and (c) toroidal rotation velocities
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Figure 5.8: CXRS measurements at the HFS and LFST{alb) poloidal rotation and (c)
toroidal rotation of B*. Data obtained with the LFS systems are shown in black, whéa-

surements from the HFS systems are shown in blue (poloiéal)vand red (toroidal view).
For better clarity the uncertainties of the measuremesetslaown at distinct radial positions.

measured at the HFS and LFS of AUG. The HFS measurementsraredito the outermost
region of the plasma due to the penetration of the gas pufé dlignment of the HFS and
LFS profiles is performed via th& profiles. Here it is assumed that the ion temperature is
constant on the flux surface [132]. After aligning the HFSfitlee with respect to those at
the LFS, the following flow structure is observed: Inside B¥B the poloidal impurity flow
exhibits a strongly sheared rotation in the electron diame#ig direction both at the LFS and
HFS. The HFS poloidal rotation velocity is about a factor &2 lower than at the LFS. The
toroidal rotation velocity is co-current at both the LFS &iffelS, however, the profile exhibits
an asymmetric structure [1008]. At the LFS the toroidal riotawelocity exhibits a minimum
located around the pedestal top [100], while at the HFS tbél@ris reversed and exhibits a
maximum at this position (cf. figufe 3.8(c)). Towards theasefrix the toroidal flow at the
LFS increases, while it decreases at the HFS.

Both the toroidal flow asymmetry and the difference in magtetof the poloidal flow might
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be explained by an excess of impurity density at the HFS, atifated in[[133, 108] and ob-
served in Alcator C-Mod [134]. A poloidal impurity densityyasmetry can be inferred based
on the neoclassical formalism for the total flow on a flux stefd 33/ 108]. Allowing for a
poloidal dependence of the impurity density, the loweseodivergence-free flow of a species
« on a flux surface is characterized by [[27] 30,1133, 108]:

v
Vo = wo(¥)Rey + ka (V)

Be” (52)

wherew, andk, are flux functions (defined below}; is the poloidal magnetic fluxk the
local major radiusey ande the unit vectors in the toroidal and parallel direction, the
impurity density andB the magnetic field. The divergence-free flow on a flux surface i
composite of the rigid body rotation (first term on the rigjard side of equatiof (3.2)) and
the parallel flow. Using the sign convention defined in sexd®d, the following relations hold
between the unit vectors in each direction:

By B, By, By
eH = Eeg + Equ e| = —Eeg + §e¢, (53)
B B B B
© = BeItpe =T o >4

Here, B, and B, are the poloidal and toroidal magnetic field componentseand, are the
unit vectors in the perpendicular and poloidal directi@spectively. The flux functiok,, is
determined by taking the dot product of equation](5.2) with

ka (V) _
e Bg = k‘a(\IJ) = Evg’a (55)

Vo €9 = Vg =
Assuming that the impurity density is a flux functiof, (V) would result ink, (V) = ”;"*
and thusyy . is expected to scale witBy. The measurements presented above show that this
dependence is violated. However, the condition of divecgefinee flows may be fulfilled if a
poloidal impurity density asymmetry exisfs [133, 108].
Using the flux constant, the impurity density at the HFS can be calculated directiyrfithe
measured poloidal rotation velocities via:

LFS pHFS
Vgn B
HFS _  LFS 0.
Mo = Mo  _HFS GIFS: (5.6)

Here,n"S is the impurity density measured at the LFS.

Alternatively, the HFS impurity density profile may also kedaulated using the toroidal ro-
tation measurements at the HFS and both poloidal and tdnatiion measurements at the
LFS [108]. This allows a cross-check on the different evéduiamethods and the assessment
of the uncertainties arising due to e.g. radial alignmenhefHFS and LFS profiles. Here the
HFS impurity density is derived as follows. Taking the dabgiuict of equation (512) witle;,
yields:

Bo  kalW) wa (V)R cos s + ka(W) g (5.7)
B Na Ne

wheres is the inclination angle of the magnetic field line. At botke ttFS and HFS the cosine
of 0 is 1. Thus, the impurity density at the HFS may be obtainedobyirsy equation[(5.7) for

Vq * e|| = U”’a = wa(\Il)R
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Figure 5.9: Impurity density asymmetry factors fotr'Bas derived from the poloidal rotation
measurements at the HFS and LFS in red and from parallel HFSSAnd perpendicular LFS
flows [108] in black.

the flux functionk, (¥) and rearranging fon'"s;

VS — WL R HFS
LHFS _ LFS ( [k LFs \ B (5.8)

o o HFS LFS"

Here,w, = w,(¥) is a flux function and can be derived by taking the dot prodfiegoiation
(G.2) withe | :

Bg UJ_aB V1o
o’ = a=wo(¥)R— = o(¥) = —— = -
Vor €1 = UL, wo(P) wo(¥) R By Rsind

B
Hence, using equatiof (5.8) the impurity density asymmtay be calculated from the par-
allel and perpendicular velocities, which are determingdhle toroidal and poloidal rotation
measurements [108]. Figure b.9 shows the asymmetry faeftifsn'"> calculated from the
poloidal rotation measurements (equationl(5.6)) in redwsidg equation(518) in black. At
Ppoi ~ 0.98 the asymmetry factor calculated from the poloidal HFS an8 tdtation measure-
ments exhibits a value e£25 and then reverses (see red curve of figure 5.9). This balmavi
is unphysical and arises due to the zero-crossing and sigmgehof the HFS poloidal rota-
tion velocity at this radial position (see figurel5.8). Instinegion the uncertainty of the HFS
measurement is significantly larger as the neutral densitileogas puff drops rapidly. For
proi > 0.985 the profiles exhibit a different shape, however, the absatatues match within
the uncertainties of the measurements.
A poloidal impurity density asymmetry may arise due to therplay between inertia, friction,
the pressure and the electric force and the orbit width tiifethe parallel momentum balance
[135]. The dominant mechanism responsible for the obsegffedt remains, as yet, unclear.
For large poloidal impurity flows, which are present in thertdde edge pedestal, the parallel
impurity flow may approach the sound speed and the impuritgitieaccumulates at the HFS
leading to an asymmetric profile [1136]. A direct measurenwrthe HFSn,, profile is not
yet available as a measurement of the neutral density ofabeugff is missing. However, the
radial electric field can be determined from the CXRS measunésa the HFS and LFS as
the evaluation of the impurity pressure gradient term dagsdepend on absolute values of
n., but rather orvn,, /n,. The influence of an asymmetric, profile on £, is discussed in

(5.9)
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the next section. The evaluation of the radial electric falthoth poloidal positions enables
a test of the consistency of the electrostatic potentiai wie flow structure on a flux surface
(see next section).

5.3.2 Derivation of the electrostatic potential at the HFS and comparison
to the LFS

The structure of the edge radial electric fiégldat both the HFS and LFS allows us to test if the
electrostatic potentiab is consistent with the measured impurity flows. For the deieation

of the impurity pressure gradient term at the HFS, which i$ pthe evaluation of7,, two
approaches are used: (i) the impurity densityis constant on a flux surface and (i),
exhibits a poloidal asymmetry. For (ii) both formalisms loé impurity density asymmetry as
described above are used.

Figure[5.10 shows thé&, profile at the LFS in black and at the HFS in red assuming that
the impurity density is constant along the flux surface. Tiffergnce in the magnitude of,
between the LFS and HFS is expected due to the different flparestons of the magnetic field.
The impact of an asymmetrig, profile is shown in green (using equatién (5.6) for the HFS
n.) and blue (using equatiof (5.8)). The green profile is retsiri to the regiom,,, > 0.98
since the asymmetry factor exhibits unphysical behaviaside of this region (as discussed
above). In both cases the impurity density asymmetry doekawe a significant effect on the
evaluation ofF,. as the asymmetry enters the pressure gradient term of tla f@de balance
via the inverse gradient scale lengém,, /n,. In addition, the pressure gradient term in the
radial force balance of B is small compared to the poloidal rotation term. The fact fia

is not affected by the impurity density asymmetry indicatest the electrostatic potential is
determined by the dynamics of the main ion species only.

The electrostatic potentidl can be derived from th&,. measurements using. = —V® =
—%—‘f and is obtained by integrating, along the radial coordinate For this purpose two
assumptions are used: one, it is assumed that the eletitgsttential is a flux function inside
of the edge transport barrier, i.@-7>, = ®HFS — — @ is set as a starting condition at the

ped,top ped,top
pedestal top, wher@ is chosen arbitrarily. Two, it is assumed that the potemtiadhe HFS

30: T T

: #28093, B™
20¢

E. [kV/m]

I —-— HFS, n, asym. (v,)
L ——— HFS, n,asym. (v,,v,)
-30F —®— HFS, n, const.

I —&— LFS

0.94 0.96 ; 0.98 1.00

Figure 5.10: E,. profile at the LFS (black) and HFS using the assumption thairtipurity
density is a flux function (red) and assuming an asymmetmilprbased on the poloidal
rotation measurements (green) and based on the parallglesipendicular flows (blue).
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Figure 5.11: Electrostatic potential at the LFS in black ahthe HFS in red (using a sym-
metricn,, profile) and in blue %, is asymmetric): (a) The upper profiles have been evaluated
= &, while for the lower profilespb, is set constant

at the separatrix. The error bars reflect the uncertaintitise £, measurements. The dashed
lines of the blue profiles show the effect of the uncertamimethe asymmetrie,, profile. (b)
Here, the error bands have been estimated assuming arpaddiincertainty of 2 mm due to
the magnetic equilibrium and taking into account that areaainty in®, propagates into all

using the assumptio@:FS

ped,top

the other error bars.

and LFS are the same at the separatrix ®.¢>
path to obtain the profile in the ETB.

— pHFS

= ®HFS — @, and then integrated along the

sep

Figure[5.11(a) shows the electrostatic potential obtairsédg both assumptions a@b,. The
profile at the LFS is shown in black, at the HFS using a symmetyiprofile in red and an
asymmetric profile in blue. For better clarity only the ewlan using then, asymmetry
factor as obtained from the parallel and perpendiculatimtaneasurements (equatidn (5.8))

is shown. In both case®f"?,

_ HFS
- (I)ped,top

and ®LFS —

sep D

PHFS) the electrostatic potential at

the HFS exhibits a stronger curvature in the ETB than at th8, While & reaches almost
the same value at the separatrix and at the pedestal toectesby. The error bars shown in
figure[5.11(a) reflect the uncertaintiesiof only. However, additional uncertainties arise due
to the magnetic equilibrium and due to the choice of whieyés set, since the error bar on the
local radial electric field at this position will propagatea all the other error bars when the
radial electric field is integrated along The uncertainties due to the magnetic equilibrium
have been estimated assuming an erroraf 2 mm. Figuré 5.71(b) shows the resulting error

LFS
bands for the casé,’7;,,

_ HHFS
- (Dped,top

= ®,. These have been calculated using Gaussian error

propagation including the uncertainties in the logal an error in the radial positiom, and
taking into account that an uncertainty arising from theiobof the location ofb, propagates
into the other error bars. Within these uncertainties, tbetstatic potential is constant along

the flux surface.
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Chapter 6

Connections between the radial electric
fleld and the edge transport barrier

It is widely acknowledged that the radial electric fieltl and its shear play a crucial role
in the physics governing the L-H transition. The associded velocity shear is thought
to be important in the shear turbulence suppression fe&dbap which is required to enter
into the H-mode. As discussed in chagdier 2 the radial etefigid and the gradients in the
main ion species are intimately interlinked. In this chaphe £, profiles derived from the
new edge charge exchange recombination spectroscopy (CX&$)odtics (see chapter 4)
are compared to the main ion pressure gradient term. Thetsteuof theE, well is analyzed
as a function of pedestal parameters and the possible cdoombetween edgé’, profiles and
global plasma energy confinement is examined. The evolofitme £, profile during an edge
localized mode cycle as well as the effect of externally iggjpinagnetic perturbations ar.

is studied.

6.1 Comparison of the radial electric field to the main ion
pressure gradient term

The radial electric fieldZ, is supposed to be driven by the main ions, typically deuterai
AUG, and not by the impurities. However, measurement of tlagnnion population using
CXRS is difficult to interpret due to the large background emissnd a weak localization
of the active signal due the thermal beam halo [5], which @&lpced by charge transfer from
beam neutrals to deuterium ions. Usually, CXRS measuremeatseaformed on impurity
ions since the diagnostic method is easily applicable. &si)ds the same for every species,
the profile derived from the impurity ions allows information the main ion species to be
obtained indirectly. For this purpose, an estimate of tlesgure gradient term of deuterium
is calculated for the measured data presented in sectibnsing the assumption of quasi-
neutrality and two assumptions on the ion density profilecdnstant dilutiony; oc n. (n;
being the main ion density and the electron density), leading to

Vpi  V(nT;) _ C’VneTi VT — Vn,

n; n; C'ne Ne
and (i) radially varying dilution withn; = n.(1 — > Z.c.), co being the radially dependent
concentration of the impurity specias The main ion density profile has been evaluated from

T, + V1T, (6.1)
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Figure 6.1: (a) Comparison @, (black curve) to an estimate of the main ion pressure gradien

term assuming constant dilution (red curve) and corredindhe effect of impurities (blue

curve), (b) derived perpendicular main ion velocity. Theltzd lines in the lower panel show

the effect of a relative shift between electron and ion peefily+2 mm.

the measured, profile and using the boron and carbon concentrations meagsusubsequent
discharges. In this case the radial concentration of bararbfn) changes from 0%2to 0.5%
(0.4% to 0.6%) over the pedestal region.

Figure[6.1(a) depicts thg, profile in black obtained from CXRS on’B, while the pressure
gradient term of deuterium is shown in red. Hefgjs used from the CXRS measurement,
while n. is taken from measurements with Thomson scattering (T8)l-ttbeam diagnostic
(LIB) and the interferometry system. ThHéandn, profiles have been aligned relative to each
other as described in sectibn 13.3. The modification of thennmi pressure gradient term
due to a non-constant dilution (see blue dashed line in figdi&)) is found to be small (the
maximum difference is less than 1.5 kV/m).

The pressure gradient term of deuterium is very similaFfoindicating that for the main
ions the pressure gradient term is the main contributiorneradial force balance. From
this comparison an estimate of the perpendicular flow vslaxfithe main ionsy, ;, can be
calculated via a rearrangement of the radial force balasee ¢quatiori (5.1)):

1 1 |
Vs = — (E - <V”’ﬂ v VTZ»)) (6.2)
B e

(2

In figure[6.1(b) the calculated main ion fluid velocity pergenlar to the magnetic field is
shown. The perpendicular main ion flow is positive, i.e. i@ itbn diamagnetic drift direction.
Note thatv, ; is rather small in magnitude, approaching, = 0 inside the ETB, similar to

results obtained at Alcator C-Mod [17]. The dashed lines inrgg6.1(b) show the effect of a
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Figure 6.2:E xB velocity (black), main ion diamagnetic fluid velocity (miplied by -1, green)

and perpendicular velocities of main ions (red) and elest(®lue).

radial shift of+=2 mm in alignment between the and7; measurements.

The fact that the perpendicular ion fluid velocity is approately zero indicates that the<B
drift and the ion diamagnetic drift are almost in balancénatglasma edge. Figure 6.2 shows
the perpendicular velocity of the main ions (red) and etewi(blue), thé& x B velocity (black)
and the ion diamagnetic drift velocity (multiplied by -1,e@n). The perpendicular velocity
of the electrons is evaluated using equatlon](6.2), i.enguie measured, profile and the
measured electron density and temperature profiles. Theepeicular electron flow veloc-
ity is almost twice the electron diamagnetic drift velocftyhich is almost the same as the
ion diamagnetic drift but in the opposite direction, i.egatve) since th& xB drift and the
electron diamagnetic drift add up. This is also consisteatht Wp = j x B, i.e. a currenj
perpendicular to the magnetic field balances with the predsuce. Since the main ion fluid
is at rest, the electrons have to speed up to fulfill this doorali

Helium plasmas provide the opportunity to obtain direcbrniation on the temperature, den-
sity and velocity of the main ion species by using CXRS oA'H&hese measurements have
been performed in an H-mode discharge with = —2.5T, I, = 1.0 MA, 0.5 MW ECRH,
9.2 MW deuterium NBI heating and a central line-averaged itien$ 1.1 x 102°m=3. At
the plasma edgé, is found to be dominated by the pressure gradient term 8f Hehile
the Lorentz force term is small and approaches zero closetedparatrix (see figure 6.3(a)).
In the analysis the plume effect is not taken into accounte fiélium plume is caused by
He" ions, excited via electron impact (or ion impact), whichagralong the magnetic field
lines and thus, would lead to a polluting emission in the spet. At the plasma edge the
contribution of the helium plume is expected to be small [F]his is also confirmed by
independent density measurements using LIB, TS and thdantenetry diagnostic: as ex-
pected, the helium density is found to be half the electrorsityg and the gradients match, i.e.
Vnpe=Vn./2. Figurel6.8(b) shows the measured helium density profitsaalvith a fit (in
red, solid line) and a fit to the electron density profile (bdashed line). The fit ta, has been
scaled by a factor of 2.

These results are in agreement with neoclassical theofyRi¢h predicts that to zeroth or-
der, and in case of small toroidal rotation velocities, ttiges. is balanced by the ion pressure
gradient normalized to the ion density. Quantitative conspas between measurements and
neoclassical codes are presented in chapter 7.
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Figure 6.3: CXRS measurements in a helium plasmakfgrofile in black, pressure gradient
term of HE* in red (dotted line) and x B term of HE" in blue (dashed line), (b) measured
helium density profile in black, fit in red and fit to the electrensity profile in blue (dashed
line). The fit ton, is scaled by a factor of 2.

6.2 Radial electric field profiles in different confinement
regimes

Previous work on several devices has demonstrated a cammédtween edgds, profiles
and global plasma energy confinement [137,[12, 6,24 17, G#js connection has also
been examined in AUG discharges using the data from the nges @EXRS systems. In order
to explore this over the widest range of plasma parametessilge, £, profiles have been
collected from many different types of discharges inclgdin, I-, H- and improved H-mode
plasmas. Figurie 6.4(a) shows the profile obtained in an L-mode plasma with Bn axis of
-2.5T, I, of 1 MA and 1 MW NBI heating. The CX measurements were perfornmeld&™. In
L-mode the radial electric field is generally small in magd#& and consequently exhibits weak
gradients. In this confinement regime all impurity compdaame important for the evaluation
of the E, well (cf. figure[6.4(a)). I-mode plasmds [138], originalsferred to as ‘improved
L-mode’ at ASDEX Upgrade [139], are characterized by sinelaergy confinement times as

(a) #26601, [2.0,2.6]s (b) #26905, [3.8,4.0]s
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Figure 6.4: Radial electric field profile in (a) L-mode and (mhdde.
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Figure 6.5: (a) Radial electric field profiles obtained in apioved H-mode discharge with
different pedestal top ion pressurg§®'” (at p,,, = 0.97) and different H/L scaling factors
Hos(y,2) [96], (b) time traces of NBI, ECRH and radiated powgr,(), (¢) minimum of £,
versus minimum of main ion pressure gradient term.

the H-mode, however, the particle confinement is near L-nmedss. In the I-mode regime
the depth of theF, well is found to be intermediate between L- and H-mode andidatad

by the poloidal impurity rotation contribution (see figirdi@®)).

The radial electric field has also been studied in improveahdtie discharges with nitrogen
(N;) seeding. At AUG improved confinement is observed when usitrgpgen as a low-

Z radiator to protect the divertor in high power discharde40]. In these plasmas the CX
measurements are performed on a nitrogen line, i'€. (N = 9 — 8) at A = 566.937 nm.
Figure[6.5(a) shows the resultiig profiles obtained in two phases with different pedestal top
pressures. Nseeding was applied throughout the whole discharge andhdrggconfinement
increased from phase | to phase Il. THewell is observed to deepen with higher pedestal top
pressures.

The effect of increasing the NBI heating was studied in therowgd H-mode discharge and
two different phases with 7.5 and 10 MW NBI (see figurée 6.5(lB)enanalyzed. Increasing the
momentum input and thus, changing the core rotation of thenph, has no observable effect
on the relation between the radial electric field and the naairpressure gradient term at the
plasma edge (cf. figuie 6.5(c)). This result supports thét-imode £, assumes a value such
that theF, well is in balance with the gradients in the main ion specresthe perpendicular
flow of the main ions vanishes at the plasma edge.

6.3 Interdependences between the radial electric field, its
shear and pedestal parameters

Combining the results obtained in the different plasma regiintroduced in sectidn 6.1 and
shows that the minimum &, is correlated with the ion pressure at the pedestal top. Fig-
ure[6.6 shows the minimum df, as a function of the (a) ion temperatufg“*?, (b) ion
densityn/**”” and (c) ion pressurg”**'’ near the pedestal top,{;, = 0.97). For the eval-
uation ofnfed’t‘”’ the dilution due to the impurity concentration as measure@KRS has
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Figure 6.6: Depth of thé, well as a function of the (a) pedestal top ion temperaffté-'*”,
(b) pedestal top ion density”***”” and (c) pedestal top ion pressu&™"” (at p,,; = 0.97).

been taken into account. Data obtained in impurity seededodes (including the improved
H-mode discharge) are marked in grey, while the I-phase plaitaet (as presented in section
[5.2.2) is highlighted in green. The data points measurecktiplesmas are marked with black
open squares. No direct correlation is found between theamim of the £, well and the ion
temperature at the top of the pedestal. A weak trend betweepedF, wells and higher ion
densities at the pedestal top is observed, however, witlkeititmode data, the scatter is rather
large and no clear correlation is found. The best corralagsdound between the minimum



6.3 Interdependences betweeR,, its shear and pedestal parameters 75

14 T T T T T T

[ e L-mode
v I-phase

1.2 4 I mode + |
1.0k — ]
»=%=ﬁ

o +$¢f ]

0.8 -

- ]

[ %+ ]
B

Has(y.2)

— i

0.6-— ® H-mode ]
i * imp. seed. ]
[ %i‘ H-mode ]
04 1 1 1 1 1
0 1 2 3 4 5 6 7
p/™**” [kPa]

Figure 6.7: Energy confinement factosgdy,2) as a function op?“'’”.

of the E, well andp/“>"? (see figur€6l6(c)). Using a linear least-squares apprdiomahe
smallesty?, which is a measure for the goodness of a fit, is obtained #fitlof the £, min-
imum as a function op?“>? (y? is a factor of 2 and 4 lower with respect to fitting tiig
minimum versug:.”““? and 7;7**'’P),

In general, it is observed that for higher pedestal top presstheF, well is deeper, further
confirming thatF, corresponds to the main ion pressure gradient term.

Figure[6.7 shows the interdependence of the energy confimtdawtor Hys(y,2) with respect to
the ITER confinement scaling [96] apd“*'””. The energy confinement increases for higher
pedestal top ion pressures as a result of giffradient scale lengths. In figure 6.8 the mini-
mum of £, is plotted against the global energy confinement fact@y-2). Moving from L-

to H-mode thef, well deepens and the energy confinement of the plasma irgedswever,
within the H-mode the scatter is substantial and only a weatetation between the depth of
the E,. well and Hyg(y,2) is found. Due to the density dependence of thg(yR2)—-scaling
(x 7241, 7, being the line-averaged electron density) the saffi&’”” value can result in dif-
ferent Hs(y,2)—factors. This may explain the observation of dégpvells, or higher pedestal
top pressures, at lower energy confinement facto& 75, cf. figurd 6.8). These data points
were measured in high density H-mode plasma&’(‘”” ~ 7x 10" m~3), where the k(y,2)—
scaling, which depends on the density, may not be valid [141]
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Figure 6.8: Depth oF,. well versus energy confinement factossty,2).
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Figure 6.9: (a) Width versus depth &f well in H-mode plasmas, (bY, well width, normal-
ized to the minor radius, plotted as a function of the normalized toroidal Larmoriwach..
Data measured in D plasmas are marked by black squares,datdebtained in He plasmas
are highlighted by open squares.

Recent results at Alcator C-Mod [17] showed that in H-mode titttwof the E,. well scales
with the size of the machine. This relationship has also lsx@mined at AUG using the.
data from the new edge CXRS diagnostics. Only data from fuNbiged H-mode discharges
performed in deuterium and helium plasmas were includetienstudy. Here, the width of
the E, well is defined as the full width at half maximum (FWHM), wheseae half width
at half maximum of thev, well is determined from the measured profile and then migaipl
by 2 to obtain the FWHM. Figure_8.9(a) shows the width of ffjewell plotted against the
depth of £,.. The uncertainty of the width determination is given by thdial resolution of
the diagnostics (5 mm for the poloidal system). Only smaiiateons in theF, well width are
found consistent with data from C-Mod [17]. On average thethvig 1.2 cm with a standard
deviation of 0.2 cm.

Figure[6.9(b) shows the, well width, normalized to the minor radius plotted as a function
of the normalized toroidal Larmor radiys, which is defined ag,. = ’"LT = —% where
m; andg,; are the mass and charge of the ion speti€Bhe variations in the normalizef,
well width are found to be small despite changing the ion terajre, magnetic field and the
plasma particle species (D and He).

Combining theF, well width from AUG with data from other machines supports Htaling
of the E, well width with the size of the machiné [17]. Figure 6.10(apws the average
width of the £, well at AUG in comparison withe, well widths measured at Alcator C-Mod
[17], DII-D [14] 13], JET [15] and JFT-2M[142] (adapted fro[17]). The data points from
AUG, Alcator C-Mod, DIII-D and JET support the machine sizalstg while the data from
JFT-2M differs by a factor of 2, which might be explained bg tincertainty of the diagnostic
technigue as a combination of passive and active views fardiiit toroidal sectors were em-
ployed.

At DIII-D [14] and Alcator C-Mod [17] the width of theF, well did not vary significantly
despite changing the plasma parameters, such as plasreatcunagnetic field, temperature
and density. The normalized toroidal Larmor radiysaried from 3.2-5.3 at Alcator C-Mod
[17], 4.9-9.9 at DIII-D [14[ 18], 1.4 at JET [15] and 7.3 at JEW [142]. The values fop,
were evaluated using the published data from these machines

Figure[6.10(b) shows the width of the. well normalized to the minor radiusof the plasma
plotted against. The data from AUG, Alcator C-Mod, DIlI-D and JET suggest timalepen-
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Figure 6.10: (a), well width plotted against the major radiii&,; of the machine (data from
C-Mod, DIII-D, JET and JFT-2M reprinted from [17]), (b) widtf the £, well, normalized
to the minor radius of each machine, plotted as a function of the minor radius.

dently of the size of the machine, the width of the well corresponds te-2 % of the minor
radius. Using this scaling, the width of tfie well in ITER (with a minor radius of 2 m [143])
is estimated to 4 cm.

Studying the position of the minimum of the. well in H-mode shows that for deepét.
wells the minimum appears to move towards the separatrixs fliding also suggests that
the steepest gradients in the kinetic profiles should stiflatds the separatrix. Note that
this movement is observed in fully developed H-mode disgésiand may be different when
moving from L- to H-mode as reported in [84]. Figure 8.11 shdhe distance of the mini-
mum of £, from the separatrix plotted against the depth of fewell. The uncertainty of
determining the position of th&, minimum is given by the uncertainty of the radial profile
alignment, i.e. 2-3 mm (see section]3.3). For two cases thalistance of the minimum
in the main ion pressure gradient teWip; /n;e was analyzed (marked by blue stars in figure
[6.11), which shows the same systematic trend. This supgi@tshe radial alignment of the
edge kinetic profiles is very accurate for the present wotkiamvell suited to study effects on
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Figure 6.11: Distance of th&,. minimum from the separatrix versus depth of fiewell. The
deepest and one of the more shallovigrwells are highlighted in blue. The corresponding
data points for the main ion pressure gradient term (i.e.dik&nce of the minimum in the
main ion pressure gradient term from the separatrix) arekedaby stars for the two cases
shown in blue.
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the mm range. The physical mechanism behind the radial mereramains, as yet, unclear
as the relative positioning of both the density and tempeegprofiles and their gradients is
crucial. However, for the two cases highlighted in blue inufef6.11 the radial distance of
Vpi/nie = (T; Vn,; /n; + VT;)/e from the separatrix was disentangled into the distance of
T;Vn;/n; andVT;. For these two data points théVn,;/n, term seems to move towards the
separatrix, while thé&/T; term stays close to the separatrix and does not move sigttifica
This indicates that for deepéf, wells the radial distance between the steeféstandVT;
decreases. This result is not unexpected since the pedadths for the electron temperature
and density are observed to be different [144]. A statisBoalysis including detailed edge
profiles is needed to identify the mechanism responsibléhfermovement.

Within the framework of turbulence reduction theory thrbugx B shear[[4], the following
picture emerges from the measurements obtained with theedger CXRS diagnostics: for

20E T T T T E(a)g
10 T P

oF

-10F -f

E.[KV/m]

-20f -
-30F 3

a0F —* l-mode

oh

Vp, [kPa/m]
L A A
8 8 8 8

-250

_300 (C) . L L . B
090 092 094 096 098 1.00
ppol
Figure 6.12: L-, I- and H-mode: (&, profile and (b) resulting”, shear. For better clarity
the uncertainties are only shown for distinct radial possi. (c) Radial profile of the main ion

pressure gradieny/p;.
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constantE, well widths and if the zero-crossing point éf. stays approximately constant,
deeperE, wells have highef, shearing rates which increase the efficiency of turbuleaee r
duction when moving from L- to H-mode. This leads to highedgsal top pressures, which
are correlated with the global plasma confinement due tb5tgradient scale lengths in the
core. Hence, also the magnitude of theshear (defined asg«p = ﬁ%(;—’,%) [145]) corre-
lates with the energy confinement and increases from L- toddenFiguré 6.12 shows (a) the
E, profiles and (b) the calculatel. shear obtained in the different confinement regimes. In
the low confinement regimes, i.e. L- and I-mode, the sheaekwsmaller than in H-mode)
and comparable to the width of the turbulence spectrtt00—-200 kHz at the plasma edge
[146]), while in the ETB of the H-mode th&, shearing rate reaches values of up to 3 MHz.
It is worth noticing that in H-mode the maximum shear coiesiavith the maximum ion pres-
sure gradientVp; (see figuré 6.12(c)), calculated using theprofile, giving confidence that
the radial alignment of the gradients ahgl is very accurate. Note also that the maximum
in the E,. shearing rate, or alternatively the steepeést, lies in the inner part of thé&, well,
indicating that the negative shear region is the importagton for turbulence suppression
consistent with previous resulfs [147, 148, 24].

6.4 Temporal evolution of the radial electric field during an
edge-localized mode cycle

Due to the occurrence of edge-localized modes (ELMs, sa®mr&3.2) the steep edge gra-
dients of H-modes flatten transiently during each event. t€hgoral resolution of the newly
installed edge CXRS diagnostics (2.2 ms) enables a synclat@mzof the data with respect
to the onset of an ELM. Thus, the behaviour of the radial eéle@eld during the ELM crash
can be analyzed in detail. To this end, the data from a setpobdeicible type-I ELM cycles
measured in a time window of 700 ms was sorted and mapped dime arid relative to the
time of the closest ELM. In this phase the plasma was radimaflyed through the LOS of the
CXRS diagnostics to obtain complete edge profiles.

The discharge used in the following analysis is identicahi® one discussed in section|5.1.
The ELM frequency was constant-a80 Hz. Figuré 6.13 shows the profiles measured tn C
of (a) T;, (b) spectral radiance of the CX line, (c) toroidal and (d)godél rotation velocity
during the ELM cycle averaged over60 ELMs. The labels -2.2ms’, ‘0.0 ms’ and ‘+2.2 ms’
of figure[6.18 denote the relative time to the closest ELM aictvithe measurements were
taken. Before the ELM; and the spectral radiance of the CX line exhibit a strong gradi
at the edge, while the toroidal rotation has a minimum |lzealinear the pedestal top. The
poloidal rotation on the other hand exhibits a local minimciose to the separatrix. During
the ELM (labeled with ‘0.0 ms’ in figure 6.13) the steep gradseflatten and the dips in both
the toroidal and poloidal rotation vanish. Note that thegnation time of the edge CXRS sys-
tems might be too long to quantitatively judge the behavifuhe impurity profiles, but the
gualitative behaviour can be described. During the inteMBphase the signal in the scrape-
off layer is not sufficient to analyze the CXRS spectral linet Wwhen the ELM occurs the
signal increases, indicating that the impurities are dgdeblnd the fits are trustworthy. The
profiles start to recover and a pedestal forms already 2.Zteistae ELM, however, the pre-
ELM values are not yet reached in this early phase of recovEnys result is in agreement
with experimental studies performed at DIII-D [149] and sistent with time scales of the
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Figure 6.13: Evolution of CXRS measurements at different fpoiats during an ELM cycle
averaged over60 ELMs: (a)T;, (b) spectral radiance of the CX line, (c) toroidal rotatiowa
(d) poloidal rotation. The labels *-2.2ms’, ‘0.0 ms’ and ‘22ns’ denote the relative time to
the closest ELM. The profiles originate from a time window 607ns in which the plasma
was radially moved through the LOS of the edge CXRS diagnosiies vertical dashed line
in each subfigure indicates the separatrix position.

electron profiles observed at AUG [60].

Figure[6.1%#(a) shows the resultidg profiles. The radial electric field is the deepest shortly
before the ELM (black profile), while during the ELM crash thfile decreases in the ETB
by up to a factor of 3 (red dotted profile), consistent with DBasurements [79]. The collapse

of E, results in a reduction of the, shear across the whole ETB. The destruction ofihe
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Figure 6.15: Individual impurity terms for the evaluatioh 8, (red circles, green diamonds
and blue squares) and main ion pressure gradient term (n@age@mgles) ap,,, = 0.994
during an ELM cycle.

shear layer at the ELM crash has also been observed in MAS{ tesst CXRS measurements
with a time resolution of 200 pu5 [150]. Shortly after the ELW2(2 ms, blue dashed profile in
figure[6.14(a)) the profile recovers and thewell reforms, reaching its initial depth 4—6 ms
after the ELM event (cf. figurle 6.14(b)), consistent withdistales observed at DIII-D [149].
Figure[6.14(b) shows the temporal evolution/mfat different radial locations. Further inside
the plasmaf,, < 0.95) E, is almost not affected with only slight modifications duriting
ELM crash, while in the ETB thd’, well is strongly reduced. Note that the. well might
even vanish for a brief time period that is too short to be ctetéby the diagnostics.
Figured6.15 shows the contributions of the individual teofihe radial force balance equation
to the E,. well during the ELM cycle. Throughout the entire ELM cycleetpoloidal impurity
rotation term is the dominant contribution for the evaloatbf the £, well. The temporal
evolution of the main ion pressure gradient term is shownagenmta (triangles) in figute 6J15.
The agreement in both the magnitude and evolution is rerbrk@od and shows that already
~2ms after the ELM crash both the gradient and thé’, well are recovering. It should be
mentioned that the main ion pressure gradient term has ksdeulated using the. profile
from an identical experiment{26716), as the edge. measurements were not available for
the considered discharge.

6.5 Effect of magnetic perturbations on the edge radial elec-
tric field

For the 2011 experimental campaign, the AUG tokamak wageqdiwith a set of in-vessel
saddle coils which consisted of two rows of coils above arldib¢he midplane([151]. Each

row had four coils at different toroidal positions (see figf8r16(a)). The coils marked in grey
were installed additionally for the 2012 experimental caigp.
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Figure 6.16: Magnetic perturbation coils at AUG: (a) toaldidross-section of AUG indicat-
ing the position of the MP coils and the LOS of the edge CXRS diatics (since the 2012
experimental campaign the full set of MP coils is in opematice. two rows with 8 MP coils
each), (b) Poincdrplot in R—¢ plane showing the connection length to the low-field side
target of field lines starting at = 0.03 m, assuming that the total magnetic field corresponds
to the sum of the magnetic field from the unperturbed equuifbrand the vacuum field of
the MP coils. The vertical dashed line marks the positiorhefédge CXRS measurements.
The horizontal solid line indicates the unperturbed separngosition, while the dashed curve
marks the perturbed separatrix position.

The coils were used to apply non-axisymmetric magneticupeations (MPs) to the plasma
in order to suppress type-I ELMs. In H-mode plasmas withrexeiéy applied MPs (toroidal
mode numbern = 2) ELM mitigation was observed above a critical edge dendifd], cor-
responding typically to a fractional Greenwald density:0f../ncw ~ 0.65. Herep, ,eq IS
the pedestal electron density ang the Greenwald density [152] definedrasy = I,,/ma?.

So far, ELM mitigation has been observed in plasmas withediffit shape, different heating
mixes, different levels of heating power [153] and with MBattare both resonant and non-
resonant at they; surfacel[101] 4o5 being the safety factor at the surface that enclosés &5
the poloidal magnetic flux). Resonance means that the MPgeeai with the local magnetic
field lines.

The experiment presented here was carried out specificalfst if there is an observable ef-
fect on theF, profile due to the MPs. The discharge was designed with foasgh (see figure
[6.17), the first one without MPs, followed by a phase with MBswithout ELM mitigation.

In the third phase (MPs on) the density was increased and Eltlation was achieved and
in the last phase, the MPs were switched off. The dischargepsgormed in H-mode with
B, = —2.4T, I, = 1 MA, NBI heating of 7.6 MW and ECRH ranging between 1.5 and 2.2
MW. The edge safety facta@g; ranged between 4.05 and 4.35 throughout the different ghase
of the discharge. The = 2, odd configuration (odd corresponding to the opposite yafit
upper and lower MP coils) was used.

Figure[6.16(b) shows the connection lengthtd the low-field side target of field lines which
start on a horizontal plane at= 0.03 m (corresponding to the position of the edge CXRS
measurements) and wind around the torus. These calcidati@nbased on a 3D field line
tracing code([154] which assumes that the total magnetit ifsgjiven by the sum of the mag-
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Figure 6.17: Time traces of MP scenario=£ 2): (a) Line-averaged density in the plasma core
(black) and edge (red), (b) radial plasma position at ouidplane R, (c) ELM monitoring
signal in the divertor (black) and current of MP coils (re)) radial electric field profiles
corresponding to different phases during the dischargek@dan gray in (a)-(c)). No obvious
effect onE, is observed due to the MP coils.

netic field from the unperturbed equilibrium and the vacutettdfof the MP coils[[155]. The
vertical dotted line represents the position of the edge CXR&surements at= 333. The
horizontal line corresponds to the unperturbed separptsition R = 2.141 m, while the
dashed curve marks the position of the perturbed sepafa&ixvhen the magnetic perturba-
tion coils are switched on) as calculated via field line mgciThe perturbed separatrix winds
sinusoidally around the torus. At the-position of the edge CXRS diagnostics the perturbed
separatrix is radially shifted inwards by about 3 mm.

Figure[6.17(a) shows the time trace of the line-averagertrele density from a central LOS
and an edge LOS of the interferometry system. The radiah@gsosition at the outer mid-
plane (see figure 6.17(b)) was scanned several times tonatetailed edge profiles in each
phase. In figur€6.17(c) the current of the MP coils and an Ehbhitoring signal in the di-
vertor are plotted. At a line-averaged edge density ok@@° m~3 the application of the MP
coils has no effect on the ELMs. However, as soon as a critiggé density is achieved (cf.
phase Ill) the type-l ELMs disappear. From the CXRS measurtsmereach radial sweep,
profiles were obtained by measuring the"BECX line (see figur€ 6.17(d)). In general, the
profile does not exhibit any significant change due to the NMRszing from phase | to Il and
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Figure 6.18: Individual impurity ion terms in the radial éer balance of B": (a) pressure
gradient term, (b) toroidal rotation term and (c) poloidalation term. Note the different
scales of panels (a)—(c).

switching on the MP coils has no effect on the ELMs and no chand, is observed. As the
plasma density increases (moving from phase Il to Il) theety ELMs disappear. However,
the E, well (see blue curve of figufe 6.117(d)) is not affected angisstanstant also when the
coils are switched off. Comparing th€. profile of phases Il and Ill, the minimum of the
E,. well appears to be slightly shifted inwards. This shift esponds to about 2 mm in real
space and is just within the error bars. The radial shift maglse due to the 3D equilibrium
induced by the MPs (as discussed in chalptar 3.3). Towardddlsena core the radial electric
field decreases by8 kV/m (atp,,, = 0.9). Note that this reduction is mainly attributed to
the increase in the gas puff level and hence, plasma derssttyeachanges are only observed
when moving from phase Il to phase Ill. In the last phase thesithe stays at the same level
and the MP coils are switched off. Here, the type-1 ELMs doretiirn, however, small high-
frequent ELMs (200 Hz) appear. Note that the radial electric field showsragairesponse.
Figure[6.18 shows the individual impurity terms in the ratbace balance of B" for the four
different phases: (a) pressure gradient term, (b) toreaation term and (c) poloidal rotation
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term. Note the difference in scale when comparing the iddiai terms. The different impurity
contributions for the evaluation @, show a similar behaviour, i.e. the MPs do not have a sig-
nificant impact on the edge kinetic impurity profiles (comgphase | and Il, or, phase Ill and
IV), consistent with the observation of no changes in thetelectron pressure profiles in
H-mode discharges with = 2 MPs [102]. The biggest change on the kinetic impurity prefile
is visible when moving from phase Il to phase Ill and is atttédal to the increased gas puff. At
the same time the edge transport is changing since the tigh®4k are suppressed (see figure
[6.17(c)). The fact that in the ETB, is almost unchanged when moving from phase Il to phase
Il suggests that the main ions set the radial electric fieldi)e the impurities followE, and
the impurity terms in the radial force balance redistritateording to the edge transport.
These results suggest that in H-mode plasmas at high dehsigdge radial electric field is
not affected by externally applied MPs in the= 2 configuration. The fact thak, remains
unaffected may be explained by the shielding of the plasraathe MP is not fully penetrat-
ing into the pedestal. A similar indication was reportedrDIII-D in H-mode plasmas with
resonant MPs in the = 3 configuration with odd parity angh; = 3.8 [156]. Here, thev,
minimum remained unchanged while in the scrape-off layeincreased. The edge kinetic
profiles, however, showed a response on the MPs and a redwdtibe pressure gradient in
the edge pedestal was observed. At TEXTOR an effect of resdi@s onF, was measured
[157] resulting in a maximum increase Bf by 9 kV/m with respect to a reference discharge
without MPs. This was attributed to the ergodization of tlesma edge.

At AUG a control experiment was conducted to test whethermaig perturbations with a
different toroidal mode number have an effection Here, the full set of MP coils were em-
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Figure 6.19: Time traces of scenario with= 1 MPs: (a) Stored energy,,.4, (b) line-
averaged electron density, (c) current of the MP coils ({d:LM monitor (thermo-currents in
the outer divertor) for the three discharges27941 resonant case (RMP#27942 reference
discharge without MPs an#27943 non-resonant case (N-RMPs).
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Figure 6.20: (a)&, profiles in plasmas withh = 1 MPs, (b) individual impurity terms in the
radial force balance of B and main ion pressure gradient term (stars) versus mininfuih o
well. The values of the individual terms are taken at the mum of £,.. For better clarity the
uncertainties of thé’, well minimum are not plotted in subfigure (b).

ployed, i.e. all eight coils above and below the midplane &rurd 6.16(a)). Three discharges
were carried out, one with = 1 resonant MPs (RMP), one with non-resonant 1 MPs (N-
RMP) and one reference discharge without MPs. The densitysleady ramped to identify
the ELM mitigation threshold with MP$ [158].

Figure[6.19 shows time traces of the (a) stored energy, rib)dveraged electron density, (c)
current of the MP coils and (d)—(f) an ELM-monitoring sighaé. thermo-currents in the
outer divertor, for the three discharges. In the phase mdarkgrey in figurd 6.19 a radial
plasma sweep was included to provide detailed edge profllee.E, profiles are evaluated
from measurements on thé Bspectral line. Figure 6.20(a) shows the profiles obtained in
the three different discharges. Thewell shows a slight reduction e¥4 kV/m when the MPs
are switched on independent of their resonance. It may kelribat the difference is within
the uncertainties, however, it is intriguing that the well decreases in both cases compared
to the reference discharge without MPs. Figure 6.20(b) shibvr individual impurity terms
in the radial force balance of°B at the radial position of thé, minimum plotted against
the minimum of theFE, well. The differences in the evaluation &f. result mainly due to a
change in the toroidal rotation term and in the pressureigmatderm of B+, however, both
changes are not really significant and are within the unicgiga. A comparison to the main
ion pressure gradient term shows tliatand Vp; /n;e are coupled independent of the appli-
cation of the MPs (cf. figure_6.20(b)). As the edge densityifiei@nt for the resonant and
non-resonant cases (see figure 6.19(b)), the ion pressadegtVp,; should react differently
as well. In the resonant ca&p; is lowered by about 1%, while in the non-resonant case
Vp; is almost unchanged compared to the reference dischargeuwitPs. This is consistent
with observations of the electron pressure gradient/[1389¢kreacts similar t&/p;.

The results obtained in discharges with= 1 MPs suggest that the MP may penetrate into the
pedestal causing a reduction of thgwell of ~4 kV/m. However, the uncertainties do not al-
low to unambiguously determine this effect. A reductionha £, well has also been observed
in low density L-mode plasmas at AUG [160]. The fact that imtéde the radial electric field
and the main ion pressure gradient term match even in thempresf MPs underlines that,
and the gradients in the main ion species are closely coupled



Chapter 7

Comparison to neoclassical theory

In chaptef 2 the theoretical background important to thésithwas presented and the simplest
approximation of the radial electric field was derived. Nassical theory provides experi-
mentally testable predictions for the poloidal rotatiofoegy and for the radial electric field
E.. In this chapter the validity of the neoclassical formwatof poloidal rotation velocities is
studied for the conditions in the pedestal using the measemes from the new poloidal edge
charge exchange recombination spectroscopy (CXRS) didagnost

7.1 Previous results from other tokamaks

To perform experimental tests against neoclassical th2diyvery accurate poloidal rotation
measurements are required. The picture is quite puzzlingeasurements on various devices
have revealed different results: In internal transportibes formed in enhanced reversed shear
discharges at TFTR[123], in internal transport barried&k [161/162] as well as in the core
of H-mode and quiescent H-mode discharges at DIII-D [168]rteoclassical simulations de-
viated by an order of magnitude.

On all tokamaks the poloidal rotation was measured usirgeaCXRS. At TFTR the poloidal
rotation velocity was obtained using an inversion techaignd up-down symmetric views
to cancel the effect arising due to the energy dependengetechange (CX) cross-section
[164,[123]. At JET[[115] and DIII-D[[163] corrections due teet CX cross-section and gy-
romotion effects (as described in chapter 4) were takendaotount as their contribution was
a significant fraction of the poloidal rotation velocity inet plasma core. Despite including
these corrections the measurements were found to be almosti@r of magnitude larger than
the neoclassical prediction. At DIII-D the measurement exgen found to be in the opposite
direction to the neoclassical prediction across the whiélp.

Earlier DIII-D results [9] at the plasma edge showed thatpghidal rotation velocities of
main ions and impurities are in qualitative agreement wibatassical expectations as the
directions were found to be consistent with the predictiodswever, the magnitude of the
simulated main ion poloidal rotation did not agree with theasured profile. The main ion
poloidal flow was measured using CXRS or?Hén helium plasmas and yielded poloidal ro-
tation velocities of up to +40 km/s at the plasma edge (withgbsitive sign being in the ion
diamagnetic drift direction). The conventional neocleabkcalculations[[35] predicted veloc-
ities in the range of +0-2 km/s. Comparison of the measuretilDtata with neoclassical
predictions including the orbit-squeezing effect [1658, ithe ion banana widths are reduced
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due to the gradient in the radial electric field [166], showddir agreement at the very edge
of the plasma.

In JT-60U plasmas with internal transport barriers 1678161 improved H-modes at AS-
DEX Upgrade [[22], in H-mode plasmas on Alcator C-Maod [133,]16® L- and H-mode
plasmas in the spherical tokamak MAST [170] as well as in erpEnts performed at NSTX
[113] the poloidal rotation measurements agreed with reesatal theory within the experi-
mental uncertainties. So far, these measurements havepke®nmed on impurities and in
the core of the plasma (except for the work of Matral. [133] which was focussed at the
plasma edge).

To shed more light on this puzzling picture and on the phydetermining the poloidal flow
in a tokamak plasma, the edge poloidal rotation measurenaétained during this thesis are
compared to neoclassical calculations. The results disclis chapterl6 show that the radial
electric field £, is well described by the main ion pressure gradient t&p/en;. As the
toroidal rotation is observed to be small at the plasma ettgematching betweed, and
Vp;/en; indicates that the poloidal rotation velocity of the mainsasshould be neoclassical.
As discussed in chaptkl 2 neoclassical theory providesriepetally testable predictions of
the poloidal flows. The main ion poloidal rotation is strongdependent on the ion tempera-
ture gradient scale length, while the poloidal impurityatain depends on both the main ion
temperature and pressure gradient scale lengths. Theimepeal tests against neoclassical
theory of both main ions and impurities are presented indheviing.

7.2 Experimental tests of poloidal flows against neoclassical
theory

The measurements from the new poloidal edge CXRS diagnosfit/@t enable a detailed
comparison of neoclassical predictions and experimerat th the edge pedestal. As pre-
sented in chaptéld 4 the measurements are purely poloiddharadomic physics effects in the
measured CX spectra are negligible. To compare the measotemih neoclassical simu-
lations the numerical code NEOART [38] is used. NEOART isduhen the calculation of
collisional transport coefficients for a given number of umpes and includes collisions be-
tween all species. The transport coefficients represersiimeof a classical, a Pfirsch-Sater
and a banana plateau terfim|[88,1171]. The code solves a seeaf koupled equations for the
parallel velocities in an arbitrary toroidally symmetriegnetry and calculates neoclassical
transport parameters for all collisionality regimes [172]reduced charge state methdd|[38]
is applied for all contributing parts in order to reduce cengtonal time required for these
calculations. For the simulations the measured kinetiéilpsoare used as input and it is as-
sumed that all ions have the same temperdtiree. 7p = T, = T; (D being deuterium and
« the impurity species).

A complementary approach of comparing the experimental ttaheoclassical predictions
is provided by the neoclassical numerical codes NEO [45]HAGIS [46]. Both NEO and
HAGIS employ the) f method in which the distribution function is split info= fo + 0 f
where f; is the equilibrium distribution function antlf the perturbed part.

The numerical code NEQ [45] is based on an Eulerian numedisatetization scheme and
solves the first-order drift kinetic equation. It uses faexpansion of the fundamental drift-
kinetic Poisson equations [173] and a first-principles apph to calculate the neoclassical
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transport coefficients directly from the solution of thetdmition function. NEO includes
self-consistent coupling of electrons and multiple ioncépg, fast toroidal rotation and the
calculation of the electrostatic potential through cooghvith the Poisson equation.

The drift-kinetic, perturbative code HAGIS [46] was deveddl to study the interaction be-
tween Alfven eigenmodes and fast particles. An extension of the @liglAGIS code with a
Monte-Carlo pitch angle collision modél[1/74] enables thewation of neoclassical transport
where the unperturbed distribution functiginis a Maxwellian with constant density and tem-
perature on a flux surface. The perturbed part of the digtabudunction,d f, is represented
by marker particles which are followed along their orbitsl &ime collisions are modelled by
a Monte-Carlo procedure. The extended version of HAGIS nmdehree-species plasma
(electrons, main ions and one trace impurity species) adddes the effects due to finite
orbit sizes.

7.2.1 Poloidal main ion rotation velocity

Helium plasmas provide the opportunity to obtain informaaton the main ion species and
a direct measurement of the main ion poloidal rotation vgjog, ;. In these plasmas, the
main ion poloidal flow was obtained from CXRS on#Hen = 4 — 3). The data were
measured in the same H-mode discharge as presented im$@dtiad-iguré 7J1(a) shows the
measuredy ; profile in black along with a spline fit in blue. The measurelliga are negative,
i.e. in the electron diamagnetic direction. The corredidae to the atomic physics effects
[109,[112] are found to be small: the maximum apparent vglasi0.2 km/s which is well
within the experimental uncertainties. The correctiongehaeen calculated using a vacuum
radiative lifetime of 2ns for the He + D' — He!* + DT transition. This value has been
determined from the Einstein coefficients calculated ugilegCowan code [116], as provided
by the Atomic Data Analysis Structure [117]. The main iongidél rotation is found to be
small and is in agreement with the neoclassical predictadoutated with the code NEOART
[388] shown in red. The main ion poloidal flow is predominardhven by the ion temperature
gradient scale length. The dashed lines in red in figure 7otvshe effect of a radial shift of
+2 mm between electron and ion profiles which are used as iopthé simulations.
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Figure 7.1: Main ion poloidal rotation velocity measuredairmelium plasma, the fit to the
measured data is shown in blue, while the neoclassicalgiredicalculated with NEOART is
shown in red.
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Figure 7.2: Neoclassical coefficierdt;, which enters the neoclassical prediction of the
poloidal main ion flow (see equatign 2133), plotted as a fioncdf the ion collisionality for
different impurity strength parametegs(adapted from[[35]). At a critical value of. ;, K
changes sign and thus, the poloidal rotation flips from thed@mmagnetic to the electron
diamagnetic drift direction.

In this discharge the ion collisionality, ;, as defined in section 2.1.2, at the pedestal top
(ppor = 0.97) is ~12 (see also black curve in figure17.8(a)), which is two ordémagnitude
higher compared to the helium plasmas performed at DIII{D [® the DIII-D experiments
the ion collisionality varied from 0.1 to 0.31[9]. This expla the opposite direction of the
main ion poloidal rotation velocity measured at AUG and EBLIAt DIII-D vy ; was positive,
i.e. in the ion diamagnetic drift direction, and reachedusealof up to 40 km/s in the plasma
edge. The conventional neoclassical approach [35] peedhettv,; is strongly dependent
on the neoclassical coefficiehf; (see equatior (2.83)) which itself depends on the edge ion
parameters. Depending on the ion collisionality the mampoloidal rotation can be in the
electron or in the ion diamagnetic drift direction. The pd& flow can also be close to zero
at a certain critical value of the collisionality or, expsed with the parametdt; [35], where

K (v.;) = 0 (for details on the derivation dk; see ref.[[35]).

Figure[7.2 shows the neoclassical coefficiétit as a function of the ion collisionality
for an inverse aspect ratio=0.3 and different impurity strength parametérsdefined as

¢ =n,Z%/n;Z? wheren andZ denote the density and the charge state of the impuréynd
the main ioni, respectively. Both AUG and DIII-D have an inverse aspedbrat 0.3. At
AUG, the impurity strength parametgis typically below or around 1. It should be noted that
K, varies depending on the discharge parameters and the m&sing, i.e. the critical value
of v.;, might change depending on the experiment. Figure 7.2 stimtsiepending on the
collisionality regime,K; may change sign and thus, the main ion poloidal flow can bereith
in the ion or in the electron diamagnetic drift direction. € the different collisionalities
obtained in the helium plasmas performed at AUG and DIIIt0s not surprising thaty ; is

in the opposite direction. However, the measured profilelHtID exhibited peak velocities
of up to 40 km/s at the plasma edge and they were far off frorm#alassical prediction
(ve; =~ 0—2km/s). Extending the neoclassical model with the orbitestzing effect [165] in-
creased the neoclassical prediction to the same order ofitndg as the measurement, at least
at the very edge of the plasma. The orbit-squeezing effecbeaome important only in the
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deep banana regime as here the particles complete seveaaizbarbits before colliding.

At AUG the operation of low density He discharges, which litatie access to the low col-
lisionality regime, is limited due to the pumping system &imel inventory in the all W wall.
In addition, helium plasmas are not a standard operationUgs And thus, the experimen-
tal time to perform main ion flow measurements is limited. ldwer, the low collisionality
regime was simulated using test input profiles to quantiéyetfiect of the collisionality on the
poloidal rotation profile (see sectibn17.3).

7.2.2 Measured poloidal impurity flows in comparison with neoclassical
simulations

The comparative analysis has been extended to severalkediffenpurity species and to dif-
ferent neoclassical codes including NEO|[45] and HAGIS [46]

In an H-mode discharge performed in deuterium the poloiiglurity rotation velocityv .
was measured on the N(n = 9 — 8) spectral line and compared to conventional neoclassical
predictions based on [35] (see also secfion 2.2.2). Figishows the spline fit to the mea-
sured poloidal rotation data in black and the neoclassieiption using the analytic model
[35] in blue (dashed line). In addition, the simulated pesfibbtained with the neoclassical
codes NEOART, NEO and HAGIS are shown in red (solid line), emg (crosses) and green
(dashed dotted line), respectively. All models agree quwied within the uncertainties and
are consistent with the measured profile. It should be ndtadat the very plasma edge the
gradient scale length approaches that of the poloidal isorgdius, thus breaking the order
assumed in the theory and the neoclassical approximatiessssalid in this region.

Since the toroidal flow is small at the plasma edge, the aggaebetween the measurement
and the neoclassical simulations also indicates that the etlial electric field”, behaves as
expected from neoclassical theory. Figuréd 7.3(b) showgtherofile derived from the CXRS
measurements in black and an estimate of the main ion peegsadient terniVp;/en; in
grey (dotted line). The profile shown in blue has been caledlasing the Hinton-Hazeltine

5_ T T T T ] 20 T T T T
i (a) 1 - (b) #27169 1
OF ] ~ E,(HINTON) :
= s} #27169, N 3 220 ]
> f —— HAGIS ]
[Py — KIM 0l E, (NEOART)
F +— NEO
-25F —— NEOART
3 E—— mleasuremzlent . . : 60l . . . .
0.90 0.92 0.94 0 0.96 0.98 1.00 0.90 0.92 0.94 0.96 0.98 1.00
pol ppol

Figure 7.3: (a) Impurity poloidal rotation velocity measdron N* in a D plasma, along with
the conventional neoclassical prediction][35] in blue {eldtline) and the simulated profile
using NEOART (red, solid line), NEO (magenta, crosses) aAGHb (green, dashed dotted
line). (b) E, profile as measured with CXRS in black, estimate of main ionguresgradient
term in grey (dotted line)E, calculated using the Hinton-Hazeltine formulation/[27pie
(dashed line) and from NEOART in red (solid line).



92 7. Comparison to neoclassical theory

formulation [27], while the profile in red shows the simuthgrofile using NEOART. At the
plasma edge the poloidal rotation velocity is at neoclatdavels and, in combination with
the observed small toroidal rotation velocitids, is well described by the neoclassical pre-
diction. The mechanism responsible for damping the toteaation velocity to small values
at the plasma edge is not clearl[42] and requires a more eétailderstanding of the toroidal
momentum transport in the edge pedestal region.

A basic understanding of the relation betwe&gnand Vp;/en; may be demonstrated by the
following qualitative picture: In the pedestal the radi@aric field acts like a potential barrier
which confines the thermal ions, thus, preventing the iongetdost through the separatrix.
The thermal energy of the ions corresponds to the potemiéatyy associated with the potential
drop to the separatrix. Figufe ¥.4 shows the potential gn&g related to the electrostatic
potential in black and in red the thermal energy of the idiAg, = kpT;, wherekp is the
Boltzmann constant and; the ion temperature as measured with CXRS. For the calculation
of A® = & — @, the radial electric field is integrated from the separatiy,f, = 0.9 and®,

is arbitrarily chosen at the separatrix. The matching otwwecurves near the pedestal top (at
ppror = 0.97) indicates that, using this simplified picture, therhal ions are confined by the
electric field.

A possible explanation for the build-up of the potentialriarmight be the hot tail of the
distribution function of the ions. The ions originating finche hotter part of the distribution
function can get lost while completing their banana orbhjck leads locally to a lower net
charge and, therefore, to a potential difference. Thishsuntiated by calculations made with
HAGIS [175] (see blue dashed curve in figlrel 7.4), in whichdubit effects and the magnetic
field configuration of AUG were taken into account. Only ionsrevfollowed, starting with
initially given profiles and the electric field which is conmpd via Poisson’s law using the
charge deficit arising from the radial loss flow of ions. Tlsi®quivalent to assuming that the
electrons are much better confined. The ion losses are gafigtstopped, once the potential
has grown to a sufficiently high value. In reality, the losaésbe continuous, at a rate com-
patible with the electron losses, but as this loss rate weiledmine only the (small) fraction
of ions capable to overcome the potential barrier, therléltbe an approximately Maxwellian
distribution) will depend only logarithmically on the amduwf these losses. The scale length
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Figure 7.4: Potential energy associated with the potedtfldrence between the separatrix
and the pedestal in black and thermal ion energy in red, sitedlpotential drop using HAGIS
[175] in blue (dashed line).
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Figure 7.5: Effect of including multiple impurity speciasthe neoclassical simulation: fit to
measuredy, , profile of B>* in black, neoclassical predictions using only boron as intyu
species in blue and using boron, carbon, oxygen and tungsted.

of the potential drop corresponds approximately to the ianama width. For a thermal ion,
the banana width is-7 mm at the pedestal top.

For a further validation of the experimental tests agaiesichassical theory different impurity
species, including He, B>t and C* measured in D plasmas, have been analyzed. Figure
[7.8 shows the measured poloidal rotation velocity &f B comparison with the neoclassical
prediction calculated with NEOART. Here, the effect of umting multiple impurity species
is shown. For the simulated profile shown in blue a threeispgdasma was assumed, i.e.
electrons, deuterium and boron. The boron concentrati&@V{@t the pedestal top), which is
used as input, is taken from the CXRS measurement. The neicalga®diction shown in red
includes boron, carbon, oxygen and tungsten as impuritgiepe Here, the carbon concen-
tration was measured in a subsequent discharge using CXR$% @.6he pedestal top), the
tungsten concentration is measured by passive VUV (vacutnawiolet) spectroscopy and
is usually of the order 0.01 %o, while the oxygen concentrgtmaeasured by means of X-ray
spectroscopy, is of the order 0.1-0:3n H-mode discharges. The inclusion of multiple impu-
rity species, which is usually the case in the experimerst,dmy small effects on the poloidal
rotation profile of boron and leads to an increase of 1 km/kéretdge transport barrier.
Figure[7.6 shows the minimum of the measured poloidal mtatelocity plotted against the
minimum of the simulated profile of both impurity ions (blasguares) and main ions (red
circles) as measured in helium plasmas. In the H-mode eddesf both the sign and the
magnitude of the neoclassical poloidal rotation are coesisvith the measurement. Hence,
vg.o IS Mainly given by the main ion temperature and pressureigmadcale lengths, while
the contribution from the impurity pressure gradient séahgth is small as it is multiplied by
Z;] Z4 (see section 2.2.2).

Since the neoclassical poloidal rotation velocity is pmipoal to the toroidal magnetic field
By, the direction of the poloidal flow should change sign witgns reversed. If the poloidal
magnetic fieldBy is flipped the direction should not be affected|[35]. The mAbimpurity
ion rotation has been measured in the revers&d, configuration of AUG to verify whether
or not the measurement is consistent with the neoclassiedlgtion. The data has been ob-
tained in an H-mode discharge with, on-axis of +2.4 T/, = -900 kA, 1.3 MW ECRH, 5 MW
NBI heating and a central line-averaged density #fl6'" m~3. The CXRS measurements
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Figure 7.6: Minimum of measured poloidal rotation veloaigrsus minimum of neoclassical
prediction.

were obtained on B'. In the reversed,/B, configuration positive values af,, are in the
electron diamagnetic drift direction. Figurel7.7 showsrteasured data in black along with a
spline fit in blue and the neoclassical prediction calcaatgéh NEOART in red. The effect of
a radial shift of+2 mm between electron and ion measurements are marked byddasbs.
Here the effect is slightly larger than it was for the main measurements (see figure]7.1)
since the neoclassical poloidal impurity rotation depemithe local gradients of both the ion
pressure and the ion temperature profiles.

The measurements show a hill-like structure at the plasnge e€aching values of up to
~20km/s (cf. figuré_717). In the ETB the poloidal rotation @ty behaves as expected from
neoclassical theory and the sign and the magnitude are arkatly good agreement with the
experimental data. Further inwargs < 0.94) the measurements exhibit negative values for
v, (1.€. in the ion diamagnetic direction) while the simulatjaredicts positive values, though
very close to zero. Note, however, that the measured valud lan/s and including the un-
certainty due to the wavelength calibration the measurémeonsistent with the neoclassical
prediction. The simulated profile exhibits a wider hill andhe regiord.95 < p,, < 0.97 the
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Figure 7.7: Poloidal rotation velocity of"B measured in the reverség B,, configuration and
comparison to neoclassical prediction.
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measurements show a dampingugf, of the order~5km/s. Here, other mechanisms could
affect the poloidal rotation velocity. If the parallel flow reduced compared to the neoclas-
sical value then the poloidal rotation may be affected byidimediamagnetic velocity [165],
which might be the case in the regiomm5 < p,, < 0.97. A mechanism which can reduce
the parallel flow is for example radial diffusion of parallebmentum due to viscosity [165].
In addition, a toroidal torque (due to the NBI) could play aeraind diminish the poloidal
rotation velocity (i.e. the contribution is in the ion diagmeetic drift direction) as this term in
the momentum balance equation does not change sign whesireyg, andB,,. However, it

is not clear which mechanism is responsible for the damping ©in this region.

7.3 Simulation of low collisionality plasmas

Different test cases have been performed using the code FREQ@A study the effect of col-
lisionality on the poloidal rotation. The low collisiongliregime has been approached by
scaling the electron density and the ion and electron teatyer, which are used as input pro-
files.

Figure[7.8(a) shows the radial profile of the main ion caiigllity (here He). The Pfirsch-
Schhter limit (PS limit) is atv, =~ 7, while the banana limit is at, = 1. In the real exper-
iment, as presented in section 712.1, the main ions were idetye Pfirsch-Sclilter regime
(black curve in figur@718(a)). The density and temperatarescaled such that the pressure
remains constant. Using a scaling factor of 2 results in @hecollisionality being in the in-
termediate plateau regime (see red curve in figure 7.8(d)¢ idn collisionality crosses the
banana limit when dividing the electron density by a factio and scaling the temperatures
correspondingly (cf. blue curve). The ions are deep in ti@ba regime when using a scaling
factor of 4 (cf. green curve). Figufe 7.8(b) shows the eftdeteducing the ion collisionality
on the main ion poloidal rotation. For lower collisionadii the main ion poloidal flow ap-
proaches zero and at a critical value of the collisionaljtghanges sign and is in the opposite
direction, i.e. in the ion diamagnetic drift direction (ggeen curve in figure 7.8(b)).

This analysis has been extended to study the effect on itgpanis. In general, the impurities
are in the high collisionality regime at the plasma edgeufay.9(a) shows the collisionality
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Figure 7.8: Simulation of main ions in the low-collisiortglregime: (a) collisionality profile
v, and (b) main ion poloidal rotation velocity. At a certainv, the poloidal rotation flips sign
and is in the ion diamagnetic direction (positivg.
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Figure 7.9: Simulation of nitrogen and deuterium poloidadation velocity in the low-
collisionality regime: (a) collisionality and (b) poloititation velocity.

for the main ions (here D, solid lines) and for the impuritgsies N (dashed lines). Due to
the N, seeding, in the real experiment the main ions were in theraregime further inwards
and in the plateau regime at the plasma edge (cf. black so&dn figure[7.9(a)). Reducing
the electron density and increasing the temperatures bgterfaf 1.2 and 1.5, thus lowering
the collisionality, leads to a decrease of the poloidal niairflow (see figur€ 719(b)). The im-
purity concentrations remained unchanged and, theretfoedriction between impurities and
main ions is increased. At a certain threshold of the maircahsionality the poloidal main
ion flow flips sign, while the impurities stay in the Pfirschhider regime and the poloidal
impurity rotation remains in the electron diamagnetictdiifection. Note that the poloidal
impurity rotation is almost unchanged. Since the neoatasgioloidal impurity rotation de-
pends mainly on the ion pressure and ion temperature gtadigee equatioh (2.B4)), . is
expected to show only little variations as the pressurepg &enstant when scanning the col-
lisionality in the calculations.

These simulations show that in the banana regime the polatation velocity of the main
ions should change sign and, therefore, pointing into theliamagnetic drift direction. Mea-
surements in the low collisionality regime would enable ¢éperimental test of the poloidal
main ion rotation against neoclassical theory. In paréicuh variation of the collisionality
could help to identify the critical value of, at which the poloidal rotation flips sign.



Chapter 8

Summary and Discussion

This thesis contributes to the study and characterizafidmeaadial electric field at the edge of
tokamak plasmas. The understanding of the physics relévdané edge of an H-mode fusion
plasma is of crucial importance as steep gradients drivamshimpurity flows and the height
of the pressure pedestal determines the boundary corglftothe performance in the plasma
core. The underlying reason for the formation of the edgespart barrier (ETB) is believed
to be the existence of a sheared plasma flow perpendiculaetmagnetic field caused by a
local radial electric field,..

The new edge charge exchange recombination spectroscogySCdiagnostics installed at
ASDEX Upgrade (AUG) enabled the determinationffrom the radial force balance equa-
tion. Using these measurements the connections betieand the ETB have been analyzed.
In this final chapter the work performed in this thesis is swanaed and the main findings are
discussed. Possible directions for future work are outline

8.1 Summary and conclusions

The research performed in this thesis is based on activgeachange recombination spec-
troscopy (CXRS), which provides temporally and radially reed measurements of the ion
temperature, density and velocity from the analysis of §pscopic emission in the visible
range. During this work the pre-existing toroidal edge CXR&ydbstic was upgraded with
a new spectrometer and extended with a poloidal systemhwiés designed, installed and
operated at the AUG tokamak. The new diagnostic enableséigporally (2 ms) and radially
resolved (5 mm) measurements of the poloidal impurity rotavelocity and thus, provides
the missing measurements for deriving the radial electld f,. from the radial force balance
equation. In addition, the combination of poloidal and tdabviews allows the determination
of full plasma rotation profiles both perpendicular and pakr& the magnetic field.

In H-mode the poloidal impurity rotation velocity is verydowards the plasma core, while
inside the ETB a strongly sheared rotation in the electramdignetic drift direction is ob-
served. The toroidal rotation is co-current and exhibitgpdatated near the pedestal top. The
ion temperaturd’; and impurity density:,, profile form a clear H-mode pedestal. Bathand

n, measured with both edge CXRS diagnostics are in excellenéagnat and are consistent
with the core toroidal CXRS measurements.

The E, profile has been derived from charge exchange (CX) spectraureghon different
impurity species including He, B>*, C5* and N&é°*. The resulting®, profiles are found to
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be identical within the uncertainties regardless of theuritp species used for the analysis.
This demonstrates the validity of the diagnostic technigpue provides a consistency check of
the evaluation ofZ,. In the present work, the localization of tfi& dip is of unprecedentedly
high quality and has small uncertainties (2—3 mm) due to tspeats: First, the measurements
are fixed in real space and have a resolution between 3 and Bwoondly, thel’; profile is
part of the CXRS measurements and is therefore rigidly alignéloe £, profile. The relative
alignment ofE, to the electron profiles and the separatrix position is Yaithgy an established
scheme that makes use of the unique edge diagnostic caipakaivailable at the AUG toka-
mak. As a result, alE, profiles are reproducibly aligned.

Using the measurements obtained during this thesis thdigugsaised in chaptét 1 can now
be answered:

» What is the structure of E, in the H-mode edge transport barrier? How is E, char-
acterized with respect to the edge kinetic profiles?
In the ETB the radial electric field exhibits a deep, negafiyavell with the minimum
localized close to the separatrig, > 0.99). The width of theE, well shows little
variation and is on average 1.2 cm.
In the radial force balance of impurity ions the poloidalatain contribution yields the
dominant term in the evaluation @, at the plasma edge. For the main ions, H)e
minimum coincides with the maximum pressure gradient t&ip)/ en; supporting that
the £, well is created by the main ion species. An estimate of thpgraticular deu-
terium velocity has been evaluated by comparing the mairpressure gradient term
and theE, profile derived from CXRS. Fop,,, > 0.95, i.e. the edge pedestal, the
results suggest that the perpendicular main ion flow is dossero with uncertainties
less than 5 km/s. This is confirmed by direct measurementseafiain ion temperature,
density and rotation velocities in helium plasmas, whiabvsthat at the plasma edde
is mainly determined by the pressure gradient term of thexnmeis. This relationship
requires in particular that the toroidal ion rotation vetgcwhich is determined by the
toroidal momentum transport, is balanced by the poloidaition velocity. The poloidal
main ion rotation is observed to be neoclassical and isetbex, a small contribution
to £,. However, it is unclear which mechanism in the plasma edgesgonsible for
damping the toroidal rotation to small values. The possiliee (or damping) of the
toroidal flow in the edge pedestal is still under investigati
The fact that the perpendicular ion fluid velocity is almostazat the plasma edge
demonstrates that tHex B velocity and the ion diamagnetic fluid drift are in balance.
The perpendicular electron flow velocity is evaluated frowva tneasured’, profile and
the measured electron density and temperature profiles. iGomall measurements of
the edge kinetic profiles provides experimental evidenaepbkrpendicular to the mag-
netic field the ions are at rest in the lab frame while the eb&xst move with a speed that
is approximately twice the electron diamagnetic drift w&ip This is also consistent
with Vp = j x B, i.e. to zeroth order a curreptperpendicular to the magnetic field
balances with the pressure force. Since the main ion fluidcitgl is almost zero, the
electrons have to speed up to fulfill this condition.
The maximum in the?, shearing rate coincides with the steepest ion pressuréegtad
Vp; and lies inside the position of the minimum of the well. This suggests that the
negative shear region is the important region for turbudercluction within thé=xB
shear model.
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* What is the behaviour of £, in different confinement regimes?
To answer this question, thé. profile has been investigated in L-, I- and H-mode plas-
mas. In L-mode F, is small in magnitude and exhibits little shear in contrasthte
H-mode regime in which a strongly sheared negafiyes observed in the ETB. To-
wards the plasma core, the absolute magnitude.afecreases an#él, changes sign. In
the I-mode regime the minimum @, is intermediate between L- and H-mode.
The £, minimum has been studied as a function of ion temperaturgsityeand pres-
sure at the pedestal top by combining the data measureddordlhement regimes. The
depth of theE, well, or the magnitude of th&, shear respectively, shows a clear cor-
relation with the ion pressure at the pedestal top, in kepwith the main ion pressure
gradient term being the dominant contribution#Q

» Are the impurity density, temperature and flows forming an equilibrium within a
flux surface? Is the electrostatic potential constant alonghe flux surface?
The installation of novel flow measurements at the inboaxtptane of AUG, which are
based on CXRS at a deuterium gas puff, enabled the study of®ssymmetries on
a flux surface. The comparison of the high-field (HFS) and fieid side (LFS) profiles
requires the alignment of the CXRS measurements and is bagbd assumption of a
constant ion temperature on the flux surface. Using thisragsan the new edge CXRS
measurements reveal the existence of an asymmetric floatsteuat the H-mode edge.
In the ETB the poloidal impurity flow exhibits a strongly sihea flow in the electron
diamagnetic direction both at the LFS and HFS. The HFS palaiotation velocity
is about a factor of 1.5-2 lower than at the LFS thus, breathegdependence of the
poloidal flow on the poloidal magnetic field. The toroidalatadn velocity is co-current
at both the LFS and HFS, however, the profile exhibits an asgtmerstructure.
Both the toroidal flow asymmetry and the difference in magtetof the poloidal flow
might arise due to the existence of a poloidal impurity digmesymmetry, with the im-
purity density being larger at the HFS. The evaluatiofvpfrom the measured HFS and
LFS profiles enables the determination of the electrospatiential at both poloidal po-
sitions. The measurements show that within the uncerésittie electrostatic potential
is a flux function and forms a consistent equilibrium with theasured flow structure.

* Is neoclassical theory sufficient to describe the observedfwidal rotation velocities
at the plasma edge?
Experimental tests against neoclassical theory have bedormed which show that at
the plasma edge the poloidal rotation of both main ions armliities is at neoclassical
levels. Both the sign and the magnitude of the neoclassiedligons are in very good
agreement with the measurement. Hence, the poloidal maifiow is driven by the
ion temperature gradient, while the poloidal impurity flandietermined by both the ion
temperature and pressure gradient. The fact that at theapledge thé’, well is mainly
determined by the main ion pressure gradient t&py/en; is consistent with the main
ion poloidal flow behaving as expected from neoclassicairhe

The time resolution of the edge CXRS diagnostics (2.2 ms) allihe study of the temporal
evolution of £, during an ELM cycle. At the ELM crash th&, minimum decreases leading
to a reduction of thd&e xB shear layer. Shortly after the ELM, the profile recovers dred t
E,. well reforms reaching its initial value 4—6 ms after the ELMcomparison to the main
ion pressure gradient term shows remarkably good agreeménoth the magnitude and the
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temporal evolution. This suggests thap; and theF, well recover on similar time scales.

In high density type-I ELM-mitigated H-mode plasmas, obéal via externally applied mag-
netic perturbations (MPs) with toroidal mode numhber= 2, no obvious effect on thé,
profile is visible. In H-mode plasmas with MPs in the= 1 configuration a slight reduction
(~15%) of the £, well is observed, however, the difference is within the utaiaties of the
measurements. Although the reduction is within the erros beis observed for both resonant
and non-resonant MPs compared to the reference dischatigeuivMPs. This indicates that
in high density, magnetically perturbed & 1) H-mode plasmas the MP may penetrate into
the pedestal causing a small reduction of H)ewell. The radial electric field and the main
ion pressure gradient term at the plasma edge are found threegn in the presence of MPs.
This underlines thak, and the gradients in the main ion species are closely coupled

The results presented in this thesis show that the partioieesmergy transport across the
pedestal and the radial electric field build a closed, saffsistent system. This work provides
experimental evidence that the. well is created by the gradients in the main ion species.
The main points discussed in this thesis support that thehamnel plays a key role in the
interplay betweelk x B velocity shearing, turbulence and transport reduction.

8.2 Directions for future work

As presented in this thesis the evaluation of the radialteteiteld £, via CXRS enables an
unprecedented high-accuracy localization of f)edip and is well suited to study the rela-
tionship between the ETB and.. The installation of additional optical heads, which pdwvi
more lines of sight and fill the gaps in-between the existingnnels, would provide more
detailed edge CXRS profiles without the need of performing @algtasma sweep. Hence,
very detailed profiles could be measured during the L-H ttimms At the same time more ac-
curate measurements of the gradients in ion temperatupeirity density, rotation velocities
and E, could be obtained for a single time point. Faster CXRS measm&snon a timescale
of several hundreds of us, coupled with detailed comparigsghe edge kinetic profiles will
allow a deeper understanding of the mechanism causing théransition.

The question why the main ion flow velocity perpendiculaihi® thagnetic field is almost zero
remains an open issue. The measurements performed duisripeisis demonstrate that the
poloidal rotation of both main ions and impurities is nesslaal, however, the actual mecha-
nism responsible for the small toroidal rotation veloatiserved at the plasma edge remains
unclear. The identification of the dominant processes tretalevant at the plasma edge is
essential for understanding the edge toroidal rotationtaraddal momentum transport.
Developing an alternative discharge scenario to obtain doWisionality plasmas at AUG
would enable the test of poloidal flow measurements agaewstlassical theory in the low
collisionality regime, i.e. in the banana regime. A scandhisionality could help identifying
at which critical value of the collisionality the orbit-segzing effect may become important.
The novel CXRS measurements at the inboard midplane haveledwbee existence of an
asymmetric flow structure on a flux surface, which is thoughdrise due to a poloidal im-
purity density asymmetry. A direct evaluation of the impydensity profile at the high-field
side is pending. Measurements of the gas puff cloud comhinébdmodelling of the neutral
gas puff penetration is required to obtain a quantitativasneement of the poloidal impurity
density asymmetry.



Acknowledgements

During the last three years | have profited immensely fronettpertise, intellect and encour-
agement of several people. At this stage | want to thank &eelywho has contributed to this
thesis, both professionally and personally.

First and foremost, | would like to express my deep gratittaleny advisor, Dr. Thomas
Putterich, who encouraged me throughout the whole thesigslfartunate to be his first PhD
student and | have benefited a huge amount from his enthus@sstience and research.
Thank you for your dedication, your patience, your conssaipiport and your friendshipgch
danke Dir fir alles, einen besseren Betreugitte ich mir nicht ilnschen &nnen!

| am grateful to my academic advisor, Prof. Dr. Harmut Zoham,duiding me through this
process. Thank you for giving me the opportunity to perfohms thesis under your supervi-
sion and thank you for the fruitful discussions, especitgiyards the end of the thesis.

I would like to extend my appreciation to my group leader, Ralph Dux, who was a constant
source of support and motivation. Thank you for answerihgglquestions and for the many
hours we spend in front of the spectrometer. Thank you for jime and dedication.

| want to thank Dr. Rachael McDermott for being my ‘not-a-swsor’, | have profited im-
mensely from our discussions and your knowledge. | will néwegget our calibration nights.

| am deeply indebted to Dr. Emiliano Fable who has taught mengoh about neoclassical
theory (and theory in general) and who always supported delowed interest in my work.
Grazie mille per tutte le discussioni e per il tuo sostegno

| am grateful to Prof. Dr. Arne Kallenbach for his supportiogtimism, for his enthusiasm
and the fruitful discussions over the last years. Furtheegravant to express my appreciation
to Prof. Dr. Uli Stroth, thank you for your insight, interestd input to this work.

My deepest appreciation to Prof. Dr. Karl Lackner for thatful discussions and vivid pic-
tures. Thank you for your generosity in time in the very lastutes.

I would like to thank Dr. Garrard Conway and Dr. Tim Happel foeir enthusiasm and for
their tireless efforts to explain the nuances of turbulesmice Doppler reflectometry. Thank
you for your patience in answering all my questions and thankfor the many lessons you
gave me in the last three years. | would also like to extend ppyexiation to Dr. Clemente
Angioni, Dr. Andreas Bergmann, Dr. Francis Casson, Dr. FsanRyter, Dr. Wolfgang
Suttrop, Dr. Elisabeth Wolfrum and Dr. Qingquan Yu for theantributions and input to this
work. Thank you for your availability and time.

Special thanks deserves the whole spectroscopy grouiakp8enedikt Geiger, Dr. Steffen
Potzel, Athina Kappatou, Matthias Bernert, Felix Reimold, Blarco Sertoli, Arthur Janzer
and our technicians Anton Mayer and Andreas Bolland. Thankfgoyour help and all the
fun and laughters in the lab, in the vessel and in the coniaot.

The installation of the new diagnostics would not have beessible without the constant
support and help of Wolfgang Zeidnddanke fir die unahligen Stunden im und am Gé,



102 Acknowledgements

im Labor, am Spektrometer, mit den Optikken und Lichtleitern. Ohne Deine Untdrstung
ware diese Arbeit nicht dglich gewesen Special thanks to Dr. Albrecht Hermann for his
constant support and to Michael Ebner for all his help andafaays lending me a hand or
a tool. | am grateful to Peter Bischoff for his patience in rbfshing all the optical fibers
needed for this work. | would like to extend my gratitude tarlkéismann, who coordinated
the construction of every single piece of the spectrometéitiae optical heads, and taiGther
Eicher for his endurance when sharpening the entrancd #iespectrometeEin herzliches
Dankeschn an die gesamten Gd#Emannschaft und die E1-Werkstatt tlie Unterstitzung
beim Aufbau der neuen Diagnostikémm thankful to Dr. Karl Behler and Dr. Roland Merkel
for their support in setting up the diagnostic computersect thanks to Helmut Blank for
helping me set up the shotfile headers and to Georg Zimmerrwarproviding the power
switches, an essential piece for the shot-to-shot wavtiesadibration.

I would like to acknowledge the whole ASDEX Upgrade Team fait support, friendship
and all the help. Special thanks to all the experiment leaftertheir assistance in designing
the discharges. | am grateful to Dr. Christian Hopf and thele/iNBI group, without you
this work would not have been possible. Special thanks ded&nja Bauer, Gabriele @sch,
Petra Jordan and Margot Jung for their support in adminiggrand bureaucratic questions.

| would like to express my gratitude to Sina Fietz, Matthiagriget, Andreas Burckhart,
Benedikt Geiger, Sylvia Rathgeber, Fabian Somme Bernardo, Marco Veranda, Alessan-
dro Scaggion and Emanuele Sartori for the great time we h&tumch, Lisboa and Padova.
Vielen Dank, obrigada e grazie mille per le avventure!

Many thanks to all my fellow PhD students and postdocs at IRB ave worked alongside
me and helped me in so many ways: Dr. Leena Aho-Mantila, Durd@arrera-Orte, Dr.
Gregor Birkenmeier, Dr. Jurrian Boom, Livia Casali, Dr. Ivo Gas, Diarmuid Curran, Dr.
Hauke Doerk, Mike Dunne, Dr. Tilmann Lunt, Pierre Sauter, Bhilip Schneider, Christian
Vorpahl, Dr. Bernd Wieland, Matthias Willensdorfer ... Tharou for the good time we had
during lunch, at the various conferences and thank you féh@ldiscussions and laughters.
Special thanks deserves Sina Fietz, who was a constantesotisupport in the last years.
Thank you for always being there and backing me up when | ribgde.

| am thankful to Samy, Jose H., Jorge, Manuel, Elisa, Josd-Mnziska, Marta, Eric, Naty
and Rafa for cheering me up, for showing me that there is litsida work (though in the last
months there wasn't) and for the great time we always spegetiier.Muchas gracias!

| want to thank my family in Italy, my grandmother, aunts anttles and all my cousins.
Special thanks deserves Rosy Viezzer who has supported meidoimthe last yearsTi
ringrazio di cuore per tutto quello che hai fatte per ndiwant to extend my appreciation to
my family on the Philippines, so far away, but you are alwaysy thoughts.

I do not have words to express my gratitude to my closestdrkeatharina who was always
there when | most needed her. Thank you for all your emailsoam&kype-sessions, for your
support and belief in me and what | can achieMgerci beaucoup pour tout et je viendrai te
rendre visite biertt, promis!

| am incredibly fortunate to have met Manuel, the one who wandugh all the ups and
downs | encountered during this thesis. Thank you for yowaluesnce and your encourage-
ment. Hearing your voice at the end of the day made my day!

| am even more fortunate to have such a loving and supporinely. | want to thank my
mother Victorina and my brother Denis who were always thehemwl most needed them.
Thank you for your understanding, your unconditional lownd &r keeping my spirits up. |
dedicate this thesis to yosalamat para sa lahat!



Bibliography

[1] J. Wesson.Tokamaks 3¢ edition, ISBN 0 19 8509227, Oxford University Press, Ox-
ford, 2004.

[2] J. Jacquinot and the JET tealasma Phys. Control. Fusipd1:A13, 1999.
[3] F. Wagneret al.. Phys. Rev. Lett49(19):1408, 1982.
[4] H. Biglari et al. Phys. Fluids B2:1, 1990.
[5] R.J. Foncket al. Phys. Rev. A£29(6), 1984.
[6] K. Ida. Plasma Phys. Control. FusipA0:1429, 1998.
[7] S.-I. Itoh and K. Itoh.Phys. Rev. Lett60:2276, 1988.
[8] K. C. Shaing.Phys. Fluids31(8):2249, 1988.
[9] J. Kim et al. Phys. Rev. Lett72(14):2199, 1994.
[10] K. H. Burrellet al. Phys. Plasmad.(5):1536, 1994.
[11] R. J. Groebneet al. Phys. Rev. Le{t64(25):3015, 1990.
[12] K. H. Burrellet al. Phys. Plasmasg}l:1499, 1997.
[13] K. H. Burrell et al. Plasma Phys. Control. Fusip#6:A165, 2004.
[14] P. Gohilet al. Nucl. Fusion38(1):93, 1998.
[15] N. Hawkeset al. Plasma Phys. Control. Fusip88:1261, 1996.
[16] Y. Andrewet al. Eur. Phys. Lett83:15003, 2008.
[17] R. M. McDermottet al. Phys. Plasma4.6:056103, 2009.
[18] K. Kamiyaet al. Nucl. Fusion51:053009, 2011.
[19] M. Hirschet al. Plasma Phys. Control. Fusip#3:1641, 2001.
[20] T. Idoet al. Rev. Sci. Instrum70:955, 1999.
[21] L. I. Krupnik et al. Fus. Eng. Desigrb6-57:935, 2001.
[22] H. Meisteret al. Nucl. Fusion41(11):1633, 2001.



104 BIBLIOGRAPHY

[23] G. D. Conwayet al. Plasma Phys. Control. Fusip#6:951, 2004.
[24] J. Schirmeeet al. Nucl. Fusion46:S780-S791, 2006.

[25] B. Wieland. Investigations on radial electric fields in the edge tran$gzarrier of
H-mode dischargesPhD thesis, Technische UnivegdiMinchen, 2011.

[26] R. Fischeret al. Fus. Sci. Techngl58:675, 2010.
[27] F. L. Hinton and R. D. HazeltineRev. Mod. Physi¢c#8(2):239, 1976.

[28] R. Dux. Plasmaphysik und Fusionsforschurigecture script, Universét Augsburg
2002.

[29] P. Helander and D. J. SigmaCollisional Transport in Magnetized Plasmais’ edition,
ISBN 0-521-80798 -0, Cambridge University Press, Cambridge22

[30] S. P. Hirshman and D. J. Sigmaucl. Fusion 21(9):1079, 1981.

[31] R. B. White. Theory of Tokamak PlasmadNorth Holland Physics, Elsevier Science
Publisher B.V., Amsterdam, 1989.

[32] E. J. Doyleet al. Nucl. Fusion47:518, 2007.
[33] T. Putterichet al. J. Nucl. Mater.415(1):S334-S339, 2011.

[34] H. Zohm. PlasmaphysikLecture script, Ludwig-Maximilians-Univeréit Minchen
2001.

[35] Y. B. Kim et al. Phys. Fluids B3(8), 1991.

[36] J. D. Calleret al. Nucl. Fusion49:085021, 2009.

[37] U. Strothet al. Plasma Phys. Control. Fusipb3:024006, 2011.
[38] A. G. PeetersPhys. Plasmgs/(1):268, 2000.

[39] K. C. Shaing.Phys. Plasmasl0(5):1443, 2003.

[40] K. C. Shainget al. Nucl. Fusion50:025022, 2010.

[41] P. H. Diamond and Y.-B. KimPhys. Fluids B3:1626, 1991.
[42] A. G. Peetergt al. Nucl. Fusion51:094027, 2011.

[43] K. C. Shainget al. Phys. Fluids B2(6):1492, 1990.

[44] F. L. Hintonet al. Phys. Lett. A259:267, 1999.

[45] E. A. Belli and J. CandyPlasma Phys. Control. Fusips0:095010, 2008.
[46] S.D. Pinchegtal. Comp. Phys. Comni11:133, 1998.

[47] P. A. Schneider.Characterization and scaling of the tokamak edge transpartiér.
PhD thesis, Ludwig-Maximilians-Univergit Miinchen, 2012.



BIBLIOGRAPHY 105

[48] W. Suttropet al. Plasma Phys. Control. Fusip89:2051, 1997.
[49] F. Ryteret al. Plasma Phys. Control. FusipAa3(A323), 2001.
[50] A. M. Dimits et al. Phys. Plasmag§:969, 2000.

[51] Y. R. Martinet al. J. Phys.: Conf. Ser123:012033, 2008.

[52] F. Ryteret al. Nucl. Fusion36:1217, 1996.

[53] T. N. Carlstrom and R. J. Groebnd?hys. Plasmgs3:1867, 1996.
[54] A. E. Hubbardet al. Plasma Phys. Control. Fusip#0:689, 1998.
[55] F. Ryteret al. Nucl. Fusion49(062003), 2009.

[56] P. Sauteet al. Nucl. Fusion52:012001, 2012.

[57] H. Zohm.Plasma Phys. Control. Fusip88(2):105, 1996.

[58] J. W. Connoet al. Phys. Plasma$(7):2687, 1998.

[59] P. B. Snydeet al. Phys. Plasma®:2037, 2002.

[60] A. Burckhartet al. Plasma Phys. Control. Fusip2:105010, 2010.
[61] M. Shimadaet al. Nucl. Fusion47:S1, 2007.

[62] P. W. Terryet al. Rev. Mod. Phys72(1):109, 2000.

[63] P. Manzet al. Phys. Rev. Left103:165004, 2009.

[64] P. H. Diamoncet al. Plasma Phys. Control. Fusip#7:R35, 2005.
[65] K. Itohetal. Phys. Plasmad3:055502, 2006.

[66] A. Fujisawa.Nucl. Fusion 49:013001, 2009.

[67] G. D. Conwayet al. Conf. Proceedings of the ZAAEA Fusion Energy Conference,
IAEA-CN-180/EXC/7-1, Daejor2010.

[68] G. D. Conwayet al. Phys. Rev. Left106:065001, 2011.

[69] K. C. Shaing and E. C. Crume, Rhys. Rev. Lett63(21):2369, 1989.
[70] A.B. Hassanet al. Phys. Rev. Left66:309, 1991.

[71] T. E. Stringeret al. Phys. Rev. Left22:1770, 1969.

[72] R.C. Isler.Physica Scripta35:650, 1987.

[73] M. G. von Hellermanret al. Physica Scriptar120:19, 2005.

[74] B. Geiger.Fast-ion transport studies using FIDA spectroscopy at tB®EX Upgrade
tokamak PhD thesis, Ludwig-Maximilians-Universit Minchen, 2012.



106 BIBLIOGRAPHY

[75] R. Duxet al. Conf. Proceedings of the 39EPS Conference on Plasma Physics, ECA
\ol. 36F, P2.049, Stockholm, 2012.

[76] F. F. Chen.Introduction to Plasma Physics and Controlled Fusi@i? edition, ISBN
0-306-41332-9, Plenum Press, New York, 1983.

[77] R. B. White and F. F. CherRlasma Phys.16:565, 1974.

[78] T. Happel. Doppler Reflectometry in the TJ-II Stellarator: Design of @ptimized
Doppler Reflectometer and its Application to TurbulenceRadial Electric Field Stud-
ies. PhD thesis, Universidad Carlos Il de Madrid, 2010.

[79] G. D. Conwayet al. Plasma Fus. Research(S2005), 2010.

[80] 1. Hutchinson. Principles of plasma diagnostic2™ edition, ISBN 978-0521803892,
Cambridge University Press, Cambridge, 2002.

[81] M. Hirschet al. Plasma Phys. Control. Fusipa8:S155, 2006.
[82] T. Estradeet al. Plasma Phys. Control. Fusiph1:124015, 2009.
[83] G. R. McKeeet al. Phys. Plasma§:1870, 2000.

[84] S. Klenge. Dynamik magnetisch eingeschlossener Plasmen amUbétgang PhD
thesis, Universit Stuttgart, 2005.

[85] J. Schirmer.Plasma Turbulence Studies Using Correlation Doppler Redteetry on
the ASDEX Upgrade TokamaRhD thesis, Ludwig-Maximilians-Univergit Minchen,
2005.

[86] C. Troster. Development of a flexible Doppler reflectometry system anajplication
to turbulence characterization in the ASDEX Upgrade tokianf2hD thesis, Ludwig-
Maximilians-Universiat Munchen, 2008.

[87] T. Happelet al. 10" International Reflectometry Workshopadova, Italy, 2011.
[88] S. K. Rathgebeet al. Plasma Phys. Control. Fusion (accepted for publiagfi@012.

[89] W. Suttrop.Practical Limitations to Plasma Edge Electron TemperatMeasurements
by Radiometry of Electron Cyclotron EmissioRP Report 1/306, Max-Planck-Institute
for Plasma Physics, Garching, Germany, 1997.

[90] B. Kurzanet al. Rev. Sci. Instrum82:103501, 2011.

[91] J. Schweinzeet al. Plasma Phys. Control. Fusip84(7):1173, 1992.

[92] R. Fischert al. Plasma Phys. Control. Fusip0:085009, 2008.

[93] M. Willensdorferet al. Rev. Sci. Instrum83:023501, 2012.

[94] O. Gehre.International Journal of Infrared and Millimeter Waves(3), 1984.
[95] A. Mlynek et al. Rev. Sci. Instrum81:033507, 2010.



BIBLIOGRAPHY 107

[96] ITER Physics Expert Group on Confinement and Transgat Nucl. Fusion39:2175,
1999.

[97] E. Wolfrum et al. Conf. Proceedings of the 221AEA Fusion Energy Conference,
EX/P3-7, Geneva, 2008.

[98] J. Neuhauseet al. Plasma Phys. Control. Fusip#4:855, 2002.
[99] A. Kallenbachet al. J. Nucl. Mater.337-339:381, 2005.
[100] T. Futterichet al. Phys. Rev. Lett102(025001), 2009.
[101] W. Suttropet al. Phys. Rev. Left106(225004), 2011.
[102] R. Fischeet al. Plasma Phys. Control. Fusip&4:115008, 2012.
[103] E. Viezzeret al. Rev. Sci. Instrum83:103501, 2012.

[104] T. Rutterichet al. Conf. Proceedings of the 8PS Conference on Plasma Physics,
ECA \ol. 32D, P-2.083Crete, 2008.

[105] Princeton Instruments. http://www.princetoninstients.com.

[106] NIST Atomic Spectra Database. http://physics.g®st/PhysRefData/ASD/lineform.html.
[107] E. Viezzer et alPlasma Phys. Control. Fusios3:035002, 2011.

[108] T. Rutterichet al. Nucl. Fusion52:083013, 2012.

[109] M. von Hellermanret al. Plasma Phys. Control. Fusip®&7:71, 1995.

[110] FARO Technologies, Inc. http://www.faro.com.

[111] R. E. Bell.Rev. Sci. Instrum75(10), 2004.

[112] R. E. Bell and E. J. SynakowskAIP Conf. Proc, 547:39, 2000.

[113] R. E. Bellet al.. Phys. Plasmasl7:082507, 2010.

[114] W. M. Solomoret al. Rev. Sci. Instrum75(10):3481, 2004.

[115] K. Cromke. Spectroscopic studies of Impurity lon Dynamics on the JEX EBXTOR
Tokamaks, ISBN 90-8578-033-0, available at http://hdidia.net/1854/5551PhD the-
sis, Ghent University, 2006.

[116] R. D. Cowan.The Theory of Atomic Structure and Specttaniversity of California
Press, ISBN 9780520038219, 1981.

[117] H. P. SummersADAS User Manual 2.6http://www.adas.ac.uk/manual.php, 2004.

[118] W. L. Wieseet al. Atomic Transition Probabilities, Volume | Hydrogehrdugh Neon,
A Critical Data Compilation, NSRDS-NBS Mational Standard Reference Data Series,
National Bureau of Standards 4, U. S. Government Printing&ffiVashington, D. C.,
1966.



108 BIBLIOGRAPHY

[119] A. Blom and C. Jugen. Plasma Phys. Control. Fusiod4:1229, 2002.

[120] J. D. Heyet al. Conf. Proceedings of the 20EPS Conference on Contr. Fusion and
Plasma Physics, ECA VOI. 17C/lll, p. 1111, Lisbon, 1993.

[121] D. H. Sampsond. Phys. B: At. Mol. Phys10(4):749, 1977.

[122] K. H. Burrellet al. Plasma Phys. Control. Fusip81:10, 1989.

[123] R. E. Bellet al. Phys. Rev. Le{t81(7):1429, 1998.

[124] J. W. Coenet al. J. Phys. B: At. Mol. Opt. Phy$13:144015, 2010.
[125] H. Meyeret al. Jour. of Phys.: Conference Seri@23:012005, 2008.
[126] K. Idaetal. Rev. Sci. Instrum71(6):2360, 2000.

[127] R. Brakelet al. Plasma Phys. Control. FusipB9:B273-B286, 1997.
[128] T. Happelket al. Phys. Plasma48:102302, 2011.

[129] V. Antoniet al. Phys. Rev. Left79:24, 1997.

[130] W. Schneideet al. Fusion Engineering and Desigf3:127, 2000.

[131] F. Ryteret al. Conf. Proceedings of the 24AEA Fusion Energy Conference, EX/P4-
03, San Diego, 2012.

[132] T. Rilop and P. HelandePhys. Plasmgs3:3305, 2001.

[133] K. D. Marret al. Plasma Phys. Control. Fusiph2(055010), 2010.

[134] R. M. Churchillet al. 53¢ APS conference, UP9.009, Salt Lake C911.
[135] E. Fable and A. Bergmanirivate Communication2012.

[136] E. Fableet al. Nucl. Fusion (to be submitte®012.

[137] K. Itoh and S.-I. ItohPlasma Phys. Control. FusioB8:1, 1996.

[138] D. G. Whyteet al. Nucl. Fusion50(105005), 2010.

[139] F. Ryteret al. Plasma Phys. Control. Fusipf0:725, 1998.

[140] O. Grubetret al. Nucl. Fusion49(115014), 2009.

[141] P.Langet al. Conf. Proc. of the 24 IAEA Fusion Energy Conf., EX/P4-01, San Diego
2012.

[142] K. Idaet al. Phys. Rev. Left65(11):1364, 1990.
[143] ITER. http://www.iter.org.
[144] P. A. Schneideet al. Plasma Phys. Control. Fusip§4:105009, 2012.



BIBLIOGRAPHY 109

[145] T. S. Hahm and K. H. BurrellPhys. Plasma<(5):1648, 1995.
[146] G. D. Conwayet al. Plasma Phys. Control. Fusipa4:451, 2002.
[147] R. A. Moyeret al. Phys. Plasmag(6):2397, 1995.

[148] K. H. Burrellet al. Phys. Plasma$(12):4418, 1999.

[149] M. R. Wadeet al. Phys. Plasmad2:056120, 2005.

[150] H. Meyeret al. Nucl. Fusion51(113011), 2011.

[151] W. Suttropet al. Fusion Eng. Desigr84(290), 2009.

[152] M. Greenwalckt al. Nucl. Fusion28:2199, 1988.

[153] W. Suttropet al. Plasma Phys. Control. Fusiph3:124014, 2011.

[154] J. C. Fuchst al. Conf. Proceedings of the B8PS Conference on Plasma Physics,
P-1.090 Strasbourg, 2011.

[155] E. Strumberger and E. Schwanacfield Code: Computation of the Vacuum Magnetic
Field and Its First Derivatives for Various Coil Typel’P Report 5/112, Max-Planck-
Institute for Plasma Physics, Garching, Germany, 2005.

[156] R. A. Moyeret al. Phys. Plasma4.2:056119, 2005.
[157] J. W. Coeneeet al. Nucl. Fusion51(063030), 2011.

[158] W. Suttropet al. Conf. Proc. of the 24 |AEA Fusion Energy Conf., EX/3-4, San Diego
2012.

[159] S. K. Rathgeber.Electron temperature and pressure profiles at the edge ofE&SD
Upgrade — Estimation via electron cyclotron radiation fomdtanodelling and investi-
gation of the gradients in the presence of magnetic pertiwba (to be submittedPhD
thesis, Ludwig-Maximilians-Universat Minchen, 2013.

[160] M. Kocanet al. Conf. Proc. of the 24 IAEA Fusion Energy Conf., EX/P7-23, San
Diego 2012.

[161] K. Cromk¥ et al. Phys. Rev. Lett95(155003), 2005.

[162] T. Talaet al. Nucl. Fusion47:1012, 2007.

[163] W. M. Solomoret al. Phys. Plasmad3(056116), 2006.
[164] R. E. Bell.Rev. Sci. Instrum68(2):1273, 1997.

[165] F. L. Hintonet al. Phys. Rev. Left72(8):1216, 1994.

[166] R. D. HazeltinePhys. Fluids B1(10):2031, 1989.

[167] B. J. Dinget al. Plasma Phys. Control. Fusip47(789), 2005.



110 BIBLIOGRAPHY

[168] B. J. Dinget al. Chin. Phys.16(3434), 2007.

[169] G. Kagaret al. Plasma Phys. Control. Fusipb3(025008), 2011.
[170] A.R. Fieldet al. Plasma Phys. Control. Fusip1(105002), 2009.
[171] R. Dux and A. G. Peeterdlucl. Fusion 40(10):1721, 2000.

[172] R. Dux. Impurity Transport in Tokamak PlasmatPP Report 10/27, Professorial dis-
sertation, University Augsburg, 2004.

[173] E. A. Belli and J. CandyPlasma Phys. Control. Fusip81:075018, 20009.
[174] A. Bergmanret al. Phys. Plasma$:5192, 2001.

[175] A. BergmannPrivate Communication®012.



List of Publications

1. E. Viezzer, T. Rutterich, E. Fable, C. Angioni, A. Bergmann, R. Dux, R. M. McDetimo
and the ASDEX Upgrade Team
Experimental evidence of neoclassical poloidal rotatiefoeities at the plasma edge of
ASDEX Upgrad€in preparation)

2. E. Viezzer, T. Rutterich, G. D. Conway, R. Dux, T. Happel, J.C. Fuchs, R. M. McDer-
mott, F. Ryter, B. Sieglin, W. Suttrop, M. Willensdorfer, E. ivam and the ASDEX
Upgrade Team
High-accuracy characterization of the edge radial elecfreld at ASDEX Upgrade
Nucl. Fusion (submitted October 2012)

3. E. Viezzer, T. Putterich, R. Dux, R. M. McDermott and the ASDEX Upgrade Team
High-resolution charge-exchange measurements at ASDE)¥ddp
Rev. Sci. Instrum83 103501 (2012)

4. E. Viezzer, T. Pitterich, R. Dux, A. Kallenbach and the ASDEX Upgrade Team
Investigation of passive edge emission in charge exchapgetra at the ASDEX Up-
grade tokamak
Plasma Phys. Control. Fusi&3 035002 (2011)

5. E. Wolfrum, P. Sauter, M. Willensdorfer, F. Ryter, F. Aumay Barrera-Orte, A. Burck-
hart, E. Fable, R. Fischer, B. Kurzan, Ttkerich, S. Rathgeber, W. Suttrdp, Viezzer
and the ASDEX Upgrade Team
Recent progress in understanding the L-H transition pls/Bmm ASDEX Upgrade
Plasma Phys. Control. Fusiéd 124002 (2012)

6. T. Makkonen, M. Groth, M. Airila, A. Janzer, R. Dux, T. KusBuonio, T. Lunt, H. W.
Muller, T. Rutterich,E. Viezzerand the ASDEX Upgrade Team
Measurements and ERO simulations of carbon flows in the hegghgize main SOL in
ASDEX Upgrade
Accepted for publication in Journ. Nucl. Materials (2012)

7. F. Ryter, S. K. Rathgebédt, Viezzer, W. Suttrop, A. Burckhart, R. Fischer, B. Kurzan,
S. Potzel, T. Btterich and the ASDEX Upgrade Team
L-H transition in the presence of magnetic perturbation&aBDEX Upgrade
Nucl. Fusion52114014 (2012)

8. F. Sommer, J. Stober, C. Angioni, M. Bernert, A. BurckhartBdbkov, R. Fischer, C.
Fuchs, R. M. McDermott, W. Suttrof,. Viezzerand the ASDEX Upgrade Team
H-mode characterization for dominant ECRH and comparisomldminant NBI and



112

List of Publications

10

11.

12.

13.

14.

15.

16.

ICRF heating at ASDEX Upgrade
Nucl. Fusion52114018 (2012)

. R. P. Wenninger, H. Zohm, J. E. Boom, A. Burckhart, M. G. DurlReDux, T. Eich,
R. Fischer, J. C. Fuchs, M. Garcia-Munoz, V. Igochine, MI2l{f N. C. Luhmann Jr., T.
Lunt, M. Maraschek, H. W. Nlller, H. K. Park, P. A. Schneider, F. Sommer, W. Suttrop,
E. Viezzerand the ASDEX Upgrade Team
Solitary magnetic perturbations at the ELM onset
Nucl. Fusion52 114025 (2012)

. M. Willensdorfer, E. Wolfrum, A. Scarabosio, F. Aumaig, Fischer, B. Kurzan, R.
M. McDermott, A. Mlynek, B. Nold, S.K. Rathgeber, V. Rohde, F. &ytP. Sautert:.
Viezzerand the ASDEX Upgrade Team
Electron density evolution after L-H transitions and thédlH-L cycle in ASDEX Up-
grade
Nucl. Fusion52 114026 (2012)

T. Ritterich,E. Viezzer, R. Dux, R. M. McDermott and the ASDEX Upgrade Team
Poloidal asymmetry of parallel rotation measured in ASDEpgtadeNucl. Fusion52
083013 (2012)

E. Fable, C. Angioni, R. Fischer, B. Geiger, R.M. McDermotty.Gereverzev, T.
Pltterich, F. Ryter, B. Scott, G. Tardirkt,. Viezzerand the ASDEX Upgrade Team
Progress in characterization and modelling of the currearthp-up phase of ASDEX Up-
grade discharges

Nucl. Fusion52 063017 (2012)

P. Sauter , T.Rterich, F. RyterE. Viezzer, E. Wolfrum, G. D. Conway, R. Fischer, B.
Kurzan, R. M. McDermott, S. K. Rathgeber and the ASDEX UpgragienT

L- to H-mode transitions at low density in ASDEX Upgrade

Nucl. Fusion52012001 (2012)

R. M. McDermott, C. Angioni, R. Dux, E. Fable, Tuferich, F. Ryter, A. Salmi, T.
Tala, G. TardiniE. Viezzerand the ASDEX Upgrade Team

Core momentum and particle transport studies in the ASDEXaffsgtokamak
Plasma Phys. Control. Fusi®3 124013 (2011)

W. Suttrop, L. Barrera, A. Herrmann, R. M. McDermott, T.lEiR. Fischer, B. Kurzan,
P. T. Lang, A. Mlynek, T. Btterich, S. K. Rathgeber, M. Rott, T. Vierlg, Viezzer, M.
Willensdorfer, E. Wolfrum, I. Zammuto and the ASDEX Upgralkam

Studies of edge localized mode mitigation with new actiwessel saddle coils in AS-
DEX Upgrade

Plasma Phys. Control. Fusi®3 124014 (2011)

C. Angioni, R. M. McDermott, F. J. Casson, E. Fable, A. BottRoDux, R. Fischer, Y.
Podoba, T. Btterich, F. RyterE. Viezzer, ASDEX Upgrade Team

Intrinsic Toroidal Rotation, Density Peaking, and Turbute Regimes in the Core of
Tokamak Plasmas

Phys. Rev. Lett107215003 (2011)



List of Publications 113

17.

18.

A. Kallenbacrlet al.
Overview of ASDEX Upgrade resulkicl. Fusion51094012 (2011)

T. Lunt, Y. Feng, M. Bernert, A. Herrmann, P. de MarR. McDermott, H. W.Miller, S.
Potzel, T. Ritterich, S. Rathgeber, W. Suttrdp, Viezzer, E. Wolfrum, M. Willensdorfer
and the ASDEX Upgrade team

First EMC3-Eirene simulations of the edge magnetic perttidves at ASDEX Upgrade
compared to the experimeNuclear Fusiorb2 054013 (2011)



	Introduction
	Fusion - an option for a safe long-term energy supply
	H-mode in tokamaks
	Earlier results and scope of this thesis

	Theoretical background on the radial electric field at the plasma edge
	Particle motion and collisional transport in a tokamak
	Particle drifts in a magnetic field
	Collisional transport in a fusion plasma

	Theoretical description of plasma flows and the radial electric field
	Basic equations and ambipolarity condition
	Neoclassical poloidal rotation

	The High-confinement mode (H-mode)
	Edge Transport Barrier (ETB)
	Edge localized modes (ELMs)
	Turbulence suppression in sheared plasma flows


	Edge diagnostics and experimental techniques at ASDEX Upgrade
	Measurements of plasma parameters
	Charge Exchange Recombination Spectroscopy (CXRS)
	Doppler reflectometry
	Electron temperature and density measurements

	Radial plasma sweep technique
	Profile alignment

	The edge CXRS diagnostics at ASDEX Upgrade
	CXRS measurements at the low-field side of AUG
	Toroidal edge CXRS system
	Poloidal edge CXRS system

	CXRS measurements at the high-field side of AUG
	Characterization and calibration of CXRS diagnostics
	Validation of CXRS measurements
	Corrections to CXRS measurements
	Charge exchange cross-section effect
	Correction due to Zeeman splitting


	The structure of the edge radial electric field at ASDEX Upgrade
	Derivation of the radial electric field at the plasma edge of ASDEX Upgrade
	Validation of the radial electric field measurements
	Comparison of different impurity species
	Comparison to Doppler reflectometry measurements

	Radial electric field at the inner and outer midplane
	CXRS measurements at the HFS
	Electrostatic potential at the HFS and comparison to the LFS


	Connections between the radial electric field and the edge transport barrier
	Comparison of Er to the main ion pressure gradient term
	Radial electric field profiles in different confinement regimes
	Interdependences between Er, its shear and pedestal parameters
	Temporal evolution of Er during an ELM cycle
	Effect of magnetic perturbations on the edge radial electric field

	Comparison to neoclassical theory
	Previous results from other tokamaks
	Experimental tests of poloidal flows against neoclassical theory
	Poloidal main ion rotation velocity
	Measured impurity flows in comparison with neoclassical simulations

	Simulation of low collisionality plasmas

	Summary and Discussion
	Summary and conclusions
	Directions for future work

	Acknowledgements
	Bibliography
	List of Publications

