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Abstract

The Tokamak configuration is a promising concept for magresthfinement fusion. Cross-field
transport in the plasma core leads to a plasma flux acrosgflaeatrix into the scrape-off layer,
where it is guided along field lines towards the divertor éésg A return flux of neutral particles
after plasma-wall interaction is directed towards the plashamber. Each discharge scenario
is accompanied by a characteristic recycling pattern. Témidant mechanisms of neutral-
plasma interaction are ionisation and atom-ion chargean@®. The impact of neutrals on the
particle-, momentum- and energy-balance of the plasmdasamet for the understanding of the
properties of the edge plasma and the state of the diverdsna. Neutrals may cause energy-
and momentum-detachment, a state of reduced power andl@dltixes, at the targets, which
is a prerequisite for acceptable wall loads under reactoditions. The distribution of neutral
particles in the plasma chamber can be determined by thesimaf line emission. Parameters of
neutrals have been available so far only from localised oreasents and it is therefore desired
to extend the observation area.

At the ASDEX Upgrade Tokamak, two cameras are installed twrce the Deuterium
Balmera (Dq) emission with high spatial resolution and dynamic rang@éndivertor and mid-
plane regions. Two methods for data deconvolution are ptedeA simple profile-fit is used to
resolve the radial profile of emission at the low and high fgttes for low and medium density
discharges. This emission profile is translated to neutradipeters by comparison to the results
obtained from kinetic modelling of neutral penetration (KDY. An algorithm for tomographic
reconstruction is applied to image data of the divertoraregin general, radiance data recorded
is blurred due to the impact of diffuse reflection from sueof the plasma facing componentsin
the all-Tungsten machine. Therefore, the tomographicrailgn has been extended by a model
for reflection based on a solid angle resolved measurement.

The sensitivity of the procedures is proven by the accunaddyais of different edge plasma
configurations. Poloidally resolved neutral flux densiaéshe plasma edge and corresponding
core fuelling rates are presented for the high field side.ddgithg estimates of plasma param-
eters indicate a drop of static plasma pressure along theetiadield towards the inner target.
Changes of the poloidal flux density profile during a radidgftsif the plasma column, indicate
a correlation of plasma-wall gap and scrape-off layer patars at the high field side. From the
deconvolution of divertor view data separate emissiorepasthave been resolved. Besides the
character of emission at the strike zones which can give oithe level of detachment, the
occurrence of radiation above the inner target indicateistkie distribution of plasma parameters
is probably more complex than expected from simple radieagéengths.

The experimental emission profiles and inferred neutrahwpaters display an important
boundary condition for complex 2D edge modelling codes 8k&LPS. The comparison of ex-
perimental and code results question the applicabilityhefdtandard recipe (concerning code
settings) for arbitrary plasma scenarios. An interfacénemty is required to reasonably exploit
the experimental data on neutral penetration.

The essential result of this thesis is a reference framehiquantitative analysis of video
diagnostics data recorded on a Tokamak plasma, includeigrthact of reflecting plasma facing
components.






Kurzfassung

Das Tokamak-Konzept stellt einen vielversprechenden &rma Verwirklichung der Kernfusion mittels
des magnetischen Einschlusses dar. Plasmatransporesenkum Magnetfeld im Kernbereich fuhrt zu
einem Plasmafluss Uber sie Separatrix in die Abschalsthit der dieser entlang des Magnetfelds zu
den Prallplatten des Divertors geleitet wird. Durch die tdaisation des Plasmas an der Gefasswand
entsteht ein wiederum auf das Plasma gerichteter Fluss eatrdteilchen. Jedes Entladungsszenario
zeichnet sich durch ein bestimmtes Muster dieses PlasrogeRegs aus. Die wesentlichen Reaktionen
der Neutralteilchen-Plasma-Wechselwirkung sind lomsatind Ladungsaustausch. Der Einfluss der
Neutralen auf die Teilchen-, Impuls- und Energie-Bilang &asmas ist bedeutsam fur das Verstandnis
der Eigenschaften des Randplasmas und des Zustands detoipileesmas. Neutralteilchen kdnnen
eine substantielle Reduzierung von Energie- und Impwdséii an den Prallplatten verursachen, einem
Mechanismus, der als Voraussetzung fur das Erreicheretlearer Wandbelastungen im Reaktorbetrieb
gilt. Die Verteilung von Neutralen im Plasmagefass kanrcdulie Auswertung von Linienstrahlung be-
stimmt werden. Bisher sind Daten zu Neutralteilchen nurlaldglen Messungen verfiigbar und es ist
daher wiinschenswert, den raumlichen Messbereich zuterwe

Am Tokamak-Experiment ASDEX Upgrade sind zu diesem Zweckizéameras installiert, die
mit hoher raumlicher Auflosung und hohem dynamischem Wignfdie Balmera Linienemission von
Deuterium () im Divertor und in der Mittelebene aufzeichnen. Es werdemrizMethoden zur Ent-
faltung der linienintegrierten Daten vorgestellt. Zur ieden Auflosung der Emission an der Innen-
und der Aussenseite des Torus in Entladungen niedriger utilbner Dichte wird eine einfache Fit-
Prozedur angewandt. Die so erhaltenen Emissionsprofildemein die zugrundeliegenden Neutralpa-
rameter Ubersetzt, indem eine kinetische ModellierungR) des Eindringens der Neutralen am Plas-
marand zum Vergleich herangezogen wird. Fur die Auswegrtvon Bilddaten des Divertorbereichs
dient ein Algorithmus zur tomographischen RekonstruktioDiffuse Reflektion, die von der mit
Wolfram beschichteten Gefasswand herriihrt, vermindiemtKontrast der Bilddaten teilweise erheblich.
Um dieser Komplikation zu begegnen, wurde der Tomograjdnieshmus um ein Reflektionsmodell
erweitert, das auf einer umfassenden raumwinkelaufggiddessung an einer Wandkomponente beruht.

Das Auflosungsvermogen der verschiedenen Methoden wirdergleich der Ergebnisse zu unter-
schiedlichen Plasmarandkonfigurationen deutlich. FérTdirusinnenseite werden poloidale Verteilun-
gen der Neutralzuflussdichte und der entsprechenden Zi#tassam Plasmarand prasentiert. Die fur die
Auswertung der Emissionsdaten notwendigen Annahmen amRlparametern deuten auf einen Abfall
des statischen Plasmadrucks entlang des MagnetfeldsliwuRg des inneren Divertors hin. Die radiale
Verschiebung der Plasmasaule und die dabei beobachtétedérung in der Neutralzuflussdichte zeigen
den direkten Zusammenhang von Plasma-Wand Abstand unch&pasametern in der Abschalschicht
bzw. die relativ weite radiale Ausdehnung des Plasmas isedieBereich. Mit der Entfaltung der Di-
vertoraufnahmen werden raumlich getrennte Emissionanbervorgehoben. Neben Hinweisen zum
Divertorzustand, die daraus gewonnen werden konnest, ties Auftreten von Emission oberhalb des
inneren Aufprallpunktes auf eine Verteilung von Plasmapaatern schliessen, die komplexer sein muss,
als die von einfachen radialen Abfallangen beschriebene.

Die experimentell gewonnenen Daten stellen eine bedeetRashdbedingung fur aufwendige 2D
Simulationsrechnungen des Plasmarandes, wie mit dem S@od8& durchgefihrt, dar. Der Vergle-
ich der Simulationsergebnisse mit den experimentellereaeigt eine beschrankte Aussagefahigkeit
des Codes, sofern nach dem typischerweise verwendetemptRezaiglich der freien Code-Parameter
vorgegangen wird. Eine alternative Schnittstelle zur tegschen Beschreibung ist notwendig, um die
experimentellen Erkenntnisse zum Eindringen der Neeiteliten weitergehend verwerten zu konnen.

Das wesentliche Ergebnis dieser Arbeit ist die Entwicklaimgr Referenz zur quantitativen Auswer-
tung von Videodiagnostikdaten an einem Tokamak-Plasnsdpesondere unter Berlicksichtigung von
Reflektion an Wandkomponenten des Plasmagefasses.
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Chapter 1

Introduction

At the beginning of the 21st century, fossile fuels accoontabout 34 of the global primary
energy consumption [1]. The issues of limitation of thesoteces and the impact of the mas-
sive production of greenhouse gases on the global climabadé new strategies for sustainable
energy supply. With the present development status of reblenwenergy sources and efficient
energy storage, the request for an alternative to satigfyptiwer base load of a globally in-
creasing consumption is still posed. Power generation fnaociear fusion is subject to a con-
stant research effort since the beginning of the civil useumiear energy in order to develop a
technically safe and environmentally friendly method lobse highly abundant fuels. The eco-
nomically most attractive reaction is-BT —*He(3.5MeV) +n(14.1MeV), because of its large
cross section due to the resonant character involving tetable®He. The maximum rate coef-
ficient for this reaction considering Maxwellian velocitisttibutions for the reactants is about
(ov) =~ 9-102tm?3s? for particle energies (temperature)©f70keV - alternative reactions like
D-D or D-3He are at least one order of magnitude less efficient [2]. érethergy range of inter-
est the cross sections for Coulomb repulsion are about 2l@k®0of magnitude higher than those
of the D-T fusion reaction. This requires an arrangement hiiclv the reactants are confined
sufficiently long compared to the collision time, such towesa high probability for a fusion
reaction to occur. Confinement of highly energetic parsicheplies to deal with matters of high
temperature plasmas.

The quality of a confinement concept can be characterisethdyriple produchTt with
n the plasma densityl’ its temperature and the energy confinement time, defined as the ra-
tio of plasma energy content and power loss. In order to aehlgeonomic power production,
nTt > 5- 107t m3skeV needs to be achieved, wharés restricted to a range of 10-20keV due
to the temperature dependence of reaction rate coeffiarehtaaliation losses.

The most promising progress during the last decades hashhaeé® in magnetised plasmas,
in particular in so-called Tokamak devices. Values of tredn produch Tt up to 1t m3skeV
could be achieved, albeit for relatively short durationhe order of several seconds [3]. lon
temperatures in the required magnitude have already bemet and the route to a fusion
reactor is set by the design of larger machines which exhilsitifficient energy confinement
time, since the ratio of plasma surface area to volume iscetlulf a magnetic configuration
is to be used to confine a hot and dense plasma, its topologisrteebe closed in order to
avoid parallel field losses at the locations of intersectibthe field lines and the surrounding
walls like present in linear magnetic mirror arrangemeritsthe Tokamak a set of toroidally
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2 CHAPTER 1. INTRODUCTION

aligned coils generates the main magnetic field compoBentA central solenoid is used to
induce a plasma current, ie the plasma being the secondadyngi of a transformer, which adds
a poloidal magnetic field componeE};. The resulting helical field structure compensates the
impact of particle drifts connected to the inhomogeneityha toroidal field. A third vertical
field componenB, generated by external coils is required to stabilize themkacolumn at
the desired radial position. Using magnetohydrodynanhid@) to describe the plasma, the
fundamental relation to characterise the Tokamak equulibris the stationary force equation
Op = | x B, ie the plasma pressure is balanced by the Lorentz foraegaati the plasma current
density. This implies thalp- = 0 andOp- B = 0, indicating that the plasma current density
and the magnetic field span a surface perpendicular to thesyme gradient, thus building a
surface of constant pressure. BsB = 0 the areas of different plasma pressure must be nested
toroidal surfaces. The poloidal magnetic fM#s used as a practical radial coordinate, according
to the identity of surfaces of constant pressure #hdA sketch of the magnetic configuration
of the ASDEX Upgrade Tokamak is depicted in figure 1.1 and sdetails on this device can
be found in appendix A. In order to guide losses from the cdasma to specified locations,
the poloidal field is diverted by configuration of the vertiftald coils such to form the so-called
X-point. This divertor configuration allows to set a propapdetween the plasma edge and the
wall and to keep a distance between the core plasma and titeloof the target plates at which
the primary plasma-wall interaction occurs as the origimgdurity fluxes. The separatrix marks
the transition of closed (core plasma) to open flux surfadeistwdefine the region of plasma
transport to the material wall.

magnetic field line
on distinct pol. magns\
flux surfaces

pol. magn. flux contours
obtained from ideal MHD
equilibrium reconstruction

magnetic axis
separatrix

By dw =B, -dA
Figure 1.1: Helical orientation of magnetic field lines piasied on toroidally shaped poloidal

magnetic flux surfaces. The sketch to the lower left showddhgs coordinate system, the
typical orientation of various vector fields and the defomtof the poloidal magnetic flus.

As an introduction to the experimental efforts to be presei this thesis, it is useful to sketch
the role of neutral particles in the plasma edge region. Udjnout the chapters of this report the
term neutrals is used synonymously for the molecules andsatd the working gas Hydrogen
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resp. Deuterium, impurity species are not considered. Basg& discussion, the cross section of
a plasma vessel is depicted in figure 1.2. The vessel volungdomaeparated into three different
areas: firstly the core region which is enclosed by the sépaf&ransition between closed and
open magnetic flux surfaces), secondly the area of open iingd Which guide the plasma losses
from the core to the target plates and thirdly the divertaspia. The latter two regions display
the interface, the scrape-off layer (SOL), between the mplsma and the material wall. Steady
state operation is characterised by a certain circulatigelasma and neutral particles. Radial
transport in the core region leads to a plasma flux to the SQles@& losses are most likely
asymmetrically distributed in the poloidal plane. Diffusilosses are due to collisions with a
step size related to particle trajectories determined bymhgnetic field strength (gyro radius)
or the helical configuration (radial excursion of mirroajectories). Convective losses based
on micro turbulence or macro scale instabilities are rdl&edensity, temperature or pressure
gradients which are larger at the low field side (LFS) thantenhigh field side (HFS) of the
plasma column due to the magnetic flux topology. In case efahtange-type instabilities it is
the radius vector of curvature of the field line opposite ® direction of the pressure gradient
which makes the LFS susceptible to this kind of perturbatRiasma which entered the SOL is
predominantly transported along the magnetic field towtrdslivertor, since the neutralisation
at the target plates leads to a pressure drop (plasma sintQorédingly, in this basic picture,
the pressure of neutral particles is highest in the divaegron and reduced in the locations
further upstream, depending on the magnitude of perpeladiteld transport in the SOL and
penetration of neutrals to areas distant from the primaigirar This retention of neutrals in the
divertor region depends on plasma parameters and vesseéggoln order to maintain a desired
particle balance, gas valves are installed at the vessébwdla pumping duct is connected to
the divertor volume. Active particle control is mandatanycompensate for the sink and source
action of in-vessel components (storage and release ot gasfaces or in the bulk material) and
for removal of impurities like the Helium ash in fusion opioa. It is interesting to note that
the intrinsic recycling neutral flux is typically much hightéan the additionally applied neutral
influx.

Neutrals affect the particle-, momentum- and energy-lzaa the plasma in all areas pene-
trated. The fundamental reaction mechanisms are molegislsociation, atomic excitation and
ionisation and atom-ion charge exchange to which deta@gyasen in section 2.1. The former
three categories are predominantly induced by electromatnguch that the electron species is
cooled in the presence of neutrals. The electron energyrtly mhstributed to dissociation or
ionisation products (reduced by the corresponding paks)tor lost to the line-radiation chan-
nel. With the process of charge exchange, ion momentumpeaihand dissipation is strongly
enhanced. An ensemble of cold neutrals originating fromvéssel wall interacting with a flow
of hot ions, leads to a damping of the ion flow and to the creatidast neutral particles with a
random direction in the plane perpendicular to the magriietid at the location of their origin
while the parallel field velocity is maintained. Since thaa®on rate for charge exchange is
always higher than the rate for ionisation - typically by etfa larger than two in the range of
relevant plasma parameters - charge exchange is a centtabmism to influence neutral pe-
netration. Fast neutral particles may either enter theoregf the core plasma and establish a
refuelling flux, be distributed in the SOL or hit the vessellwere they can play a significant
role in terms of physical sputtering.

The distribution of neutrals is accompanied by a charastterion source corresponding to
the local electron density and temperature. This plasmecederm is a relevant component
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among the processes which govern the shape of the denstfile @bthe plasma boundary. A
common ansatz found in the literature [4, 5, 6, 7] is to sdiedne-dimensional (radial evolution
and poloidally averaged) particle balance of ions and aé&igmalytically where assumptions on
the nature of neutral transport need to be made, eg usingectve (average neutral velocity)
or diffusive descriptions. Width and height of the densitpfjle around the so-called edge
pedestal, which is tanh-shaped in the 1D ansatz, are detedrbly the combined effect of neutral
penetration and plasma transport. The individual impagasf both mechanisms for the density
profile formation is neither known from theory nor from exijpeental investigations. Hints have
been reported for the dominance of each of both effects.c@jlgithe ion source term is known
only at a single location on the poloidal plane. The knowkeadfthe actual distribution of neutral
particles along the whole plasma edge is obviously mang#&borthe quantitative modelling of
the edge density profile.

! >

I: core plasma
II: upper scrape-off layer (SOL)
1I: divertor SOL

1 rn,pump

Figure 1.2: Simplified scheme of plasma and neutral fluxeggt@d to the poloidal plane. The axis

of symmetry is to the left of the figure. LossEs (red arrows) from the plasma core (1) are guided
along the magnetic field in the SOL (ll) towards the divertidl) arget plates. The main source of

neutralsl, (blue arrows) is at the target and neutral density decreaiksncreasing distance. The

global particle balance is adjusted by active gas puffingeamdping, the former being the actuator for
density control. The combined effect of radial plasma tpanisand the distribution of the ion source

by the penetration of neutrals forms a pedestal like demsijile shape of characteristic width and
height (right part).

Theoretical investigations [8, 9] reveal the impact of maiston the radial ion flow profile. Itis
found that for a neutral to ion density ratio f/n; > 10 the neutral viscosity exceeds that of
the ions and the cross field momentum flux is predicted to r@sal pronounced velocity shear
which in turn is suggested to play a role in the suppressigniofo turbulence in certain plasma
scenarios.

The divertor plasma state is influenced by the neutral demnsithat region. According to
the particle and heat fluxes which enter the SOL from the ceggy different divertor states
can be established, ranging from recombining to ionisingddmns. Reasonable lifetime of
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plasma facing components can be achieved only if the pealepmad can be restricted, a
typical upper bound being 10 MW m2. If the ion flux entering the divertor is sufficiently high,

strong interaction of the recycling neutrals and the ion ftesults in a drop of particle and heat
fluxes at the target. The shielding of the target by neutsateimed energy- and momentum
detachment. At least partial detachment of the separdtikeszones is required for economic
plasma operation in a future reactor. At present 2D coupled fllasma and kinetic neutral codes
are applied to improve the understanding of the complex SBIsigs. Both the interpretation

of present experimental data and predictive modellingHerdevelopment of future devices are
addressed.

Measurements on parameters of neutrals are highly desiraeédting theoretical and numeri-
cal predictions on the properties of the edge plasma and @@rfor. Since neutral particles
are spread throughout the plasma boundary, localised megaents, eg from spectroscopy on a
few lines of sight, which are available today are not suffitiefThe main purpose of this thesis
is to present the efforts made on and the results obtained tine interpretation of Deuterium
Balmera (D) imaging diagnostics data. Using video diagnostics, alénaction of the plasma
boundary can be recorded with high spatial resolution. kauation of Deuterium can directly
be translated to neutral density or flux density if the lodabma parameters are known. Since
the spatial coverage of the SOL in terms of plasma diagreistionited and the deconvolution of
line integrated camera data contains several aspects gflimation, a combination of measure-
ment of Oy radiance, estimates on plasma parameters and the sinmubditiceutral penetration
are the basis for diagnostics of neutral particles.

This thesis is organised as follows. Chapter 2 gives a viewhenmain aspects of neutral-
plasma interaction, ie reaction mechanisms and the emisdicadiation from excited species
on a certain plasma background. At this place also the kimetle KN1D is discussed which is
applied for the interpretation of experimental Bmission data.

The Dy diagnostics is described in chapter 3 which is devided mtodections for the fiber
optics directed to the target plates and the video diagrestewing the divertor and midplane
regions of the plasma tangentially. Two methods for declutvm of the line integrated data of
the D, cameras are discussed in the sections of chapter 4. Theaeelatively simple forward
profile fitting procedure and a more complex inverse algoritbr tomographic reconstruction to
which details of diffuse reflection at Tungsten surfaceslasma facing components have been
added.

A presentation and discussion of the experimental resufiven in chapter 5. The interpreta-
tion of Dy emission is based on additional information on the plasmaarariety of simplifying
assumptions. These issues include the data obtained frarmber of plasma diagnostics, the
accuracy of the reconstruction of the magnetic geometnhefdischarge and the occurrence
of perturbations of the plasma edge which cannot be resolithdthe standard B diagnostics
and data analysis employed in the framework of this thesighé following sections the most
robust results obtained for low and medium density, maimigni@ and L-mode discharges are
presented. The survey contains information on the dynaamge of ; emission, the details of
the ion source and neutral flux density profiles at the low f&ld high field sides depending on
the edge configuration and the position of the plasma colwetfative to the vessel wall. This
chapter also tries to give an insight on the complex topiccadge-off layer modelling and the
benefit of the preparation of Pemission data on the plasma cross section.

The main findings regarding the problems encountered atpkeaton of video based D
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diagnostics and the corresponding data analysis and thiéisamnce and use of Pemission and
related neutral parameters data are summarised in chapter 6

Three appended chapters (appendices A, B and C) contaiticaddiinformation on the Toka-
mak device ASDEX Upgrade, issues regarding radiance adililor including the sensitivity of
glass fibers on neutron flux arydadiation and the construction of a reflection model for Tung
sten surfaces based on a dedicated measurement. FuriemdapD gives a summary of edge
plasma and neutral parameters discussed in this thesiimdgnsed form.



Chapter 2

Neutral-Plasma Interaction

2.1 Fundamental Molecular and Atomic Reactions

The SOL and edge region of the confined plasma is affected thyusamechanisms involving
neutral particles. At this place, the mostimportant reaxgtiregarding the working gas Hydrogen
(resp. its isotopes) shall be summarised, whereas the tropapurity species which is a com-
plex topic on its own is not treated. Main aspects to discusshee origin of neutral particles, the
type of reactions leading to power and momentum losses gfl#sna and the area affected, ie
the penetration of neutrals into the plasma volume. TaldlgiZes a list of fundamental reactions
and serves as a guideline for this section.

At first, the origin of neutral particles needs to be clarifi€de standard operation of a Toka-
mak discharge includes permanent gas pumping and correisigoto the target plasma density
a feedback controlled gas puff. Thus the intake flow of mdksis determined by external
means. This displays the only contribution to which locatfealve position) and magnitude of
molecular flux density is precisely known. The dominant dbuation to the origin of neutral
particles are the manifold mechanisms of plasma-wall atgon in the framework of plasma
recycling [10]. Direct reflection of ions including a recoméation process at the surface repre-
sents a source of atoms with an energy distribution sinol#nat of the incident ions. Atoms can
be released by ion impact, termed desorption if the intemaciccurs at the surface or physical
sputtering if atoms residing in the bulk material are ejédig momentum exchange. If atoms
recombine after a diffusion process in the material, théiemd molecules at the surface can be
released as such by thermal motion or desorption reactmm@wduce molecules with higher
energies. Details of this recycling process are an impbisane if the path of neutral particles is
to be reconstructed in order to obtain a precise picture ofrakplasma interaction in the SOL.
The basic treatment of neutrals being released from theagsdhermal molecules like assumed
in section 2.3 is supported by the work of Mertens, Breziret co-workers [11]. They anal-
ysed spectroscopically the atomic and molecular Hydrogerffbm a Carbon test-limiter which
can be heated independently of the plasma parameters.ntiterliemperatures, T= 1100K it
was found that the major part (90 % with respect to the totdll seaurce) is released as thermal
molecules and the residual fraction might be related toéflection processes. If the temperature
is increased, it was observed that the molecular fractibnearly decreasing until the Hydrogen
influx is atomic solely at a temperature of 1700K. These figdimay serve as a hint but it has
to be kept in mind that the experiments discussed in sectwére performed in the Tokamak

7



8 CHAPTER 2. NEUTRAL-PLASMA INTERACTION

AUG with its Tungsten covered first wall. If a different Hydyen recycling scheme applies to
Tungsten surfaces is unknown and this issue is ignored Bemcerning the wall temperature of
the main chamber of AUG, T~ 300K is assumed. Higher values are found only at locations of
large heat flux like the target plates.

molecular reactions ()i threshold energy increasing)

e+H, — H+H dissociative attachment
e+H, — e+H-+H dissociation

e+H, — e+H, —  e+Hy,+hv excitation

e+H, — e+ H; — e+H+H-+hv dissociative excitation
e+H, — H, +e+e ionisation

e+H, — H'+H+e+e dissociative ionisation
e+H, — H'+H"+2e+e dissociative ionisation

ionic molecular reactions (H threshold energy increasing)

e+H; — H+H dissociative recombination
e+H; — e+H"+H dissociation

e+H; — e+ H; — e+H"+H+hv dissociative excitation
e+H; — et+e+H +H” dissociative ionisation

atomic reactions
e+H +e — H+e three body recombination

e+H" — H+ hv radiative recombination
e+H — e+H" +e ionisation

H " +H — H+H* charge exchange

Table 2.1: Reactions involving neutral particles and @poading ions [12].

Regarding the plasma parameters in the SOL, electron impactions display the major re-
action type since heavy particle collisions, eg ionisatigrproton impact, exhibit comparable
cross sections at much higher energies (see eg [13]). Teendar this relation is that the rela-
tive particle velocity is the relevant parameter rathentéaergy and thus the magnitude of cross
sections for the same reaction regarding electrons or ift@s scales farely well with the square
root of the mass ratio. Reactions of dissociation, exaitatind ionisation are an energy sink
for the plasma electrons, energy which is transferred toti@a products like molecular ions,
atomic ions or atoms, or translated to radiation if radatieexcitation of excited states occurs.
If the plasma is optically thin for the line radiation indacehis energy is lost to the walls. In
the case of fast neutral particles the energy might be resiigoloin the SOL or even in the edge
region of the confined plasma - or otherwise distributed mtrag-wall interaction (eg physical
sputtering). Figure 2.1 displays a number of electron ihpeactions of molecules and molecu-
lar ions selected from [13] which already gives a basic iragian about the relative importance
and possible reaction chains.
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Figure 2.1: Rate coefficients for
reactions listed below.
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et+Hx(v>4) — H +H dissociative attachment ¢H,a)

e+Hy(G) — e+H(1ls)+H(1ls) dissociative excitation (kbg)

e+Hx(G) — e+H3(v) ionisation (H,)

e+Hy(G) — e+H" +H(1s)+e dissociative ionisation (bh)
e+H}(v<9) — H(1ls)+H (n>2) dissociative recombination 3R
e+H;(v<9 — e+H"+H(ls) dissociative excitation (k)

The considered molecular rate coefficients can be used #wnoah estimate of the mean free
path of molecules in the SOL. For a reaction b — a’+ b’ the mean free path of reactant b is
given byAp = W,/ (Na(0OapVap) ). This spatial parameter is shown in figure 2.2 for the mokecul
reactions dissociation and ionisation, where the energyaécules was set to.@6eV (‘ther-
mal’, vy, ~ 2-10°m/s) and electron densities of € {1-10'8 4.10'8 8-10% 1.2. 10'% (m™3)
respectively. These parameters were chosen to reflectttiaisn of thermal molecules starting
from the main chamber wall of the plasma vessel somewhetadisom the divertor region (eg
midplane). In the far SOL electron parameters are assunisgitothe order ofig ~ 0 (10'%) m™3
andTe > 5eV, closer to the separatrix density and temperatureaserwithin a radial distance of
~10cm (std. lower single null AUG operation, see appendixoXypical values ofle ~ 100eV
and(1/5—1/3) x core density{ 10'°m™3) at the last closed flux surface and further rise in the
confined region. An example of electron density and tempegairofiles is shown in figure 2.3,
taken from section 5.2.2.

Regarding dissociative attachment, the cross sectiogimsfigiant only for vibrationally ex-
cited molecules and the distribution of vibrationally d®d states requires special attention
which is beyond the scope of this basic overview. Howevarttiese molecule&, for dis-
sociative attachment for low densities and temperaturistige order of cm. The same order of
magnitude is seen for dissociation and ionisation (bothHerground state molecule) at slightly
elevated temperatures corresponding to the radial plasofilegn the SOL just mentioned. lon-
isation of molecules becomes the dominant reactiodor 10eV. The molecule is thus likely
to be stopped radially in the SOL since it is bound to the magrield when ionised. Rate
coefficients shown in figure 2.1 suggest that the molecutadissociates to H and*Hapidly.



10 CHAPTER 2. NEUTRAL-PLASMA INTERACTION
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Figure 2.3: LFS midplane profiles of electron density andpterature of a medium den-
sity H-mode discharge plotted on a radial real space coatglinsed in section 2.3. For a
discussion on the data origin see section 5.1.1.

In order to understand the capability of neutral particlieielling the core plasma, the produc-
tion mechanisms of atomic neutrals have to be analysed. dgwortant examples dissociation
of H, and H; is briefly mentioned. Figure 2.4 displays the potential gnef molecular systems
H, and H, as a function of the spatial separation of the nuclei fordbsiding and anti-binding
states. Following the Franck-Condon principle [14], chesgf the electronic configuration can
be treated as being largely independent of relative motfdhe nuclei due to their inertia, ie
the molecular vibrational state. The electronic grounﬁa\s.l@ig+ might be elevated to the anti-
binding state B> by electron impact excitation. Possible potential energfethe excited state
are indicated by the residence area of the ground state afutiei. Using the mean value as
an estimate about8eV impact energy is required to excite the system to thelanting state
from which about 6 €V is distributed to the reaction products {iR.25€V per atom) since the
molecular binding has to be subtracted. The same reasoppiga for the dissociation of H
Excitation of Hg(xzzg) to the lowest dissociative state; F2poy) results in kinetic energy of
~4.5eV per product particle. Rigorous quantum mechanicatrtreat of the problem provides
velocity distributions of the products which are centerezliad the values just motivated.
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Molecular reactions thus produce atoms of much higher uglttan the initial thermal molecu-
lar motion suggests. Fundamental reactions regardingdin@@species are recombination, ion-
isation and charge exchange. Recombination is significalgtfor low temperature3e < 1eV
which might be the case in cold and dense divertor plasmgsaré&R.5 shows the rate coefficients
for ionisation and charge exchange for ground state Hydrogke charge exchange rate always
surpasses ionisation, in particular below the ionisatimaghold energy of 18€V, indicated by
the ratio. The motion of neutral particles is therefore m&ated to be of diffusive character, the
stepsize being determined by the local ion temperaturetandharge exchange rate, and in the
vicinity of higher temperatureg > 106V the path being terminated by ionisation after a couple
of steps. The mean free path for these two reactions is givieguire 2.6 for high neutral energies
of Ty € {2.25,4.5,50} eV to reflect Franck-Condon neutrals and ion temperaturthdSOL of
the main chamber the mean free path obviously can becomdargey and the probability of
neutral particles penetrating the core plasma edge ineseas

100.0¢
10-13 F
1100
—
'v u = 10.0
= 10 5 £
= 1075 £
Ih o~ <
éb 10-15 \g/ 1 0
107 TR | 0.1 Y
1 10 100 1000 1 10 100
Te, Tu+ / eV Te, Tu+ / &V
Figure 2.5: Rate coefficients for Hydrogen Figure 2.6: Hydrogen mean free
ionisation and charge exchange and the ratio path for reaction rates of fig.2.5
of both. with Ne=12-10"m3(=ny+) and

Th € {2.25,4.5,50} eV (1).
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Collecting the aspects previously mentioned, the impaneotrals might be summarized as fol-
lows. Energy distribution and therewith spatial penetrais determined by collisional cooling
(gas-puff and neutral-neutral collisions) and collisidmeating (Franck-Condon neutrals, charge
exchange). The plasma is cooled in the electron channeldayioas of dissociation, excitation
and ionisation and the ion channel is mainly affected by gh@&xchange reactions, displaying
a possible sink for fast plasma ions and leading to frictibthe parallelB ion flow due to the
loss of ion momentum to neutral particles in an arbitrargction. A discussion of particular
reactions is useful to understand basic mechanisms but giMg a strongly simplified picture.
Interconnection of many collisional processes, eg colfial excitation and deexcitation lead
to an increased effective ionisation energy compared td#ne threshold energy, requires the
development of as complex as possible collisional-rackatnodels. These provide for speci-
fied plasma parameters effective rate coefficients for i@atgpes of interest, photon emissivity
coefficients and electron cooling rates.

2.2 Occupation Balance of Excited States

The interest of plasma spectroscopy is to provide measaraaterpretation of radiation from
the plasma state in terms of its composition, density angésature of its constituents [15].
Considering line radiation of some excited species a i §t@vith p representing the quantum
mechanical details), the emission for transitipm per volume and solid angle is given by:

ea(p.a) =P AP /e | o]

with A(p,q) denoting the transition probability neglecting inducedssion. Recording of line
radiation thus gives access to the population of the ergigource in a particular state, presup-
posed the knowledge of #,q). However, the character of the plasma observed remains unde
termined from this single piece of information since diéfiet processes might have populated
the statep, ie in general excitation and deexcitation, ionisation eswbmbination mechanisms.
Thorough knowledge of occupation distributions among gdbostate and excited states of a cer-
tain ion stage is required if the species is to be charaefi®m a single optical measurement.
The main objective of this thesis is the determination oftrasources in the SOL and edge
region of a magnetically confined plasma by the analysis afrblgen Balmen radiation. In
principle, following seemingly simple relationships like

EHohexc = NeNy fPfCHohexc( Ne, Te)

are applied, with an effective rate coefficiefrcy, o« termed photon emissivity coefficient de-

scribing the plasma state to relatg Emission to the total neutral density. In this section it is
tried to enlight the background of this hidden complexity iA the previous section, reactions
regarding plasma electrons besides radiative transiioms the focus of discussion.

ate «— a+4e collisional excitation / deexcitation (a1)
ate «— da+e+e ionisation / three body recombination (a2)
at+hv «—— a absorption / spontaneous emission (al3)

a’+e «— a+hv radiative recombination / photo ionisation (ad)
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If the plasma is sufficiently thinng < 10¥m™3), a balance between collisional excitation and
spontaneous radiative decay can be assumed which is exgresshe framework of corona
equilibrium. The balance of excited states then reads:

Na(0)eC(0, P)(Te) = na(p) T A(p.0)
a<p

Excitation is presumed to be dominantly from the groundestatice due to the low electron
density collision times are too long for multistep excibaticompared to the rate of radiative
decay. The excitation rate coefficiegdtO, p) is a function of electron temperature according to
the energy dependence of the cross section for the parti@dation. Emission from a certain
transition is expressed as:

_ _ Alpa)
€a(Pp, Q) 4T1= na(p) A(p,q) hv = ny(0) nehvC(0, p) S1-oAPD) Na(0) NnehvC(0, p) B(p,q,!) ,

with B(p,q,|) termed the branching ratio characterising the structuigptitally allowed tran-
sitions. The relationship between line radiation and thal tdensity of species a is established
as:

Na = Ny(0) <1+nez ﬁ) .

In the case of high densityg > 10?*m™3) all the reactions (al)-(a4) are found to be equilibrated,
ie forward and back reactions occur at the same rates angstensis in thermodynamic equi-
librium. Excited states are found to be related as:

Na(P) _ 9a(P) _AEpq
m@‘%@“% H)’

with g,(i) denoting the statistical weight of statand a single temperatufievalid for all con-
stituents. If thermodynamic equilibrium (TE) holds also the reactions involving radiation,
then line radiation is trapped within the plasma volume dredmitted spectrum corresponds
to black body radiation. Complete TE appears as a univeesargbtion since the details of the
transitions, ie reaction cross sections or transition gbdtiies are not required.

In an inhomogeneous plasma like encountered in magnetitneoment fusion, parameter
ranges for electron density 10- 10°'m™3 and temperature 1 10°eV in the different areas core
edge, SOL and divertor require a dedicated analysis of tasnph state and special equilib-
rium properties mentioned above might be applicable onypaFor all ion species and ex-
cited states the complete set of interactions has to be fatetito resolve the coupled system.
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The rate equation for the excited st@teeads (omitting subscript a):

%n(p) = Z C(g,p)nen(q)  collisional excitation (&)

4<p

+ z F(g,p)nen(q) collisional deexcitation (b)
q>p

+ Z A(g, p)n(q) spontaneous emission  (C)
q>p

+a(p)nzn, three body recombination (d)

+B(p)nen; radiative recombination (e)

- Z F(p,q)nen(p) collisional deexcitation  (f)
G<p

- Z C(p,q)nen(p)  collisional excitation (@)
q>p

—S(p) nen(p) ionisation (h)

— z A(p,q)n(p) spontaneous emission (i)
d<p

This description corresponds to the optically thin casextation by radiation is neglected (so
is photo ionisation) - opacity has to be treated separatebesonsiderations about the plasma
geometry need to be made. Terms (a)-(e) display populatixgslof levelp of the specified
types and (f)-(i) depopulating fluxes respectively. Cooglis established among excited states
and via ionisation and recombination to adjacent ion sta@es standard approach is to devide
the populations into two main groups which are charactérmetheir relaxation time. Ground
state atoms and ions - and if required also metastable statesonsidered separately from the
group of excited states. The analysis of the various pojoumatnd depopulation mechanisms
reveals that typically collisional excitation to adjacemtiergy levels and radiative decay are re-
sponsible for a quick equilibration of excited states iratiein to the ground state. Basic reason
is the decreasing excitation threshold with increasinggipie quantum number. For the ratio of
relaxation times several orders of magnitude can be fouhd.system of coupled equations for
the excited state populations is simplified by the assumpifoquasi stationarity%n(p) ~0)
describing the equilibrated system for particular grouiatiespopulations of involved ion stages.
The set of rate equations is transformed to a set of lineaateans such to relate the different
groups of populations(p), n(1) andn; so that the solution takes the condensed form [15] which
is based on the formulation of [16]:

Z(p)

n(p) = ro(p) Z(p) nzhe+r1(p) 70 n(1) =no(p)+m(p) ,

with Z(p) = @ ( h’ )3/2 exp(w) the Saha-Boltzmann coefficient and the population co-
0z \ 2mmkTE kTe

efficientsro(p) andrs1(p) (functions of R and T, ro comprises the recombining branch,the

ionising branch of population fluxesn(p) is the result of contributions from a recombining

no(p) and an ionising plasma componentp).

Except for cold and dense divertor conditions, plasma patars in the edge and SOL deter-
mine the excited states to be in corona equilibrium at theghaensities obtained and transiently
changing with increasing density to the so-called satomgbhase in which collisional deexci-
tation becomes stronger than radiative decay. This tiandiéatures that high lying states are
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affected first by this phase transition or in other wordsxises a boundary value for the princi-
ple quantum number (Griem’s boundary [17]) which is a funiciof density that separates lower
lying states (corona phase) and higher lying states (dainnphase). Effective rate coefficients
for photon emission are then expressed, eg for excitateiothising component applies,

PEC) j exe = —— =~
i,],exc n

In the discussion of occupation balance of excited stagadsorption of photons from sponta-
neous emission has been set aside so far. Opacity in genfiuanices the intensity and spectral
shape of line radiation for an observer outside the plasrdadeplays a populating flux mech-
anism for excited states which has an impact on the wholeystStrong reabsorption is in
particular important for divertor conditions because theombination rate is reduced which is
not beneficial in terms of eventually desired plasma detactinOptical thickness is determined
by the absorption coefficient for a particular emission kmel the size of the plasma. Transport
of radiation along an arbitrary straight path is describgd b

dLy (%)
dx
with the spectral emission as the source and the absorgitreaink. The solution reads:

L (X) :/Xs)\()()exp[—/:K)\(x”)d)('] d)(—f—L;\(Xo)eXp{—/X:K;\(X')d)(] ().

X0

=&\ (X) =Ky (X)LA(X)

In case of spatially constaryj, the exponential factors are simplified which might be emetby
to characterise optical transparency gy < 1. The absorption coefficient is related to the
spectral line shapB, and transition probabilit over:

_ 9\ A(g,p)
=g T am

A
P\ = anhB(FLCI)P)\

Density and line profile are both functions of plasma paransetthe latter might be the result
of various shaping effects (Stark, Doppler, Zeeman). Talpicline shapes appear as peaked
functions and absorption near the line center is more piebab line radiation from the line
wings is more likely to escape the optically thick region.n€equently, the line profile observed
from outside the plasma deviates from the optically thirecas

A standard method to consider the impact of opacity on remtiaggnd occupation balance is
to introduce so-called escape factors. The line escaperfactand the population escape factor
O, are defined as to correct results from reasoning of the diytibén case. Following the sketch
shown below@, for the observer would be expressed in the general form:

o _ h fine&r(X:Nexp[— [ (X' \)dX'] dAdx
L leflinee)\(xly)\)P)\()\)d)\d)( ;

whereL, (Xp) has been set to zero for simplicity. Interpretation of sppstiopic measurements
in terms of the excited states density is possible if the expntal signal is multiplied by the
inverse of®, to account for all primarily emitted photons.
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observer The change in excited states population is handled by in-

4 troducing an effective probability for spontaneous enoissi
Act1(P,q) = Oy(p,q)A(g, p) for the collisional radiative modelling
which accounts for the enhanced population of stateéy reabsorp-
tion. ©, is defined aé‘%““ with ug anduy denoting the power densities
for emission and absorption:

Op(X) =1— Ja Jline KA (X ALy (X, A, Q)dAdQ
" 4 e © (% M)A (W)X
line Of\S:iél\h\t—/ The solid angle integration implies the anisotropyL@fQ) which is

described in (*) for one particular direction. Actual vadufer ©_ and

©, may be obtained for model cases where line profile, plasnaampar

ters and viewing geometry are prescribed. In [18] opacityafblydro-
gen plasma is discussed for divertor conditiomsX 10°°m™3, T, ~1€V) and certain geometry
parameters. Due to the population distribution in thatmeg(recombining plasma, validity of
Boltzmann distribution) the Lyman series is predominaaffected by opacity®, and©, for
Lyman-a and LymanB might well be in the order of @ and 05 respectively. Optical thickness
of Lyman43 directly influences the population of tfie = 3)-level and the emission of Balmer-
(Hq) is increased®, for Hy and higher transitions turns out to be very close to unity.

In practise the consideration of optical thickness is natli@cult because the actual plasma
parameters which are usually not available throughout thewe have to be taken into account.
For the plasma parameters regarding therdeasurements presented in section 5.2 opacity is
assumed not to be a critical issue, at least not in relatidhgwarious systematic uncertainties
of the diagnostics setup and methods applied for data asalys

Efforts are being made to treat radiation transport with Me@Garlo methods in modelling
codes like done for neutral particles, eg EIRENE [19].

2.3 Kinetic Treatment of Neutral Particles

The mean free path of neutrals appears to be long comparkd gpatial dimension of the SOL
and edge plasma. Dissociative reactions regarding maesplecies and charge exchange of
plasma ions with atoms as well as elastic collisions disptayces of fast neutral particles. Thus
a kinetic treatment of neutral-plasma interaction is regglifor an appropriate description. In
order to establish a picture of neutral parameters comsistgh the experimental data of H
emission and plasma conditions the c#d¢1D [20] is applied. This1D space, 2D velocity,
kinetic transport algorithm for atomic and molecular hydro gen in an ionising plasma’is
provided by LaBombard and an elaborate description canuredfon the reference. It computes
the neutral molecular and atomic velocity distributiondtians with the method of successive
collision generations on a slab-like geometry with spedifdasma parameters. With this ex-
pansion of the molecular and atomic velocity distributiandtions and the specified boundary
conditions, recursion relations for the components of tis&ridution (generations) on the grid
can be deduced. In the following two sections the implentemtand application of the algo-
rithm are sketched.
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2.3.1 Basic Aspects of the KN1D Algorithm

The input parameters to the code include molecular presstne wall surface, longitudinal and
perpendicular extension of limiting structures and plagmudile datane, Te, Ti and plasma ion
velocity v; on the 1D spatial domain (see fig. 2.7). The spatial oriemtatare to be understood
relative to the 1D grid which is a radial line with respect ke tactual poloidal plasma cross
section. Rotational symmetry about tkexis is assumed for the velocity distribution functions

f = f(vr, vy, X) with vy =, /v§+v§. The limiting structures serve as a sink for plasma pasdicle

with a flux towards the side wall defined as the ratio of localngbspeed and perpendicular ex-
tension of the plasma (connection length). A molecular flegalibed by a Maxwellian velocity
distribution at wall temperature is returned such thatehemo net particle flux to the limiters.
Optionally, these spatial boundaries are also considerethé flux of neutral particles in the
sense that atomic and molecular flux is replaced by a pacdatserving flux of molecules at
wall temperature. Besides several electron impact reagtielastic and charge exchange col-
lisions among molecules, atoms and corresponding ions@renally included, the impact of
which will be examined in the next section.

NNNSNSSSNNN\N

o plasma + neutral recycling ,’ \
zero net flux to wall I [ 1 V.
(I X
\

SIS

Figure 2.7: Scheme of KN1D: geometry, neutral influx at watl @plasma parameters
are specified OR € [Xa, Xp]

The neutral transport problem demands an iterative apprtasolve the coupled Boltzmann
equations describing the evolution of the molecular anthatoselocity distribution functions
fu, and fy:

“ox

ofu,  [0fn,
X ox ot

ofy [OfH

+S‘|2 ) Vx—=— = —:| +S‘|
}coll. ot coll.

Dissociative reactions of molecular species act as the team of the atomic velocity distri-
bution source functiors; (recombination is of minor importance in an ionising playmahe
molecular source functiofy, has to be adjusted to meet the constraint of zero net masoflux t
the wall. The following electron impact ionisation and disigtion reactions regarding molecular
Hydrogen are considered (fig. 2.8):
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e+H, — H: +e (2.R1)
e+H, — e+H(ls)+H(ls) (2.R2)
e+H, — e+H(ls)+H'(2s) (2.R3)
e+tH, — e+H" +H(ls)+e (2.R4)
e+H, — e+H(2s)+H(2p) (2.R5)
e+H, — e+H(ls)+H (n=3) (2.R6)

The rate coefficients of figure 2.8 are nominal in the sensetiigacross sections are averaged
corresponding to the Maxwellian electron velocity digtitibn. If the plasma is sufficiently thin,
2.R3, 2.R5 and 2.R6 might all be treated as production tefrgsonind state Hydrogen (for the
case of 2.R3 electron impact conversion 2s-2p is more litkedp ionisation).

In the plasma environment of interest, multistep excitapoocesses have an impact on the
electronically and vibrationally excited states popuwatdistribution and result in effective dis-
sociation, ionisation and recombination rate coefficieststhat the numbers of fig. 2.8 might
not be adequate for direct usage. Collisional radiative etimgy of molecular Hydrogen in a
plasma was performed by Sawada [21], considering alsotidimialy excited states. Multistep
excitation of molecules leads to an increased productiatissiociation products and an elevated
ionisation rate. The results of this study are adopted feré¢lactions noted here. Molecular ioni-
sation (2.R1) is supposed to be increased be a factaB&f Production of ground state atoms is
increased and a dependencengandTe is also considered in KN1D; factors in the range df-1
1.6 are applied to the rate coefficients of 2.R2. For relevaadph parameters, the dissociative
excitation reactions 2.R3, 2.R5 and 2.R6 do not contribigi@ficantly to the ionisation rate and
these reactions are instead treated as production pathsuwidstate atoms. The dissociative
ionisation reaction 2.R4 is considered to be increased bgtaif of 167 independent afe and
Te.

Reaction 2.R1 describes the production path of molecutes. idhe influence of the magnetic
field which by definition is oriented perpendicularly to tk@xis is expressed in a stationarity
of the ions movement in thredirection. In the framework of rotational symmetry of thestem
about thex-axis there is no dedicated direction of the magnetic fielahl&ion of this species is
restricted to perpendicular motion which may result in tanrecycling and the reactions 2.R7-
2.R10:

e+H; — e+H"+H(1ls) (2.R7)
e+H) — e+H'+H'(n=2) (2.R8)
e+H; — e+H +H +e (2.R9)
e+H) — H(ls)+H(n>2) (2.R10)

For the lack of availability of collisional radiative modieg of the molecular ion the reaction
rates of figure 2.9 are used directly. The reactions 2.R8 d@Rti®®are interpreted as production
paths of ground state atoms.
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Figure 2.8: Rate coefficients for molecular Figure 2.9: Rate coefficients for molecular
neutrals reactions 2.R1-2.R6 [13]. ions reactions 2.R7-2.R10 [13].

Dissociative reactions of molecules and molecular ionste@rigin of the velocity space source
distribution of atoms. It is determined by the velocity distition of the reaction educts and the
product velocities which result from the details of the digation process. Table 2.2 lists the
Franck-Condon energieErc of related reactions, the accompanied velocities are

VEC = 4 /Zfﬁ (L= 1 Hydrogen,u= 2 Deuterium). The function which is employed to repre-

sent the velocity distributioffir of the atoms is chosen as

2 2 3 Tec 2
<\/ VF +Vg —VFc + ?un%VFc>

Trc+ %Tmol

fr(Vr, Vi) ~ exp | —Hmy

with Tgc denoting the effective temperature of Franck-Condon aé&utwhich is determined by
the energy spread of the dissociation dpg| the temperature of the molecule or molecular ion.
For Tmo Negligible againstrc, Vrc is returned as the most probable velocity. In the case of
high molecular temperature it approaches a Maxwelliarridigion for the reaction products
with an average velocity of /2 times the one corresponding to a Maxwellian molecularieist
bution atTyo Which is supposed to be an appropriate description if thedk-&ondon energy is
negligible.

Elastic scattering reactions are optionally included towsate thermal equilibration among
the particles:(H,,H")el, (H2,H)e and (Hy,Hz)el. The cross sections for momentum transfer
are taken from [22]. Molecular charge excharig, H;)cx is also optionally considered in the
algorithm. Rate coefficients as a function of ion tempegafar several neutral energiés are
shown in figure 2.10.
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Figure 2.10: Rate coefficients for molecular

Table 2.2: Franck-Condon energies of disso- charge exchange [13].

ciation productsFe ~ 3 Te.

The Boltzmann equation for the molecular velocity disttibo function fy, incorporating all
reactions mentioned above in the actual form handled by th&lXcode reads:

3fn,
Vxox

= —Olioss(X) fir, @+ S, fv @ — Ywat fir, @+ fu / Ywall fri,0%V @
. / fo (V, X) [V — V| Gex( [V — V] )33 ©
+fH;nH5/sz(\/,x)|V—\/|0cx(\V—\/|)03\/ 0
+wﬁ|2:H+(MH2:H+ — fu,) +wE|I2:H(MH22H — fu,) +(-‘-)E||2:H2<MH23H2 —fn,) @ () |

wheref denotes a normalised distribution functifri (V',x)d3V = 1. Reactions 2.R1-2.R6 lead
to the destruction of molecules which is expressed in thet foim ()@ with
Ooss= 52 ;(0Ve)2ri- The second termy)® describes the source of molecules at wall temper-
ature which is specified as input parameter. Loss of moledaléhe wall and limiter side is
characterised with the third ter®© by the loss frequencyya which is evaluated from radial
velocity and perpendicular extensibnof the shadowed aregya) (Vr,X) = %. The following

term ()@ displays the recycling process of molecules lost to theswaflurned at wall temper-
ature. Charge exchange of molecules with molecular ionsbtsthe effect of a sourcg®
and sink()® of the distribution function. Finally, the last three ter(®¥’ are used to represent
the impact of elastic collisions. The latter expressiomgiie some further remarks. These are
representations, ie expressions to replace the Boltzmiaanytcollision terms, eg:

501, ([v—V)

3
50 3Qa°V

// [y (V" X) Fu (V" %) — Figy (V) Fu (V)] IV — V]
— & (Mg — fiy)

Velocities involved beforév, V') and after(v’,v'") the collision are related through the scattering
angles. The demanding explicit evaluation of the compldbsoon integral is avoided by apply-
ing a symplified kinetic model, here the BKG [23] model, as ppraximation of the scattering
process. The alternative expression can be constructbdisatcnass, momentum and energy of
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the total species mixture for mixed collisions and mass, er@om and energy of each species
for self-collisions are conserved. The chosen term mightdseribed as a relaxation of the dis-
tribution functionfy, to the drifting MaxwellianM on a time scale of Aw®. Drift velocity and
temperature characterisiid@ are center of mass velocity and hybrid temperature of thieeol
ing particles. Here, the momentum transfer rate is takerbtaimw® for mixed collisions, for
self-collisions the temperature isotropisation rate isdusThis ansatz allows to achieve relax-
ation rates of mass, momentum and energy close to thoseimgsiubm the Boltzmann binary
collision operator.

The shorthand notation ¢%) reads:

of A
Vx 6;2 = Sy, fw + Swall + Bex — Ac f, + v
with Swall 1= ()@, Bex 1= (), O = Ocx 1 Ojoss+ Wel + Ywall [aex = ()©)/ i,

Wel 1= G+ 00 + Wfip,] @nd o 1= Wl M + 00y Miin + 08 4, My, which is
stated to illustrate the method of successive collisioregaions. The molecular distribution
function is considered to be composed of a sum of subdisiibdunctions which are to be
understood as representing an ensemble of particles afeataan number of collisions:

f, = frj 0 Bex=) Bexj » WM =) Wmj , Swall =) Swallj
] ] ] ]

Separate Boltzmann equations for the first and subsequiist@ogenerations are:

0fu,0 -

VX axz - S‘|2 fW - GC szO

of

Vx (;(21 = Swallo +Bexo  —0Ocfu,1+wwmo
0fn, i

Vi al—)l(ZJ = Swall j—1+ Bexj—1 — Ocfh,j +0mj-1

Wall sourceS,, and all sink mechanisms characterise the evolution of thlimistribution
function fy,0. Following generations originate from the sink terms of finevious generation
and are itself subject to attenuation.

Boundary conditions for the solution of the Boltzmann etret are
fu,0(Wx > 0,Vr,Xa) = fu,(vx > 0,Vr,Xa) specified by the flux at the wall and
fu,0(Vx < 0,Vr,Xp) = 0, ie no neutral flux from the plasma core region. Two hierigadly or-
dered iterations are involved in obtaining the desifigd The terms for elastic collisions require
the input of a guess ofyy,. Self-consistency is achieved if the zero order momentgitgnof
the resultingfy, does not deviate from the previous iteration step by a spéciémount. Each
of these iteration steps includes the expansion of suasgessllision generations which is fol-
lowed to the point where thgth generationf,, ; does not contribute to the zero order moment
significantly.

From the solution of the Boltzmann equation for moleculadkbgen the velocity space source
of atomic Hydrogen is determined. Reactions containederatgorithm which characterise the
evolution of the atomic velocity distribution function akectron impact ionisation and radiative
recombination, elastic scattering and charge exchangeelHttron impact reactions are:

e+H — e+H' +e
e+H" — H+hv ,
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to which effective rate coefficients have to be derived fratisional radiative modelling. Here,
the results from the Johnson-Hinnov CR model [24] are adplk&gure 2.11 shows the rate co-
efficients for different plasma parameters along with the caefficient determined by the cross
sections without considering multistep processes. Foelogrgies, collisional deexcitation leads
to an increase in the recombination rate coefficient. Theinalmecombination rate coefficients
as the sum of several paths{é* — H[1s,2s,2p,n=3,n=4] + hv) is shown with the dashed line.
Although barely visible in the figure, reaction rate coeéfitss differ by factors of about-12
for the densities chosen. Comparing the rate coefficientsofisation and recombination it
becomes apparent that recombination might be relevantaintgry low temperatures. For the
parameter range typical for SOL plasmas far from the diveggion the actual recombination
rate is negligible because both electron density and testyorerdrop strongly in the far SOL.

Cross sections for the elastic collision reactidhisH")ej, (H,Hz)el @and (H,H)g are taken
from [22] and the treatment corresponds to that of elastitteing of molecules. Reaction rate
coefficients of atomic charge exchand#, H")cx considered in the algorithm, taken from [13],
are also depicted in figure 2.11.
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Figure 2.11: Left: Effective rate coefficients from Johngdinnov CR model [24] - black dashed curves
are nominal rate coefficients from radiative recombinatmal ground state ionisation for comparison.
Right: Rate coefficients fafH,H*) charge exchange [13].

The Boltzmann equation of the atomic velocity distributionction fy, as treated in the algorithm
reads:

0fy :
Vx—=— = — flion @+ finen, (OVe)recetf ®) 4 Sho © — Vi f @

ox
—ani/ﬂ(\/,x)|v—\/\ccx(\v—\/|)03\/ ©
iy [ (V0= Voe( v V)V 0

+ 00 (M — i) 4 @y, (Mier, — i) + @iy (M — fi) ©

With Qion := Ne(OVe)ionetr the first term()@ displays the atomic ionisation sink and the sec-
ond term()® the recombination source. Like in the description of molesuthe reaction
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rates are used directly, because the neutral velocity i$l em@apared to that of the electrons
(|Vu| < |Vel). The third term()© includes atomic sources from molecular dissociative ieast
(Franck-Condon neutrals), whereas sidewall collisionthelimiter shadow are considered in
0@, Terms()®, ()@ and ()@ represent the impact of charge exchange and elastic ooldisi
analogous to the molecular case. Also the solution of thisggn is worked out in the same
way as described fofy, with fy being expanded in a series of collision generations.

The algorithm contains two procedures which determine tbhkecular and atomic velocity
distribution functionsfy, and fy in a selfconsistent manner with respect to elastic coltisjo
some aspects of which have been mentioned above. Both panteapled through the atomic
source originating from molecular dissociation and theeuolar flux returned from the wall
representing losses of molecules, atoms and ions. The rletutar flux from the wall must
balance 2 times the atomic Hydrogen flux onto the wall:

T =Ty (%)

The net molecular flux can be expressed as:
roet— % 2 [ ghax— = [ SyHa
H, = hy =5 [ SpH20X—=3 20X

with r‘,’}j being the specified molecular flux at the wall directed towdha plasma. A returned
flux towards the wall is determined by the fractipof the side wall sources of plasrgH, and
atomicS4H, recycling. Hereg denotes the fraction of the molecular flux directed towahds t
wall which is left at the wall surface. Collecting all proses that produce atoms returning back
to the wall it is obtained:

_ 2—¢
I",’f =90(1+0a) H?s [T (/Sszaer/&Hzax) +F‘,QV’2+] ,

whered denotes the fraction of the atomic flux towards the wall tleatialy reaches it and
being the fraction of initially positive directed atomicxlteflected due to charge exchanﬁ;
is the fraction of molecular dissociation processes ragyih atomic Hydrogen.

In order to fulfil (xx), the molecular source from plasma recycliigH, is adjusted in an

iteration including the calculation ofy, and fy,. The parameters and 8(1+ 0()R5'i°s can be
estimated from the preceding iteration step &, refined accordingly. This procedure might
be interpreted as a concession to the instance that the misghaf plasma recycling is not
rigorously specified.

An emphasis is put in the KN1D code regarding the accurache@humerical procedures pro-
viding the distribution functiondy,, and fy. Estimates are made on errors introduced by the
discretisation of the spatial and velocity space domaimnesilting velocity moments of,, and

fy and for the conservation of particles. Two of these estimate stated for reference, exem-
plified for the molecular case. With the shorthand notatibtimne molecular Boltzmann equation
repeated:

0fu,
[)4

Vx :Sqozth‘f’ch—acsz‘f’wM )
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the representation in finite differences, termed the meshatemn, which is the basic expression
for the numerical treatment, reads:

f 1— fu,, |
2vx H;:il - X::/m = ( 02t7m+1 + Srlozt,m) fw+ (Boxmy 1+ Boxm)

—(Oeme1 frp,me1 + Oemfr,m) + (OM me1 +Omm)

m denoting the spatial grid cell index. Care has been takerséoaugrid spacing sufficiently

small to avoid unphysical values fdg,. A closer look reveals that the grid spacing must satisfy
" i - 2|VX| . . . . .
the C?ndltlon.(Xml .xm) < maxGo it 1] as to aV(-)Id the occurrence of negative distribution
functions. The following abbreviations shall be defined:
f —f -
Tl = 2% 50 T2m= (S0 1+ Somfw . T3m= Bexmi1+Boxm
T4m = demyt f,mes +demfr,m + TOm= v me1+Wum -

The velocity moments (ordevl) of the Boltzmann equation should be satisfied with an appro-
priate fy,:

/ / a;)':2v)'\(’”lavxvravr = / / SO fu dvevy OV + / / B dvev; OV
—//O(Cszv)'\("avaravr-1—//oo,\/|v)'\("avxvravr ,
to which the discretised expression reads:
/ / Tl ovev oy = / / T2 ovevyov; + / / T3 ovyv, v
_ / / T 4\ ovievrov: + / / TSmMovevs ove

UsingT um:= ffTva!}"avxvravr, Je{1,2,3,4,5} the normalised moment error for each grid
cellmis defined as:

Mm = ‘TlM,m—TZM,m—T3M,m+T4M,m—T5M,m‘
™ max{ [T Ivml, [T2m.mls [T3m.mls [ T4m.ml, [ T5m.ml}

The discretisation of velocity space has to be accuratengerand resolution such that the major
part of the information contained ify, is retained. A considerable contribution tg, outside
the velocity grid would result in uncertainties of momeritsorder to judge this issue, a test is
performed using the velocity distribution of Franck-Condutralsfrc to calculate the average
velocity from the discretised distribution for compariseith the analytical expression:

Veode = 21Uy % 4/ + V5 fre(Vei, ic AV ViV
I

- r 2Vih
Vexact = /|V| fFC63V:ﬁ .

The normalised expression for the deviation of the two patars is:

Veod em— Vexactm|

Verror,m = v
exactm
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2.3.2 KN1D in Practise

Using parameters which resemble those of a low field side lamgpedge plasma profile at the
AUG Tokamak, similar to a medium density, low power H-modersrio, the results obtained
from the KN1D algorithm are discussed.

The spatial grid range is set to 30cm which is devided integhparts. The first interval
is configured as the local limiter shadow, the second intedigplays the SOL and the third
part of the grid the edge of the core plasma region. Of the twerval boundaries the limiter
edge position has an impact on the propagation of neutralsreas the separatrix position does
not play a role in the numerical procedures but is a markeifterentiate between parameters
affecting the SOL or the near core region, eg the aspect asfr@afuelling. A perpendicular
extent of the shadowed area of 1 m is assumed and the lindes sonvert both impinging ions
and neutral particles to molecules at wall temperaturectEa density and temperature chosen
are shown in figure 2.12. In shadowed areas of short conmdetigth, the parallel field gradients
of plasma parameters are suspected to be significant ankigdrasic examination a pragmatic
choice for the parallel field averaged profile parametershiegs made which is actually not
based on diagnostics data. The radial decay lengths of plaswmameters are assumed to be
smaller than in regions of large connection length closé¢oseparatrix and the base levels of
density and temperature are simply estimates. As the wgi@s Deuterium has been chosen.
The source of neutrals at the wall, which in the experimedtisto localised gas inlet, recycling
of perpendicular plasma flux or divertor leakage, is exmésss the wall molecular pressure,
here set to bep, = 103 Pa which corresponds to a particle flux density towards tasrpa
of Mp." =7.7-10%m™2s™® at the wall temperature defined & =293K. lon temperature is
not determined experimentally in the region of interest eosequently, the pragmatic choice
of Ty = Te is adopted. Temperature measurements of impurity ionstisised to infer on the
majority plasma ions temperature. Velocity of plasma ionghe direction perpendicular to the
plasma column, ie in the-direction of the KN1D grid, is set to zero, since this partanés
also not resolved experimentally. The set of parametensatefrom the calculated velocity
distribution functions selected for a basic overview corgalensities (fig. 2.13), temperatures
(fig. 2.14), flux densities (figs. 2.15 and 2.16), various seunrofiles (fig. 2.17), energy transfer
to atomic neutrals and Balmeremission (fig. 2.18).

As to be expected from the magnitude of plasma parametersydhecular densityp, drops
monotonously with the slope being more negative at the itiansof limiter shadow and SOL
where the plasma parameters rise. The atomic density pngfitkedetermined by the dissociation
of molecules and the increased ionisation rate when appirogithe separatrix with significant
rise in electron temperature, which is seen in the grid rarigérong drop ohp and correspond-
ing ionisation sourc&on.

Although the wall temperature of molecules is oWy, & 0.025 V) the impact of elastic col-
lisions with the relatively hot plasma background resuitthie temperature profile of molecules
in the range ofTp, € [0.05;2 eV. The atomic temperature is seen not to fall below about 4eV
which is basically due to the Franck-Condon dissociaticgrgies and probably to some extent
influenced by fast charge exchange neutrals from the corerrebn general, the temperature of
atomic neutrals follows the spatial evolution of the plageraperature since elastic collisions
and charge exchange reactions play the dominant role lsesidisation.

For the understanding of profiles of molecular and atomic flarsities, the consideration
of the positive and negative components is usdTgIz. is determined by the boundary condition
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of rg,Vj and the positive velocity part of recycled molecules stgrfrom the side walls; also
the rise of molecular temperature might have an impact. Bgative flux density , is mainly
the negative velocity half of molecules from side wall rdoyg. From the evolution of flux
density in the SOL region it can be seen that the fraction demdes returned to the wall due
to elastic collisions is obviously very small. Refering e fposition of the atomic source profile
S the large part of atomic flux in the negative direction - in lingter shadow there is in fact
nearly no positive atomic flux - is explained, since at the ekithe shadowed area dissociation
of molecules sets in and the dissociation products aralulisdd isotropically. The closer to the
core region the less negative flux density is obtained, spmeding to the constraint that there
is no neutral flux from the core region and only positive dieelcneutrals are left before being
ionised.

Magnitude and spatial range of the source profiles revegbldmma source from the ioni-
sation of molecules;,; and dissociation of molecular ior$+ being relevant in the SOL but
fuelling of the core reglon is possible only from the pendraof atomic neutrals expressed in
the ionisation source profil§on.

The drain of plasma energy is documented with the energgfeeato atomic neutral@Re
which is mainly localised at the core boundary displaying lilss of fast plasma ions due to
charge exchange. This energy is lost if the resulting fagtraks are not ionised within the core
region. Negative values for this net energy transfer arainbd if the average energy of neutrals
is larger than of the plasma ions in which case elastic soagt@eats up the plasma at expense
of fast atomic neutrals.

Emission of line radiation likep, is closely linked to the ionisation source profile. The
similarity in shape of the profiles is explained by the roygtdnstant inverse photon efficiency
(S/XB) which is a coefficient derived from collisional radiativedelling relating ionisation rate
and photon emission [25]. If the emission profile is measuamd the plasma profile is known
with appropriate accuracy, KN1D can be used iterativelystingate the neutral flux density at
the plasma edge. Interestingly, plasma energy losses fadmtion are shifted outwards with
respect to charge exchange losses, which indicates thatmrhall population of neutrals has
a strong impact on the edge plasma, taken the profile of iborsaource or equivalently the
atomic neutral density profile into account.
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Figure 2.12: Input profile data of electron density and terajpee - left linear and right logarithmic
scaling to resolve the SOL.
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Figure 2.13: Molecular and atomic density pro-Figure 2.14: Molecular, atomic and electron tem-
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Figure 2.17: Source profiles of atoms, moleculalFigure 2.18: Net energy transfer to atomic neutrals
ions and atomic ions from molecular and atomicand Balmera emission.
origin.
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Figures 2.19 and 2.20 give an impression of the accuracyeaigimerical procedures. The error
introduced by the discretisation of velocity distributimmctionsveror appears to be very small,
except forfy in the limiter shadow, where a larger uncertainty is obtdinkn the case of the
moment errors)y, here stated for density and flux density, numerical pregisieems to be
sufficient, albeit with more significant deviation in the eaegion. Even if errors up t& 10%
are obtained locally in this example, the overall charactéhe numerics uncertainty has to be
compared with those regarding experimental data of plasaranpeters and Balmer-emission
and assumptions on ion temperature discussed in chapter 5.

107 J 107t

10}

|
|
|
i |
102} |

S s 3 .ay
5 | = 10 -
3 | — |
10 | ol |
‘ 10 g ‘
I | 0 |

10™ ! ‘ ! ‘ 10° ‘ Lol ! ‘

0 5 10 15 20 25 30 0 5 10 15 20 25 30

x/cm x/cm

Figure 2.19: Error estimate concerning discretisaFigure 2.20: Error estimate for moments (0,1) of
tion of distribution functions. distribution functions.

One interesting feature of KN1D is that elastic and chargdamnrge collisions can be optionally
excluded in the calculation, both for each reaction sepbraind for each of the molecular and
atomic species. This is useful to judge the importance afehmechanisms with respect to
the propagation of neutrals in comparison to the electrgmachreactions of dissociation and
ionisation. The algorithm was run with the same input patanseas described above, merely
molecular and atomic elastic and charge exchange coltisi@ne kept out. Results obtained are
compared with the previous case for densities (fig. 2.2)ptratures (fig. 2.22), flux densities
(fig. 2.23) and sources (fig. 2.24).

Without elastic and charge exchange processes, the partid able to penetrate the plasma
more freely and the density profiles are shifted towards thsnpa and are larger in amplitude.
This latter observation requires some explanation, becthesvolumetric sink mechanisms are
the same for both cases and the integrated density profilegdsgive the same amount of par-
ticles, since the same wall flux of molecules is specified. {Oted side wall sources are indeed
different for both cases, corresponding to the loss rateadigles due to elastic and charge ex-
change scattering. With only small wall losses of neutr@larger plasma recycling at the side
wall needs to be assumed such to compensate the specifi¢sgoasolecular flux at the wall
(condition of zero net flux to wall). The two cases should é¢fi@e be compared rather in the
relative radial evolution of profiles, than in magnituderther, there is no thermal coupling be-
tween neutral and plasma particles so that the temperdtarelecules is close to the initial wall
temperature without significant change along the grid. Thetlcs of atoms is solely determined
by dissociation processes, except in the core region, wieeamnbination is the source of fast
atoms, but nevertheless displaying a very small populaisrtan be seen from the atomic den-
sity profile. Corresponding to the higher densities, theoagEanied flux densities and sources
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are larger. However, close to the core, where all profilesgstrongly, the slopes are slightly
less negative in the case of elastic and charge exchangs@udl being considered, indicating
the deeper penetration of a small fraction of particles duehigher velocity.
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Figure 2.23: Molecular and atomic flux densities:Figure 2.24: Atomic source from dissociation and
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For the interpretation of Balmear-emission, input parameters to KN1D obtained experimantall
are the origin of uncertainty. Concerning the ion tempemtno data at all is available and
estimates have to be made. It is assumed that heat diffus\Jdrger for ions than for electrons
which results in a higher ion temperature at the plasma efdtiee iheating power is equally
distributed to the ion and electron channel in the core regsecause of the lack of better know-
ledge a constant factor is used to relate ion and electropeagature. For the results presented
in chapter 5 the relationshify = 2- T has been chosen. The impact of ion temperature on the
parameters of neutrals, leaving all settings unchangedising T = 2- T, are documented in
figures 2.25 to 2.28.

Parameters characterising molecular penetration ardyl@rdnged. Profiles of density, flux
density and source of atoms are nearly unaffected by theased ion temperature. A slightly
elevated molecular temperature is observed which stemsthe elastic collisions with plasma
ions. Although the atomic source profile seems to be indegr@rad T; in the present example, the
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higher rate coefficient for atomic charge exchange leadsréalaced atomic density, probably
caused by the stronger atomic return flux to the wall. The tFatpre of atoms reflects the
increased ion temperature and results in a slight shifte@tdnter of the ionisation profile.

Taken the methodology and uncertainty regarding the exygarial determination of the
Balmera emission into account, the actual magnitude of ion tempegatoes not seem to be a
matter of great concern, provided that ion and electron &atpre are comparable.
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Chapter 3
Dy Diagnostics

The diagnostics instrumentation presented in this chaptee result of preceding developments.
For hints on the previous setups, the reader may refer to [26]

3.1 Strike Point Observation

Below the roof baffle of the lower divertor, two lenses arg¢atied which map two row-aligned
100um silica fiber arrays to the target plates. The original camfion comprised 70 fibers for
the inner and 69 for the outer divertor leg. At the tile suefite maximum diameter of the lines
of sight is about 3mm at the bottom and 6 mm at the top. Thesseparated by 4 8mm. This
optical arrangement is denoted as the strike point obsenvéPO) and provides a very high
spatial resolution in the ASDEX Upgrade divertor.

The actual viewing geometries for the experimental cam=§06 and 2007 are illustrated
in figure 3.1 which indicates the different viewing chordtensecting the target modules. While
the fiber arrays were intact during several campaigns ime¢ug006, one of the bundles was
severely damaged in the maintenance phase before the 20(aicg at a point of time inap-
propriate for repair. The fiber bundles are guided to a vactlange window to which relay
optics and the detector are attached. This position of ttextle electronics close to the plasma
chamber involves the exposure to neutron flux gmddiation which produces some additional
noise, but which can usually be clearly separated from theahradiance recorded.

Line radiation of impurity species or of the working gas i¢ested by using narrow band
pass interference filters (forgdDsee appendix B). By introducing a dichroitic beam splitten
different wavelength intervals can be separately trartenhiio the detector (see fig. 3.2). The
transmission curve of the beam splitter is shown in figuret@g&ther with the profiles of fil-
ters for the H/Dqy lines at~ 656nm and a CllI line-triplet at- 465nm. These two lines are
commonly recorded with th8PO diagnostics. In order to obtain a comparable signal-teeoi
ratio for these different species, grey filters are used posadhe brightness of each of the four
arrays (inner, outer targetx {linel, line2). A CCD sensor is installed to record this large
amount of channels. With a typical exposure time of 1 ms arehdout time of 5ms, the sys-
tem monitors divertor radiation at a moderate data rate @Hi6 The radiance calibration is
described in appendix B. Due to the impact of pitch angle éerfiransmission discussed there,
data from theSPO diagnostics might be underestimated by a factor as large @&eBarding
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z/m
z/m

1.2 1.3 1.4 1.5 1.6

R/m R/m
Figure 3.1: TheSPO viewing geometry for the campaigns 2006 (left) and 2007h{jig The numbers
indicate the chords intersecting the target modules. Ftr idéerpretation it is useful to note the type

of material surfaces of the target plates: Carbon C in 20@5Tamgsten W in 2007. For reflection
properties of W see appendix C.
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Figure 3.2: Left: Sketch ofPO optical setup. Right: Transmission curves of the dichcditam splitter
(at 45° pitch angle) and two interference filters: with respect ®ltleam splitter, the ifilter is placed
in the transmitted beam path and the CllI-filter in the reéddbeam path.

systematic uncertainties, also the optical propertiee®turface observed has an impact on the
magnitude of radiance recorded. Until the campaign of 2@@& target modules consisted of
plain graphite and interpretation of tis&®0 radiance data as line integration of Bmission in
the volume of the divertor leg seems appropriate. For the 2@0npaign, divertor target tiles
with a Tungsten coating were installed. In view of the meedutiffuse reflectivity of such
Tungsten surfaces presented in appendix C, interpretafitre SPO data should consider that
the actual viewing geometry is more complex than the priniags of sight. A pragmatic point
of view might be to use the aperture cone integrated valuthforeflectivity as an estimate for
the additionally, ie this fraction doubly counted, recatdggnal which would be appropriate if
the line emission from plasma recycling is due to ionisingditions close to the target surface.
In fact, the radiance recorded is typically interpretedeinrts of particle flux over th&/(XB)-
method [25, 27]. A more difficult situation arises from a redmoning plasma in which the whole
divertor volume might be source of line emission. Reflecpooperties of the observed surface
also implies reception of emission from the X-point regioriee HFS SOL. In this case the line
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integrated data is an average piece of information of thertbvy and a more distant SOL region
and the interpretation is clearly hampered.

In the framework of analysis of video diagnostics data, imfation obtained from th&éPO
is added in order to improve the line of sight coverage in tliertbr region, ie for tomographic
reconstruction described in section 4.2. If volume emissioa certain line is prepared, the next
step is to estimate or to use measured plasma parameteanstate emission to accompanied
density or flux density of the species involved.

3.2 Tangential Cameras

The main purpose of this thesis is to discuss data obtaired frideo diagnostics which is
installed to record the line emission from the SOL and domegion at high spatial and dynamic
resolution. A pair of standard CCD-cameras is attachedl&y @ptics which contain the band
pass filters for the lines of interest. These optics map titepéane of an image guide which is
connected to collecting optics placed near the plasma dtigepossible to record the emission
of two different spectral lines for one viewing geometry gltaneously using both detectors in a
setup similar to that presented for tBeO diagnostics (fig. 3.2), merely by replacing the mirror
optics by a mapping lense and the second detector. In theefvark of this thesis it has been
focussed on measuringsCemission with a maximum coverage of the plasma cross se&mn
two views and detectors have been operated in parallel. , Hegebasic technical aspects are
summarised, whereas the physics aspects are discussatiam$e2. The video diagnostics is
abbreviated agPMC which stands for the two views of X-point/divertor and theimehamber
region.

The CCD-sensors are configured irx 2-binning which results in a detector resolution of
696x 520 elements. In this mode of operation the time intervakobrding after frame capture
is about 85ms. Using the inter-line transfer capabilityre sensors (fast shift of pixel charges
into temporary buffers after exposure allowing the preframte to be exposed during the readout
procedure of the previous one) this time period determimeaxamum frame rate of about 12 Hz.
Depending on viewing geometry and plasma parameters (stersb.2), exposure times in the
range oftexp € [0.1,80| ms are chosen to ensure a sufficiently high signal-to-n@ise, rbut to
avoid saturation. Charges accumulated in the CCD are skgitat 14 bit resolution. As can be
seen on several images, eg in section 5.2, the signal-sematio is mainly determined by the
readout noise appearing as stripes parallel to the largamsixin of the sensor. The cameras are
mounted at a distance of aboub®n to the plasma core, restricted by the length of the image
guide, and are shielded by 30cm Lithium carbonate addedfip@&and 5cm Lead to attenuate
the neutron flux and theradiation. However, in particular during high power plasdischarges,
energetic particles may reach the detector and produceasadipixels. Due to the hard radiation
exposure during an experimental campaign, the CCD-chipsswed to deteriorate. This means
that the number of pixels, which appear to be less or moreitsener even are permanently
saturated, increases. What is described as a higher sapsstprobably in fact an increased dark
current due to defects in the semiconductor structure. mpensation, an offset measurement
is done before each data acquisition. Nevertheless, teedition of detectors during operation
is of minor importance regarding the large regions of irgetesed for analysis, the systematic
uncertainties from calibration (see appendix B) and assiompmade for physical interpretation,
but indicates the limitation in lifetime of detector elemtics.
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The central part of the optical setup is a glass made imagkegWith a transmission of 48 %
(Dq, length 275cm) it provides a flexible alternative to compéasd mechanically sensitive
periscopic arrangements. Glass fibers are sensitive teimgnradiation and therefore exhibit
transiently decreasing transmission even in the radiativeronment of a fusion experiment op-
erating with Deuterium only. This aspect displays the mdjawback for the use of glass fiber
bundles and experience gathered at ASDEX Upgrade is odilngppendix B. The image qual-
ity achieved with thexPMC diagnostics is basically determined by the structure ofirtiege
guide which is depicted in figure 3.3. What is suspected ttbeingle element of the coherent
bundle when inspecting the end tip is in fact a multi-fiber posed of 5< 5 10um diameter
fibers (8um core, Jum cladding). These multi-fibers are manufactured as claseisl merged
in large bundles and cemented in a short metal cylinder wisisibsequently cut to obtain the
end pieces of the perfectly ordered image guide. If the daitgof the image guide is mapped
properly to the detector and the front side is illuminatathes directly or by illuminating the
collecting lense with a diffuse light source like done fadiemnce calibration, the structure of the
fiber bundle becomes apparent. It is the small gaps betwekdisplacements among the multi-
fibers which sets a limitation to the image quality. Some elets which appear to be broken
are actually mostly reduced in transmission probably duetghness of the cut surface. The
bundle as a whole seems to be rather insensitive to mechatriess as far as careful handling
during installation is concerned and the number of brokesrdilffrom manufacturing) remains
constant. The detector resolution specified above is cheselm that the number of pixels is
comparable to the number of imaging elements, estimated kI~ 300000 based on the size
of the bundle cross section-(5 x 7mnv).

10 um (1 um cladding)

8 um (core)

Figure 3.3: The structure of thePMC image guide: multi-fiber (left), closeup view of image guide
structure (middle) and total cross section of image guidpped to the detector (right).

For the installation in a midsize radial entry port of the wam vessel, the two image guides of
the XPMC diagnostics are fixed at the tilted head piece (dia.=78 mna@nahsertion mounting
(fig. 3.4). A vacuum window and a protective silica pane safegr the front lenses from the
plasma chamber. Its position is about 30cm below the midplarhe head piece can be re-
placed in order to allow a slightly different orientationtb& optical axes, restricted by the space
available in the narrow port. On the right part of figure 3.4 thaximum field of vision in the
horizontal cross section is indicated. The orientatiorhefgiort window allows to configure one
lens to be tilted towards the divertor, while the other viewdirected horizontally. Figure 3.5
shows the two standard settings on the first two images. Icdbe of wide angle lenses, the
field of vision is limited by the port size. As presented intggt5.2 the main chamber view



3.2. TANGENTIAL CAMERAS 35

was exploited only on a small part on the LFS and it has beerdel@to magnify this area by
using a larger focal lengthf €4 mm— f=15mm) and adjusting the optical axis. Like mentioned
in appendix C, parts of the ICRH limiter frame were replacgd’bngsten covered tiles for the
2007 campaign, coinciding with the change of ®MC optics. Due to reflection at these sur-
faces, there is no data avalaible for the enlarged view wxttibits sufficient contrast for data
analysis.

Figure 3.4: Insertion mounting (left) of the tangential @as, port window inside the vacuum vessel
(middle) and horizontal cross section of maximum field ofonig(right).

Figure 3.5: Recorded frames of ohmic discharges to indipassible fields of vision (offset subtracted
raw data in logarithmic scaling): #2090t¢ [7.6337.637 s, f = 4mm, main chamber with additional
aperture to shield light from the divertor region (left);20®1,t € [1.7851.795s, f = 7.5mm, divertor
view (middle); #22091t € [1.7851.845s, f = 15mm, closeup of limiter frame of ICRH antenna #2

(right).

To obtain best results in terms of image definition, an olipébigh contrast is recorded with the
band pass filter included in the optical setup. The emptynpdagessel can barely be illuminated
to provide appropriate radiance reflected from the vessalpoments in a spectral interval of
AN ~1.5nm (D filter). It is important to note that thickness and refragtindex of filter glasses
lead to a parallel offset of light rays passing with a tilt Enigp the optical axis, ie the focal plane
of the relay optics is shifted. Although this basic impactioemapping quality is obvious, often
filter wheels are used to change band pass filters remotelyydmsequently image definition
cannot be of the same precision for all samples. Frames fierpreparation of the optics for the
views shown in figure 3.5 are summarised in figure 3.6. A lirtegpa with different levels of line
thickness and line separation has been used as a referejuckgy¢othe lateral resolution of the
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diagnostics. At the given distance the smallest grid stinecf5 mm/15 mm) seems to display the
limit of lateral resolution for the wide angle view. Refagito the line thicknesses and contrast
of the image, it is estimated that one imaging element reptssa lateral extension ef 2.5 mm.
For the divertor view {=7.5mm) the lateral resolution is about 2mm per imaging elemeoit
f=15mm a resolution of 1 mm per imaging element is obtainecerye settings for all lenses
are chosen such to achieve a large depth of focus which iglftube in the order of 1 m.
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Figure 3.6: Test pattern with three steps of line thicknesslme separation (50/5, 10/2.5, 5/1.5 [mm])
mapped at a distance of 100cm with different focal lendthg = 4mm (left), f = 7.5mm (middle) and

f =15mm (right). The images display parts of the camera framszef 100x 100 pixels in the original
resolution. The black spot in the lower left quadrant hasstirae size in all images, because it is due to a
broken fiber of the image guide.

The full frames of the test pattern (eg fig. 3.7) indicate thpact of distortion imposed by the
lenses used. A barrel like distortion is found for the présetup, being more pronounced for
short focal length. In order to obtain precise informationte viewing geometry, ie the char-
acterisation of the lines of sight corresponding to eaclkatet element, the mapping function
of the complete optical setup has to be modelled. A nonlinegpping function is constructed
by combining a vanishing point projection with a cubic palymal to be applied on the radial
displacement to the optical axis on the projection planes Tunction is in fact a representation
of the actual mapping and is not a simulation of the sepanatiead components (front lens,
image guide, relay optics and filter). It is essential to usénaertible mapping function such
that after the transform 'object to image plane’ has beeiiigdr the line of sight data for each
image point can be calculated by employing the inverse fsamsition. This concept is sketched
in figure 3.7.

For a given image of an object described in real space caatebndirection of the optical
axis, position of vanishing point and image plane are adfligt achieve a satisfying agreement
of simulated and real mapping. To match the size of the mappgztt, the distance between
vanishing point and image plane is set appropriately (ipaat) and image distortion (nonlinear
part) is configured refering to the mapping of a rectanguéteon. The cubic polynomial to
transform radial displacement to the optical axis reads:

r=r'+ax?+asr’® | (aa>0, az>0)

which describes a pillow shaped distortion. Herdenotes the radial position of an object point
on the mapping plane for an ideal pin-hole camera. It is therse transform to be used to obtain
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the barrel shaped distortion for the mapping 'object to immpane’:

o= g_}(i_a_%) _a
§\3a3 9a3) 3a3’
1
a ot 33 \/§\/4a3 — a2+ 2ayr (9ag — 2a3) + 27a3r2
with & = | S+5—— 25+ 5
6as 2a3 27a3 18a35

An example of the mapping function for data analysis is shawfigure 3.8. Object coordi-
nates are taken from the structural design of the vessel aoemts and distinct contour lines
are selected. Tiles of the divertor region and heatshiedlascribed at high precision, whereas
the limiter frames of the ICRH antennas are treated only oasachevel, ie not in the actual
3D complexity. The position of the vessel components isfieeriat maintenance to be accurate
within Ax < 2mm (typically) compared to the design value. SinceXR®&IC optics are attached
to the moveable head of the carrier mounting in order to beriad properly into the tilted port,
a fixed and well defined position of the lenses cannot be agsneehanically. The optical head
might be shifted slighthyAx < 1 mm, due to vibration, eg imposed by plasma disruptionsezhus
by sudden drop of the plasma current and the loss of confinen@msequently, the mapping
function has to be checked for the discharge of interest hadtightest image is used for its
configuration. Although the contrast obtained from plasmaging for the contours of the ves-
sel components is rather low and distributed non-unifoyedyeful configuration of the mapping
parameters results in a level of accuracy which is limitesldzdly by the lateral resolution of the
image.

mapprgpany (0

[LITe
|

Figure 3.7: The optical setup features a barrel like distonivhich can be seen on the map-
ping of the test pattern (left). A simple mapping functiorc@structed by the combination
of a vanishing point projection and a radially symmetridatison (cubic polynomial) on
the mapping plane (right). The test pattern is used to déterthe free parameters of the
mapping function.
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Figure 3.8: Once the linear and nonlinear parame-
ters of the mapping function have been defined (fig.
3.7), coordinates of plasma facing components can be
mapped to the image plane. Since the posik@and
orientationti of the front lens in known merely with
some uncertaintyl — x| > 3mm, cos(fi- ) > 2°),

the position of the vanishing point and the optical axis
for the mapping are adjusted until the lateral deviation
on the image plane is in the order of the detector reso-
lution.



Chapter 4

Data Deconvolution

The general character of video diagnostics data tempts isereer to apply the very basic
method of interpretation by simply looking at one frame oe@es of frames and noting what one
suspects to be special or significant features. This napgabach may be adequate to recognise
the global plasma behaviour on a relative scale of persamaission and experience. An exam-
ple in that respect is the use of video diagnostics at AUGHerrhonitoring of plasma position
and state and integrity of plasma facing components. Withoecise knowledge of sensitivity
and viewing geometry it is nevertheless obvious from strimiegease of emission localised at
certain wall components due to enhanced plasma recycliegen limiter glow (radiance from

a surface), that plasma positioning needs to be correctedgé data can be used for machine
safety if radiance recorded from special regions of inteagesompared to preset threshold lev-
els in real-time, eg to initiate the correction of the plagmaition or an active shutdown of the
discharge. Taking a large amount of experiments and thefidetavarious diagnostics into con-
sideration, the experienced observer may obtain basiomé#tion from a video sequence such as
confinement mode, density level and divertor state. Vidagulbstics, in particular fast cameras,
is often used to record the emission related to the dynanfiesige phenomena like turbulent
transport, plasma breakdown or actively induced plasmaipli®ns. Here, the sole use of the
primitive method has to be doubted, since it is the magnituatk location of the emission in
conjunction with the plasma parameters which charactéhise@vent observed and quantitative
analysis is required. The radiance recorded obviously@doa translated to local emission by
eye easily.

In order to obtain precise information on the neutral fluxsigndistribution and the neutral
particle penetration length from Ddiagnostics, systematic and consistent data analysisaef re
sonable complexity needs to be developed for the decomwnlaf sightline integrated emission.
The difficulty is to find methods which are applicable for asnaneasurements as possible to
provide a large set of comparable and first of all meaningdésicdiptions, but also to avoid pre-
sumptions which may force the results to be characterisatidognethod of choice while failing
to notice important aspects. The appearancep@fin the plasma edge and divertor region is
quite far from being described by a compact model depending tew parameters such that
image data could be inferred from. Aside from parameterfi@fpiasma and neutral particles,
the optical properties of the surfaces of the vessel compsr{see appendix C) determine the
radiance recorded.

Two different methods are applied for data deconvolutiarstly, in dedicated regions of in-
terest with sufficient contrast, a ray-tracing-fit based aroael function is used to obtain a radial
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emission profile which in a second step is compared to reBolts a kinetic model for neutral
penetration (see section 2.3). Locally, a very detailedysisis performed, albeit connected to
the character of the profile model function. Secondly, datdyesis without restrictions on the lo-
cations observed is done using an algorithm for tomograuienstruction which also contains
a model for diffuse reflection at Tungsten covered plasmiadgacomponents (see also appendix
C). Restrictions to the emission profile are imposed by tlopgrties of the regularisation op-
erator which links the spatial distribution of emission tgdal flux topology. Concerning the
spatial resolution chosen such to ensure appropriate ncahefforts and the general accuracy
of the approach, information on a global scale is provide@inMeatures displayed emphasise
differences of certain discharge scenarios and are pkatigwseful for comparison with results
from elaborate 2D SOL codes.

Both methods assume toroidal symmetry of emission. On tlehamd, this assumption
is necessary due to the viewing geometry of the diagnostitgshndoes not provide adequate
toroidal resolution, on the other hand, these methods akeaponly to image data which are
suspected to meet this requirement. In the cases of lodaliae puff or recycling at toroidally
separated limiting structures, applicability has to beudlssed regarding expectations on data
analysis in that particular case. In the following sectithrestwo different methods are presented
and restricting and beneficial aspects are summarised.

4.1 Ray-Tracing-Fit

Neutral particles penetrating the edge plasma radiallygacéed and ionised within a couple of
centimeters due to the rapidly rising electron density amdperature. The mean free path of
neutrals and the profile shape of plasma parameters resallstieath of [ emission which is
narrow compared to the radial extension of the SOL, as fagiems of the poloidal plasma cross
section are concerned which are distant from the diverthis @rea is resolved best by tangen-
tial viewing chords which in addition do not integrate sigemerging from surfaces, typically
reflected photons from various locations, or volume emissidhe background. Corresponding
to the camera views available, ie main chamber and divertav, these regions of high contrast
are indicated in figure 4.1.

To resolve the [ emission profile at the LFS is the most difficult task givendkperimental
circumstances. The contrast observed at the LFS is detednbythe magnitude of neutral flux
density and the characteristics of the plasma profile. IEttposure time is large compared to the
lifetime of macroscopic perturbations in the SOL, an emoisgirofile broader than observed for a
calm plasma edge is obtained (see also section 5.1.3).g3#roission from the divertor and HFS
illuminates the whole vacuum vessel resulting in a varyiagdground signal due to the complex
arrangement of limiting structures and diagnostics coreptsyaround the LFS midplane. In the
left part of figure 4.1 the B emission is seen at the LFS plasma edge to be distributed alon
the poloidal circumference, but image data can be analysidtiae method presented in this
section only in front of the plain surface of graphite tileisigh are part of the limiter frame of the
ICRH antenna. Above that area contrast of the radiance sléarred by reflection of emission
from the TiZrMo-alloy rods of the Faraday-screen. For a itedapicture of the ICRH antenna
see appendix C. Below the graphite tiles plasma facing colpis are covered with Tungsten.
Following the projection of a line of fixed major radius in tBOL the radial increase of emission
is still recognised, but unlike in the case of graphite,aade recorded by the detector stays at a
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high level while moving further to the right part of the imagee to light from divertor and HFS
scattered towards the observer. Consequently, a raywyabgorithm performed on a localised
grid, ie without considering reflection at surfaces, sif@erhore distant location of emission lies
outside the grid, must fail to converge. Although the reftecof emission in front of the surface
could be considered, the problem lies in the fact, that thgmtade of emission from the HFS
and divertor region is typically much larger.

The situation at the HFS is less complicated. For this pathefvessel cross section, data
from the divertor view is prefered, because exposure timesyaically one order of magnitude
smaller and lateral resolution is about twice as high as énntlain chamber view. The region
of interest at the HFS is limited at the bottom by the contidyuof emission from the divertor
region and at the top by the decrease of signal-to-noise.ra&in area reaching from about
20cm distance along the separatrix with respect to the Xtgmbsition to about the midplane
is covered. The complications of low contrast due to a sttmackground signal also occur for
certain plasma scenarios, eg medium to high density L-mtzdenas exhibit very strong divertor
emission and the procedure of profile fitting is not applieabl

AN

TiZrMo-alloy

rods

C surface HFS
LFS

W surface /

A

Figure 4.1: Regions of interest for the application of theg-tracing-fit at the LFS (left, with remarks
about components in the background, see also appendix ChHEB8d(right); parts of radiance image
data from main chamber and divertor view of low density L-mdascharge #21418 & 3.455s) in linear
scaling; compare to complete frames shown in section 5.2.3.

The central component of the ray-tracing-fit is the modellemgented for the radial emission
profile. It should be described by a small number of pararagtehile being still close to the

actual radial distribution. After having tested differgmbfile functions and combinations of
these, the Lorentzian shape was chosen, because it was timumatch the experimental data
best. Results from the 1D kinetic treatment of neutral patien (section 2.3) indicates that an
appropriate model is applied.

(w/2)?
Pp— Pp.c)?+ (W/2)2

Amplitude A, radial center positiopp ¢ and inward and outward decay lengthis w, are the
four free parameters to be adjusted to give a modelled radiammilar to the video data. In
addition, an offset paramet&is used which is understood not to be part of volume emission
of interest, but to represent signal from reflections in thekiground or even emission in the
foreground like it is the case for image data of the HFS. Feratibscissa of the profile function,

SDa(pp)zA-( (+B) ; w=Ww , pp<Ppc ; W=Wo , Pp> Ppc
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the poloidal magnetic flux coordinapg is employed. Line of sight integration for a predefined
part of the image (region of interest, ROI) is performed omid gith a reasonable small parallel
step size (eg 1cm) and the grid boundaries being determipgtebvessel contour and by a
minimum value forp, chosen to be a few cm inside the last closed flux surface. Kge la
inclination of the sightlines towards the divertor (HFS4R@Iso the major radius is considered
in order to avoid part of the grid volume to be positioned aflgioutwards compared to the X-
point and therewith being closer to the LFS. The free parametre inferred from a standayé-
minimisation algorithm by comparing the experimental eadie data to the line of sight integrals
of the model utilising the parametric dependencies. Taithate the procedures for the LFS and
HFS, two examples are given using the data of figure 4.1.

For LFS data analysis a small region of interest is choseswtovers the plasma edge in front
of the bottom part of the ICRH limiter frame. Figure 4.2 iliteges the corresponding area in the
specified color scale. Although the signal-to-noise raimather low, the ray-tracing-fit appears
as a robust method and converges in most of the cases. Theiseshwwn in figures 4.2 and
4.3 in 2D and 1D representations. In figure 4.3 also the uyideriemission profile is shown.
For convenience, the poloidal flux coordinate is used asisgzscsince it is used as the radial
coordinate in the fitting procedure. The more natural regargion might be to follow the path
of neutral particles on a real space cordinate. Therefoesabscissa is arranged such to indicate
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Figure 4.2: Radiance data of the small region of interesteat FS (left) and the result of the ray-tracing-fit
(middle); color scale (right).
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Figure 4.3: Left: 1D comparison of radiance data (blue) amés$ult (red) with abscissa denoting the pixel
index ordered row-wise from lower left to upper right coroéthe region of interest. Right: Underlying
emission profile with normalised poloidal magnetic flux ascdsa and local spatial radial position for
reference.
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the penetration from the SOL towards the plasma core anadta $patial separation to the last
closed flux surface is noted corresponding to a straightitirtbe poloidal plane perpendicular
to the separatrix. The uncertainty accompanying each datd mferred from preprocessing

the raw data (detector offset, calibration factors) is used weighting factor such that applying
standard fitting procedures, an error estimate for the petens of interest can be deduced. If
only a small part of the image data is examined, one singlenpater set is applied and poloidal
variation of the emission profile, which is hardly recoguise the region of interest, is not

considered.

The poloidal variation of radiance on the HFS obviously reggia more elaborate approach
than discussed for the LFS, if a large region of interest ibdeexamined. In order to set up
a procedure which is capable of accounting for the poloidaiation of the emission profile,
the ray-tracing grid has to be extended to 2D. Besides thalredordinate, a label to indicate
the poloidal position is used to characterise each gridtpdirsimple method has been chosen
to obtain a spatial coordinate closely linked to the polbftiex topology, but which does not
imply the complications of the construction of a curvilineaordinate system. For each grid
point the corresponding point on the separatrix of smatlesgtance is determined, defined by
the vanishing scalar product of the tangential vector ofségaratrix and the vector connecting
the two points (see fig. 4.4). The demanding task is to impigrthee poloidal variation in the
fitting procedure. One idea is to introduce analytical egpi@ns which describe the variation
of parameters determining the shape of the emission prafikefanction of the 'parallel sepa-
ratrix coordinate’ psq. This approach seems to be impractical, because eachegraftimeter
is replaced by several secondary parameters in form ofifumadtdependencies which however
are unknown and would have to be predefined, putting furtbestraints on data deconvolu-
tion. For example, the poloidal variation of the amplitudeggmeter could be described by a
(offset-)linear or exponential function declared on gfisecoordinate, with each ansatz introduc-
ing two new parameters replacing the former single one. tkaidilly, the numerical stability
concerning a large number of free parameters is questiendliie introduction of a poloidal
variation only for dedicated parameters, eg amplitudelerfbrcing the others to be independent
of the psccoordinate, seems not to be appropriate, taking into acd¢bemesults obtained from
the approach presented below.

First of all, the simple answer to the problem of poloidalivar
ation of the emission profile is to discretise the parallgiasatrix p°'°'ﬂux e \}\ :
coordinate, ie to sort grid points with respect to presctiinéervals. i
Corresponding to the inclination of sightlines againstithazontal (¢~ P/ /i
plane, grid points belonging to one image element usuaéydes- 7
tributed to severapscintervals. An elegant way to meet this com-
plication is to start the fitting procedure for a subset obdatints
which correspond to grid points belonging exclusively t@ @sc
interval, denoted ahl (see figure 4.5). Lines of sight intersecting
further intervals are sorted according to the maximum sejuar
to the subset of horizontal sightlines. The parameter sattef-
val K would then be determined by fitting the image data by addin
the integrated emission of intervgls,N+1,...., K — 1} (K > N) or
{K+1,K+2,..,N} (K<N) and radiance depending on the freggure 4.4: Definition of
parameters. Except for intervals close to the referene@\vakN the 'parallel separatrix coor-
this algorithm turned out to be numerically unstable, ex@rsim- dinate’ psc
ulated input data and initial values for the free parametistical

dal magnetic

separatrix
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to the original ones. This behaviour probably was to be evgoksince small deviations of the
parameters in intervals adjacent to the reference subgettbde balanced by larger variations
of parameter sets in subsets more distant which resultsvergéince. The conclusion is thus,
that the profile parameters must not change along a line bf aigd the fitting procedure has to
be simplified further.

<~—horizontal’
subset of ROI

X2

Figure 4.5: Points of each line of sight inside
the grid volume are characterised by two co- Figure 4.6: The principle sketched in figure 4.5 applied
ordinates X1 = pp, X2 = psQ; poloidal vari-  to the grid points of the HFS-ROI: the subsets high-
ation is approached by the distribution of lighted by color are defined by the position regarding
grid points toxp-intervals. the pscinterval of the endpoint (vessel contour @y-
boundary) of the sightlines, hefgpsc= 10cm.

The pragmatic solution for the problem of considering thiejgal variation of profile parameters
on the one hand and to ensure numerical stability on the biedl is to maintain the definition
of ROI-subsets, but keeping only a single set of free profleameters like this was done for
the small LFS-ROI. An average value for the parallel separabordinate is assigned to each
parameter set by utilising the number of grid points on eaghtlne which are inside a certain
pp-interval (egpp € [1.0,1.03], which typically includes the peak of the emission profils)ea
weighting factor for the sightline-averagedcvalue. For illustration of this procedure a region
of interest is defined for the HFS data of figure 4.1, depictefigure 4.6 which also indicates
the separate partitions of the image data. The correspgmdthance data of the original image
and the result of the ray-tracing-fit is shown in figure 4.7.

The fit results of the separate partitions of the ROI-datatal give a fairly good description
of the experimental image data, but the simplified procedoag be questioned, particularly
for large inclination of sightlines towards the horizonpdéne. To account for this exception,
the pscdependence of the profile parameters is described by sifap&tions (sum of linear
and exponential terms) to obtain analytic expressions. rékelting image data based on this
smoothed poloidal variation of the emission profile can thercompared to the experimental
radiance data for consistency. The realisation for thisrgta is summarised in figure 4.8.

An observation frequently made is the increase of the demragths and the decrease of the
center parameter with risingsc This behaviour might be attributed to the expansion of the
poloidal magnetic flux surfaces which is the varying cotietaof the spatial separation of two
adjacent flux surfaces and the poloidal position. The vaijielongated, elliptical shape of the
plasma cross section implies larger radial separationeddlsurfaces in the regions above and
below the midplane compared to the midplane itself. Inéngadecay lengths thus indicate,
that thepscdependence of the spatial width of the emission profiless fgronounced. In the
same context the decreasing center parameter can be wudkastthe result of a slightly larger
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neutral penetration length (concernipg) in the region of flux surfaces more closely placed in
real space. This basic reasoning however has to be regantledlly, since the emission profile
depends on the actual plasma profile. An additional remark Ipeato consider the decrease
of the signal-to-noise ratio when approaching the midphaiike increasingpscwhich also is
probable to result in less peaked emission profiles obtdnoadthe fitting procedure.

0 7 14 21 28
Lp, / Wm~2srt

Figure 4.7: Experimental radiance data of the large regfdnterest at the HFS (left) and result of the
ray-tracing-fit (middle); color scale (right).
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Figure 4.8: Parameters of the emission profile (amplitAdeenter positiorp, ¢, inward and outward
decay lengthw;, wp) as a function ofpsc fit result (2, ), model (solid lines) and deduced values with
error estimate for further interpretation ).

With the analytical expressions for the profile parameteirschuding the offset parametds
which is not contained in figure 4.8 - emission can be caledl&br each point of the grid sepa-
rately. The corresponding smoothed radiance data is shofiguire 4.9 which also illustrates the
relative deviation with respect to the experimental datae general quality of the modelled ra-
diance appears to be quite good, since the majority of imageswith large deviation is found
in regions of very low signal-to-noise ratio (heatshield @ore). A systematically pronounced
deviation is seen at the edge of the lower heatshield tibese{l right corner) which is attributed
to high reflectivity for large angles of incidence (see apjpelC) rather than to discrepancy re-
garding the preparation of the sightline geometry. Thigipalar feature obviously cannot be
resolved by the global offset parameter. Figure 4.10 giv&B ampression about the similar-
ity of experimental data and results from the subset-fit dredsimoothed one for a few lines
of sight. Both sets of modelled data are to some extent ge@li represent the experimental
observation. While the subset-fit is directly linked to thiggmal data through the minimisation
procedure, the smoothed profile parameters result in a neallestic expression of the image
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data, however, using arbitrarily chosen analytical desioms. As a compromise, the emission
profile to be refered to in physical interpretation, is deztlby using the mean values of both
models and considering the deviation among the two as wogrtimplying that the resolution
in pscis maintained corresponding to the subset-fit (see alsosfig\®).

Figure 4.9: Left: Radiance obtained if model functions fmcdependence of profile parameters are
considered (color scale see figure 4.7). Middle: relativgadion of experimental and modelled radiances
0= W). Right: color scale fod. The quality of the model is expressed with the distributadn
0:.0< 0.25pfor 83% and < 0.1 for still 46% of the data points.

20}

Figure 4.10: 1D representation of radiance data
of a few sightlines of the HFS-ROI: experimental
(blue), subset-fit (red) and with smoothed profile
parameters (green); pixel index ordered row-wise
from lower left to upper right corner of ROI (total
number of sightlines: 31982).
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4.2 Tomographic Reconstruction

The general sense of tomography is to obtain informationethe internal structure of an object
by applying methods of analysis to a set of measurementsrpeetl outside the object volume.
Each element of the data set is characterised by a certdiropitegration (emission) or attenu-
ation (absorption) in the volume of interest. Active tomeggny implies the measurement of the
residual intensity of probing beams which penetrate thedalgriginating from a separate source
positioned outside the object. The quantity to be deterchis¢he local absorption coefficient.
A well known example is the use of X-rays in a planar arrangegrésources and detectors to
examine cross sections of technical or biological specen&he amount of data which is needed
to obtain a desired resolution in the plane of interest isiplex by rotation of the probing beam
array about the object. In high temperature plasma expetsigs the type of passive tomogra-
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phy frequently encountered in which emission from the p&nntegrated along lines of sight
or over the volume of viewing cones and recorded by detectays or cameras. Examples are
the reconstruction of the source pattern of soft X-ray eimiser large spectral range emission
(bolometry) and the deconvolution of line emission. Detaih diagnostics and data analysis in
the field of fusion science can be found in [28] and [29]. Aleme basic remarks the emphasis
of this section is to motivate the choice for the algorithnmbpresented and to document its
properties in the framework of Ptangential camera data.

The key expression of tomographic algorithms is the Radamsform which describes the
relationship between the measurement and the volumetaiatyu In an abstract notation it is:

f(w):/K(W,z)g(z)dZExf , 4.1)

with f(w) denoting the measurement as functiomofhich are the variables (or the equivalent
label) to specify the geometry of the diagnostics aperttraight or curved lines, viewing cones,
see figure 4.11)y(z) the quantity of interest witla the variables to span the domain of definition
of g, and the kerneK characterising the details of the measurement processhelsimplest
case the kernel is 1 on the path of the sightline and 0 els@yhat it might also contain special
features like reabsorption of emission or diffuse reflectb surfaces (transition of sightlines to
viewing cones of large aperture). The integral of (4.1) meydiscretised to give the algebraic
expression:

fi=> Kijgj . (4.2)
]

wherei and j are labels for the set of measurements and the grid cells itchwime domain ofy
has been partitioned|; contains the properties of the measurement process focelig and
sightlinei; as far as the integration volume is concerned it contaiasatka of cellj which is
covered by the viewing aperture (length in the case of sirsigletlines).

N i detector
[zi)mam boundary]|

Figure 4.11: Sightlines intersecting the volume of emissibhe
detector signal is given bfy(w) = [ K(w,z)g(z)dz. In the case of
poloidal projection of tangential lines of sight in a toraily sym-
metric arrangement, curved paths are obtainwed the sightline
index andK (w, z) contains the details of the integration path on
thez-domain: straight lines in primarfl) and cones in secondary
(2) geometry for the example of Dcameras at AUG.

To infer g(z) from the measuremeritw) obviously the inverse problem= % ~*f needs to be
solved. Despite the fact that analytic expressions for tiverse transform exist in particular
cases or the discretised transform may in principle be gdbyematrix inversion, these inverse
problems are ill-posed. Due to the properties of analyggaressions, eg involving singularities
of integrands, and the limited number of data points whighesponding paths cover the domain
of g only partly, forming an underdetermined system, the sohgiare bad behaved, ie these are
unstable against small deviations in the initial data (eigejo Procedures which are developed
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to solve inverse problems, or more precisely to obtain apprations of the solution, therefore
must include additional information, either known propestor estimates in the form of con-
traints tog. This formulation of varied or extended expressions closelated to the original
problem is termed regularisation.

It exists a variety of methods which can be separated tordiitecategories. Two main
groups are transform methods and series expansion metfibdsformer are characterised by
analytical inversion followed by discretisation for nuriesrand examples are the filtered back
projection and Fourier methods. Algorithms of the lattengy perform the discretisation before
the inversion. The type of discretisation may be to exphaiatidg in a series of base functions,
such that the coefficients of these are the parameters te &m\({Cormack method [30]) or to
discretise the domain @ which is refered to as pixel methods like algebraic recamsion or
optimisation techniques.

The procedure discussed in the previous section denoteg-dsacing-fit may be understood
as belonging to the group of series expansion, but usingasingle base function with a few
degrees of freedom. Because the lines of sight are truneaithe method rather corresponds
to the implementation of a strong regularisation constrailassifying the procedure as a to-
mographic technique seems to be exaggerated. The actuaditaphic algorithm employed for
the deconvolution of tangential camera data belongs tol#ss of constraint optimisations and
was initially developed for reconstruction of bolometriatal [31]. The following optimisation
problem is formulated:

2
min = /(div(Dgrads)) dRdz+ AZ (Pv.rec = Py.meas =T1+A- T2 , (43)

5\; d, meaQ 2

constraint of line integrals

J/

regu |aI'I8atIOI’I constrai I’lt

with € denoting the unknown emission profile declared on the palgiane defined by the
variablesR andz, D being a weighting tensof, (¢ the line integrals of the reconstructed pro-
file, ®y measandd, the measured data and corresponding relative eiWaihe number of data
points andA a weighting factor used to define the relative contributibaaxch of the two terms.
Whereas the second teffnis recognised as a sum of weighted deviations, giving a nmeaxsu
quality of the reconstructedprofile only in terms of line integrals, the first teffinis mandatory
to impose a certain character on the shape of the profileghiedisplays the regularisation term.
The constraint of smoothness, ie keeping curvature at aroppately low level, is often
employed to avoid strong scatter of the quantity of interelsting the operatodiv(Dgrad-) for
regularisation implies a large freedom for demanding aagehape of the profile. The benefit
is the direct access to the level of anisotropy with respeetrbitrary directions, which may be
a function of the spatial position. This option of influenaetbe properties of the reconstructed
profile is desirable for the deconvolution of line radiatimeasurements on the plasma edge. As
discussed in section 2.1 the mean free path of atomic neusrdérge in the SOL (compared
to the vessel size) and decreases rapidly with rising @edaensity and temperature towards
the plasma core which results in a narrow sheath of line eomstue to the properties of the
photon emissivity coefficient and its shape is related te¢haf the plasma boundary. The main
features of thep, profile may be stated as the occurrence of large gradienpepéicular to
magnetic flux surfaces, moderate gradients in the parallettion and of largely connected
areas in the toroidal and poloidal directions. Poloidal eondidal variation ofp, is determined
by the pattern of neutral sources and the mobility of nesitiralthe SOL and variations in the
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plasma parameters. Radially separated structures adgldeen, eg in form of emission gaps
between areas of ionising and recombining conditions, kewé¢hese are not contradicting the
smoothness constraint, but the more separate structesement, the larger the regularisation
term adds up.

The integrand of the regularisation teffn is written in a form adapted to the request for
alignment of emission along poloidal magnetic flux surfaces
oy v Bp
W By
A andt are unit vectors normal and tangential to the poloidal magfiax (W) surfacesp; and
D denoting (scalar) weighting coefficients correspondirthécdiagonal elements of the weight-
ing tensom in the curvilinear coordinate system definedi§iR, z) andt(R, z). The formulation
in cylindrical coordinates and presuming toroidal symmeétads to:

0%¢ 0%¢ 0%¢ o< 3

R Rz 77 R z

G G G + G —

R Rz a2 PR T oz
with G andG® (a, B € {R, z}) known functions oR, z, W, D | andDy.

In order to use algebraic algorithms to solve the optimigsagiroblem it needs to be discre-
tised. The emission profile is defined on a regular grid of@iked resolutiodR andAz which
may be set separatelR — R (i € {0,...,M}, z— z;(j € {0,...,N}), &(R 2) — & = (R, z)).
Partial derivatives of the regularisation term are regldnefinite differences:

div(Dgrade) = div(D  fifi- e+ Dytt-Oe) ; A= — (4.4)

div(Dgrade) = GR

(4.5)

0 1 0

3 06Yi) = o [T yi) = fO60yy)] a/analogous (4.6)
2 1 62

a2 Uiy = Egalf O yi) =2106,y3) + T(6a,yp)l . 57 analogous — (4.7)
02 1

ayax f( I7yj) 4AyAX[f (Xi+1,YJ+1) - f<Xi-1,Yj+l) - f<Xi+17Yj-l) + f(xi-l,YJ-l)] (48)

The integral expression is discretised by replacing thegir@nd by its linear interpolation of
values of adjacent grid cells which leads to:

XM YN |v| 1N-1

//f(x,y)dxdy: f(x,yj)+ (%i,y0) + (i, yn)]
2

Xo Yo Z g Z

118 000.90) + £ 00, 30) + £ 0. Yo) + 1 . yn)] } Ay (4.9)

ZZ (Xo0,Yj) + f(xm,yj)] + 2

(4.6-4.8) is used to approximate (4.5) by a linear combamedif€jj. Applying (4.9) toT; results

in T1. Considering the domain of definition of the expressionstlier partial derivatives, the

integration area has to be reduced appropriately. By chgdsie grid boundaries sufficiently
distant from the actual area of interest (inside vesselatohthe outermost grid points can be
omitted. For the application of algortihms to solve fyrto meet (4.3) it is helpful to provide

expressions for the gradient of the constraint terms wipeet to the unknown quantity:

aT]_ i+2  j+2

S Y ale (4.10)

68” k=1—-2 |=]—2
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with the coefficientsaLj| being comprehensive functions 6f*(Ry, z) andG®(Ry, ).

T, is translated to a dicretised expression if the line inte@rgec is formulated as a linear
combination of thejj. The line integral needs to be done in one of the spatial petens) edR,
and the proper description of the line integral, regardiveg the path of integration is tangential
with an arbitrary inclination angle to the horizontal plarsx(see also fig. 4.12):

max(fimin;Ro) g(r,z0—ky/r2—r2. )
_ ) min 2
Ourec= [eRU 2ol — [ VT Rerar

L
Rv 2,2
Zotk __min
e —= Ve (4.11)
maxr'min,Ro) v min
Va sightline

R ~

Figure 4.12: The cartesian coordinate systety, z) is chosen such
thatx- andy-axis define the horizontal plane (midplane of the Toka-
mak) and the sightline lies in a plane of constarftrmin). The z-
component of a point on the sightline is described-aszy + ky, with

k = tana, a being the angle of inclination of the sightline to the hor-

- - - . - - - . 2
izontal plane. With these definitions it is obtaingd= |/r2+rz,.,

| dl = V1+ K2dy (consider y-z-plane)= dl = 1+ kzmm.

The integrands of (4.11) are discretised by replacing toéleifunction by its linear interpolation
on theR-z-grid:

RR - RR 27
£(R 2) ~ g ﬁ(ewm'eii)+A—Zj(8ivj+1'e” )* AR A—ZJ

(8i41,j+1-€it1,j-€i j+1TEij)

whereR € (R,R+1) andz € (zj,zj4+1). The integral expressions obtained are solved analygjcall
but care has to be taken that grid cells are covered corrgectlyz(R)) which is done by splitting
theR-area accordingly (for onAR-interval, several\z-intervals might be passed through). The
line integral then reads:

M—1N-1
/s(R(I),z(I))dIH > %(hﬁjsiﬁhﬁ g jth e +ht e ) VTR | (4.12)
=

L

with the coefficient matricel' (xv1+K2, i € {1,2,3, 4}) containing the contribution of each
grid cell to the integration area. Using (4.12) fbr (— T,) the discretisation of (4.3) is com-
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pleted. The gradient-component®fis derived as:

K=0IS
bIJ < 1 + k\% h17\) h27\) h37V h47V h17\) h27V h37V h47V
W = 2 17@%%@2( i Fhoo T ) (hg T )
V= B
w >
1+K
dj = -2 : (hile“‘hizfjv—l“‘hi?)lvl,j+hﬁivl,j—1>

v=1 5\2)q)v,meas

The algorithm for tomographic reconstruction is used faadacorded from the X-point view to
which the grid in the poloidal plane is sketched in figure 4alidhg with poloidal magnetic flux
contours and the projections of some lines of sight. Data fitee strike point observatiosPO)
diagnostics is added, if available. If all coefficients netyag the constraints of regularisation
and deviation of measured and modelled line integrals apgued, the discretised optimisation
problem (4.3) can be recast to the form:

Te+eTke=min . (4.14)

In order to use standard routines to solvedpthe 2D formulation used to derive the numerical
coefficients of each grid cell needs to be mapped to a 1D index.

- 17 Figure 4.13: In order to reconstruct the poloidal emis-
_olzg //Z sion profile ¢ from tangential camera data (specified

:j / /-1 discharge, time and viewing geometry) by solving the
0.4l 4/~ optimisation problem (4.3), the discretised expression

i /d/ 1 1Te+ €Tk € = min is approached with numerical standard
0.6 . / 7| methods (vectorand matrixk contain the coefficients mo-

= N ] tivated in (4.10) and (4.13) and the weighting facft
08 ‘\.\ - 7 1 The flux topology W-contours: black lines) is routinely

i N ARran 1 available from magnetic equilibrium reconstruction. The
1ol /\ / line of sight geometry (primary: orange Iines) is ve~rified

L for each data set. After the coefficients regardingndT,

I N\ | are prepared for the whole grid (2D-subscription, rectan-

-1.2¢ — | gular boundary), the problem is reformulated for the area

10 12 14 16 18 20 2o Ofthegridinside (green)theve_ssel contour (pl_asmafacing
R/m components: blue) by introducing a 1D subscript.

The first attempt shall be to simplify the optimisation perblwhich is quadratic ia by demand-
ing a vanishing e-gradient indicating an extremum of the constraint sum:

Oe(1Te+€TK €) = 0 which results in a system of linear equations (consideiOjdand (4.13)).
Routines provided by thBlumerical Algorithms Group NAE2] are applied for its solution.
The pair FO7TMDF [33] / FO7TMEF [34] is used for matrix manipiida and inversion. A crucial
aspect is that these algebraic routines solve the linetersywithout side conditions ot This
approach has been tested on experimental data to examigertleeal applicability. Although
some basic features of the profiles can be identified (cordganesults from the more elaborate
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ansatz - see next paragraph) a good match of the line insagrattually based on the occurrence
of negative values fag in considerably large regions of the grid. The amount of tiegaecon-
structed profile data is too large to be neglected and theoapprturned out to be completely
inappropriate if secondary viewing geometry (reflectianinicluded in the calculation of detec-
tor data, since profiles far from physical reasonability@tained. Consequently, the simplified
approach has been discarded and further documentationttedno be given here.

The optimisation problem (4.14) can be addressed withoupldication by using theNAG
routine EO4ANCF which is capable of solving convex quadrptablems where the variable is
subject to linear constraints. Here, the constraint imgaseéhe unknowrg is formulated in the
most general sense:<0¢ < . Details about the algorithm and mathematical backgroande
found in [35] and references therein. This routine was failwr@bnverge to reasonable results for
nearly all sets of input data and it is used exclusively. mftilowing, the complete procedure
of tomographic reconstruction is sketched and the featirdg resulting profiles are discussed
based on modelled data (phantom data).

The very basic step is to define the boundary and resolutidheofectangular grid. While
the former aspect is determined by the vessel contour amdngegeometry, the latter aspect is
in principle arbitrary as long as sightlines intersect getls and may be subject to optimisation
with respect to demands on quality of the result or limitsdonerical effort. The grid resolution
should be in a reasonable relationship to the detectorutsn] eg such that there is a large
number of grid cells which are intersected by a couple oftiigds. Since the numerical effort
involving huge sets of data and high resolution grids eagults in considerable CPU-time,
a pragmatic choice after some trials was made adapted tet¢haital equipment available. It
is AR=Az=1cm and a detector binning o33 is applied which results in a number of grid
points (inside vessel contour) f 9000 and a number of sightlines of abdit< 25000 (some
regions of the original image of low signal to noise ratio digcarded). The metric coefficients
{G%B,G"} are determined by the result for the poloidal magnetic flwfifer routinely available
from magnetic equilibrium reconstruction, but also dependhe weighting coefficients and
D, which remain to be specified.

The flux surface oriented anisotropy of the curvature &f imposed by setting| =1 and
D, = 0.01 which is motivated by the spatial distribution of excitezlitrals: in principle neutral
sources are allocated to all vessel components, albeit tiwérdivertor region delivering the
dominant contribution, such that the vertical extensiothefplasma chamber might be related
to the width of the sheath of emission at the plasma edge. aithig reasoning might be useful
for regions far from the divertor it is more problematic @ds or inside of it, where for some
conditions the flux orientation of emission may be reduceehven vanish, eg for a recombining
plasma. The choice db/D, = 100 seems to be appropriate for a large amount of data (also
different ratios likeD| /D, = 10 still lead to similar results if the weighting factéris adjusted
accordingly) but, particularly, its assignment to the engrid displays a major simplification.
The problem of specifying a reasonable valuebgfD, for each grid point separately has not
been tackled due to the large parameter space and numdficafer test trials and remains to
be addressed.

For each set of radiance data the line of sight geometrtifggdend point, direction) is pro-
vided for preparation of thi'-matrices (see (4.12)). The last parameter to be specifitbis
weighting factorA of the line integral constraint terif (T,). Since the optimisation problem
involves two numerically diverse terms, normalisatiortdas are introduced such that a similar
range ofA can be applied for different data sets: radiance data isalaed to its mean value and
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T, and T, are normalised to the number of grid cells and the numbergbitisnes respectively.
The task is to find a reasonable criterion for a proper setify For this purpose thA-related

parametei is introduced by the reqwreme?ﬁ;t_ norm=C - T2 norm- C denotes the relative size of
T1 norm cOmpared tar: 2.norm- After a rough estimate for the solution of thgrofile has been ob-
tained fromNAG FO7MEF, an iteration usinAG EO4NCF is performed in which is changed
until a predefined is met within some narrow margin. Although in principle egiéent,( is
preferred with respect tA as control parameter, becauseelates the constraint terms directly
and the actual minimisation value is secondary. The quafitgconstruction as a function Gf
is established best with the analysis of phantom data tohwthie underlying-profile is known.
An e-profile which displays certain features often encountémgzlasma operation has been
constructed to examine the properties of the algorithm#&a deconvolution. The profile shown
infigure 4.14 is designed to represent the appearance oflarpieantly ionising divertor plasma
with flux surface oriented emission and the maximum emisatdhe strike zones (target). The
retention of neutrals in the divertor region is reflected g tlecrease of emission towards the
midplane. In the far SOL at the HFS an additional emissionezisnpositioned at the wall
which is useful to test the reconstruction algorithm foratslity to resolve radially separated
structures. The physical background of this feature mighgither a localised source of neutrals
(eg from gaps between tiles) in combination with relativiett (Te = 10€V) SOL plasma or a
cold (Te < 1eV) and dense recombining plasma. For the constructioheofrtodel the actual
magnetic topology of a certain plasma discharge has begpteatlo The model consists of a
couple of simple analytical functions such that profilesrbitaary resolution can be prepared.
An effort has been made to consider the optical properti@singsten surfaces (see appendix
C). Either, the line of sight integration to providg, rec is done on the combined primary and
secondary viewing geometry, or the fraction of radiancebaited to reflection is treated as
an offset to the primarily integrated emission. The behavaf the reconstruction algorithm is
examined in different configurations of the input data amctigorithm itself which are discussed
in the following:

configuration\ reflection on inpuq reflection for reconstruction
a none none
b included full line / viewing cone integration
c included iteration on reflection corrected input data

For all cases phantom detector data is provided in real tetezsolution and the step size for
line integration is chosen sufficiently small to obtain siimoionages. A high resolution profile
is prepared and binned for comparison to a resolution chizseofile reconstruction which is
the same as used for experimental data. Also, detectorrgnsidone like in the experimental
case (3x 3) and data of the lower and upper left corners of the imagesadded. There are two
aspects to be mentioned which indicate the major differevite respect to the deconvolution
of experimental data. Firstly, viewing geometry on which tialculation of input data is based
is identical to the geometry for line integration considkire the reconstruction algorithm. The
same applies for the reflection model, if included. While gpecification of viewing geometry
for experimental data is believed to be very accurate, tthecteon model inferred from a single
measurement (appendix C) should be regarded only as ara¢stiused for all slightly differing
Tungsten surfaces. Secondly, no simulation of noise hasibekided, ie each point of the data
set is weighted equally. The underlying idea is to test théopmance of the reconstruction
algorithm in the most consistent sense possible.
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In the simplest case (configurati@) the input data is obtained from ray-tracing on contour
limited primary sightlines only (see figure 4.15) and alsaeftection is considered in the line
integration procedure performed for data deconvolutioscan of the control parameter is done
to figure out the relationship between quality of the recartsion and.. As a measure of quality,

the deviation of profile datg? = Wlnd z:\ﬂd [€modeli) — Erec(i)]? as well as the line integral data

X2 = @ SV 4 [Pmodel(i) — Prec(i)]? is considered. The resulting({) andx?(¢) are depicted in
figure 4.16. For illustration of the meaning of the evolutifrthe x? parameters as a function
of ¢, three characteristic examples of the profile reconstadire collected for comparison in
figure 4.17. If{ is set to a very large value, the impact of the regularisatmrstraint is marginal
and a very good match of line integral data may be obtainedeher at the cost of physical
plausibility. The more regularisation is applied by redhgcf, the larger the deviation of line
integrals, but also the smaller the deviation of the profiadievelops. The benefit from the reg-
ularisation constraint is diminished if its impact is notinoed appropriately. For too low values
of ¢, both the deviations of profile and line integral data inseeatrongly. The best result ob-
tained for the model reconstruction exhibits all the feaguof the original data. Minor deviations
are recognised at the HFS where the two zones of strong emiase slightly separated from the
wall and in the form of artefacts in the private flux region atgb reaching from the HFS edge to
the core. Taking the very low magnitude of these artefattsaansideration, the algorithm may
be stated as being very efficient, ie there seem to be no piepay systematically influence the
resulting profile in an undesired fashion.
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Figure 4.14. High resolution

(dR=dz=1mm) model of thee-profile Figure 4.15: Phantom detector datastprofile of
for testing the algorithm for tomographic  figure 4.14 for the X-point view; primary line inte-
reconstruction. grals only.

The result of thel-scan might be referred to when choosing the presumed op{fa the
deconvolution of experimental data. Since op(B/ can be accessed, the dependex@@%
serves as a guideline for a proderange: reconstructions are made for several valuésanid
the result just beyond the strong drop(i,%(Z) is selected. The situation concerning experimental
data is such that the choice for the setting @ not to be overstressed, ie the resultgngrofile
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might be very similar for a certain interval ¢f The reasoning of the(f [ %)-criterion has to
be checked for the case of diffuse reflection involved.

6 &
e *lo
<& [t Figure 4.16:¢-scan to indicate the optimal setting
< | 5 for profile reconstruction.x?, x? andZ are nor-
20 Xe.norm ® malised to the values of best matcheifminimal
K - . x2); see figure 4.17 for profiles indicated By
. XL,norm
oL . . e
0 2 4 6

Figure 4.17: Examples for profile reconstructions (configion a) for three different values of (note
logarithmic scale). Left: Low leads to strong smoothing such that the features at the H-&bacured.
Middle: The result of minimak? is actually close to the model profile concerning details fun HFS
and LFS. Right: The largef is chosen and the impact of smoothing is reduced the morertfiidepgets
disturbed, in particular at the LFS

The initial step for testing the reconstruction algorithmconfigurations andc is to supply
phantom detector data which includes reflection propedieRungsten surfaces. Appendix C
provides a description of the measurement of diffuse refleadf Dy-light at an original di-
vertor tile and the construction of a parameterised retiacthodel which covers all possible
angles of incidence and nearly all scattering angles. Fgpitrexing calculations each line
of sight is followed to the point of intersection at the didtaessel wall (primary sightline
L1). If the distant wall surface is covered with Tungsten, tireation of specular reflection
(refering to the primary as incident direction) is deteredrand a pencil of separate sightlines
Li2 is prepared to cover a secondary viewing cone. With the $pedirection as the refer-
ence, each of the new directions is characterised by twoeanglolar angld; and merid-
ional angleb, (see fig. 4.18). Each of the separate rays is ment to reprassolid angle
integration oveAQ = [cogby — 3Aby) — cog(by + 3Aby)] - Aby for by # O (for the center direc-
tion by =0 it is AQ = [1—cogAby)]-2m). The contribution of this fraction of the viewing
cone is determined by the reflection coefficiE{R~rAQ, r = g—g) valid for light incident
from the secondary direction which is scattered towardsotteerver (reverse primary direc-
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tion). In order to apply the parameterised reflection motel anglesa, B andy (see fig.
C.2) have to be provided by appropriate transformationhefdoordinate systems involved:
(b, b.) — (a,B',y)). The integration over the separate viewing cM@ is approximated:
FaT(Qe(V)dQdV ~ [ g(l)dI- r(a’,B,y)AQ(b},bl). Due to this simplification which is any-
way mandatory for numerics a reasonably high resolutidi endb, is necessary to avoid alias-
ing effects for phantom detector data as well as for the ragifig part of the reconstruction al-
gorithm. Regarding the limitation of the reflection modeyif< 38°) the ray-tracing procedures
for phantom data and reconstruction are performed with= 1° andAb, = 10° which results
in a demanding numerical effort, since for each of the pryrsaghtlines for which reflection
is relevant a number of up to 386+ 1 = 1369 secondary sightlines are followed (depending
on the angle of incidence of the primary direction and the Ipemnof resulting secondary rays
pointing outside of the integration domain).

Figure 4.18: A pencil of rayd_'@) about the specular direc-
tion of the primary sightlinel(;) is constructed to represent
the secondary viewing cone; anglkesandb, characterise
each secondary sightline - dots indicate the points of-inter
section with a sphere centered at the point of incidence.

The resulting phantom detector data of the profile model aofrégt.14 including the model for
diffuse reflection is shown in figure 4.19. As the configunatid the plasma facing components
the status of the 2006 experimental campaign has been chRetavant for the divertor view is
the Tungsten coverage of the heatshield (central columheotdrus) and divertor tiles, except
for the target plates which consisted of uncoated grapliitenach reflection properties are as-
sumed to be negligible. The actual structure of the wallasigfis approximated. Most of the
parts do not exhibit curvature in the toroidal directiom@antial alignment) and the number of
different orientations per torus-segment is maintainecutdvature in the poloidal cross section is
encountered, the surface is replaced by several planesyohggoloidal tilt angle. The toroidal
curvature of heatshield tiles is instead considered byirgfd@o the local major radius. Further,
gaps between tiles and off-tangential ti#t (°) actually set for some of the divertor components
is neglected and surfaces outside of the divertor regiomareonsidered. The latter aspect is
justified in the sense that the major impact of reflection g@efrom surfaces close to the main
sources of emission inside the divertor volume.

Although the reflection model should be regarded as an appation for the in fact differing
properties of each wall component, the appearance of trectedl emission in the simulation
(based on the profile model also designed to be close to therimxgntal case) displays the
basic features encountered in plasma operation. For tgeméally oriented observer additional
contributions to the detector signal stem from regions efitinge areas of the divertor sides and
bottom with a characteristic toroidal distribution in cagt to an even background signal which
might have been expected due to the diffuse kind of refleclitve perturbation of primary data
by the reflection part can be significant, since the integfiéctivity is found to be in a range
of 0.2 < R< 0.5 (see figure C.8, extreme angles of incidence excluded)rathtge dynamic
range of -emission. In the most problematic case a weak signal frapthmary volume is
exceeded in magnitude by the reflection part of a strong sdarthe secondary viewing cone,
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eg in the 2007 campaign reflected light from the divertor wmduprevents analysis of the,b
emission sheath at the LFS, because of Tungsten coverdge limtkground.

In configurationb of the reconstruction algorithm the ambitious aim is to perf the ray-
tracing in primary and full secondary viewing geometry ir@ombined step such that the model
for diffuse reflection is included when providing the reciousted detector signal for comparison
with the input data, ie the line integral constraint is extet by reflection geometry. The detector
data is established as (using the approximation for theimgaone integration):

q:v,recz/sa)dw [/s(l)dl-rsAQs] , (4.15)

L1 L3

with Syc the number of rays covering the secondary viewing cone. ifledritegral expressions
are each formulated like (4.12) and the additional geomnistityus included in the optimisation
problem.
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Figure 4.19: Ray-tracing based on the emission profile shiowfigure 4.14 including the model for
diffuse reflection at Tungsten surfaces. Left: Reflected galy (secondary viewing cone). Right: Sum
of primary and secondary parts; see text for details on theipation of wall components.

While phantom detector data is based on the complete reftecthodel by setting
b1 max= 38", the reflection geometry for reconstruction is includegwaise by limitingb; to
smaller values. The first drawback of this configuration & the reconstruction algorithm fails
to converge, except fdrs, = 0°, so that in the first place it remains unclear, whether the-alg
rithm was extended improperly or the approach is systemiftianstable. In parallel to testing
the algorithm on phantom data, experimental data was usedamine its behaviour. The in-
troduction of a complex model for reflection was in fact eneged by the promising results
obtained for deconvolution of experimental data using acbha®del of specular reflection, eg
Rspece {0.1,0.2,0.3}. However, specular reflection is not realistic for the ekpental situation
and the secondary geometry is sharp in contrast to the lag@ar distribution of a secondary
viewing cone which might be an aspect to influence numeriedlilty. Nevertheless, the algo-
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rithm including diffuse reflection appears to be stable fgpezimental data and some conclusions
about the approach can be drawn.

Figure 4.20 displays the radiance data obtained for a lovgileh-mode discharge which
magnetic configuration and character ofeifprofile has been adopted for the construction of the
profile model shown in figure 4.14. The distribution of reflentpatterns at the lower divertor
tiles (roof baffle top) and the surface at the LFS orientechrols the X-point may be stated as a
confirmation of the model for diffuse reflection. The majopest which has not been considered
for phantom data is the impact of detector noise which lead@sreduction of image definition.
Probably it is this blurring effect which supports the alguns’ stability for a large range af
andb;. A series of reconstructions reveals the dependence ohtilaviof radiance datgZ, on
the control parameter and secondary viewing cone apengle &ig. 4.21). Three examples of
the series are given in figure 4.22.
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Figure 4.21: Results of tomographic reconstruction of
data from figure 4.20 in configuratiom X2, (Z,by);

) ) o e-profiles corresponding t& see figure 4.22.
Figure 4.20: Radiance data of X-point view
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#20901 ; tin [4.616,4.617]s ; b,=5° #20901 tin [4 616,4.617]s ; b, 20° #20901 tin [4.616,4.617]s ; b, 38°

z/m

I I | I | I I I I I I | I |
1.0 1.2 14 16 18 20 22 1.0 12 14 1.6 18 20 22 1.0 1.2 14 16 18 20 22

Figure 4.22: Tomographic reconstruction of experimenghdn configuratiorb: increasing secondary
viewing cone aperture anghg from left to right. Astonishingly, only minor changes aresebved for the
different levels of diffuse reflection considered of whible strongest effect is the development of artefacts
in the core region related to largey andd.
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Against the goal of the approach, the deviation of line irdéggincreases with the enhanced
impact of reflection imposed by the value assignebt¢c {0,5,10,20,30,38}°) which marks
the second drawback. Interestingly, the resulting praodilearely dependent dm at all, eg for
b; € {0,5,10}° practically the same profile is obtained (identi¢abut slightly differentA) and
also the characteristics Q(%L(Z) is close to the result for configurati@n(see figure 4.16). For
largerbs, x%L(Z) is seen to develop a global minimum. Although this aspectig regarded
as being useful to indicate a reasonablerofile, the general increase ng is based on the
development of artefacts in regions of the grid of low sigietidensity, eg upper part of the grid
close to the heatshield and in the plasma core. The appeacdrstrong emission in remote
areas suggests that the reflection part prescribed by thelraopasses the actual reflection in
magnitude and the optimisation algorithm acts as if to reenewission from the divertor, but
in the same way contradicting the idea, that a general remuof emission should counteract a
large reflection part.

In summary it has to be stated that the contribution of raleajeometry in configuration
b has no benefitial effect. It is suspected that the underly@agon is the diminishment of
contrast in geometrical definition imposed by the model ftiude reflection: while the primary
part of sightline data is well defined in space, the seconparidoes not contain robust spatial
information (viewing cone integration).

In configurationc, the aim of considering diffuse reflection is maintained,realised in a much
simpler approach. The impact of reflection can be descriseghaundesired piece of informa-
tion from the background, ie a kind of offset to the primarytpa the radiance data. Since
the e-profile is the unknown quantity, the natural ansatz is tdgeer an iteration on reflection
corrected input data:

: Svc )
= B0 3 [[ &0 Q4 (4.16)
S= L§
where ] denotes the iteration ste@, o the original radiance data (experimental or modelled)
and d)f,?i)nput =®yo (=Y undefined). On the one hand the optimisation algorithm isaipd

only in primary viewing geometry and numerical stabilitysigoported, but on the other hand the
numerical effort is increased corresponding to the numbgeiation steps. The positive aspect
of this approach in contrast to configuratiors that it can be used for modelled radiance data in
a wide range ot andb; such that a characterisation like done for configurati@an be made.
In the present grid- and detector-resolution the algorittas found to converge fdm < 25°
which is the only restriction for the following description

With increasing iteration stepthe result for the profile reconstruction is observed to oapr
(see figs. 4.23 and 4.24). After a small number of steps thenggattion algorithm applied to
altered input data approaches a self-consistent statehwias found also to be the case for
experimental data. The main impact of reflection on the teguprofile if secondary viewing
geometry is not considered for reconstruction is recoghéseemission close to the roof baffle
top and in front of the LFS divertor tiles. This type of arifés suppressed if the iteration on
input correction is followed for a couple of steps. Althougls behaviour seems not to illustrate
a surprise, because of the simple ansatz, the onset of ilitgtér larger by (> 25°) and
indicates that the optimisation problem remains numdyicdlallenging.
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Figure 4.24: Tomographic reconstruction of phantom detedata in configuratior: for j = 0 parts of
the e-profile above the roof baffle top and at the LFS divertor titesst probably have to be assigned to
the contribution of reflection to the radiance data. Thelte$tom the subsequent iteration steps indicate
that the input data is altered in a reasonable fashion (iv@mnent in the areas just mentioned). For the
profile model see figure 4.14.

A scan of the control parametérhas been performed for different valueskafto check the
algorithm for consistency. Figure 4.25 gives a picture®ft) and x%,_(Z) similar to the one
obtained for configuratioa. With increasing contribution of reflection geometry (lar@,) the
deviation of reference and reconstructed profile is redwdaite the deviation of line integrals
nearly remains unchanged. As was motivated for the casenéijcwationa, the criterion for the
selection of a proper value f@rfor the deconvolution of experimental data shall be to exami
x%L(Z) and consider the resulting profile which is obtained in a siftahnge between the blur-
ring of the profile by the impact of smoothing at ldand the enhanced occurrence of artefacts
due to largel. The improvement of the reconstructed profile related tactresideration of sec-
ondary viewing geometry is also depicted in figure 4.26 wisicbws the reduction of artefacts

in the bottom and LFS part of the divertor. This represeotaturther displays the decrease of
peak emission in line with the larger reflection part.
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Figure 4.25: Deviation of profile and line integral data asraction ofZ for different values ob;. x2(2)
is seen to be reduced for increagmd(numerical stability in this(-range is found foib; < 25°). The
parameters are normalised to the best result (mingfahdicated by<).
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Figure 4.26: Tomographic reconstruction of phantom detedata in configuratiore: the larger the
contribution of reflection considered the stronger the cddu of artefacts in the divertor region and the
decrease of peak emission. For the profile model see figude 4.1

The behaviour of the reconstruction algorithm is similarfiodelled and experimental radiance
data. Figure 4.27 shows the result obtained for the datalsiehvalready was subject to inves-
tigation in configuratiorb (see fig. 4.22). In the case of experimental data, numeriahllgy

is obtained for the full range di; supported by the reflection model. Also here the reduction of
artefacts by the application of secondary viewing geomatmhe bottom of the divertor and at
LFStilesis observed and recognised as beneficial effee@.attual resulting-profile appears to
be promising, but contains some uncertainty. Referingeéaalkliance data shown in figure 4.20,
the emission close to the surface of the LFS tiles containgta reconstruction is believed to
be without physical support still, probably based on a dewieof actual and modelled reflection
properties. The sharp contrast of the radiance data in thésia suspected to be based on a kind
of reflection being more specular than expected. While ttefaant above the bottom divertor
tiles is strongly suppressed with increasgdthe pattern at the LFS wall is not changed consid-
erably, concerning the emission located directly at thé staface. A feature more problematic
and often obtained is a band of emission reaching from the tdBRBlly outwards and, which
is the remarkable aspect, towards the core above the X:phiet comparison of several recon-
structions (section 5.2.4) reveals that this feature igpethdent of the magnetic configuration
but related to the viewing geometry, ie radiance is distabwalong a large number of sightlines
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which intersect the X-point region. In this example only & f@&tefacts of low magnitude, eg
the small zone of emission in front of the ICRH limiter framemain, but which are commonly
ignored. Further, the resultir)c%L as a function of the iteration stgpindicates that the recon-
struction of experimental data is not as straight forwarébaphantom data, due to the impact
of detector noise, the actual vessel geometry and refleptmperties.
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Figure 4.27: Tomographic reconstruction of experimergdiance data in configuratian note the differ-
ence obtained for no reflection considered (left) and thdéiegijon of the reflection model at full aperture
angle (middle). The evolution g, in the iteration of reflection corrected input data is quitieedent
than obtained for the phantom data (fig. 4.23), but neverisetonverging (right).

Tomographic reconstruction in configuratiorat full aperture angle of the secondary viewing
cone is used for experimental data presented in sectiol Be2character of the profiles obtained
suggest to utilise this method of data deconvolution forahalysis of the divertor state rather
than to examine radial emission profiles at the separattiis ih particular the comparison of
position (strike points, volume, HFS or LFS) and magnitudenoission zones which indicate the
differences between distinct discharge scenarios anddatwi@nce of relatively weak artefacts
is of minor importance.



Chapter 5

Experimental Results

5.1 Introductory Remarks

5.1.1 Diagnostics Referenced

The prerequisite for the interpretationssf, is the knowledge of plasma parameters, in particular
Ne, Te andTi. These parameters are used to fetch atomic data from deditatles and for
specification of the plasma background for the simulationeaftral-plasma interaction. In this
section a brief overview is given on the set of diagnostiésremced in the analysis &f, and

the discussion of experimental results. These diagnoatesor electron density: far infrared
interferometry and alkali beam impact excitation spectopy, and for electron temperature:
electron cyclotron emission. For comparison of differemedor conditions, the data obtained
from target mounted Langmuir probes is presented and aschivemk for the modelling results
for neutral flux density, values determined with ionisatij@auges are adopted. The measurement
positions in the plasma vessel of the various diagnosteslkatched in figure 5.1.

One of the standard methods for the measurement of dengilgsma interferometry. An elec-
tromagnetic wave may pass a plasma if its frequentyabove the plasma frequenay. for the

ordinary wave E || Bplasma the refractive indeN is given by:N =, /1— w3 /w?, with wp re-

lated to the electron densityo, = \/€%ne/(€ome). Comparing the passage through different me-
dia along a path L, a coherent Ilight beam experiences a phase shift
AD: AD = 21/A [ AN(l)dI. This basic relationship can be exploited eg in the Machadeh
interferometer arrangement where coherent radiationitss{o a reference and a probing beam
which are again superimposed and the interference sigred@sded. Presuming that the refrac-
tive index along the reference beam path, or more precikelypptical path length, is constant
during the measurement, the phase shift between referewicprabing beam is determined by
the change in the optical path length in the intersected umedin the case of a plasma being
probed one obtainsA® = [Ae?/(4TEgmeC?) prne(I)dI], with Ly the geometrical path length in
the plasma. For this phase shift to be pronounced, largelerayths are favoured. On the other
hand, since beam propagation follows a bended path by tieinadf regions of perpendicular
gradient of the refractive index are passed, shorter wagéhs are preferred, because the higher
the frequency compared to the plasma frequency, the lesndept the refractive index of a
plasma is on its density.

63
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For interferometry in fusion plasmas, far infrared laseliation is used. This long wavelength
radiation is emitted from transitions of vibrationally &ed states of molecules. The AUG de-
vice is equipped with 5 horizontal and partly tilted chasn@berated with a DCN-laser (Deu-
terium cyanide) = 195um) and 3 vertical chords for which a G@aser f = 10.6um) is used.
The latter is required, because of remarkable distortigmosed on the beam path, if a longer
wavelength is chosen. Profile information from the line aged density measurement can be
obtained from inversion techniques including prior infation on the position of plasma isobars
which are commonly considered being equivalent to the dalanagnetic flux surfaces in the
region of closed topology. Profiles of electron density usetthis thesis are the result of inte-
grated data analysis combining the horizontal channets frderferometry and Lithium beam
emission spectroscopy. The vertical chords are excludszhuse the resolution in area density
is much smaller and also the contribution of elevated dgsipath sections in the SOL close to
the divertor region is not compatible with consideratiobsut poloidal flux symmetry of density
as a prerequisite of inversion.

An example for the technical implementation of an intenfieetry system can be found in
[36].

1.0

Figure 5.1: Set of diagnostics and corresponding mea-
surement positions referenced for the analysismf
and related discussion. Electron density profiles are
gathered from 5 interferometer chords and 35 alkali
beam excitation volumes (intersection of horizontal
Lithium beam LIB and vertical sightlines). Electron
cyclotron emission (ECE) is recorded for determi-
nation of To on 48 frequencies to which the related
radii are shown for one arbitrarily chosen magnetic
configuration. Langmuir probes mounted in the tar-
get plates deliver divertor parameters and ionisation
gauges (IG) in three poloidal locations for neutral flux
density measurements are considered.
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In several fusion oriented devices, probing beams are wsider plasma parameters from the
analysis of neutral particle-plasma interaction, tygic#the observation of line radiation from
electron impact excitation. The particles of the probingrheshould be of low mass such to
obtain a high velocity for a given energy, provide a strorgpreance line in the visible spectral
range and the excited state should be short-lived (smadris between the locations of excita-
tion and emission at a certain velocity) in order to achiekh&yh spatial resolution. Although the
latter aspect is not perfectly fulfilled, Lithium beams acgnenonly applied for the determina-
tion of electron density by recording of the line Lil(2p-2&5,08 nm) [37, 38]. Lithium ions can
be extracted from heated-(300°C) Lithium aluminosilicatg3-eucriptide (LpO- Al203- SiO»)
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by applying an electric fieldHy) in the order ofEex ~3kVcml. The source material allows to
draw ion currents per surface area in the range of severaimtfand after passing fields for fo-
cussing and acceleration (30-80 kV) the ion beam is nes&@ipenetrating a chamber of Sodium
vapour. Typical neutral beam characteristics are a fulthvat half maximum of current density
of ~10mm at the plasma edge at a current &8mA. The resonance line emission emerging
from beam-plasma interaction is recorded by fast dete¢®rkHz data rate) connected to fiber
optics which define lines of sight intersecting the beam patipendicularly with a radial reso-
lution of 5mm. With a total number of 35 channels the plasngee@gion is covered from the
SOL to the near core such to resolve the steep density gtadigion.

Because of the high particle energies and the beam pewetitatiregions of high plasma
density, collisional-radiative modelling is required fopaopriately account for the processes of
collisional excitation and deexcitation, ionisation arge exchange related to the electrons
and all ion species. In order to obtain the occupation dgmdiexcited states, thus a system
of coupled rate equations (like sketched in section 2.2iis¢e be solved. For this particular
problem of beam penetration, the spatial coordinate albadeam patlz is introduced as the
independent variable. The basic treatment without conisigempurity ions reads [39] (sum
overi, j):

z

M _ etz (T(2) +biIN(D) : Nz=0)=3 . ()
with i denoting therfl)-quantum state and the occupation density. This is a short notation with
thea;; rate coefficients characterising various procesagsi # j) > 0 excitation and deexcita-
tion processes which lead to population of siai@; < O include excitation and deexcitation to
other states thanas well as ionisation. Spontaneous emission is coveredebgdefficientdy;; .
A well established method to solve fag(z) (inverse problem) with the knowledge of relative
ELil2p-25)(Zs) (Sthe index for the measurement location) by stepwise integraf () is described
in [39]. This ansatz introduces a proportionality constanthich relates the measured line emis-
sion and the occupation density (for brevity: Lil(2p-2sP): o - €2(z) = N2(2) and needs to be
determined by iterative means. A difficulty arises from theersion of(x) for ne by the oc-
currence of a singularity which is the reason for numerigsaiability and demands for different
methods in regions Whet%Zg >0 and% < 0 respectively. Also, the beam emission profile has
to be recorded entirely such that an inner boundary comditfdhe formNz(zmax) < N2(0) can
be presumed. For brevity it shall be merely stated that @edstrd method can be applied only
for medium and high density plasmas and typically does nplioéthe full radial range covered
by the diagnostics. In addition, for numerical reason aaefiit signal-to-noise ratio needs to be
provided by averaging the raw data in time and thereby redpitie time resolution.

An alternative method for the reconstructionm@fz) from €3(z) is the probabilistic data
analysis described in [40]. The beam emission is modelledywesprescribed profile of electron
density and other plasma parameters required, where topalt data uncertainties are consid-
ered. The most probable description of the electron depsdifle, which is characterised by a
specific number of free parameters of a cubic spline polyagns obtained by an optimisation
calculus in the framework of Bayesian probability theoryielihcompares the modelled and mea-
sured (also including uncertainties from calibration )eemission profiles. Since no inversion
of the measured data is performed, the approach can in pherfoe applied to experimental data
without restrictions, ie using the total radial range anel tieximum time resolution, indepen-
dent of the shape of the emission profile related to the Idvallaema density. This probabilistic
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approach further can be conducted for the combination déreifit diagnostics in terms of an
integrated data analysis [41]. Because of its universalacii@r and consistent treatment of un-
certainties of input parameters (including atomic datangetry, etc.) and measurement errors,
the standard Lithium beam analysis is being replaced by t@grated data analysis of Lithium
beam emission and DCN-interferometry data. An importaatuiee of Lithium beam emission
is the instance that in the present range of plasma parasméterproblem is only weakly de-
pendent on electron temperature and impurity cont&nt:{ and generic values for both can be
set for these. This observation resembles the physics dfghm-plasma interaction, since it is
obtained regardless of the method applied for resolvinghmofile.

While profiles of electron density are taken from integratath analysis and are believed to be
a very precise description, the situation for electron terafure is more complicated. The first
choice for edge resolved temperature measurements is tmskn scattering system [42] which
can be optionally configured to deliver core or edge profiladélowever, for two reasons the
Thomson diagnostics has not been considered. Firstlyahiguiration for edge measurements
has not been set for all experiments of interest and secoadifrong scatter of data is nearly
always observed and hampers the interpretation in termsiceth profile. Whether this char-
acter of data is related to issues of signal-to-noise ratiih® analysis technique applied, or if
the wide vertical distribution of scattering volumes anel pnesence of a perturbation of flux sur-
faces might be problematic for flux mapping, cannot be ansgivat this place. From the point
of view of gp, interpretation, which profile shape strongly dependslgnn particular in the
vicinity of the excitation threshold, profiles @ with a reasonable, ie limited, uncertainty range
need to be considered in order to be at all able to compareiexg@al and modelled emission
profiles. A pragmatic procedure is chosen which refers ta datained from the microwave het-
erodyne radiometer for measurement of electron cyclotmaission (ECE) and includes a forced
exponential decay in the SOL.

The principle of ECE diagnostics is to record radiation ¢ésdlifrom electrons which are ac-
celerated in the magnetic field. The gyromotion of the etexdris accompanied by emission
at the gyrofrequencyg(X) = €| B(X)|/me and its harmonics. Given the spatial variation of the
magnetic field, the measurement of ECE at certain frequsmare be exploited for a spatially
resolved determination af; andTe. The complex description of ECE involves to consider the
magnitude ofTe (relativistic mass increase at high velocities), more gahethe electron ve-
locity distribution, the angle between the direction of sson and the magnetic field, and also
issues of radiation transport for the path between theroongemission and the position of the
receiver [43]. In the standard setup at AUG, the receivehetteterodyne radiometer is aligned
perpendicularly to the magnetic axis and analysis of ECBisedor 48 frequencies correspond-
ing to second harmonic emission according to the range ofrtagnetic field strength in the
experiment. The choice of the harmonic number is motivatethe one hand by the necessity
to use frequencies above plasma characteristics like ter lbybrid or plasma frequencies and
on the other hand to avoid harmonic overlap (different hamicgin the same frequency range
emerging from different locations) which becomes morevaai¢ the higher the harmonic num-
ber. For a wide range of parameters, the plasma is optidailtk for second harmonic ECE
and taking into account the low photon energy in comparisahé electron kinetic energy the
Rayleigh-Jeans approximation for the description of blaclly radiance is applied for the in-
terpretation of the calibrated diagnostics ddtacg = sze/(8n303), ie Te corresponds to the
radiation temperature. At the plasma edge however, thergsgan of optical thickness may not
be fulfilled and the application of the standard proceduadddo an underestimation of electron
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temperature. On the contrary, various other effects likedéviation of the electron velocity
distribution from the presumed Maxwellian shape, eg a ibaadf suprathermal electrons at the
plasma edge due to enhanced fast particle transport, ieseithanced emission at the plasma
edge and hamper the ECE interpretation in the frameworkebtsic treatment [44]. For the
low and medium density discharges subjeagpanalysis;Te data from ECE is typically reliable
in the plasma core and close to the edge region. So the re¢leagrof theT profile in the edge
and SOL remains to be specified.

The pragmatic procedure mentioned above uses ECE data as lactmdary condition. An
important link between the core region and SOL is the valug et the last closed flux surface.
This fundamental quantity is determined from basic SOLdfttonsiderations (see [45]). Except
for very low density and high heating power applied, theiplasemperature at the target plates is
considerably lower than the value at the midplane separatrihe position usually referred to as
the upstream (') location. The existence of a gradient of temperature @glibve magnetic field
implies that heat transport is dominated by conductiorerdtian by plasma convection. For this
so-called conduction limited regime an expression for {h&tneam temperature can be derived.

For its formulation, the classical value for parallel heanduction densitycong is adopted:

Jjjcond = _KH(%‘ = —K0T5/23—);, with the thermal conductiviti being a strong function of

and the coefficientg containing parameters governing the collision processafged particles.
Since it is found thakge > Kgj, heat conduction by electrons is assumed to dominate. Tdie he
flux density to be conducted can be expressed as the ratie gfalver which enters the SOL
from the corePspoL and the total cross sectional area of the SOL power ﬂgvahich can be
expressed adq| = 4HR%)\T(BS/ B)u, whereAt denotes the radial temperature decay length (of
the profile to be determined). Within a simplified picture dffa SOL flux tube to which power
from the core enters at one end and is conducted to the tditetather end, a basic relationship

for the upstream electron temperature reddg:~ (%Psii'{:q”)z/ 7, obtained by integration of the
expression folcong from the target to the upstream position. Although this dasasoning
([45]) neglects complications like volumetric power losghe SOL by ionisation and excitation
of recycling neutrals, its character matches the expetiahebservations: because of the strong
electron heat conductivity the plasma edge temperatureasyaobust quantity, depending only
very little on the magnitude of power entering the SOL from tlore - it is typically found that
TesepS 100eV.

In actual practise a generic profile shape is fitted to the E&& df the core and appended
to an exponential decay part in the SOL. This profile is moditiatil a reasonable agreement
is obtained forTesep for given PsoL anquH, and also for the resulting modelled, profile.
For the latter it is predominantly the decay length in the S@iich determines the shape of the
Dy excitation profile for a certain density profile deliveredibiegrated data analysis of density
diagnostics.

The foundation ohe andTe data has been described in the preceeding paragraphsetiialde

to include an estimate on errors in the further calculusthriintegrated data analysis ferdoes
not provide absolute values for deviations and the proeefiufTe is only partly based on direct
measurements. For both parameters, deviations are thueded allow for a parameter scan
for the application of KN1D. The deviations are prescriliedn inverse exponential relationship
to the magnitude of the parameter in question, ranging fro& 340%) in the SOL to 10%
(20%) in the core region fame (Te). Based on these uncertainties, the extreme profile vahees a
combined to 4 different pairs as input sets for KN1D. The emperature which is not routinely
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available from diagnostics, is always set to twice the ebectemperature, due to the lack of
better knowledge, but hints from experimental and modgltgsults (see eg [46]). HoweVdr,
was not found to influence the resulting neutral parametarsiderably in a range of aboijt1-
3xTe in dedicated test runs. The approach for obtaining neuttadrpeters from experimental
determination okp, is to apply the KN1D code with input parameters such that aaeable
agreement of modelled and experimerdg| profiles results (see fig. 5.2). As the matching
criterion the radially integrated emission has been chegech values are allowed to deviate by
1%. This criterion obviously does not contain measuresterdetailed profile shape. While the
shape of thep, profile is predominantly determined by the evolutionmngfand Te in the SOL
(increase of excitation rate) and in the near core regiagh(ldnisation rate, strong reduction of
neutral density), the magnitude of emission is related éonttolecular flux density at the grid
boundary. For the LFS, th& profile is well established by diagnostics and only the SOtagle
length forTe, A1,, needs to be set appropriately which results in a consigieture (fig. 5.2,
middle). Deviations of modelled and experimerdg| profiles are often observed in the core
region which is attributed to the character of the Loremtahape of the profile fit.

The situation is much more complicated at the HFS. It is presiithat profile data (from
the LFS) can be mapped to the HFS on flux surfaces of the plasma 8othne and T are
unknown in the HFS SOL and are described as exponentiallgyiteg profiles with the decay
lengthsApn, and A+, as free parameters. The difficulty lies in the instance tloéh be and Te
have a similar impact og,, (see section 5.2.1), albeit with a pronounced differencerfergies
below the excitation threshold with a strong increase ofetmessivity coefficient withle, and
that gradients parallel to the magnetic field are presertiéenOL (pressure drop towards the
target). A remarkable mismatch &f, profiles was found when the plasma parameters had been
simply flux-mapped to the HFS or poloidally constant decagths defined on the flux label or
in real space had been introduced. Instead, for every siriglgrid at the HFS, decay lengths of
ne andTe have been adjusted with an emphasis on a monotonic changgtalepsccoordinate
(distance to the X-point). Different values concerniagandAr, were set according to the 'more
linear’ impact ofne and the ’strongly nonlinear’ influence @ on the shape o, .

Although large uncertainties of plasma parameters arenvessuthe neutral parameters ob-
tained from KN1D do not differ in the same range, since the S@dth is relatively small
compared to the penetration depth of molecules and atompgriicular at the HFS. The uncer-
tainty of the separatrix position (see section 5.1.2) idls@ramportant aspect, but datarefand
experimentatp, depend on the same magnetic reconstruction and are thusteoly linked.

A relative shift of theTe profile would require to be compensated by diffenentiata in order to
modelep, close to experimental observations. The discussion ofdte tesults in the following
sections, in particular the molecular flux density at theseés/all compared to measurements by
ionisation gauges, questions the applicability of a 1D dodke sense that the SOL flow towards
the divertor cannot be considered. Taken all these isstesdatount, it is not straight forward
to motivate reasonable error estimates for the neutrahpeters derived. When parameters ob-
tained from KN1D are presented, deviations are based oratigerof input parameters. It is
argued that the comparison of KN1D results might be sensilttteough the SOL plasma might
not be properly described. Since no alternative methodsepbelaborate 2D modelling (see
section 5.2.5) - for interpretation ef, are available, it has been omitted to guess error ranges.
The comparison with data from ionisation gauges serves astabut the description close to
the separatrix is believed to be appropriate, because tHeEDKpproach could be replaced by
the application of atomic data onl$(X B-coefficients [25]).
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Figure 5.2: Left: Positions of the grids for KN1D modellingrfthe regions of interest at the high and
low field sides. Middle: Match of experimental and modetggl profiles at the LFS for two discharge
scenarios (H- and L-mode, see section 5.2.2) obtained lstat) the decay length af in the SOL.
Right: Match ofep, profiles for the H-mode case on the HFS obtained by specif@@y decay lengths
for both Te andne.

The measurement &f,, andep, obtained from data deconvolution serves as a method of indi-
rect determination of parameters of neutral particless Bpproach is obviously influenced by
the accuracy of measurements or estimates of plasma pa&amsnaed the level of complexity of
the model for neutral-plasma interaction applied. Imputrtzonstraints are delivered by diag-
nostics which are able to measure neutral pressure or flusitgletirectly. In principle, for cases
of low pressure gases, the pressure can easily be measui@udation gauges [47]. The harsh
environment of a fusion plasma demands a dedicated desgurcbfinstruments. These need to
operate in magnetic fields of strength 1-10 T which might idiaoin change direction and mag-
nitude in time, and be sensitive in a wide range of neutraldemsities p, € [10'°, 1073 m?s?!
- corresponding to pressures at room temperatung, ok [104 1P Pa. This task was met by
the development of the ASDEX pressure gauge to which a ddtdescription can be found in
[48]. Its basic principle relates to the standard hot caghiodisation gauge setup (see fig. 5.3).

Electrons are emitted from a heated cathode wire which nieelols strong enough to resist
j x B forces, and are accelerated towards the grid. Those efscp@ssing the grid may ionise
neutrals in the volume between the grid and the maximum rigrpioint where the potential
equals that of the filament. Both the electron flux to the dgiend the ion flux to the collec-
tor platel; is measured. The sensitivif§yof the gauge is expressed in the generally nonlinear
relationship of normalised ion current and pressuiféile — Ii) = S- p, whereS= S(p,B). Sis
found to be roughly constant for low pressure and increasitigthe magnitude of the magnetic
field which acts as to confine the electrons and thereby isargdhe probability for ionisation
for each emitted electron. Reliable operation is achiefdd< le. In general, ionisation gauges
saturate if the ionisation rate becomes too large - the botagimum pressure level which can
be measured for a fixed electron current depends on the cordirteof the electrons, more pre-
cisely the electron velocity distribution, and the sizehad tonisation volume. Operation at high
pressure and magnetic field is discussed in [49].

For application in fusion experiments the gauges need todyeply shielded against charged
particles. As a consequence, the conductance for neutraistér the gauge is too small such
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that velocity distributions of neutrals outside and insil@eiate. This prohibits to put the focus
on measuring the neutral density directly which is relatethe ion current. On the contrary, the
conductance to the gauge is adjusted as to assure thermigbr@gion of neutrals inside. The
actual mean velocity inside the gauge may be unknown, bytregdds to be reproducible. Using
the flux density as a conserved quantlty,(= I'oyt) the gauges are in practise calibratedlfon
an environment of specified pressure, temperature and rmagetl.

ion collector (IC), 3007 -
acceleration grid (AG : : (xU)ac
contr(?l electroq 2001 ]
cathode filament (fi < i
-] I
100 ]
0 E(Xv U )fll

-6 -3 0 3 6 (x,U)ic
x—xgrid/mm

Figure 5.3: Basic scheme of the ASDEX pressure gauge ane godential in the arrange-
ment [49]. Typical voltages applied afdsj = 70V, Uac = 250V, U;c = 0V. The control
electrode is used for modulation of the emission currenstigipression of large background
in the ion collector current. The setup needs to be alignddeanagnetic field such that
the acceleration of electrons in the electric field is baiafjyenced.

At AUG, several ionisation gauges are placed in differefivig@l and toroidal locations in the
far limiter shadow or behind plasma facing components. & lofdhese positions are referenced
when comparing gauge data to estimates ofgjenterpretation (KN1D), indicated in figure 5.1,
delivering neutral flux densities behind the lower heaislthlhs, below the divertor roof baffle
I5.piv @and near the LFS midplareg ,,, In the case of one poloidal location being covered
by gauges at different toroidal angles, the average valused. Usually small deviations are
observed which might be related to calibration accuracyhertoroidal distance to the pump
duct. Data of gauges is discarded if obtained close to aneagés valve.

Electron density and temperature in the divertor regiontmaobtained from Langmuir probes
which are integrated in the target plates. In order to wathdtthe high power and particle loads,
the probe plates are flush mounted in the plasma facing coemp@nThe Langmuir probes are
referenced only once in section 5.2.1 and for a detailedrge®n the reader may refer to the
explanations of [50] and [51].

The principle of these diagnostics is to record the elegticarrent between the plasma and
a small plate exposed to the plasma which is biased agaegildsma potential. A conduct-
ing surface in contact with the plasma is charged negativmgause of the high mobility of
electrons. An ambipolar plasma flow to the wall is maintaibgdhe acceleration of ions in an
electric field formed in front of the wall and directed towsiitl This electric field is generated
in a narrow sheath of width in the order of the Debye length iarishsed on the deviation of
the velocity distributions of ions and electrons comparetheir expressions in the bulk of the
plasma, usually assumed to be Maxwellian. The correspgrepace potential in the sheath is
also influenced by secondary electron emission which is @mahfproperty. The fundamen-
tal problem of the plasma sheath is reviewed in [52]. The f@stprobe setup is to connect a
probe to the surrounding wall components through an etadtcircuit containing a power sup-
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ply which is capable of maintaining a certain potential@iénce between probe head and wall.
The electron velocity distribution is scanned by the vasrabf the potential difference between
the probe plate and the vessel wall termed the floating patetitthe probe potential is strongly
negative, all electrons will be rejected and only ions wetch the collecting surface. The cor-
responding current is termed the ion saturation currentarye positive bias voltage, electrons
of the full range of the distribution function are attractud the current reaches the electron
saturation level. If the electron distribution functiortla¢ sheath entrance is known in principle,
eg assumed to be Maxwellian, the shape oflihke characteristics can be analysed in terms of
electron temperature. The properties of the sheath impltyttie ion saturation current density
is related to the soundspeed and the plasma density. Asguhanhion temperature equals elec-
tron temperature or is related in some other fashion, thadspeed is determined and the ion
saturation current density can be interpreted in termsepthsma density. In order to translate
the measured currents to current densities, obviouslyaldétknowledge of the effective area
of the probe head is required.

Actual saturation of currents is in fact encountered onlydo unmagnetised plasma or a
magnetic field orientation perpendicular to the probe serfaln the Tokamak configuration,
magnetic field lines intersect the divertor targets at gigaancidence. The plasma sheath prob-
lem has to be revised for this case, resulting in the gemerati a magnetic presheath in front
of the Debye sheath [53]. This presheath marks a region, inhathe particle trajectories are
changing form the magnetic field bounded gyro motion to atetefteld dominated path towards
the wall in the Debye sheath. Because the thickness of thgebgeath depends on the magni-
tude of the bias voltage, the effective collection area dmsiis not constant for oblique angles
of the magnetic field to the wall, hence the ion current casatirate and the simple reasoning
mentioned above is not applicable [51]. Further complaeaiare the uncertainties in the esti-
mate of the ion temperature and the actual magnitude of teficent for secondary electron
emission.

In section 5.2 severah, profiles are presented and discussed which were recordeuadiif-
ferent types of plasma discharges. Although thedmission is determined by the local values
of neutral and plasma density and plasma temperature, iitei$ to characterise each of the
discharges by the reference of some global parameters. @nhmse is the 'L-factor’ which
requires some explanation. One of the fundamental parasnetech needs to be optimised for
fusion operation is the energy confinement timgewhich characterises the quality of thermal
insulation. In present Tokamak experiments without sigaift fusion power generation, this
parameter can be derived from the known quantities of hgaiinver applied to the core plasma
Pheat @and the plasma energy contéhit 1 :=W /Pheqae In order to compare different types of
discharges including cross-machine comparison and dueettatk of complete analytical un-
derstanding of the Tokamak plasma, the experimanptéd gathered in data bases and analysed
for dependencies on a set of basic plasma parameters. Thisreprises heating pow&heat,
toroidal magnetic field, plasma currentp, elongation of the plasma cross sectigrmajor
radiusR, minor radiusa, densityn and isotopic maskl. The aim is to find scaling laws to be
used for extrapolation such to motivate parameter rangbs toet by larger Tokamak devices.
Considering global plasma parameters puts a limitationeasabustness of scaling laws, because
actually different plasma scenarios, eg with distinct pesfof current density or density, are not
treated separately. A scaling law to examine the correlaticthese global plasma parameters
for the L-mode scenario is the so-called ITER89-P which is\agy law expression [54]:

ITER89-P__ 0.5;0.85p1.2,0.3;,0.5,0.150.2p—0.5
THEREP — 0,048. MO §85RL-2503K0.5n0. 102, O
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The L-factor is the ratio of the actugt and the one expected from the ITER89-P scaling. If this
factor is around 1, the discharge can be regarded as L-mpde Walues of the L-factor in the
range of 2 would be interpreted in terms of the presence of ehrbetter energy confinement
and attributed to an H-mode scenario. The latter charaeti®on is not straight forward, because
the majority of discharges discussed are operated at rbtivelneating power and the level of
edge perturbation (see section 5.1.3) is very low. Durirghtpower discharges these edge
perturbations encountered are often used synonymousdaridissification of the discharge. If
parameter variations are performed during the dischaggelasma shaping or change in heating
power, and a rapid change in the density profile, indicatedyced transport parameters at the
edge, is observed, the distinction of two different reginsasore obvious, independent of the
underlyingtg.

5.1.2 MHD Equilibrium Reconstruction

The interpretation of P emission at the plasma edge relies on accurate data of plzeraae-
ters, mainlyne andTe, but alson; andT; (charge exchange reactions) which need to be precisely
prescribed in relation to the actual plasma position. Ihespoloidal magnetic fluX which is
used to define a radial coordinate reflecting the magnetaagy: pp = /(W — Wa)/(Ws— Wa)

(2 magn. axiss: separatrix) which in ideal MHD serves as a label of flux stefaidentical to
surfaces of constant plasma pressure inside the last cllosesurface. Diagnostics data given
in certain spatial positions can be related to the flux comatgi and data obtained from different
locations in the core region can be compared if the poloidal 8 known. If this mapping to
the flux coordinate is sensible for regions in the SOL dependte connection length (distance
to limiting structures along the magnetic field) betweendtferent locations, ie the variation
of plasma parameters should not be too large. Taking théaspatension of the plasma edge
into account which for the AUG tokamak at the LFS is in the ordie~ 5cm (steep gradient
region of plasma pressure and region of interaction withinaéparticles) a very high precision
in the position of the separatrix is essential. The disiimcif plasma parameters are valid in the
core region or the SOL is particularly important for the sswof plasma fuelling because of the
short ionisation length at the plasma edge. In this secliemgtiestion of positioning accuracy is
briefly mentioned in the framework of standard MHD equilibm reconstruction.

One of the very basic tasks of experimental Tokamak physitisai reconstruction of the MHD
equilibrium which is obtained by solving the Grad-Shafraequation [55]:

2 2
e T — Lo (W) + i (W)(Y) = Rin(¥) 5.)
where the poloidal magnetic flik is determined by flux functions for pressyr@¥) and current
density f (W) defining the toroidal current density profije(W¥). The important aspect is that
two functions @, ) need to be specified in order to solve f8r Constraints fotV exist in the
form of experimental data for the magnetic flux or field comgrais delivered by pickup coils
placed in the periphery of the plasma column. Since thes@@siioned outside the plasma
volume, the shape and position of the plasma boundary isistt@wted more accurately than
the plasma interior. For the latter region it is necessarint¢tude information related to the
plasma pressure like electron density and temperature ifarat available from diagnostics,
estimates on ion density and temperature) and the toroiotedrat density profile inferred from
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the utilisation of the motional Stark effect [56, 57]. [58}gs an impression about the standard
equilibrium reconstruction performed at the AUG Tokamakerfe are two methods for different
purposes. The first one is adapted to the requirements ahplasntrol. For online analysis of
pickup coil data a large set of MHD equilibria and the cormasing simulated magnetic signals
of the probes are prepared. A principal component analgsipplied to provide uncorrelated
linear combinations of these signals. During the plasmehdigge the set of actual magnetic
measurements are projected to the eigenvectors definingiti@pal components such that the
real MHD equilibrium is approximated as a linear combinatad the prescribed ones. This
procedure allows realtime control of plasma shape andipaositithin a cycle time of 1-2ms,
but the resulting equilibria may not rigorously satisfy thead-Shafranov equation due to a small
number (optimised for speed) of principal components aersid. The accuracy of positioning
(strike- and X-points, magnetic axis, separatrix) is tgflicin the order of 1-2cm. This error
estimate is based on the deviation of the results from th@®mnéconstruction and the method
sketched below.

The second method is a more elaborate interpretive equilibreconstruction performed
after the plasma discharge. The CLISTE code [59] solveg (& Jdjusting parameters of the
parametrisations for the source profile functigisf f’ such to obtain a minimum deviation of
simulated and measured reference signals. For refereragmetic flux and field strength data
from the plasma periphery is included standardly and iflatsée also information on the current
density profile is considered. The character of the recaastm is influenced by the type of
parametrisation which is an expansionpfand f f in spline base functions with a selectable
number of knots. This representation can lead to an undeiasin of special aspects, eg in the
case of a large density gradient at the plasma edge (H-mbdeontribution of the bootstrap-
current. The latter is the basis of an elevated current tlemmsihe edge region, which might not
be well accounted for by the typically applied monotonigaticreasing current density towards
the core. Since the magnetic measurements outside the goka®na constraint predominantly
for the total toroidal or poloidal current components, teeanstructed flux topology strongly
depends on assumptions on the shape of the source profiksofsc

Some very basic details shall be mentioned to describe tharacy of equilibria used as
far as relevant for the interpretation ofymission. The output of the CLISTE code is the
poloidal magnetic flux on a grid covering the cross sectiothefvacuum vessel. A standard
grid size is 64x 128 (figure 5.4) witrR € [0.75,2.67)m (AR= 3cm) andz € [—1.504,1.504 m
(Az=2.35cm). For each discharge these equilibria are calculatetinie intervals of 100 ms
(tcuisTe= N-0.15s) where the reference signals are taken from single tiroesstorresponding
to the sampling rate of the probe data(l kHz)) and no averaging over time is performed. For
data analysis in this thesis normalised flux coordinatesafbitrary time and spatial position
are obtained by refering to the poloidal flux matrix closesiime and applying quadratic inter-
polation on the spatial domain. Concerning the time intsreéd MHD equilibria and the time
points of 0, detector data, interpretation in terms of radial positi@sensible only in phases
of quasi constant plasma parameters, particularly of pdasosition, volume and the current
density profile.

From the point of view of grid resolution and interpolatiathemes of which different ones
may be applied, the precision of spatial parameters, e@lradsition of the separatrix in the
midplane, is clearly limited. Although this displays a i@ issue for the analysis and inter-
pretation of edge diagnostics data, CLISTE equilibria ammonly provided and used without
estimates on uncertainty. A number reflecting this aspeéenaited is (in the minor radius sense)
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Arsep S Smm for the possible systematic displacement of the sapa(fO]). An alternative is
to use diagnostics data provided in spatial coordinated@uaeéfine the position of the separa-
trix by the magnitude of plasma parameters and to adjust tH® Meconstruction accordingly.
With the knowledge of the power which enters the SOL from thie Poss ~ Pheat — Prad.core)
and the parallel heat conductivity of electrong| being a strong function of electron tempera-

ture (e U Te5/ 2, [45]), a robust constraint can be established for the mlademperature at the
separatrix (typically at AUGTgsep~ 100€V).

In fact, the accuracy of MHD equilibrium reconstruction apgarent mismatches in position
(in the flux coordinate) of radial profiles inferred from @ifént plasma diagnostics are subject
of a permanent discussion which goes along with Tokamakadiper.

Figure 5.4: Cross section of the AUG vacuum vessel with
contours of plasma facing components. Blue crosses mark
the vertices of the poloidal flux matrix of the standard
CLISTE-based equilibrium reconstruction - here indicated
only inside the plasma chamber. Red lines are contours of the
poloidal magnetic flux g, € {0.2,0.4,0.6,0.8,1.,1.015})

from an arbitrarily chosen discharge. For the measurement
of magnetic field components (thin pink lines) a large set of
coils (blue and green bars) is placed in the plasma periphery
In addition, pairs of larger saddle coils which span parts of
or the complete toroidal circumference deliver data for dif
ferences if¥ (not included in the figure).

0.5

-0.5

-1.5 T T T L
1.0 1.5 2.0 2.5
R/ m

5.1.3 Edge Perturbation

Besides the uncertainty from magnetic equilibrium recartsion regarding the position of the
last closed flux surface, its shape may locally deviate framaoth surface due to the impact of
macro scale perturbations at the plasma edge. The fluxestafles and energy perpendicular
to the surfaces of constant pressure are determined by émasieansport parameters which are
larger than the one predicted by neoclassical theory. Tinassport properties are attributed to
micro scale instabilities as the origin of plasma turbuéeni¢ plasma transport was constant in
time for steady state discharge operation, ie constanirtggadwer, feedback control of density,
current, shape and position of the plasma column, also aamnifux of energy and particles
would cross the separatrix and the divertor conditions awargetry would be designed to handle
the resulting flux densities. In many discharge scenaritis g@od confinement properties (H-
mode) the plasma edge is found to lose its integrity frequéytthe occurrence of so-called edge
localised modes (ELMs) in which phases-o® (0.1 — 1ms) a certain fraction of the total stored
energy of the plasma core is ejected to the SOL and distddotthe plasma facing components.
The amount of energy transported to the divertor targetach sransient events can be up to 3%
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of the total stored energy for AUG or even higher for largechaes like JET [61]. At the high
power densities accompanied, impact limits of plasma tacomponents can be surpassed. For
the development of a high performance discharge scenarahwieets the requirements for eco-
nomic operation of a future power plant, it is crucial to ursend the nature of ELMs in order
to avoid enhanced erosion of vessel components like thetdivarget plates. According to the
experimental characteristics of these modes, severas pELMs are defined in the literature.
The main features are the frequency of the edge perturbatidthe related energy loss. Differ-
ent ELM types are distinguished by the dependence of thejuiency on heating power. ELMs
of type | are the most critical modes in the framework of iat#ion with plasma facing compo-
nents, and are easily identified by fast recording gfdbnission (diode setup) in the strike point
region (optics similar t&PO) in the form of pronounced spikes indicating the excitabbneu-
trals during a short period of time, typically with a repietit rate ofo (50Hz) (AUG operation)
depending on various parameters like heating power, platnaity and shape. Unfavourable
scaling of type-I-ELMs to larger devices is expressed inrel@sing ELM frequency and increas-
ing power loads. The time averaged ELM losses of a certarhdigie scenario are seen to be
roughly constant (relative fraction of core energy conjtesmhile the ELM energy scales with the
total stored energy and the ELM frequenigy[ ¢! [62]. According to the properties of ELMs,
the need for the development of operation scenarios cobipatith machine safety is discussed
in [63] and [64].

Efforts are being made to provide a detailed picture of tBe lnechanism by the examination
of the spatial distribution of power loads in the main chand&l the divertor [65, 66, 67]. The
patterns of power deposition observed at the target platggest the energy from the core plasma
being transported in filamentary structures through the .S@ith the availability of fast mea-
surements of electron density and temperature like proMethe present day Thomson scat-
tering systems, the dynamics and the spatial structureecédige perturbation can be examined
[68, 69]. Observations are compared to models in the framewbideal and non-ideal MHD
instabilities [70]. Stability analysis of the ideal MHD satequations (zero resistivity) leads to
a variety of mechanisms which are characterised by modetstas with positive growth rates,
ie small perturbations from the equilibrium state enter gmoaentially growing excursion and
driving the system unstable. The energy integral of theupleed plasma is negative correspond-
ing to a relaxation of the system to a energetically lowerrergiable state. Modes from ideal
MHD analysis which are believed to be connected with the Elavsthe peeling and the bal-
looning instability. Driving terms of those are governeddalge current density and the pressure
gradient respectively. The effect of the bootstrap curesribrces the current density in regions
of considerable pressure gradient and both parametersusedupled particularly at the plasma
edge.

If the plasma edge is perturbed by some mode structure whidhiven unstable until plasma
from the near core region is ejected to the SOL, a significhanhge is also expected in the mag-
nitude of line emission of those species which photon emitggioefficients are different for the
plasma parameters in the quiescent phase before and dueiegent. This is the case fogDa-
diation (see section 5.2.1) and influx of neutrals from plasetycling or gas puffing is excited
in the edge region according to the spatial structure ofa¢telsdensity and temperature. It is
possible to resolve filamentary structures gf&@nission for exposure times @, < 100us and

if the detector is capable of high frame rate& 0kHz an examination of the dynamics of these
structures can be made with optical diagnostics [71]. Thabars regarding timing are clearly
just reference values and are depending on transport tifrfest @and dense aggregations or fil-
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aments in the SOL. With the diagnostics setup describeddtiose3.2 only an extremely slow
(compared to edge dynamics) frame rate is povidedfe < 12Hz) but the detectors can be set
to short exposure times in the order of(Bdwhich has been verified with test measurements. In
the 2006 campaign thePMC diagnostics has been operated for a couple of discharghewtit
interference filter to collect as much emission as possiuiead exposure times feasible in terms
of signal-to-noise ratio. Despite the filter being removaeltecorded light predominantly stems
from Hydrogen radiation and only very little contributiorom core bremsstrahlung is seen in
cases of impurity accumulation and high plasma temperatlitee data obtained is very impor-
tant for the interpretation of Pemission at the plasma edge and is presented from two differe
discharge scenarios:

shot | time range & | Ip/MA | qos | N/ m™3 | PheaMW | gas feed bs™ | L-fact.
20771 [3.0,4.8] 1. [-3.1]8-10™ 5. 2107 >15
20784| [2.2,5.5] 0.8 |-4.7|6-10% 1.8 1-10% 1.

The basic parameters of the discharges are barely sin2@r,24 belongs to the class of H-mode
discharges which is established by a sufficient magnitudeeating power, while additional
heating for #20784 is too low relative to the plasma dengifysted by gas puffing such that
this discharge is of L-mode type. Another remarkable featirthe H-mode is a larger density
gradient at the plasma edge based on reduced transportgiaransommonly attributed to a
specific edge transport barrier. In L-mode a higher densitigeaseparatrix and in the SOL with
a larger decay length is seen eg when comparing discharglesiwiilar line averaged density,
see section 5.2.2.

For both discharges filamentary structures at the LFS caiddntified with thexPMC main
chamber view, although a relatively large exposure tim&,gf= 200us was set. In this short
presentation of basic observations the term ‘filamentangcsire’ is used because of the patterns
obtained for [ emission. If plasma transport in the SOL parallel to the netigriield is fast such
that transit times are comparable with or even smaller thaimtegration time of the diagnostics,
the details of the transport mechanism obviously cannaddalved and no destinction is possible
between the cases of core plasma being ejected to the SAlylocaver a large interval of the
toroidal circumference. When looking at a series of franmespterturbation at the plasma edge
is obvious, but here only single frames can be presentedeiollowing figures.

The position of the plasma column is controlled to ensurepalgaween the separatrix (its
position being obtained from online reconstruction) anel wiessel wall of about 5-10cm. If
the distance is too close, enhanced line emission from @asgycling is observed. In figures
5.5 and 5.6 this plasma-wall interaction is highly localismdicating its origin being separate
structures in the SOL. For larger exposure times, the aetghttern at the limiters would be
blurred and the resulting emission might be interpreteddavwourable plasma positioning. The
pictures also indicate that the structures at the plasma adgapparent from line radiation only
if a certain flux of neutrals is present in the SOL (see arexoéss-ports).

When analysing diagnostics data in consideration of thegoree of ELMs, the latter is often
assessed by the time traces qf Pmission in the divertor region. While for #20771 a mod-
ulation of divertor [, is observed (in this case corresponding to a high frequehdy-fype:
feLm =~ 340Hz), indicating a modulation of power deposition in tineedor, the same signal for
#20784 appears less rich in contrast and rather noisy,wththe edge perturbation is obvious
from the video diagnostics. This raises the question ofggneontent and transport characteris-
tics of filamentary structures in the SOL. Figure 5.8 givesmapression of [@-filaments in the
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SOL of an H-mode discharge close to the divertor. Detailedsueements and discussion on
the propagation of filamentary structures in the SOL can badan [72, 73]. A central mecha-
nism for perpendicular motion is suspected to be the peaitois of plasma aggregations in the
SOL by the action of curvature- ardB-drifts and accompaniefl x B-drift which accelerates
the filaments towards the LFS wall. For #20784 it is suspettiaieither perpendicular transport
is large enough, such that the filamentary structures domtet ¢he divertor but interact with
the LFS wall, or it exists a mechanism which distributes trenier localised energy to a greater
volume during the transport time in the SOL, so no separatetsires penetrate the divertor
region.

The conclusion of the short exposure data is that a fine steicif D, emission due to edge

perturbation is marginally resolved with tix@®MC diagnostics, albeit the speed of data acqui
sition is not appropriate for studies of SOL dynamics. Theeasaimed at is the impact of the
spatial Oy modulation on the ansatz of data analysis presented irosettl which is based on

the assumption of toroidal symmetry and the existence of@osimflux topology.

Figure 5.5: Main chamber viewkPMC diagnostics:
#20771,t € [3.7672;37674s in logarithmic scaling.
Dy emission from plasma facing components (eg upper
part of ICRH limiter frame) indicate enhanced plasma
recycling in a few distinct areas. It is hardly possible
to recognise filamentary structures highlighted by gas
puffing in the large access-port (see also fig. 5.6).

Figure 5.6: Filamentary structures in the LFS SOL becomeusgmt from video diagnostics if two con-
secutive frames are subtracted to resolve the differeaedoth discharges (left: #20771, right: #20784)
contact of filaments with limiting structures is observed atso [, emission in front of the access-port
with an active gas valve for density control is recognisetdécspatially modulated. The relationship of
Dy emission and edge perturbation based on MHD instabiliiesipported by the alignment parallel to
the magnetic field (simple plasma-wall interaction by unfaable positioning leads to emission patterns
which are toroidally symmetric on the limiters).
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o [ #20771 #20784
[ Figure 5.7: Time traces of outer divertor lég,_

) from fast diode based diagnostics in an arbitrarily
§ 1.5H chosen interval with LFS edge perturbation present.
=~ I Modulated excitation of neutrals is obvious for
92 ﬂ #20771. The situation for #20784 is not clear: the

1. H data might be interpreted in terms of the presence
i of small scale fluctuations or simply as a noisy ra-
I diance level. A possible reason for the latter ob-
0.5 : : servation might be a low recycling flux and a low
3.62 3.64 3.66 3.68 application of modulated power.

Figure 5.8: XPMC divertor view of H-mode #20733,
t € [5.62835.6284 s in logarithmic scaling. SomeD
filaments are field aligned close to the LFS divertor tiles
but also wall contact is observed in the background
(horizontally aligned) which has to be explained by
considerable perpendicular transport of a few cm radi-
ally outwards during the motion in the SOL. Increased
noise level is due to interaction of radiation (high neu-
tron flux and relateg-radiation) with the CCD-sensor.

Corresponding to the situation in which the edge pertuobatnight not have been recognised,
the ray-tracing-fit was applied to the frame series of bo#tluirges to radiance data at the
LFS. Since the region of interest is very small, the assumnpif minor variation in the poloidal
direction seems still to be justified, at least accordinghgignal-to-noise ratio obtained. The
procedure was found to converge for most of the frames of 80§ #1-sequence, while only a
few profile fits could be achieved for the series of #20784icaithg that the profile model is
not well suited for this special case of filamentary struesurThis kind of data analysis is based
on the standard MHD equilibrium reconstruction and thelteswe summarised in figure 5.9. A
possible interpretation is to relate the radial positiothekp_ -profiles to perpendicular transport
of hot and dense plasma aggregations or filamentary stescturhe different radial positions
might then be an indication for the evolution of these stritet starting from the toroidally
varying location of origin to the measurement location. sTtgasoning is likely to be wrong
or at least only partly correct. The equilibrium reconstiat is done on a 2D grid whereas
the perturbation of MHD instability is a 3D structure. A sphtmodulation of plasma density
and temperature at the edge implies that the shape of fluacasimay deviate from a smooth,
toroidally symmetric shape. In addition, flamentary staues in the SOL are suspected to be
areas of increased current density [74] which also influgiice poloidal magnetic flux locally.
The variation in radial position may therefore be to somemixtelated to the simplified flux
topology. Regarding the 3D character of the plasma edgthduimterpretation of B-profiles

is hampered, since the measurement of plasma parameteng BkdTe are done in a different
area and the mapping on the basjcmight be deficient.
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Figure 5.9: Ray-tracing-fit fokPMC LFS-ROI frame series of #2077 [3.0,4.8]s. Left: Resulting
center parameter in terms of distance to the CLISTE-sapagadsition. Right:ep_ profiles of frame
sequence. As the abscissa sheoordinate displays the penetration of neutrals from Bé& ®wards the
core plasma along an imaginary line perpendicular to tharsgqx in the ROI (-volume).

In the standarcKPMC diagnostics setup larger exposure times are tsgd X 1 ms) and edge
perturbations, if present, are no longer resolved. Thecefteas if the profiles of figure 5.9
were merged to an average one. Plasma parameters from @baostics for interpretation of
emission are time averaged on the exposure interval foligtensy (usuallyxPMC exposure is
larger than integration times of various edge diagnosti@s)what extent the averaged values
display effective profiles for the presence of significardee@erturbation is unknown. At least
to consider an uncertainty in radial position seems to bgomable. However, attention has to
be paid that emission is related to plasma parameters inlanaanfashion which makes the 3D
character of the plasma edge more problematic. The sintbégtéssion profile based on average
plasma parameters might not match the experimental orreg drissivity coefficient is strongly
affected during a time interval which is short compared tittiegration time.

For most of the discharges discussed, edge perturbatiagsisreed not to be present, if no
modulation of divertor [§ is seen, since mainly low density ohmic and L-mode scenaies
examined. Nevertheless, the example of #20784 shows thaalatemn of divertor parameters
is not a sufficient criterion. If H-mode discharges are asedlythe phase between pronounced
ELMs is considered. This time interval is determined by mefiee of divertor radiance assuming
the transit times of the SOL perturbation from upstream tertgiream locations to be suffi-
ciently fast.
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5.2 Interpretation of D, Emission

5.2.1 Dynamic Range of [ Emission

Before discussingp,-profiles at the plasma edge and the distribution of emigsitime divertor

in more detail in the following sections, it is useful to rpitalate the relationship of plasma
parameters and the magnitude qf Bmission. During Tokamak plasma operation a huge range
of emission in the order of 1 : £6- 10° is observed, eg when comparing the divertor and mid-
plane regions, which as the very basic consequence impadeslange to operate CCD-based
diagnostics with optimised settings for exposure timehreinge of plasma parameters relevant
for SOL and edge physics, collisional radiative modellisgaquired to establish the correlation
of radiation and plasma density and temperature (see s&&®). The magnitude of line radia-
tion is connected to the reactants involved over photon switg coefficients ¢£¢cs) which are
equivalent to rate coefficients, eg

€Dy = PECD, exdNe; Te) 'ND *Ne  (+PECD, rec(Ne, Te) - Np+ - Ne) (5.2)

Although in principle both mechanisms are active simultarsty, often a classification of regimes
into ionising or recombining plasmas is adequate. Figut® Shows the B photon emissivity
coefficients for electron impact excitation and radiateeambination. Only for very low elec-
tron temperaturesl{ ~ 1.5€V) PECD, rec b€COMeEs comparable ECH, exc and surpasses the
latter for lower temperatures, however, for the compar@oamission from both reactions, the
density of the species involved have to be considered.

10-15;
DA Figure 5.10: Photon emissivity coefficients for Deu-
e 107 terium Balmera radiation from excitation and re-
. combination, taken from the ADAS data base [75].
& These rate coefficients are functions of both electron
8 density and temperature. One notes a large varia-
10*° tion of PECey for 1eV < T < 10eV (threshold en-

ergyEg S~ 12.1eV).

Radiance data and emission from tomographic reconstruétiotwo strongly differing dis-
charge scenarios are presented in figures 5.11 and 5.12id€ong the magnitude of emission
in the strike point region of inner and outer divertor targgj for the high density H-mode dis-
charge #21372 is found to be about 400 times larger than &latlv density ohmic discharge
#22061. In table 5.1 a set of fundamental parameters is given

The Deuterium flux density measured by ionisation gaugesibte central divertor com-
ponentd § o, is a direct measure of plasma recycling at the targets. iRifiges in the core line
averaged density, the gas feed flux and the divertor neutratcfearly demonstrate the nonlin-
ear relationship of midplane edge and SOL plasma paramanettse one hand and the divertor
parameters on the other hand. In order to achieve a higherdeorsity (factor- 4) the gas puff
for density control has to be increased by more than a faéttd.oT his is explained by the large
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SOL density of #21372 (even if the ratio of separatrix to aeasity might be lower for H- than
for L-mode; estimate fonesep Nesep#21379 a2 2.5-1019m~3, nese#22061 ~ 7- 108 m~3)
which is the reason for neutrals being ionised predomigantthe SOL equivalent to reduced
fuelling efficiency. Dominant SOL fuelling results in a largecycling flux and is expressed in
the factor of~ 50 when comparing p;, of both discharges.

shot | time/s | Mg/m™ | Phea/MW | gasfeed bs™ | 1§, /m™2s | L-fact.
22061| ~21 |21-10%° 0.9 1.2-10% 55.-10%1 0.6
21372| ~28 |8.8-10%° 7.5 1.5.10%2 25.10% 1.4

Table 5.1: Basic parameters for the discharges to whigli@a is shown in figures 5.11 and 5.12. The
flux density of neutrals in the divertor regicﬁﬁDiv is one of the key parameters together with the data
of plasma parameters presented in figures 5.13 and 5.14 tmirexpe large differences in the magnitude
of ep,. The data sets are representative for quasi steady stedegpbhthe discharges and the Langmuir
probe data is collected accordingly.

The aspect of neutral density in the divertor region markesfantor of the triple product of (5.2,
excitation part) and it remains to specify andTe to determinegp,. Direct measurements of
plasma parameters in the divertor are routinely availablg fstom Langmuir probes located at
the target plates. These deliver parameters of the shetéimea in front of the probes and might
be interpreted as representative for the plasma in thetdiveolume some distance along the
magnetic field if the plasma is attached. In case of detachregang neutral plasma interaction
leads to a partial shielding of the plasma flow to the targats the probes at the surface of
the plasma facing components merely recognise the rengggd@sma which reaches the wall.
Except for the attached regime it is difficult to obtain inf@tion on plasma parameters in the
divertor volume, eg by probes mounted on reciprocating maators.

Profiles ofne and T at the target plates deduced from the standard Langmuirepiday-
nostics for both discharges are presented in figures 5.15.44d Since the probes are spatially
fixed, strike point sweeps are performed to obtain targefilpsoof higher resolution than the
number of probes. This procedure presumes that all majanpeters are largely independent of
the position of the plasma column in a small rang&o&ndz-shift.

The low density ohmic discharge #22061 displays an exaropkatattached divertor plasma.
Although the ohmic heating power is rather low, plasma andraédensity in the SOL are too
low to create significant parallel gradients of density agmpgerature. Low collisionality and
neutral friction result in an effective transport of powesrh the core boundary to the divertor
target. The acceleration of plasma to sonic speed at thehsbetrance results in the reduction
of density to about half the value at the midplane sepatafrery high electron temperature is
observed at the target. The reduction of the peak value totd&ii compared to the midplane
separatrix is partly due to the conversion of static to dyiegmessure and probably also influ-
enced by low volumetric losses. These divertor parameterpr@dominantly generated by the
properties of the sheath in front of the target and the stsatalied sheath-limited regime [45].
This example is very close to the ideal case of a isothermé&l @& ma. Transport in the SOL
seems to be constant in time which is expressed by the digtin€ile shape at the target with
hardly any scatter of data points.

A different picture is obtained for the divertor state ofihidensity H-mode #21372. The high
neutral density in the divertor (high recycling) cools theaming plasma from the core region
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Figure 5.11:Lp, andep, deduced from on&PMC divertor view exposure of low density ohmic
discharge #22061. The divertor state is found to be attaelech is expressed in the localised
emission at the strike points (see also target parametdig.05.13). The impact of reflection

is indicated by the pattern at the LFS tile surface onltgg-image and results in artefacts of
the tomographic reconstruction in the form of apparent simisregions above the strike points.
Emission at the target is similar for LFS and HFS.
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Figure 5.12:1 p, andep, deduced from on&PMC divertor view exposure of high density H-mode
discharge #21372. High neutral density is suspected tdtiespartial detachment at the targets,
eg at the LFS the maximum plasma flux is found above the stok#.pAn alternative explanation
is the action of a stron§ x B-drift pointing towards the LFS. At the LFS the zone of maximu
emission is displaced with respect to the strike point pmsidue to the shiftede- andTe-profiles
(see fig. 5.14). The emission pattern at the HFS is much lamggiimore intense which might be
attributed to the action of drift mechanisms resulting inirrereased plasma density in the HFS
SOL, ie the commonly observed infout asymmetry in plasma#ug the targets.
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Figure 5.13: Profiles ofi and T, obtained from 8 Langmuir probes mounted in the LFS targdepla
during a strike point sweep for the low density ohmic disgea#22061. Low scatter of data points
indicate a steady plasma flow to the divertor. Peak dengitylasi to the midplane separatrix value and
high T indicate the attached divertor state. Theoordinate describes the position on the contour line
of plasma facing components from bottom to top.
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Figure 5.14: Profiles afi, andTe obtained from 8 Langmuir probes mounted in the LFS targeemar-
ing a strike point sweep (smallé&s-range than for #22061) for high density H-mode dischardi3#2.

A large scatter of data points is observed which display$ltituations in the SOL plasma flow induced
by ELM-activity. Compared to density and temperature atrittidplane separatrix there is a significant
change of plasma parameters. Neutral-plasma interactiarhigh-recycling regime (large density, low
temperature) causes gradients along the magnetic fields-€berdinate describes the position on the
contour line of plasma facing components from bottom to top.

by ionisation and excitation and charge exchange reactia@a mechanism of interception (par-
allel field momentum loss) of the plasma flow leading to a largdial spread. As a consequence,
target temperature profiles are strongly reduced and gessiicreased in amplitude compared
to the values at the midplane separatrix and in the upstréam Bhe large scatter in the data
due to modulated core losses to the SOL makes it difficult tude precise numbers eg for the
ratio of upstream and downstream plasma pressure.

In summary, the huge differencedp, in the strike point region of the two discharges is mo-
tivated as followsI'5 ;, andne are larger for #21372 by factors of about 50 and 15 respeygtive
Low density and high temperature of #22061 are the basis igleehPZcp, ey due to the larger
impact energy of reactants and reduced contribution oistoilal deexcitation. A factor of about
0.1-0.2 might be reasonable for the ratio of the different divepiasmas. This very simple es-
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timation already gives a factor for emission in the order @ IFor detailed comparison in the
divertor volume, knowledge of the plasma parameters at keaetion is required but cannot be
delivered by the diagnostics instrumentation.

5.2.2 Comparison of L- and H-mode Regimes at Medium Density

With data from thexPMC diagnostics basic features of the SOL and divertor can beadebfor
different confinement regimes. The medium density disaa#P13471() and #21402K) (tab.
5.2) are examined with the ray-tracing-fit interpreted byl{Nand the tomographic reconstruc-
tion for the divertor. Data is taken from steady state phasekfor the H-mode an inter-ELM
phase has been selected. Parameters for the LFS are infiemmedhe main chamber view at
time slices equivalent to the exposure of the divertor camer

shot time/‘ N / ‘quat/ L-fact. | TSon/ | MSmp/ | TSins!
S m-3 MW m2s™1

21347| ~23|48-101°| 19 | 1.15 |75-10%2| 1-10?2| 1.4-10%

21402| ~3.3| 6-10% 3 ‘ 19 | 2-10?° |5-10°| 3.10%

Table 5.2: Basic parameters of the discharges #21347 (Lejnaxd #21402 (H-mode).
Subscripts for flux densities ak&v: divertor,mp. midplane andhs: lower heat shield.

In figure 5.15¢p,-profiles from the analysis of the LFS-ROI are presented. fdroéile of Dy
emission in the L-mode case is larger in amplitude by aboat#of of 35 and is radially more
displaced towards the far SOL than observed for the H-mode.c#&or interpretation of the
L-mode profile the discussion of section 5.1.3 should be kemphind - the broad profile of
emission might be due to the impact of radially displacedmla aggregations created by edge
perturbation. All profile parameters then reflect effectredues which result in asp -profile
corresponding to the exposure time averaged one.

Various parameters from the 1D-simulation of neutral4plasnteraction are summarised in
figures 5.16 and 5.17. Given a certain flux density of molecalethe vessel wall, the SOL
plasma parameters of this L-mode case would lead to a verl ee@ fuelling because of the
large ionisation rate in the SOL, much less efficient thamioletd for the H-mode SOL. The flux
density of molecules at the midplane is determined by petipatar particle losses from the core
plasma and from neutral leakage of the divertor volume. @enisg the ratio of atomic neutral
flux densities in the divertor{ 3.8, see table 5.2) and the ratio of molecular flux densitieseat t
wall in the 1D-simulation{ 5.8, see figure 5.17) the large spatial SOL decay lengtimg ahd
Te of the L-mode case consistently correspond to a strong pdipdar particle transport and a
higher level of divertor neutral confinement.

The atomic neutral flux density at the midplane vessel wallaasured by an ionisation gauge
(#21402:T§ ,,~5-10?°m™%s™!) which can be compared to the corresponding flux density of
neutrals at the grid boundary of the simulatiori‘De(bwa” =2-Tp,wall, #21402:
[peqwall = 1.2- 10°1m2s™1). A difference of a factor of- 2.4 is obtained for the value deduced
from thegp, -profile. Two aspects need to be considered in order to jusigeleviation. Firstly,
the grid boundary set for the KN1D code is somewhat arbiyrdiied, 10cm in front of the
edge of the limiter shadow and 20cm away from the separatsitipn. The larger the distance
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Figure 5.15: Profiles ofp, andne for the LFS-ROI from the discharges #21347, [eft) and #21402
(H, right). A good match of experimental and simulated emisgofiles is achieved by adjusting
the molecular flux density at the grid bounddry, and SOL decay lengths of plasma parameters if
not sufficiently determined by edge diagnostics. The olwidifference in the two scenarios is the
magnitude, width and radial position of tbg, -profiles.
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Figure 5.17: Comparison of electron temperature, ion soard atomic neutral flux density profiles at
the LFS for the discharges #2134% and #21402HKl). The SOL plasma is considerably more dense and
hotter in the L-mode case and the ion source is spacioudiytited in the SOL and edge region, while
in the H-mode case neutrals can penetrate to the separairx efficiently. The large P-emission in
this L-mode scenario is established by a large flux densitypaiecules at the grid boundary: (vessel
wall) about 58 times the value of the H-modE, waii L = 3.5 10?tm™2s™, I'p, waiin = 6-107%m2s™1).

The different penetration of molecules in the SOL is exprdsn the shape of the profiles fbp.



86 CHAPTER 5. EXPERIMENTAL RESULTS

of vessel wall and edge of the limiter shadow and the highemptasma parameters in this re-
gion, which is not covered by diagnostics, the larger theemdlar flux density at the wall to
achieve the magnitude of atomic neutral flux density and mpeamied profile of [ emission.
Secondly, the LFS-ROI is about3m below the midplane and neutrals from divertor leakage
are ionised in upstream locations such that an exponemgaydof neutral density from bottom
to top of the plasma vessel is established. Assuming plaswaaneters in the limiter shadow
to be extremely lowrfe < 102¥m™, T, < 5eV), the latter aspect is more relevant and the value
obtained forl p, wai SEEMS tO be reasonable in principle. For #21347 one findsttraisn of

M8 mp~ 1-1072m™2s™t andlp,wai ~ 7- 107*m™s™, opposite to the relationship of #21402. If
as argued above the divertor leakage is less pronouncedotieewould have to suppose larger
plasma parameters in the limiter shadow to explain the tiemiaBoth examples show that the
determination of neutral paramaters in the far SOL and avéissel wall is not straight forward
and data from a few gauges placed in different segments abthe may serve as a guideline.

—T T T
0. 212. 580. 1220. 2335
Lo, / Wi(m?sr)
#21372 ;tin [2.2705,2.2710]s

#21347 ; tin [2.2705;2.2710]s

Figure 5.18:Lp, andep, deduced from on&PMC divertor view exposure of medium density L-mode
discharge #21347. Emission at the HFS dominates the datals¢he tomographic reconstruction, the
outer strike point is resolved in similar amplitude as thelef artefacts. The region of reflection at the
LFS appears as bright as the outer strike line which indéctitat the origin of the reflected signal is the
HFS emission pattern. A remarkable feature is recognisttebaiFS above the target where two separate
sheaths ofp, are present. The one close to the separatrix displays tlit@xe before ionisation at the
plasma edge, while the second sheath closer to the wall ipéegcombination which could explain the
spatial separation, but on the other hand requires a verglegtron temperature.

Images of the divertor view and corresponding 2D emissiaifilps from tomographic recon-
struction for the selected time slices of both dischargespaesented in figures 5.18 and 5.19.
Concerning the difference in the magnitudegf, arguments like mentioned in section 5.2.1 ap-
ply. While the pattern at the LFS strike point seems to belairm character, as far as the quality
of the reconstruction allows to suggest, the situation@ttkS is quite different. For the inner
target of #21402 the assumption of ionising conditions seappropriate, since the emission is
rather localised. The large volume&y, at the HFS wall in the case of #21347 and in particular
the separate sheath of emission in the HFS SOL closer to thaleve the target area could be
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indications for a recombining plasma. For the latter to msomable, high plasma density and
low electron temperature are required of which parameteicgriunately are not available from
diagnostics in the volume of the HFS SOL.
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#21402 ; tin [3.325;3.329]s
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Figure 5.19:Lp, andep, deduced from on&PMC divertor view exposure of medium density H-mode
discharge #21402. This plasma equilibrium has its innékestine on the central divertor components
rather than the inner target plate. The fact, that the pwosti the inner strike zone is properly resolved
in the reconstruction, supports the method for the verificadf the viewing geometry. The localised

emission patterns at the strike zones indicate ionisingrtby conditions and the slight asymmetry is
probably based on a higher electron density at the HFS ogarlaecycling plasma flux onto the inner

strike area. Good contrast is obtained for the image in front of the heatshield such that the ray-
tracing-fit can be applied.

The emission sheath of high contrast in front of the healsHor #21402 allows to apply the
ray-tracing-fit and to compare plasma fuelling at the HFSIaA8. Molecular flux density at the
vessel wall and atomic neutral flux density at the separatexdepicted in figure 5.20. With the
experimental coverage of the separatrix contour it is hardstimate the total fuelling rate of
the core plasma, but from the emission patterns observedeins reasonable to claim that the
dominant part of core fuelling is positioned at the HFS clasthe divertor region which is the
main source of neutral particles from plasma recycling.adee of the different wall structures
and distances of wall and plasma edge, the comparison ofi@toeatral flux density at the
separatrix is more useful than the molecular counterpatiteavall. In this case the core fuelling
is lower at the LFS than at the HFS for compargise value including the ratio of the major radii
at the relevant positions. This finding is surprising whemparing the molecular flux density
which is higher at the LFS wall. However, the width of the (slated) SOL is larger at the LFS
and this aspect has a stronger impact on neutral penetta@onthe different spatial gradient
lengths of plasma parameters due to the magnetic flux expaiismaller gradient lengths at
LFS). Generally, the range of neutral penetration from tlrertbr region towards the midplane
depends on the parameters in the SOL which neutrals needsapd the gap between the wall
and the core plasma. Thus, different radial plasma positipis likely to result in changes in the
ratio of HFS and LFS fuelling (see section 5.2.4).
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Figure 5.20: Flux densities of molecules at the vessel wadl atomic neutrals at the separatrix ob-
tained from the KN1D-interpretation of the ray-tracingdi, -profiles of #21402. The strong decay
with increasingpscconfirms the divertor as the dominant source of neutralserHRS SOL. Thepsc
coordinate represents the distance between the intensaftthe KN1D grid line and the separatrix and
the X-point position along the last closed flux surface inghiidal plane.

As was done for the LFS, the flux density of molecules at thénvaght be verified against gauge
measurements. The position of the ionisation gauge toetdlfy,,. is located behind the lower
heatshield, corresponding topscvalue of aboutpsgaugeins ~ 50cm. While the agreement of
flux densities at the LFS is promising, the situation at theSH$-more difficult. Concerning
the factor of 2 for the equivalent atomic neutral flux densityhe wall, a mismatch in the order
of a factor of 5 is observed, indicating the value deducethfeg, being too low. The reason
for this discrepancy is not clear. An elevation of estimgt&bma parameters in the far SOL,
sufficiently large to ionise molecules (reaction 2.R1 otisec2.3.1) but low enough not to create
a large excitation rate of atomic neutrals would requirergdaflux density of molecules at the
wall to achieve the same emission profile at the plasma edgeth&r aspect to consider is the
simplified slab model of KN1D which does no account for a plasiow perpendicular to the 1D
grid. Elastic collisions among the plasma ions flowing tadgathe divertor and neutrals might
result in an increased flow of neutrals in the same directidhus, a higher flux of neutrals
starting at the vessel wall would be required to result inréage emission profile than without
this perpendicular displacement.

5.2.3 Recognition of Regime Change in L-mode Confinement

The low density L-mode discharge #21418 has been performéukei framework of core tur-
bulence studies. Turbulent transport of heat and partiole@g be driven by various modes, eg
trapped electron mode (TEM), electron temperature gradresde (ETG) or ion temperature
gradient mode (ITG) [76]. The electron cyclotron resonahneating (ECRH) allows to dom-
inantly heat electrons and to accurately configure plasmalitions of different temperatures
in the electron and ion channels. This type of plasma comied used for #21418 to investi-
gate the transition of regimes characterised by the ITG dfd instabilities respectively [77].
A different level of ECRH-power and presumably accompairtieainge in core turbulence was
found also to lead to different confinement properties apthema edge. This situation of vari-
ation of edge and SOL parameters during one discharge isugafyl to assess the sensitivity
of the video diagnostics based analysi€gf. It should be emphasised that for the discussion
of parameters in particular at the LFS, the remarks abouatlaracy of magnetic equilibrium
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reconstruction are highly relevant. Parts of the resubts@mnted are based on the assumption that
the uncertainty in the radial position of the LFS separatikelow 5mm ¢2.5mm). Further-
more, the existence of a significant perturbation of therpiaedge is excluded and the absence
of fluctuation in divertor [@ might be taken as to support this (see section 5.1.3).

Two time slices of the discharge are analysed regardingnadi data of the main chamber
and divertor views. For the LF$p, profile parameters are time averaged to reflect the scatter
of the ray-tracing-fit results, whereas for tomographiorestruction single exposures are con-
sidered. Some basic parameters of the discharge for theargleme intervals are collected in
table 5.3. The difference in confinement properties is rgtextognised in the relationship of
heating poweP} e and stored energWynp: for an increase iffegt Of ~ 20%, Wip is raised
by ~ 45%.

shot time/‘ e / ‘Pheat/‘WMHD/ L-fact. | TSpy/ | TSine! | T&mp!
s m™ KW KJ m2s1

21418\ ~2.3| 3.4-10° | 700 | 130 1.3 | 1.4-10% 3.5-1021 /*

21418| ~ 3.4 | 3.65-10° | 850 | 190 ‘ 1.8 |12.10%2|27-10%| [

Table 5.3: Basic parameters of the low density L-mode diggh#21418 for two time slices of interest.
The important measurement bgmp (/") unfortunately has to be discarded, because the posititimeof
gauge coincides with the location of the gas feed valve ansl gives a measure of active fuelling rather
than intrinsic recycling.
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Figure 5.21: Left: Time traces of midplane line averagedsdgrand gas feed flux related to the level
of ECRH power. The gas valve is switched off at the onset okitiemise imposed by the change of
confinement properties due to enhanced electron heatingvitAsncreasing electron temperature the
resistivity of the plasma decreases, and the total plasmrardubeing a control parameter, the ohmic
heating power is reduced accordingty 3s, Ry : Pen~2:1;t > 3s, By : Pey = 1: 3. For the time
intervalst; andt, steady state conditions are assumed in order to use timagaeprofile parameters.
Right: Center position of the ray-tracing-fit fep, at the LFS. Due to the large number of grid points
and the small number of fit-paramters, no significant erréimege is returned from the simpbhe?-
minimisation procedure. Even when taking the scatter iotwsiweration, a significant difference in the
radial separation of thep, profile center with respect to the last closed flux surfaceogeoved for the
two confinement regimes. The data point just betore3s which is already shifted towards the core
plasma is believed to display a misleading coincidence.

Time traces of midplane line averaged density, gas feed ewal bf ECRH are displayed in
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figure 5.21 to motivate the time intervals chosen. Startiit the switching of additional ECRH
power att = 3s, the density is seen to increase. Since the dischargedbdek controlled on
density, the gas feed is stopped at recognition of the pesifiope. Keeping in mind that the
torus pumping system (cryo pump) is permanently activetithe intervalt € [3,3.5]s might be
regarded as a period of enhanced particle pinch in whicletoase surpassed by source terms.
From about = 3.5s density drops, because the total particle inventory @fplsma vessel is
reduced by pumping, while a steady state of confinement resdeached. However, the action
of an inward pinch is probably not required and the situatiught be explained by reduced
transport coefficients at the edge and the density rise wmeilshsed on the particles in the SOL
which recycle several times at the vessel wall before beimgged out. If the radial decay length
of plasma pressure are reduced, then the fuelling efficiesniagreased and neutral particles may
enter the core region instead of being ionised in the SOL.rékiglence time of particles in the
vessel would have to be known if to decide upon the impactehitlo arguments.

The important observation of théPMC diagnostics in this discharge is the change of shape
and position of thep, profiles following the ECRH power level. Although the shiftiadial
position is small and the resolution of the main chamber vgemot optimised, a consistent pic-
ture including all plasma parameters is obtained, eves), Hprofile parameters are time averaged
for intervalst; andt,. With the density profiles available from edge diagnostiles,Te profile
remains to be specified. For the more narmyy-profile duringty (less excitation in the far
SOL) also a shorter decay length T is required which is believed to be compatible with the
reduced parameters for particle transport (increasedtgiegradient). The situation at the LFS
is represented by figure 5.22.
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Figure 5.22: Left: lon source and electron density profiletha LFS for the two time intervals

t1 andt,. The core fuelling durindy is more efficient since fewer neutrals are ionised in the SOL
and the peak source lies inside the core region. Right: A goaith of experimental and KN1D
€p, profiles (not shown) is achieved by adjusting SOL decay lengf electron temperature ap-
propriately while the electron density profile is obtainednfi diagnostics.Te in the SOL is the
key parameter to influence the width of thg, profile.

Radiance data and reconstructed emission profiles of thditmeoslices are shown in figures
5.23 and 5.24. Results for the HFS-ROI which allows the asislgf a largerpscinterval are
presented in figures 5.25 and 5.26. Taking the limitatioranaflysis imposed by the estimation
of SOL parameters and the ROI-sizes into consideratioripther part of the HFS above the X-
point region is found to be the main location of core fuellifidghe tomographic reconstructions
reveal that there is no dedicated X-point fuelling, eg byateation of neutrals from the private
flux region - keeping in mind that the emission pattern arotiedX-point is distorted by an
artefact.
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Figure 5.23:Lp, andep, deduced from on¥PMC divertor view exposure of low density L-mode
discharge #21418 during time interigl Compared to the data of (figure 5.24) the maximum
of emission is positioned at the HFS wall above the strikeezdhis assumed that this pattern
is created be a rather high recycling flux and a broader jmmdicd heat deposition profile at the
inner target than for.
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Figure 5.24:Lp, andep, deduced from on&PMC divertor view exposure of low density L-mode

discharge #21418 during time intertal(according to the L-factor of this time interval one might
also use the term H-mode phase). The emission pattern atiBag-bbserved being decreased in
amplitude and the peak emission placed at the strike poisguing fluxes of heat and particles
to be lower (see eg gauge data) and the radial SOL decay tetwtie shorter, a more localised

emission would result, while the region above the strika anght appear less bright.
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1000 ¢ Figure 5.25: For the interpretation ef, at the HFS, SOL

decay lengths of bothe and T¢ have to be estimated. Since
these have a similar impact on the shape of the emissiongorofil
and the values chosen cannot strictly be verified, it is more
convenient to compare static electron pressogeT). Data

is presented from ascinterval at the HFS corresponding to

1 et ‘ that valid for the LFS-ROI. The lower SOL pressure during
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Figure 5.26: Flux densities of molecules at the vessel wadl atomic neutrals at the separatrix ob-
tained from the KN1D-interpretation of the ray-tracing€g, -profiles of #21418 of time intervalg
andt,. The appearance df,sepHrst, Might indicate that more neutrals escape the divertor regio
(lower flux density closer to X-point) and reach locationghar upstream (comparable flux further up-
stream, although the total flux duritgis lower). With these values for HFS and LFS a rough estimate
on the core fuelling ratép core Can be constructed. Using linear interpolation for the Hag& cand
considering the local toroidal circumference (see figuB¥pit is obtained corenrFsy, &~ 2.1- 1071s™
and Fp coreHFst, ~ 1.8+ 10?1s™ for the limited pscinterval. The treatment for the LFS is more dif-
ficult, since only one data point is available: usingR2=13m andApsc=0.5m it is obtained
Fo.coreLFsy, ~ 5.3-107%s™ and Fp coreLFst, ~ 4.2+ 107%s™. These numbers obviously represent lower
boundaries for the core fuelling rates, because a largeop#re poloidal circumference is not covered,
but nevertheless suggest the lower HFS being the most iamdttelling location.

147 1
LFS Figure 5.27: In order to calculate the actual fuelling rate
c 121 ] F, the area at the last closed flux surface needs to be
~ ] considered. Here, the toroidal circumference is given as
(% 10}, 1 a function of thepsccoordinate. A simple approxima-
HFS ] tion is thus F(pscApsg ~ I'(psc - Apsc: 2rR(psg).
sl ] For comparison of flux densities at LFS and HFS the
‘ : ‘ ] ratio of circumferences at specific locations has to be
0 0.5 1 15 2 included.
psc/ m

Assuming the gauge positioned behind the lower heatstoddd properly calibrated, the level of
agreement with respect to the equivalent atomic neutral ftlensity at the wall
(2-Tp,wan) is moderate. At similar vertical position a discrepancyaofactor of about 3 is
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observed. Changes in the SOL parameters which only malginfllence the emission profile
to be compatible with the camera data and the simplificaticthe 1D treatment (radial pene-
tration) for the torus shaped plasma chamber are found e a rather small impact on
Mb,wall in the order of 10%. One suspect might be that the pardllB) plasma flow towards
the divertor acts as to confine neutrals in the divertor regipradiationless reactions like elastic
collisions or charge exchange reactions. Since such arprefal direction is not contained in
the simplified KN1D geometry, less neutrals starting froewrall are required to produce a cer-
tain emission profile at the plasma edge. Although the nepérameters in the far SOL might
be underestimated, the comparison of experimental andaiiesuemission at the plasma edge
is a strong support for the magnitude of neutral parametetkdt region and the uncertainty
is then determined by calibration issues of the imagingrbatcs (and the accuracy of atomic
data in general). However, even when relating to the basi@éKicture it is apparent that a
large fraction of the initial neutral flux is lost by ionisati in the SOL { 75 %) before the core
plasma is reached.

The data presented is based on the assumption of toroidahstymn During the action of a
localised gas valve at the LFS this aspect is not fulfilledm@aring the results for flux density
at the vessel wall and considering at least part of the seidaea with the valve flux, feed rates
of aboutFp feeq~ 10P1s™ are obtained. Thus it seems not unlikely that LFS fuellingpis
large extent determined by active means, but this reasosirggtricted by the fact that the gas
flux is found not to change strongly when the valve is switobidAs already mentioned above,
particle recycling and the efficiency of the pumping systeatk to a residence time in the vessel
and the total particle inventory is a rather slowly varyiraggmeter. The actual magnitude of this
residence time is unknown, but might be deduced from thegdhahplasma density that occurs
when an additional small gas puff is applied to a dischargehvis run at fixed gas feed and
pumping rate. The temporal width of the density excursiomfthe steady state level might be
defined as the residence time. With the KN1D estimate for tR8 khe active flux is seen to
contribute about 10% to the total flux. This fraction is th@epbound and will be significantly
reduced if the factor of 3 for the HFS gauge comparison and the parts of the surfaeenate
considered are accounted for in the estimation.
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5.2.4 Impact of Geometry Parameters on HFS Fuelling

For the 2007 AUG experimental campaign, experience fromipue operation had been re-
garded and the best image definition and calibration acgirad been achieved. The diagnostics
equipment had been installed only for a couple of experialexgssions (84 discharges) and the
radiation damage of image guides could be limited to a lowlle€omparing the results based
on the different calibration procedures (see appendix B$ifoilar discharges of the campaigns
2006 and 2007, the cross calibration used for 2006 is foube twell suited. On the other hand,
the formation of the AUG device to a full Tungsten machine asgs a limitation of th&xPMC
diagnostics to the divertor region, since the contrast erLtS is too low due to the impact of
dominantly reflected emission. Thus, a series of dedicataghdrges performed to examine the
influence of geometry parameters on the distribution oflifuggcan be analysed only in terms of
tomographic reconstruction and the ray-tracing-fit on tiSHROI of the divertor view. In the
following, the observations on HFS fuelling are presentechffour discharges, including differ-
ent radial and vertical position of the plasma column and aégied magnetic configuration at
the plasma edge. A short notation of plasma position is agaekin the parameters Bf,, Rout
andzxpt which describe the radially most inward and outward exteamsif the last closed flux
surface and the vertical position of the primary X-poinpasively.

The discharge control of #22091 was configured to result owedensity plasma which is radi-
ally positioned in two different locations. Further, twdfdrent confinement regimes are estab-
lished by additional heating: one ohmic phase and a secaaskpf electron cyclotron resonance
heating (ECRH) which appears to be of H-mode type. An impoessf the temporal evolution
of control parameters,t, PEcrH) can be gained from figure 5.35. In total, four different sce-
narios are obtained to which the basic parameters are susedan table 5.4. Although the
electron density is one of the control parameters, the tlecannot strictly be forced to a certain
level in an arbitrarily short time interval, since the coeplnteraction of particle confinement,
plasma recycling, neutral gas puffing and pumping imposesetion time of the system. This
is the reason for slightly different densities encountered

shot time/ Ne/ Pheat/ | L-fact. | Rout/ | Rin / rS,DiV / ‘ rg Ihs/
m3 | Mw m m~?st

22091| ~1.37(t;) | 254-10° | 063 | 09 | 214 |112|6.25-10?1 | 7-10%°
22091| ~2.22(t;) | 249-10° | 049 | 1.0 | 210 |1.09|4.65-10?'| 5.10%°
22091| ~2.81(t3) | 2.80-10*° | 1.99 | 14 | 210 |1.10|6.70-107?* | 1.34-10?*
22091| ~4.00(t4) | 2.70-10*° | 221 | 13 | 214 |1.14|8.11-10? | 1.76-10?*

Table 5.4: Basic parameters of discharge #22091 for fous shtes (the exact time intervals are given
in figures 5.28 and 5.29). The radial position is defined bycthrrol parameteR,; (two settings for
(t1,t4) and (tp,t3)). Note thatRy, does not tightly follow theR,-shift, because of the reaction of the
plasma cross section on the changes in the configurationeofdhtrol coils, which is not optimised
for maintaining the cross section exactly. Two differenbfozement regimes are established by ohmic
heating only {3, to) and ECRH {3, t4): L- and H-mode phases.

Figure 5.28 presents the results of tomographic recorigiruof divertor view radiance data for
the two ohmic time slicedq, to) of #22091 at the different radial positions of the plasmiaicm.
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At a first glance, both profiles are practically identical@ciing to the resolution and the level
of artefacts of each reconstruction. Merely, the innekstdone appears slightly brighter in
€p, for t1 than fort. This situation is likely to be based on the reduced neutnal diensity at
the HFS and diverto e, FS}DN) and the reduced heating power fgi(lower temperature at
the target). The more detailed analysis of the HFS-ROI datdirens that the recycling flux is
larger fort; than fort, (figure 5.30). The difference in plasma density is very sraadl the level
of ohmic heating power is not believed to cause a significhahge in particle confinement.
Presumed that the particle losses of core to SOL are veryasifor t; andty, it seems that the
reduced gap between plasma column and heatshield tdranges the recycling pattern at the
HFS. More patrticles recycle at the upper part of the hedtsbigtside the visual range and less
are transported to the lower part and finally to the innerrtiore Surprisingly,l o sepis similar
for t1 andty in locations further upstream which - corresponding to thveelr recycling flux in
the inner divertor fot, as the source - might be based on slightly reduced plasmsupecis the
HFS SOL such that neutrals can penetrate towards upperguasihore efficiently, which would
be consistent with the assumption of enhanced plasma-malaction at the upper part of the
heatshield. Calculating the corresponding core fuellatg at the lower heatshield, a reduction
of ~25% is observed when shifting the inner plasma surfa8em towards the center column.
It should be noted that both radial positions are still rdgdras displaying a large plasma-wall
gap when compared to standard configurations.
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Figure 5.28: 2D profiles ofp, from tomographic reconstruction of divertor view radiamizga of dis-
charge #22091 for the two ohmic time sliceg (). Beside the different radial position of the plasma
column the profiles seem to be identical. A closer look on timei strike zone reveals a stronger emis-
sion in this region fot; which is related to the higher recycling flux indicated by dlaeige measurements
and probably also to an elevated target temperature dueitzeaased ohmic heating power.

Time slicest; andt, are taken from the phase of strong ECRERMW) which enhances the
guality of particle confinement and according to the highdadtor this time interval might be
identified as an H-mode phase. The increase in density islh@séhe particle content in the
SOL which is trapped in the core region when the auxiliarytingais applied and induces the
new regime. Even the interruption of the active gas feed &msity control is not sufficient to
keep the plasma density at the requested levél (@'°m™3). In this case a transient density
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level developed in time, because of a delayed reaction gbldmama on the active valve chosen.
For the comparison of the data @fandt, it is however more important that density is similar
for these. The exact differences of ohmic and phases of higivdinement are secondary. The
appearance afp, of the two scenarios is depicted in figure 5.29. Differencessacountered at
the HFS where the peak emission is observed to be positidr@aaeahe inner strike point fdg
(smallerRp) and at the inner strike zone foy (largerRi). Since the magnitude of emission is
closely related to electron temperature, the difficultyhiis tomparison is the changeMiea: by

~ 10% fromts to t4 which is related to the conditioning of the heating systechthie magnitude
of ohmic heating. When arguing about the spatial distrdubfep,, the change on the HFS is
significant, while the pattern at the LFS is fairly similar.
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Figure 5.29: 2D profiles ofp, from tomographic reconstruction of divertor view radiamizga of dis-
charge #22091 for the two time slices of enhanced confine(tigty). Accompanied with the radial shift

of the plasma column is a change in the emission pattern a8 while the LFS seems unaffected.
Gauge data indicate a higher flux density of neutrals at th® &tk in the divertor region fdag which
explains the increased emission in general (similar elaalensities and temperatures presumed). The
stronger emission at the inner strike zone tfpis likely to be related to an elevated power flux to the
target which is either based on the radial shift (larger wafl and less plasma-wall interaction in regions
further upstream) or the increased heating power.

From analysis of the HFS-ROI it is found that the core fugllin that region is higher foty
than forts. Assuming that the total recycling flux scales with plasmasitg (net, > net,) the
conclusion is thus - similar to the ohmic casgt$) - that particle recycling durint is positioned
outside the lower HFS and divertor region to a larger extean tforts. In this configuration, a
change in core fuelling at the lower HFS of 45% is observednithe plasma-wall spacing is
increased by~ 4cm. The radial decay length of plasma pressure in this neggems not to be
altered, since the vertical penetration of neutrals agptabe similar fort; andty, ie the flux
density distribution is simply changed in magnitude, butinshape.
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Figure 5.30: Atomic neutral flux density at the separatrixtiom HFS for four time slices of #22091.
Left: Comparison oflpsep for the ohmic phasety, t;). The corresponding fuelling rates are
Fo.coret; =~ 3- 107%™ and Fp coret, ~ 2.2+ 10?%s™. A reduced plasma-wall gap fos results in a lower
recycling flux which is confirmed byg . andl'§ ;, when comparind; andt,. Regarding the source
in the inner divertor, the penetration of neutrals to lamadi further upstream is more effective for
to, probably due to a reduced plasma pressure in the HFS SOht:Riystribution of I'p sep for the
phase of enhanced confinemet {s). The corresponding fuelling rates &g coret, ~ 2.7 - 10?°s™ and
Fo.coret, = 3.9- 107%s7L. Although the density is larger fas, the recycling flux in the lower HFS SOL is
elevated fott, which supports the idea of the radial position influencingriecycling pattern at the HFS
vessel wall. However, the vertical penetration of neutfi@m the target to locations further upstream is
comparable (different magnitude, but similar shap€®fepsg).

—T T T

0.0 44 97 164 247
Lo, / Wi(m?sr)

#22091 ; tin [3.995,4.005]s

—T T T

00 29 64 103 149
Lo, / Wi(m?sr)

#22091 ; tin [1.360,1.370]s

Figure 5.31:Lp, from theXPMC divertor view of discharge #22091 for time slidgsandt, (largeRout).
The feature immediately discovered is the change in posidigpeak emission from outer target)(to
inner target areat{), which is due to an increased SOL power flux being transgddethe HFS. For

a rough characterisation of the divertor state a similarsigrand neutral density might be assumed
(based on similar gauge data as a measure for the recycli)gléavingep, as an indicator for electron
temperature. The weak dependencerbfp, on T above a certain temperature level20eV) may be
the reason for the LFS emission to appear unchanged.
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An impression of the actual radiance data for the two diffetevels of heating power can be
gained from figure 5.31, which is useful to judge the qualityhe 2D reconstructions. A more
general observation is that at this low density level thegase of heating power also leads to an
increase of [@-emission. The origin of this enhanceg], obviously is the inner divertor leg. For
t; andty the power flux to the inner target is too low to generate a lamge,, while the gauge
measurements indicate that neutrals are abundant. Ieiesting to note that both targets appear
equally bright for #22061 (see section 5.2.1) which is ctimrgsed by a larger ohmic heating
power but also by a lower plasma density. The comparison shioat the HFS is more affected
relatively than the LFS by the change of these parametemila®ly, the increase of heating
power fortz andts seems to dominantly alter the plasma parameters in the diwnenrtor while
the outer target appears in a comparable emission pattern.

The discharge #22097 was configured in the same manner a8¥2#Beit with a higher target
density ofnetarget = 4- 10°m~3. Heating power and radial position were each set to two dif-
ferent values in order to obtain four different scenarioae@me slice of each configuration is
addressed here, to which the basic parameters are coliadegdale 5.5.

shot | time/ Mo/ | Pheat/ | L-fact. | Rout/ | R/ | TSpy/ | TS/
s m—3 MW m m2s71

22097| ~1.7(t1) | 3.91-10° | 060 | 1.0 | 214 |1.13|3.3-10%2| 3.1-10*1
22097| ~ 2.3 3.99-10°| 064 | 09 | 211 |111|3.4-10%?|28-10*1
22097| ~ 3.1 543.-101°| 196 | 18 | 211 |111|6.6-10*1|20-10*1

22097| ~3.7(ty) | 413-101° | 212 | 16 | 215|1.14|6.8-10?1 | 1.7.-10

Table 5.5: Basic parameters of discharge #22097 for four Shtes (the exact time intervals are given
in figures 5.32 and 5.33). Like seen for #22091 the increasetirty power induces enhanced particle
confinement and a different density level results for theiglhphase g, t») and the phase with auxiliary
heating by ECRHUg, t4). The relationship of heating power level, gas feed flux adial position is
depicted with the time traces of these parameters in fig@® 5.

The higher core density in the ohmic phase (compared to #228%ccompanied with a much
higher SOL-plasma density, since neutrals are predominamtised in the SOL and the core
fuelling is less efficient. As can be seen on figure 5.32, thellef ¢p, is about a factor of
10 higher than for #22091 (see figure 5.28) which is basiahlly to the larger divertor neutral
flux density (5 piy.22007~ 515 piv2200)- Because of the similar ohmic heating power, the
divertor plasma temperature will be lower for #22097, in efhmore plasma energy is lost to
the interaction with neutrals. Although the temperaturgithbe reduced, there must however
exist a higher ionisation rate in the SOL to lead to an ina@dasectron density to obtain the
elevated radiation level in summary. This large radiatevel in the ohmic phase (see also figure
5.36) is spatially more spread and results in a broad enmiggitiern obtained from tomographic
reconstruction (figure 5.32). Itis probably also the impceflection at the LFS in combination
with the absence of dominant localised structures whichdda the horizontally distributed
pattern that seems not to perfectly fit to the original radéeadata. As was the case for #22091,
the radial shift in the ohmic phase does not change the emigsdfile in the divertor region
significantly. Merely a small change in magnitude at the irarel also outer target is observed
which might well be related to the differeng andP,e4; for to relative totq, rather than the result
of the shift in radial position.
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Figure 5.32: 2D profiles ap, from tomographic reconstruction of divertor view radianiza of dis-
charge #22097 for the two ohmic time slicag {2). The large radial decay length of plasma pressure
in the SOL and the accompanied radially spread excitatiea &ads to a less pronounced emission
pattern. Together with the impact of reflection on the LFSprazontally smeared structure is obtained.
The difference in magnitude @f, at the inner and outer target seems barely remarkable.

The more detailed analysis on the HFS-ROI concerning nidluradensity at the plasma edge
is found to be hampered by the broad emission pattern. Wheleitofile-fit converges fdg (fig.
5.34), the contrast is too low for this ansatz foand no result is gained. It seems that already
for this medium density and low confinement scenario thenpéapressure in the SOL is large
enough to result in a radially distributed emission to wiiiod ansatz of a peaked profile is not
adequate. Also the low signal-to-noise ratio for emissiofront of the heatshield compared to
the divertor region is relevant in that respect. Assumirag the recycling flux scales with line
averaged density, the increaseffgr;, seems reasonable. Without knowledg€ e psc for
botht; andt, one may argue only by regarding the gauge measurement atviee heatshield,
that the recycling fux is differently distributed for thedwime intervals. A smaller value for
['5.hs duringty, but at the same time a higher value T ;, suggests that a larger fraction of
the SOL plasma flux is transported to the LFS and the recydlixgof neutrals being efficiently
contained in the divertor region. Thus, like observed fo2@&1, the impact of the radial shift
seems probable, but it appears less obvious in this ohmiepha

In the phase of strong ECRH the confinement properties araneeld, which is clearly recog-
nised with the rise in core density when the heating is agpli&/hile the level ofep, was
increasing for #22091, because of elevated electron teaterin the divertor region, it is the
opposite for #22097, based on the strongly reduced SOLcfmftux. The difference foep,

of a factor of about 4-5 between the ohmic and ECRH phasesipatble with the values for
rgpiv, such that a change in temperature is suspected to be lessuyniced. A very interesting
feature of #22097 is the relationship of core density, Inggbower and radial position, which is
indicated in figure 5.35. As has already been mentioned fb4#2 (see section 5.2.3), transport
coefficients are changed, when the heating power is inalesas®the particles from the SOL are
trapped in the core region such that the target density gassed for a period of time depending
on the residence time of particles in the plasma vessel. $tamighing aspect is that density
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rises by about 20% from the start of ECRHY 2.7 s) and stays at this high level and only a very
decent decay is observed for- 3.1, although the gas feed is switched off. When the plasma
column is shifted radially outwarddR;, = 3cm), density drops immediately on a much shorter
time scale and the decay has to be compensated be activatiwngas valve. Regarding the data
listed in table 5.5, the values fdig r;, andI' ¢ are not varied as much as one might expect
from the different core density level. The conclusion ofthituation is that a certain fraction
of the total recycling particle flux is not connected with theertor region. Probably the small
distance to the heatshield for the phase of Rxvprevents particles (emerging from core losses
on the LFS or the top of the cross section) from being trarisgdo the lower part of the ves-
sel and a circular recycling flux is established at the upper @f the plasma chamber. Since
the ionisation gauge positioned at the top of the vessel doemdicate any change during the
discharge, it is assumed that neutrals are confined in ficdheaupper heatshield.

The results of tomographic reconstruction (fig. 5.33) iathca change in the distribution of
power flux at the HFS related to the different radial posgionthe plasma column. Fof the
emission at the inner strike pointis very low and the peadgpfis found to be located above the
strike zone at the vessel wall. Duritgobviously more power reaches the inner target and the
maximumep, is recognised in this region, while the emission in the al®ava the strike zone
is still pronounced but reduced in magnitude. The level drape of emission at the LFS target
area is not affected by the radial shift.
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Figure 5.33: 2D profiles ofp, from tomographic reconstruction of divertor view radiamizga of dis-
charge #22097 for the time slices of enhanced confinentgri)( The radial position obviously has an
impact on the power flux to the inner target. While fora rather low target temperature is the reason
for low emission, this area appears as the location of peagseéon duringts. The region of pronounced
emission at the vessel wall above the strike zone seemsdiveamore power duringg thants. On the
other hand, the emission pattern at the LFS target seemiecteaf by the radial shift.

Both scenarios exhibit a very sharp sheatbfat the HFS plasma edge which can well be anal-
ysed with the profile-fit. The results for the distributionregutral flux density at the separatrix
are summarised in figure 5.34. The corresponding core fgethtes in the limiteghbscinterval

are identical, but differences in the poloidal distribuatiare observed. Fdj the penetration of
neutrals to highepscpositions is more efficient due to the larger plasma-waltatdice. A con-
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siderable fraction of the total core fuelling rate must beated outside the visual range at the
upper part of the plasma cross section, in order to mainkerhtgh core density level (equal
confinement properties fog andt, presumed).
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Figure 5.34: Atomic neutral flux density at the separatrix te HFS for three time slices of
Left: Ipsep for the ohmic intervalt; with a corresponding core fuelling rate
of Fp coret; ~ 5.8-10?°s™1.  The fuelling rate is nearly twice as large as observed ferititervalt,
which is characterised by a similar core density but bet@finement properties. Foéy the profile-fit
failed to converge, because of the low contrast for data @HRFS-ROI. Right:T'; s¢p for the inter-
vals of enhanced confinemen, ts). The corresponding fuelling rates &g coret; ~ 3.3 10%%s™1 and
Fo.coret, = 3.3-107%s™L. Presuming that the quality of confinement is very similar foth intervals,
an increased core fuelling fog must occur in areas in the upper part of the plasma chamioee si
higher core density is maintained without change of divemutral flux density. From the distribution

of ', sep(PSO a more efficient vertical penetration of neutrals duripggeems to be present which is
reasonably connected to the larger wall gap.
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Figure 5.35: Collection of parameters related to
particle confinement (top) and radial position (bot-
tom) for #22097. The remarkable feature of this
configuration is the density rise induced by addi-
tional heating and the higher density level being
maintained without gas feed until the plasma col-
umn is shifted outwards. Together with the ob-
servation that neutral flux density does not change
strongly in the divertor region during the ECRH
phase, it is suspected that local recycling is present
at the upper part of the heatshield.

Two examples of the actual radiance data for the phases oicdieating and ECRH are pre-
sented in figure 5.36. Besides the magnitude of radiancehwbifound to differ by a factor of
about 5, the spatial distribution of emission is more difurs the ohmic phase and the origin
from volume emission and reflection cannot easily by distisiged. Even at the reduced signal-
to-noise ratio for the ECRH phase the peaked emission at H& ptasma edge can be reliably
interpreted with the profile ansatz. An important featurerigerging for the phase of increased
heating power which is the development of two distinct pag®f localised emission at the inner
target and above this region at the vessel wall.
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Figure 5.36:Lp, form theXPMC divertor view of discharge #22097 for time slidgsandt, (largeRoyt).
Radiance in the ohmic phasg)(appears much more diffuse than in the phase of enhancecheordnt
(ts). A small decay length of plasma pressure in the SOL resnl&s marrow sheath ofp, close to
the separatrix. While emission in the ohmic phase is locatadhly in the target areas, the phase of
increased heating power is accompanied by the developnfiéwbdocalised zones of emission at and
near the HFS target.

A general problem of the divertor camera viewing geometrihé emission at the X-point (if
present) is obscured by emission from the LFS target arearddion around the X-point might
be suspected to be an effective area for fuelling, if nesigater the core plasma from the private
flux region, ie from below the X-point between the targetsoider to gain a larger benefit in
that respect from the fixed view, the plasma of discharge #22ths been vertically shifted as
far as feasible concerning the capacity of the control syst# low density, moderately heated
configuration has been chosen to achieve reasonable dantggs and to keep the power flux to
the wall at a low level, since the strike zones for the veltiddted position are outside the sur-
face area of the target plates. Some basic parameters areigitable 5.6 for two time intervals
which are representative for the two phases of differerttcadrposition (indicated byxpr).
Radiance data and results from tomographic reconstruatedisplayed in figures 5.37 and
5.38. Two important results are obtained which have corsseps for the interpretation of,
camera data in general. Firstly, the emission pattern aLB& above the target plate can be
clearly identified as originating from reflection. The chamgshape and orientation of projected
emission on these tiles during the vertical motion is atiteld to the secondary viewing geometry.
If this emission pattern was due to a radially separatedypawall interaction, its orientation
would be independent of the plasma position, ie it would ligneld parallel to the strike zone.
Secondly, the diagonally elongated pattern of emissioh@fé¢constructed profile above the X-
point in the core region can be rather convincingly be redliss an artefact, based on the line of
sight integration in parts of the field of vision where thewitleg chords are nearly parallel to the
flux surfaces just beyond the separatrix intersecting theritarget. This pattern is the result of
reduced radial resolution and the emission is thus smeéwad the integration path. When the
plasma column is shifted upwards, this feature is seen togghposition relative to the X-point,
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which would most probably not be the case if a real plasmaralenteraction was observed.

shot | time/ ‘ e / ‘quat/ L-fact. Rin/‘prT/‘ (Sow/ | TS/
s m™3 MW m m2s71

22113| ~2.6(t7) | 243-10° | 1.03 | 1.0 |1.12| -091|6.7-10?* | 1.25-10?*

22113| ~4.4(ty) | 253-10° | 1.12 | 09 |1.14| -081|4.4-10?* | 1.33-10%

Table 5.6: Basic parameters of discharge #22113 for two $iines (the exact time intervals are given
in figures 5.37 and 5.38). The main purpose of this configumat the change in vertical position of the
plasma column&zyxpt = 10cm). Note that the actual shaping and positioning costrbéme also leads

to a different inner wall gap for the two scenaridsx(, = 2cm).

Fort; a similarep, profile is obtained like for #22061. Both target areas extobnsiderable
D radiation, but also the region above the inner strike zomoiged. Although fot; heating
power is larger by 10% and also the distance to the heatsigidreased which should result
in enhanced particle and power flux to the inner target (coenpa observations for #22091
and #22097), the inner strike point is much loweregy and also the region above the target
appears less bright. Concerning the strike point regioa,ntlore open divertor configuration
might explain the different radiation level. Duringthe inner strike point is placed inside the
gap of target plate and bottom baffle tiles and recycling naésiare more likely ionised than to
escape after several collisions with the adjacent walbsed. Irt,, recycling neutrals may more
efficiently escape the inner target and exit the divertoretaate locations or be intercepted at
the outer separatrix and target. For the different mageitfdemission at the inner vessel wall
above the target, one may assume an equal radial decay leihgliisma pressure in the HFS
SOL such that the excitation of recycling neutrals is lessgf at the more distant wall. Probably
the temperatures at the inner target are close to the engrgyal of strong change trzcp,, ie
small variations in power density have a significant imparcthe radiation level (compare also
appearance of #2209t (t)).

The distribution of core fuelling on the HFS (figure 5.39)@gvan impression as gathered
for #22091 {3, t4), ie the recycling flux at the HFS being larger for the incezhsvall gap.
This conclusion is supported by the gauge measuremermgfgp]g. The vertical position is not
believed to influence the HFS fuelling pattern, becauseiitarice of the separatrix to the vessel
top is quite large for both time intervals.

As a summary it may be stated that thehift experiment proved to be useful for the un-
derstanding of reflection and the identification of artefaotthe tomographic reconstruction.
The limitation of the vertical range for plasma positiongxgludes a configuration in which the
X-point could be observed horizontally. However, takingla), images presented so far into
consideration, it seems obvious that the main fuelling eated at the HFS and no significant
contribution from the private flux region being present.



104 CHAPTER 5. EXPERIMENTAL RESULTS

—T T T

00 32 7.0 114 165
Lo, / Wi(m?sr)

#22113 ; tin [2.550,2.560]s

#22113 ; tin [2.550;2.560]s

0.2f

0.4}
0.6/
E L
~ i
-0.8
[ —~ 36. 19
B "
1.0+ mE 23. |
I s 13 1
I < 6 l 1
1.Zj < Q. i
I R

1.0 1.2 14 1.6 1.8 2.0 2.2

Figure 5.37:Lp, andep, deduced from on&PMC divertor view exposure of discharge #22113
(t1, low zxpT). The spatial distribution of radiation is very similar t82061 with both target areas
highlighted by Iy emission. Note the appearance of radiance on the LFS abevartiet plates
as compared tt (fig. 5.38).
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Figure 5.38:Lp, andep, deduced from on&PMC divertor view exposure of discharge #22113
(t2, high zxpt). The magnitude of B emission is seen to be reduced relative;tm the region
above the inner target due to the larger distance to thelielatsnd also at the inner strike point
which is probably based on the more open divertor configumatiith more neutrals being able to
escape the strike zones.
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For the interpretation ofp, from the profile-fit on the HFS-ROI, plasma parameters in tBé& S
have to be estimated. Radial decay lengths)faandT, are defined for each of the KN1D grids
such to obtain a reasonable agreement of experimental addli@dep,. The only restriction
applied is the condition that these decay lengths shouldggnanonotonously along thaesc
coordinate. Presuming that the distribution of plasmaguresin the SOL is established by the
relative impact of parallel-field and perpendicular-fielcle- and heat transport, a relation-
ship concerning the connection length (distance betweenattgets following the direction of
the magnetic field) might be suspected. In this frameworkctimaparison of discharges with
different rotational transform of the magnetic field at tHaspa edge, indicated by the safety
factor at the boundary surface of 95% of the poloidal magnitix at the separatrixggs, is
motivated. The safety factoydescribes the number of toroidal turns counted when foligvei
magnetic field line for one poloidal turn, it can be approxietawritten asq ~ rB;/(RB). The
parameters of the different scenarios are summarised lie 5ab.

shot |time/| T/ | Peal|Lfact. | |des| | Rn/| TSpy/ | TS/
s ‘ m™ ‘ KW m m2s1

22091(s;) | ~1.4|253-10°| 630 | 09 | 48 |1.12|6.3-10?1| 7-10%°

22155s;) | ~2.8|254-10° | 570 | 1.0 | 36 |114|7.9-10?*| 1.0-10*

Table 5.7: Basic parameters for two ohmic scenarios whifferdin the safety factor at the plasma
edge. Different values foggs are obtained by alternate magnitudes of the toroidal magfietd:
Bis, =247T,B s, = 1.83T. The neutral flux densities measured at the HFS wall almmiee central
divertor tiles indicate a higher recycling flux, ie weakertjzde confinement fos,.

Figure 5.40 displaysp, profiles which are characterised by the same spatial feativerely,
the larger neutral flux in the divertor f& leads to an elevated radiation level. The profile
analysis results in the neutral flux densities shown in figudd. A variation in the edge safety
factor is achieved by setting a smaller toroidal magnetid f8s-, while the plasma current and
the accompanied poloidal magnetic field is kept at the sawed.|eThe change of quality in
particle confinement by the different magnitudeBafis consistent in the framework of a direct
relationship of the magnetic field and transport coeffidgeeg Bohm-like diffusion [78] (the
correlation of magnetic field strength and perpendiculangport is actually not resolved yet
[45]). The issue to be addressed here is the poloidal eeoluwf plasma pressure, which is
obtained by the simple approach used to achieve a good niagperimental and modellesg,
profiles. The resulting parallel profiles of static plasmessure are depicted in figure 5.42 which
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are encountered to be very similar for the two scenarios. Markable drop of static pressure
along the flux surface is obtained. The probably underlyadyction of temperature could be
partly attributed to the neutral-plasma interaction whidols the electron species the stronger
the higher the neutral flux density towards the divertoroAtbe acceleration of plasma towards
the inner target [79] results in a reduced static pressuriteiine dynamic pressure increases
when following the field line, which would be compatible withhe assumption that the total
pressure is constant or decreasing along a flux tube in the 8@he drop of static pressure
presented here was reasonable could only be checked by flasumgnents at the HFS which
are not available at AUG. Robust 2D SOL modelling would alsdblpful (see section 5.2.5).

#22091 ; tin [1.360;1.370]s #22155 ; tin [2.805;2.813]s
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Figure 5.40: 2D profiles ofp, from tomographic reconstructions of divertor view radiemntata from
two low density ohmic discharges at variggs. The only difference to be recognised is the enhanced
radiation level for #22155 which relates to the higher réogcflux.
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‘é [ 13 1 table 5.7). The corresponding fuelling rates are
SO ] Fp,coresl ~3-10%%™ and Fp cores, =~ 4- 107%s72.
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o o N o ] netic field is the reason for the weaker core particle

oL__ ‘ R confinement and the higher related recycling flux
20 40 60 80 for #22155.
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In order to give an impression about the parallel-field esim of the SOL, an algorithm for
field line tracing has been employed. As the starting polrg,lbcation of the closest distance
of the separatrix to the heatshield has been considerecharmddial position has been reduced
by 0.5cm to assure to be placed on an open flux surface. The distata®y the magnetic field
to the inner ¢;) and outer @,) target are folggs = 3.6: di ~ 23 m, dy =~ 38 m and forggs = 4.8:

di ~ 30m,d, ~ 51 m. The connection length fss is thus reduced by about a quarter compared
to 5. Since no measurements for HFS SOL parameters exist forishbatges of interest, the
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estimated values have to be regarded with caution. The nalgilower plasma pressure for
S at the same distance to the separatrix might be based on fileel extention of the SOL or

simply be a coincidence, eg related to the uncertainty ofs#paratrix position. Considering
the error margins, which are estimates as stated in sectiofi, 3he poloidal profiles cannot
be distinguished. Omitting a clear statement about the apisyn ofs; ands, the general

observation of a static pressure drop along the magneticdighe lower HFS displays an issue
which might serve as fundamental characteristics to benstnacted with SOL modelling codes.

i ] Figure 5.42: Thepscprofiles of estimated static
30r pe(pscsy) Ton= 101 plasma pressure on the HFS for the two ohmic
- Pe(PsGs2) g % 17" 777 scenarios with differentos. The flux labels cor-

20} ¥

g B ) 7 , respond to surfaces which are positioned at a dis-
> | # $ % % 1 tance of about 1cm, 2cm and 3cm to the sepa-
Q 1ol b @ 3 $ 1Pp =102 ratrix in the midplane for both magnetic configu-
L ¢ $ $ lpp= 103 rations. Flow measurements at the HFS or com-
0; P ;ﬁ ,ﬁi g 8= 8% ¢ plex self-consistent SOL-modelling are required
20 40 60 80 to judge if the reduction of static plasma pressure

by more than a factor of three is reasonable at the
lower HFS.

5.2.5 Dy Emission as Boundary Condition for SOL Modelling

The complexity of the processes which determine the statbeofSOL, ie plasma transport,
plasma-wall and neutral-plasma interaction, requiresueeof extensive numerical modelling
tools, in order to develop a detailed physical understandma large area of the range of plasma
parameters encountered in the SOL, a fluid description obldmma species is justified. On the
contrary, the mean free paths of neutral particles beirgglaompared the gradient lengths of
plasma parameters, in particular that of fast charge exgghaautrals, require a kinetic treatment
of the neutral-plasma interaction. Plasma fluid codes ametic neutral codes need to be coupled
for a self-consistent treatment of the SOL plasma. For niiodedf the SOL in realistic Tokamak
geometry a small number of codes exist, which are for the fhaid B2 [80], EDGE2D [81]
and UEDGE [82], and for the kinetic part DEGAS2 [83], EIREN#] and NIMBUS [85].
The main aim of these codes is to provide a robust predictiveeting capability for the SOL
plasma. Besides the general physical understanding sudallimg is a prerequisite for the large
next-step devices (eg ITER [86]), because the demand fasmnable lifetime of plasma facing
components in high power, long pulse discharges, does oot &r trial-and-error campaigns.
At first, the modelling codes need to be verified and validaigainst experimental data. If the
code contains a number of free parameters, these a variadswobtain the best match to the
experimental boundary conditions, which is known as irretipe modelling.

The numerical tool referenced in this section is the cod&kagge SOLPS 5.0 (scrape-off
layer plasma simulator) [87], which is the combination a fluid code B2.5 [88] and the Monte
Carlo code EIRENE 99 [89], both running on a 2D grid cover{ngarly) the complete SOL
plasma cross section and plasma vessel respectively. Astdohithe practical setup of the
code package, figure 5.43 shows a typical grid of B2.5. The gglls are constructed as to be
strictly aligned to the magnetic flux surfaces obtained fegmilibrium reconstruction, such to
avoid numerical diffusion, forming a curvilinear, quastimgonal grid structure. It is important
to note that the plasma is bound to the radially limited esi@m of the grid and plasma-wall
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interaction is defined only at the contact area of the gridtaad/essel components, ie the target
plates. The standard procedure of grid generation reqtoresstrict the wall contact to the
divertor and to ensure a poloidal connection between thear¥SHFS targets. Corresponding
to the position of the vessel components and the shape ofuthsdifaces, a small SOL width
may result. At the grid boundary (except the targets) therptais reflected as neutral particles at
the local ion temperature. It is known from experiment that$OL fills the whole gap between
the separatrix and plasma facing components, but this aigpeot implemented in the fluid
code. For the kinetic code a grid is built such to cover the levltooss section bounded by the
walls of the vacuum vessel. The vessel model also includstaoles like the plasma facing
components. At several of these surfaces permeabiliteedefined which account for the gaps
between components in the toroidal direction. Part of tinetkt code setup is also to define at
various locations particle sources (gas puff) and sinks éidsorbing surfaces to simulate wall
pumping or to mimic the efficiency of the pumping system.

1.2+

0.8 Figure 5.43: SOLPS fluid grid. Red dots indicate the
cell centers and green lines the cell boundaries of a stan-
dard B2.5 grid of size 18 (radial 48 (poloidal) cells.
The orange line highlights the separatrix position at a
higher resolution and shows the slight deviation of the
grid structure and the actual shape of the SOL. Lo-
cal poloidal gradient lengths which are assumed to be
smallest in the divertor region and largest at the top of
the plasma cross section determine the varying poloidal
resolution of the grid, while the radial resolution relates
to the shorter radial gradient lengths. The plasma is
bound to this grid volume and reflected as neutrals of
local ion temperature at the grid boundaries. Only at
the target plates plasma-wall interaction is treated by
the code.
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There is a large number of modelling efforts at several Tadaaxperiments which try to resolve
crucial physics issues and to analyse the impact of varionsa@ parameters on the code result
[90, 91, 92]. These control parameters are eg radial paréictl heat diffusivities or chemical
sputtering yields. One can imagine that with the preseneeseft of free parameters due to the
lack of experimental data or general understanding of gydetails, a necessity of developing
recipies arises. Clearly, such recipies can be considetagst only if reasonable agreement of
code result and experimental data is achieved for simiksmph discharges in a routine manner.
For the AUG device, discussions on modelling can be found&h ¢oncerning the properties of
an H-mode discharge and in [93] which focusses on diverttaathenent.

In previous modelling approaches at AUL,, from the SPO diagnostics has been referenced
as radiation data at the targets. Tdae data deduced from video diagnostics gives information
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about the SOL state in a much larger area of the plasma crogsrseThe assumptions an
andTe on the lower HFS, which are mandatory for the interpretatibey, in terms of neutral
flux density, provide an additional indirect experiment@libdary condition for the development
of modelling recipies. In the following, plasma parametéesluced from twoXMPC frames
are compared with SOLPS results. The different modelling rare like the plasma discharges
labeled with a number and here, for brevity, indicated withra’. Table 5.8 shows some basic
parameters of the two ohmic discharges of interest. The whi#fierence is the magnitude of
heating power and the strength of the toroidal and poloigghagnetic field components. Both
discharges are operated practically at the same line aagidgnsity and the larger value for the
gasfeed of #22091 required to maintain the density levehtriig taken as a hint of a weaker
particle confinement compared to #21303. In contrast takespretation the neutral flux in the
divertor is larger for #21303 which is an indication for almgg recycling flux in the SOL than
in #22091. Varying neutral flux and power levels are likelyasult in slightly different divertor
conditions. Despite these details, #21303 and #22091 ayesumilar and 'simple’ discharges
and should pose no major problems for SOLPS modelling witherstandard recipe [94].

shot | time/ Ne/ lp/ | |Bt|/ | |Qgs| | Wb / | Pheat | L-fact.
s ‘ m™3 MA | T ‘ KJ kw

21303| ~3.6 | 255-10° | 1.04| 19 | 3.3 130 750 1.2

22091| ~1.4 | 254.10°| 084 | 25 | 48 80 | 630| 09

shot | gasfeed | TSpy/ | S e/ | TSmp/ | Rin/ | Rou/
/ sl m2s™1 m

21303| 1.5-10°1 | 1.0-10?2 | 8-10%° | n.a. | 1.12

22091|3.7-10?1 | 6.3-1071 | 7-10%° | 6-107° | 1.12

Table 5.8: Basic parameters of the ohmic AUG discharges @2a8d #22091 for which
SOLPS modelling has been conducted.

2.17
2.14

Discharge #21303 is equivalent to #21305 which was partebtimic series discussed in [93].
In figure 5.44 the experimentay,, of #21303 is shown in comparison with the code runs m17886
and m17797. The actuab,-profile is characterised by similar values for peak emissio
the divertor legs with the outer strike zone being slightligbter and more separated from the
intersection of the separatrix and the target plate. Fosithalated emission pattern the impact of
the Carbon content is obvious by comparing m1788/.(,= 0.1) and m17797Ychem= 0). By
excitation and ionisation of Carbon the divertor plasmased and the lowel implies a lower
Dq emissivity coefficient. Thus, with the increaseYafema better match to the experimentdg)

in the radiation level can be achieved. From the two modgligsults it is also obvious that
with a largerYchem the emission pattern changes such to be more spread in theT®®¢p,

of m17886 in the inner divertor leg is more shifted towards Xipoint and on the outer target
it is more distributed between the target and X-point thaseoked for m17797 whichp, is
more peaked at the targets due to the larger temperatur@dnded mean free path of neutrals.
The asymmetry in divertogp, in the models is attributed to the drift-terms being actdat
Keeping the uncertainties of the experimental deternonatif 5, in mind, the agreement in
shape and magnitude of the modelkgg-profiles seems fairly good. Her¥nemis used as a
control parameter to influence the divertor state. The oistance, that high values f¥them
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need to be defined, indicates that it might not be the onlyeisguich needs to be altered in order
to approximate the actual conditions.

#21303 ; tin [3.597,3.600]s

SOLPS model for AUG#21303, t@3.6s SOLPS model for AUG#21303, t@3.6s

m17886 m17797
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Figure 5.44:¢p -profile of #21303 and those profiles obtained from SOLPS iiadgm17886/middle
and m17797/right). For both code runs, drift-terms havenlzeivated, but the chemical sputtering yield
of Carbon is considered differently witpem= 0.1 (m17886) antYchem= 0 (M17797).

The interpretation ofp, on the HFS by the KN1D code allows to check SOLPS results in tha
region of the SOL. Of course, the plasma parameters usedM1ID display an estimate and are
thereby only an indirect benchmarking criterion. Since ®@LPS runs of similar settings are
available, results of both are combined to indicate a sgitgitange. Figure 5.45 shows the cells
of the SOLPS grid which data values are compared with resutpait data on the corresponding
linear grids. The experimentgy, -profiles from the ray-tracing-fit are somewhat distortethvai
large decay length towards the plasma core. This is beli@ved based on a poor signal-to-noise
ratio which is often encountered for low contrast imagestohiz discharges. In this region of
the HFS SOL the radiation level is much lower than in the dimeand the agreement of the
emission profiles in amplitude, width and radial positioarss quite good.

The appearance @f, is determined by the interplay of neutral density electron density
Ne and temperatur@. Except in the temperature intervd € [1,10]eV with a strong depen-
dence of the emissivity coefficient dR, the influence ohe and Te is more similar at higher
temperatures. There is some freedom in how to choose thespamding profiles in the SOL for
the KN1D interpretation in order to approximats, and it is therefore more sensible to compare
the electron static pressupe. In figure 5.46ng and pe from the different data sets are presented.
According to the shape theg, -profiles no striking deviation is observed. Based on thaiien
scheme to matchesep Pe at the separatrix is roughly the same for the SOLPS resulkaiD
input data. The evolution gde is seen to be different in the core region but this does natenite
theep, -profile, because the ionisation rate is already large emémgthe neutral flux density to
decay rapidly. This deviation of core pressure could be @ggred by analysing the impact of
the detailed settings for the transport parameters inatudn asymmetry regarding HFS and
LFS. An obvious difference of parameters in the SOL is thedriope on the outer grid cells to
very low values. This might be related to a drop of plasma itheas the grid boundary where
plasma is neutralised by definition (artificially thinned aane). The profiles afig, in particular
for slices 2 and 3 are peculiar, because there is no contsdecay of density but a maximum at
the grid boundary and a local maximum a few centimeter ingaltis suspected that this fea-
ture is related to the small width of the modelled SOL. In thererealistic KN1D geometry a
local maximum ofhg is obtained due to the radially varying rates of moleculasdciation as the
source and atomic ionisation as the sink term. The reginan the SOL grid extension might
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be the reason for an unrealistic distribution of plasma asutnal particles. For completeness it
has to be noted that the indirect experimemtain the far SOL is arbitrarily forced to a low but
nonzero value. Although there exists no direct measureateghe HFS, this assumption seems
to be reasonable, because a radial shift of the plasma cddyrariew centimeter already results
in a change of the recycling flux (see section 5.2.4). Theshotagnitude of thige offset cannot
be deduced from the,, profile, because the data analysis focusses on the peak@massl the
magnitude ofep, at the walls is not resolved precisely - in other words, theagyic range of
data deconvolution is not sufficient.

Figure 5.45: For comparison of #21303 related
SOLPS results and KN1D result and input data,
SOLPS data of the indicated grid cells (green dia-
monds) is opposed to data from the linear KN1D
grids (blue lines). On the righgp,-profiles from
the corresponding grids of SOLPS and KN1D.

X — Xsep/ €M
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Figure 5.46: Comparison of neutral densityand electron static pressupg at the HFS from SOLPS
modelling and KN1D interpretation of experimenta|, for #21303.

The AUG discharge #22091 was operated at the same line aednsity like #21303 but
at a lower plasma current which also results in a lower ohneiating power. Expressed in
the edge safety factagys, the magnetic geometry differs in addition, because a tamyeidal
magnetic field is set in combination with a smallgr With the neutral density in the divertor
being smaller, as indicated B ,,, and the lower power level, the, profile is considerably
different. In particular the electron temperature at theemtarget must have dropped to very
low values Te < 10eV), since barely any emission is observed in that regitve. D, radiation
level is in general very low compared to #21303 which is keglby about a factor of five in
peak emission. SOLPS modelling efforts using the same eexgfor #21303 resulted in three
converged code runs (m21962, m21688, m21961) which diffseparatrix density according
to the uncertainty of the edge density measurement. A fuedsahdrawback concerning the
quality of the models is the need for deactivation of diftrts to avoid numerical instability.
The reason for this behaviour in contrast to the success utettiog of #21303 with drifts is
unknown and to suspect the different magnetic configuratema cause remains speculative.
Figure 5.47 shows they,-profiles for thexPMC deconvolution and the SOLPS models. Even
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for m21962 with the loweshesep the Dy radiation level surpasses the experimental data by
nearly one order of magnitude. Both divertor targets amikaly hot (peaked emission at strike
points) and no asymmetry By, is obtained in the models. A number of aspects is suspected to
cause this mismatch. The transport parameters might baitge such that the divertor particle
flux is too high. Further, the impurity content is probablg tow (Ychem= 0, in agreement with
the full Tungsten first wall of #22091), so the divertor plasia not sufficiently cooled. With
the absence of drifts in the model no asymmetry in partice power fluxes to the targets is
generated which would be required to establish a colderitarget. The strongly nonlinear
dependence of thePemissivity coefficient orTe for low temperatures makes tlag, -profile a
very sensitive plasma parameter in the divertor region awiktions of SOL models are easily
discovered.

#22091 ; tin [1.360;1.370]s

Figure 5.47: Experimentakp, pattern for the low
density ohmic discharge #22091 and three SOLPS
models. The same recipe as for #21303 was used but
drift-terms could not be activated due to numerical in-
stability. A variation in the separatrix density was done
to check its impact on the divertor conditions: m21962
(Nesep=5-10m™3), mM21688 (esep=6-10"¥m),
M21961 flesep= 7-10"¥m3). Slight changes of the inner
target geometry have been ignored for the generation of
the SOLPS grids (see inner target module).
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The figures below concentrate again on the parametgrsng and pe at the HFS as obtained
from the experimental and modelling procedures. In figud8 5t is seen that thep -profiles
from SOLPS are basically centered at the separatrix, wheéhesexperimental profiles are more
shifted towards the SOL. In the regions more distant fromdiliertor also a deviation in ampli-
tude becomes obvious.

The profiles ofng and pe shown in figure 5.49 readily explain the mismatch of tag-
profiles. While the core static pressure is identical with éxperimental one, the deviation in
the SOL is quite strong. It is in particular the differenceaofew eV in electron temperature
for Te < 10eV in the outer SOL which through the corresponding idiosarate determines the
radial position of the ion source profile. In the outermo#d gells the ionisation rate of neutrals
is such that the probability to escape to the plasma fre@meafi the HFS outside the fluid grid
is increased. Consequently, the decay of neutral densihgahe flux surfaces with increasing
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distance to the X-point is not of the same character as in xperenental/KN1D case. For
slices 1-4 the peak neutral density level is comparable ahdfor slice 5 a drop in amplitude is
noticed. In contrast, a continuous evolution fgralong the flux surfaces in the poloidal plane is
observed for the experimental data.
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Figure 5.48: For comparison of #22091 related
SOLPS results and KN1D result and input data,
SOLPS data of the indicated grid cells (green dia-
monds) is opposed to data from the linear KN1D
grids (blue lines). On the righgp,-profiles from
the corresponding grids of SOLPS and KN1D.
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Figure 5.49: Comparison of neutral densityand electron static pressupg at the HFS from SOLPS
modelling and KN1D interpretation of experimentg)|, for #22091.

The deviation op, in the divertor region marks the modelling results as us&attory in qual-
ity. It is hard to guess the most appropriate change in cotenpeters offhand. One might think
of using different values for perpendicular particle andthdiffusivities. The situation at the
HFS suggests that a stronger radial flux of heat and/or pestis actually present. The larger
radial spread of fluxes would also lead to a reduction of peakson at the targets. In general,
however, it is questionable if such modelling efforts shiolk continued when the aspects of
particle drifts cannot be considered due to numericalictsins.
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To the knowledge of the author, up to now no straight forwangesne for predictive SOLPS
modelling exists for a dedicated discharge type. With thieatian of several code parameters it
is in some cases possible to achieve a good match with expetafrobservations, eg #21303, but
the recipe obviously cannot be translated to a similar diggh easily, eg #22091. Even for the
simplest low density ohmic plasmas, modelling is not alddaoutinely, instead each case poses
a separate problem. In this respect, the usage of SOL codgsddictive modelling like that
conducted for the ITER divertor design [95] requires sdeti@ntion. This claim is in particular
adequate if older versions of codes are applied, althougdrakeextensions and enhancements,
like an increased complexity of the neutral-plasma intgwachave been included in more recent
code packages. What seems disadvantageous in presemt/Rundtcode combinations is that
the grid for neutrals contains a fraction of plasma-freagaced between the fluid grid bound-
ary and the surface of the plasma facing components. Alsoatda of plasma-wall interaction
is restricted to the target plates. This poses the quedtitie idetailed structure of the plasma
vessel is required at all and if alternatively it might be &i#ral to generate fluid grids with a
large radial SOL width and to define material properties andbmplete grid boundary. The
latter approach does not exclude the definition of plasmehed regions for the neutral grid
behind the plasma facing components which might be impbftarbypassing neutral fluxes.
This ansatz would also offer the opportunity to examine thpact of separatrix-wall distance
on SOL fluxes which is found in the experiment (see sectioh.2

5.2.6 Overview on Neutral Penetration Data

The parameters of neutrals which have been presented imgbeding sections are summarised
in a condensed form in a series of tables (D.1 to D.4) to bedonm@ppendix D. The idea is to
provide a look-up-table of experimental results for apph&s of modelling or theory. Neutral
density and flux density, electron density and temperatndethe ratio of neutral to electron
densities are listed for three positions at the HFS and,raassfavailable, at one position at the
LFS, each for two radial locations. The position of the sapas is denoted assep and the
neutral penetration has been defined as the poixgatvhere the neutral density is attenuated
to the expg-1)-fraction of its value at the separatrix. With this repreaaéion, however, details
of the various profiles are lost. This issue becomes apparean comparing the penetration
depthsAxpq (=Xpd-Xsep) Obtained for the HFS and LFS. At the HRESXq is found to be smaller
the larger thepscvalue. Since the spatial gradients of plasma pressureggerlwith the more
closely packed magnetic flux surfaces closer to the midptaeedecay length of neutral density
becomes shorter. Consequently, an even smAlgg would be expected for the LFS, where
the magnetic flux expansion is further reduced. Astonidigimgther large values fokx,q are
observed. The reason is, that the radial ion source profikesliferent in shape and central
position at the HFS and LFS and that the neutral density doefolow an exponential decay,
because ionisation and charge exchange both influencedbe shthe neutral density profile.



Chapter 6
Summary and Conclusion

The emission from excited neutrals at the plasma edge caedsemably recorded with video
diagnostics, such to cover large parts of the poloidal csession. Unlike diagnostics which
are based on a small number of sightlines and are typicalypreted in terms of flux densities
at the vessel wall or close to the location of emission, tigh kpatial resolution of video optics
allows for data deconvolution to resolve the radial profflemission. The resolution of the radial
position is mandatory for the dinstinction if the plasmalwod tore or scrape-off layer region is
affected by neutral penetration. The ultimate goal ghiideo diagnostics is the determination
of the radial and poloidal ion source profile. This parameterd serve as a boundary condition
for SOL/edge modelling. If the plasma source term was kndiva focus of analysis could be
directed on the proper specification of transport parameteto match the experimental plasma
density profile shape.

At the ASDEX Upgrade Tokamak two cameras are attached toargagle based optics with
a visual range covering the divertor and midplane regiorthWithe course of this project, the
operation of video diagnostics has been carried out for thtiime with an emphasis on accurate
calibration of viewing geometry and radiance sensitivithe deterioration of the fiber bundle
transmission due to the impact of ionising radiation duptgsma operation has been recorded
for one complete experimental campaign. The now quanvé&inowledge of this issue helps to
improve future applications. A good accuracy of radianddcation can be achieved only if the
diagnostics is installed at the torus for a short periodraktand calibration measurements are
done before and after the radiation exposure.

A quantitative analysis of video diagnostics data has nehlavailable so far. Two methods
for data deconvolution have been prepared. A simple prbfian be used to analyse regions
of high contrast at the low field and high field sides, inclgdanpoloidal variation of the radial
emission profile. This approach is applicable only to imag@drom discharges of low and
medium density, in which a separate sheath of emission calebgfied at the plasma edge of the
midplane. For radiance data of the divertor region, an élgorfor tomographic reconstruction
is used. In general, the Tungsten coverage of the plasmagfacmponents poses a severe
complication for spectroscopy in the visible spectral enthe diffuse reflectivity of a Tungsten-
coated tile has been measured solid angle resolved in ardggrterate an accurate model for
secondary viewing geometry. This model has been succhssfylemented in the tomographic
algorithm and the improvement of the profile definition hasrbshown. Due to the asymmetric
distribution of Oy emission in the poloidal plane, the analysis of the radiaacerded from the
low field side, which is low in magnitude and contrast, is fpldeonly, if no metallic surfaces are
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positioned in the background. In an all-Tungsten machhmedata deconvolution is restricted to
the high field side and divertor region.

The data presented on neutral penetration, such as ddhsitgensity or fuelling rates, are
based on the comparison of the experimental emission pesfidethe results obtained from 1D
kinetic modelling using the code KN1D. For the specificatidrplasma parameters, estimates
had to be made on the electron temperature in the low field sicipe-off layer and on both
electron density and temperature in the high field side seddplayer, according to the edge
diagnostics coverage and quality. Within the uncertairitthese estimates the agreement of
experimental and modelled emission profiles seems fairydgorhe flux density of neutrals
at the vessel wall is reasonably matched, when taking theldication of the 1D treatment,
which does not include the impact of a parallel field plasmw filo the scrape-off layer, into
account. The sensitivity of the experimental proceduresigirmed by the accurate recording
of the emission profile at different configurations of thespi@ edge. Changes of the fuelling
profile in magnitude and radial position can be resolvedoetidtinguish between the actual core
fuelling and ionisation in the scrape-off layer. Slight ngas in the width of the separatrix-wall
gap at the high field side have been observed to result in elsandghe scrape-off layer recycling
pattern, indicated by modifications of the poloidal profifeeutral flux density at the separatrix.
The details of these profiles lead to the suspect that locgtlieg is present at the upper part of
the high field side wall, resulting in a reduction of partieled power flux to the inner divertor,
depending on the size of the wall gap. One example for a dra density accompanied
by the radial displacement of the plasma column seems torpottiis interpretation. Another
interesting observation is the reduction of static plasreagure along the magnetic field towards
the inner target at the high field side. Although obtainedreully through the estimates on radial
plasma profiles, this feature would be compatible with theeeked accelleration of plasma in
the scrape-off layer towards the divertor. From the declutiam of divertor view data, separate
emission patterns have been resolved. Besides the chavhetaission at the strike zones which
can give a hint on the level of detachment, the occurrenceadiftion above the inner target
indicates that the distribution of plasma parameters ibgoty more complex than expected
from simple radial decay lengths.

The essence of this thesis is described as follows. Cadithrdg imaging diagnostics data has
been exploited with elaborate methods for data deconwwiuth reflection-aware procedure for
tomographic reconstruction has been presented whichsasra proof-of-principle in view of
plasma spectroscopy in the vicinity of highly reflectinggptea facing components. The emphasis
on geometry definition and radiance calibration and algor# applied for deconvolution might
be understood as a reference for quantitative video datlysasia Parameters describing the
penetration of neutral particles have been deduced for lmhn@edium density discharges.

The task of quantitative analysis of video diagnostics dais been met with considerable
effort. However, the actual parameters of neutral pagibleve been discussed merely on a phe-
nomenological level. The relative changes of emissiorepatir magnitude of the recycling flux
have been simply motivated in relation to measurements fooimsation gauges or the suspected
impact of heating power on divertor temperature. Futurekgbiould therefore aim at the imple-
mentation of complex SOL models to which the experimenttd dauld be compared. The use
of emission data as a boundary condition for 2D modellingesdike SOLPS shows that also in
this field improvements are required.



Appendix A

The ASDEX Upgrade Tokamak

The ASDEX Upgrade Tokamak (AUG) is a medium size machineaipdrat the Max-Planck-
Institute for Plasma Physics [96] in Garching, Germanys the successor of the ASDEX (axial-
symmetric divertor experiment) Tokamak which had gathe@itable reputation, in particular
in the framework of the discovery of the H-mode [97], a plagsegame of enhanced confinement
induced by strong heating power. AUG started plasma oerati 1991 and an elaborate de-
scription of the experiment concerning the status as of 2@03be found in [98]. The machine
design of AUG (see also figure A.1) is related to conceptualiss for an experimental fusion
reactor, namely ITER [86], which comprises eg an elongatadnpa shape and the magnetic
field coils to be positioned outside the vacuum vessel. Afisiasic parameters of AUG is given
in table A.1. Concerning the linear geometrical dimenstba,AUG device is about a factor of
2 smaller than the JET Tokamak [99], being at present thesargcility for fusion research in
plasma volume, which in turn is exceeded by the current ITE&gh by a factor of 2.

Although the poloidal field coils are placed rather distaatf the plasma, the design allows
for a variety of plasma cross sections (see figure A.2), dinlyicircular or elongated limiter plas-
mas, divertor configurations with lower (LSN), upper (USN)doubly (DN) diverted poloidal
field and different levels of lower and upper triangularigpects related to these configurations
are eg the impact of closed (lower) and open (upper) diverttne relationship of plasma shape
and stability/performance [100].

The AUG device is equipped with three different auxiliaratieg systems, which are neutral
beam injection (NBI), ion cyclotron resonance heating ({JRnd electron cyclotron resonance
heating (ECRH). Each of these systems in principle exhibiéscapability of plasma current
drive which is a crucial aspect when demanding long pulsenpdaoperation in a reactor based
on nearly or completely non-inductively driven plasma euatr Another aspect is the detailed
configuration of the current density profile by localisedreuat drive in order to establish a de-
siredg-profile which in turn characterises the stability of the metgc configuration [101]. One
of the main issues persued at AUG is the use of electon cpcla@urrent drive (ECCD) to influ-
ence the stability of those MHD modes which have a determmgapact on plasma confinement
and need to be suppressed in reactor relevant scenariqa[1%]2 Another important application
of heating systems is the use of ICRH for wall conditionin@4]L The problem not yet solved
is to find effective methods which are operational at thegares of the toroidal magnetic field
generated by superconducting coils, unlike the presesty glow discharges [105].
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Another outstanding project of the AUG experiment is to stigate the applicability of Tung-
sten as a material for plasma facing components. Startih§96 [106] the surface of the plasma
facing components has been changed stepwise from CarbamgsiEn. In the 2007 experimen-
tal campaign, the complete coverage of the first wall has besgched (figure A.4). Some notes
on this topic can be found in appendix C.

Major / minor plasma radius Ro/a 1.65m/0.5m
Max. height / width of plasma cross section 2a/2b | 1.6m/1.0m

Plasma volume / surface Vp/Spy | 14mP/42n?
Max. average triangularity () 0.5

Max. plasma current Ip 1L.6MA

Max. toroidal field Bt 39T

Max. OH flux swing DoH 9Vs

Max. discharge duration (current flat top) trT 10s

Min. discharge sequence tp 15t020min

Max. plasma heating:

ohmic Pon 1MW
neutral beam injection (60keV, Deuterium) Pusiy) | 4x25MW
neutral beam injection (100keV, Deuterium) Pusie) | 4X25MW

ion cyclotron resonance heatingy € [30,120 MHz) | Pcrn 4 x 2MW
electron cyclotron resonance heatirfg{ 140 GHz) | Pecryyy) | 4 X 0.5MW
(f S {105 140}GHZ) PECRH(Z) 0.8MW

Table A.1: Collection of a few basic parameters charadteriplasma operation of the
AUG Tokamak. A high amount of heating power related to themla volume is provided

in order to permit studies of plasma-wall interaction witwgr loads at the divertor targets
similar to values projected for a fusion reacter0 MWm™).
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Figure A.1: General assembly of the AUG device. All magnégtd coils are positioned outside the
vacuum vessel. The capability for positioning and shapihthe plasma cross section by the distant
poloidal field coils is indicated in figure A.2.

Figure A.2: Cross sections of poloidal magnetic flux surgaitcem equilibrium reconstruc-
tion of three discharges: #2090%: 4.7 s (lower single null LSN); #21288,= 3.8s (upper
single null USN); #21148,= 3.7 s (double null DN). The poloidal field coils are mandatory
for the stabilisation of the radial and vertical positiontloé plasma column. In addition,
they are used to divert the poloidal magnetic field in one @rlteations inside the plasma
vessel for active control of the areas of primary plasmd-ingraction.
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Figure A.3: The auxiliary heating systems of the
AUG Tokamak comprise neutral beam injection
(NBI), ion cyclotron resonance heating (ICRH) and
electron cyclotron resonance heating (ECRH). One of
the NBI boxes (NBI2) is configured such that 2 of 4
sources can be used for current drive studies. Also in-
dicated in this figure is the standard configuration of
the toroidal components of the magnetic figjdand

the plasma currerip,

Figure A.4: Tangential view into the plasma vessel taken
in the maintenance phase before the 2007 experimental
campaign. After stepwise replacement of Carbon- with
Tungsten-surfaces starting in 1996 [106] the complete cov-
erage had been achieved. Besides the impact of Tungsten as
an impurity species in the plasma in terms of dilution and ra-
diation losses, the high reflectivity of metallic surfacesm

pers the analysis of visible spectroscopy data which iséurt
discussed in appendix C.



Appendix B

Calibration of D 4 Diagnostics

In order to gather maximum information from diagnosticsagdatlibration procedures are per-
formed before and eventually after data acquisition. Atst fitance, the calibration of optical
diagnostics in the visible spectral range does not seemde gevere problems, since calibrated
light sources are available and the properties of the distggsocomponents should be well char-
acterised. In this section, efforts taken for radiancebcation of the H-diagnostics are sum-
marised.

The strike point observatioBPO and the tangential camer®MC are very similar in as-
sembly. Collecting optics are placed close to the plasmadbaty and light is transmitted to the
detector at a distance of a few meters to the vacuum vessdddryguides. Line emission from
the plasma is selected by using narrow band pass filters vainechnounted in the center of relay
optics to reduce beam divergen&20 collecting optics and fibers are located inside the vacuum
vessel like most of the optical diagnostics and calibrat@asurements can be done only before
and after the experimental campaign. In the case ok#dC diagnostics, the whole setup is
mounted in an entry port separated from the vacuum vessehbgdow and is accessible also
during plasma operation. If calibration measurements a@enon the entry mounting separately,
the impact of the port window on sensitivity of the diagnosthas to be estimated, which may
be a difficult task if during operation the window pane is ®ssively coated with thin layers
originating mainly from wall conditioning glow dischargésee also appendix C).

The principle of radiance calibration is simple: the diagies is operated with the settings
valid for plasma experiments, which comprise eg focal lengperture, filter type, detector pa-
rameters like CCD-binning etc., and is exposed to a lighte®af specified spectral radianicg
For this purpose an integrating sphere is used which previgat equally distributed in solid
angle from a small cut in the surface of the sphere. Care hias taken that the diagnostics is
exposed to full aperture. Brightness of the light sourceidyg controlling the electric current of
the halogen bulbs of the lamp accurately. The spectryof the source is depicted in figure B.1
which is the result of a cross calibration with a commerqgiearal radiance norm and probably
containing a systematic uncertainty in the order of 5% [10/hen calibrating spectrally dis-
persing diagnostics (wavelength calibration presumed)dent spectrum and detector response
can be directly related to yield calibration factors redgsd of the spectral composition of the
measured signal during later operation. If the diagnostiastegrating in its spectral range like
it is the case for simple filter setups, the relative speseakitivity needs to be known as well as
the spectral profile of the light to be recorded.
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The spectral transmission of the various optical compangenses, panes, etc.) may vary across
a large spectral range, but is assumed to be constant on tiersi@rval imposed by the narrow
band pass (heréewhm~1— 2 nm) filter which makes this filter the central part of invgation.

Figures B.2 and B.3 show spectral transmission of one fitterde to illustrate several important
aspects.
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Figure B.2: H-filter curve on two wavelength Figure B.3: Filter curves of one sample for dif-
scales of a new sample; dashed lines indicate Hferent age (new, two years old '2a’) and pitch
and D, spectral lines. anglesy.

The band pass transmission is obtained by a multilayer systaracterised by number, thick-
ness and refractive indices of alternating layers whichltesn selective transmission based on
interference effects. A single transmission peak of a péripattern is picked by combining the
multilayer stack with appropriate edge filters, eg to blodk &hd IR photons. When discussing
filter transmission curves one has to bear in mind that thealgiroperties of a multilayer system
might not be homogeneous throughout the sample due to tke gmgwth process of manufac-
turing. Profiles obtained by spectroscopic measuremeptshars a local or an area-averaged
description of the transmission depending on the geomédttiieoprobing beam. Figure B.2
shows the properties of a filter sample shortly after falhioca The peak transmission is placed
closely to the desired values of the Hydrogen Balméines (H, : 656.28nm; [ : 656.1nm)
and thefwhmhas been kept rather smalt{.5nm). The magnitude of peak transmission is
very good, however presumably achieved at the cost of bigc&apability which is expressed
in the high IR transmission fak > 950nm. An additional IR filter has to be attached which
also reduces transmission in the visible spectral rangeroiNgpeaks are not resolved with high
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precision in the survey measurement because of low wavisleagolution set for a reasonably
fast recording of the profile.

One important issue regarding interference filters is l@mmtstability. These types of filters
are observed to age and alter optical properties. It is stsgéhat chemical reactions involving
water or Oxygen from the surrounding atmosphere if not pilg@ealed or from contamination
of the multilayer stack lead to a red-shift and a broadenicgpmpanied with reduced peak
transmission of the filter curve like shown in figure B.3. Thed period of change seems to
be large enough in relation to the duration of an experimeraapaign of about 6-7 months
at AUG. Usually it is tried to avoid maintenance work likediltmonitoring at diagnostics in
operation if it is impossible to perform calibration measuents. The reason is that the filter
would have to be removed from the configured system and m@tswithout the possibility to
check for variations of the optical properties of the whatug.

As already mentioned, the filter is placed in the center afyr@ptics which map the light
source - here the exit plane of several fibers - to the dete@toe object to be mapped being
placed in the focal plane of the collimating lens, light freach point is transmitted through the
filter with very low divergence, but with an angle of pitgto the optical axis depending on radial
displacemend, and focal lengtH; involved: tary = d, / fc. Withd, < 5mm andf; = 55mm like
employed in thexPMC X-point view, pitch angles of < 5° are found. The impact of pitch angle
on the transmission profile is apparent from the measuresséntvn in figure B.3. Regarding the
position of the K and Dy lines, the system is most sensitive for light collected fritve optical
axis and becomes less sensitive for increasing pitch andethis example the system becomes
insensitive for large angleg~ 10°. To consider the impact of pitch angle for arbitrary filter
geometry, two measured profiles can be used as boundars\aluaterpolation. Filter curves
of figure B.3 can be approximated with Gaussian profiles wélty \yood accuracy. Parameters
determining the profile shape can be interpolated linearlyoisy to give a reasonable descrip-
tion. It should be noted that pitch angles for these measemésrwere set with an uncertainty
of about 05°.

Obviously, position and shape of the spectral line to berdsmbneeds to be known in order
to provide accurate calibration factors. In general, limgssion from a magnetised plasma is
influenced by various effects. The width is determined by @epbroadening due to the tem-
perature of the species and Stark-broadening dependinteotman density. Zeeman splitting
related to the strength of the magnetic field results in aressed spectral spread. This influence
of the magnetic field comprises the dependence of the sppobfde on viewing geometry rel-
ative to the field direction (Zeemam andm-components). For observation of nearby lines the
relative intensities would have to be known in advance, egakio of Hydrogen isotopes in case
of recording both | and ;. An additional complication arises if line emission becamem-
parable in amplitude to background radiation like the Bramahlung continuum. An example
of a Dy profile obtained from a high resolution spectrometer attddio a radial line of sight in
the divertor region is given in figure B.4. The major part of 8pectrum is determined by the
Zeeman-components of the Deuterium line and only a smatfitomion from Hydrogen is seen
at the long wavelength wing. For the purpose of interpretedif so-called [ data it is assumed
that the plasma consists purely of Deuterium, which is séalin view of a typical isotope ratio
of H/D ~ 5%.
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Taking all aspects mentioned so far into considerationbielon factorsfc; would be estab-
lished as follows. The diagnostics setup is exposed to tliiteadon source for an exposure time
of texpc and the detector response is preprocessed like in the atagalostics operation which
might include detector offset subtraction and basic dadacton like profile fitting of mapped
fibers. This data is denoted Bg, with i identifying a single detector element or mapped fiber.
This index also stands for a certain viewing geometry andesponding plasma parameters to
influence the spectral profilg, ; of the line observed. With the filter curve denoted=s, here

i now determining pitch anghg, the calibration factor is:

feali = [/ L)\()\/)F)\J()\/,Vi)d)\/ -texgc} (a). [(I Fh,i(Alv\ﬁ)PA,i()\/)d)\/) l] (b). [(Dgi)_l} (c)

JPyi(N)dN

Since the spectral transmission appears in numerator amshdeator and other optical com-
ponents are presumed to have constant transmission in éle&apnterval of interest, only the
filter profile is considered and may be used in arbitrary sgaliThe first term(a) describes the
relative amount of energy (per solid angle and area) which a@eivered to the system and the
second terntb) is the fraction of the line to be observed which reaches tiectier in the same
transmission scaling. Terfe) stands for the detector response given in units of counBaatall-
ing that[Ly] = Wm™?srnm?, the unit of the calibration factor becomidigy j] = Jsitm™ct™.
This factor is applied to the (preprocessed) raw data ofraiatics measuremen; obtained at
exposure timéexpm to give calibrated datic:

Mei = My - feali © texpm 5 [Mei] =Wsrim™?

So far the spectral sensitivity of the detectors has not begarded.SPO andXPMC employ
standard silicon CCD-sensors. The quality of these is dieriaed among other aspects by
the probability of the production of a hole-electron-pairthe semiconductor by an incident
photon. This so-called quantum efficiency (QE, see fig. Bs5& imeasure of the principal
sensitivity of the sensor but does not give an absolute odttetected and incident photon flux
density, since the sensor area usually is only partly seesiiepending on the detailed CCD
design. With a broad range of spectral sensitivity an emphagut on the blocking capability
of filter setups. Taking the accuracy of separate transamngsieasurements (nois€0.1 %) into
account, calibration factors are afflicted with an uncettawhich is hard to quantify. Outside
the wavelength intervals of remarkable transmission,ige €mitted from the calibration source
is assumed to be blocked completely, although only a verylsameount of passing photons
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distributed over a large spectral range would have a coraitkeimpact on the detector response
and would lead to an underestimation of line radiation.

Figure B.5: Quantum efficiency of CCD-sensors
employed [108].
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The setup of the&sPO diagnostics contains two beam paths established with addicthbeam
splitter, such that two different lines can be recorded withsame detector simultaneously D
(A=6561nm) and CIIl p =~ 465nm) are the standard pair (see also section 3.1). A gtey fil
is used to adjust the brightness of thg-Ehannel to ensure a comparable recording level for
the different lines. This additional filter is removed fofibeation measurements to improve the
signal-to-noise ratio, but has to be considered for theahaalibration factors. The array of
fibers is mapped to the CCD which is operated such to expleiftithhorizontal resolution (fiber
position) and to collect the fiber transmitted radiance ime dimensional data array by vertical
binning. An example is shown in figure B.68FO outer divertor array: 69 fibers). Decreasing
sensitivity towards the edges of the mapped area are due taghetting effect of the collecting
lens. The spectrally integrated transmission profile ofittex does not strongly depend on pitch
angle of the incident photons to the optical axis.

Because the diagnostics setup is mounted close to the vaeessel it is partly affected by
vibrations which result in a shallow shift of the CCD posgiti@lative to the mapped image of the
fibers. The fiber image is observed to shift on a pixel scalebitrary direction. Consequently,
it is not perfectly safe to use the calibration data in fulaleition to prepare calibration factors
for each detector element. The more adequate treatmentigtacterise the mapping of each
fiber by applying a fit function. A function which was found toodel the fiber image quite

well, including fiber cross-talk, i$ (i) = z?‘zoaj exp[%}?'g], with i the detector array col-
umn index as the variablg the index of the fiber anla, b, c} parameters describing amplitude,
position and width of a single peak. If these parameters aypanly adjusted (see figure B.6),
the amplitude is used as a measure for line radiance. Foysaamalf experimental data, the same
fit function is employed with the same width, the positionngeslightly corrected if required,
and the amplitude remaining as the free parameter. For gpapation of calibration factors for
each fiber, the transmission curve of the interference filéarbeen measured for normal beam
geometry and the sensitivity to the,Bine is considered by using the average transmission for
A € [656.0,656.2] nm. The impact of pitch angle on filter transmission as disedsabove is not
treated since these angles are unknown and could be degshmity by a complete reconfigura-
tion of the diagnostics. For larger pitch angles for fibedially more distant to the optical axis,
higher calibration factors would result, probably similarmagnitude like obtained due to the
vignetting effect of the collecting lens.
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Figure B.7 displays the calibration factors for the samerfdreay obtained from calibration
measurements before and after the 2006 experimental cgmpie deviation is extremely low
and suggests that the diagnostics setup is largely unedfést plasma operation. Slightly higher
values for the after-campaign factors might be relateddaced transmission in silica fibers or
to aging effects of the interference filter. A much simpleplexation would be a thin coating on
the surface of the collecting lens formed during operatmedominantly of wall conditioning
glow discharges.
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Figure B.6: SPO outer divertor array: offset subtracted detector respoose
calibration source illumination (blue solid line); fit fu@en to characterise
fiber mapping (orange dashed line).
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Figure B.7:SPO outer divertor array: calibration factors obtained fromame
surements before (red) and after (blue) the 2006 experaheampaign.

In present day fusion experiments, optical fibers are coniynased to transmit light from col-
lecting optics near the plasma to spectrometers and dedangtalled far from the machine hall
to keep a safe distance to sources of electromagneticenteide and mechanical vibrations.
These fibers exhibit low transmission losses, are easy tdléamd are sufficiently heat proof
to resist baking procedures performed on the vaccum vessalvever, optical fibers are not
immune to ionising radiation [109] which can result in sggampact on calibration efforts and
hamper the interpretation of the recorded signal.

Neutrons produced in fusion reactions penetrate all sadimg materials and accompanied
nuclear reactions are the sourceyafidiation and high energetic electrons originate from-sub
sequent ionisation processes. lonising radiation petajrehe fiber causes radio luminescence
which is supposed to consist mainly of Cherenkov-radiatind emission from defects of the
glass structure like non-bridging Oxygen which might haeerb caused by radiation impact
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[110]. These photons emerging from the fiber volume createftset to the signal collected
from the plasma which is proportional to the fusion reactiate. Aside from this disturbing
effect, the deterioration of fiber transmission is a majancawn for the long term availability
of plasma diagnostics. The formation of structural defacis color centers results in increased
scatter of former passing photons to angles outside theimafr¢ptal reflection at the boundary
of core and cladding of the fiber. This issue of radiation petlattenuation is complex and
comprises different mechanisms leading to transient anpeent damage. It is observed that
transmission may recover at room temperature, by photehieg or be annealed by heat treat-
ment [111]. Radiation resistance is found to depend on fikeeral composition, ie dopants,
and temperature of operation. Information about opticarfbn an ionising environment have
to be gathered from experimental efforts and cannot be aeblinom first principles. Regarding
the experience obtained from D-T operation so far (eg [118 use of optical fibers for large
(high fusion gain) devices like ITER (Tritium phase) has &dxcluded and more complicated
optical arrangements have to be considered for diagnastess.

Deuterium operation of the ASDEX Upgrade device creates dcates and fluences which do
not seem to have a deleterious effect on fiber based diagaogti least this is the case for the
commonly used pure silica fibers with high concentrationyafroxide. Color centers formed
due to the destruction of chemical bonds by radiation impaetsupposed to be neutralised
by the saturation of dangling bonds by the hydroxyl groupalvhg highly mobile in the glass
structure. A very different behaviour is observed whengfdeers are exposed to radiation which
is discussed in the next subsection.
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Figure B.8: Spectrum of proton induced X-ray emission frosiliaa fiber.

Concerning the striking difference of silica and glass sheged for the p-diagnostics, the com-
position of each fiber material was examined. A proton indu¢eay spectrum (not calibrated
on ordinate) is depicted in figure B.8. High energetic pret@rereE, = 3MeV) ionise electrons
of the K or L-shell and the line radiation of the shell relagatis recorded. The recording and
analysis of such spectra for fiber samples is hon-standgeddig the in-house expertise. Par-
ticle induced X-ray emission (PIXE) spectra are usuallgipteted by comparison to reference
samples [113]. Nevertheless, a basic X-ray spectrum likgyofe B.8 might be discussed quali-
tatively. The aspect to mention here shall be simply to confire high purity in composition of
the fiber sample. Beside Copper which is the bulk materigh@fstample holder, the appearance
of Potassium most probably relates to the use of potaslE(K) as flux melting agent in the
manufacturing process. The assignment of Molybdenum araki@éa is not perfectly convinc-
ing regarding the energy of the characteristic photons arsdunclear whether these elements
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should be thought of as contamination or ingredient. It ghtbe emphasised that this kind of
interpretation is sensible only in comparison to the spmetobtained for the glass fiber. This
topic is followed up in the discussion on optical propertéthe XPMC image guide below.

XPMC Diagnostics During the 2006 Campaign

Without prior experience in the operation of the tangersaheras, the goal was to perform one
calibration measurement before the experimental campigrkeep the diagnostics installed,
in particular to reduce efforts in the determination of viegvgeometry which was planned to
be based on exposures of the empty and illuminated vacuuselveA calibration procedure
as described for thePO was employed differing from the latter only in the instankattpre-
processing of CCD data is restricted to offset subtractlbnmination of the collecting optics
results in a detector signal like shown in figure B.12. Thaatire of the image guide is recog-
nised by small gaps between multi-fibers<@® single fibers of 1fm diameter) and defects of
the fiber bundle of reduced transmission. If the setup wabamged for experimental operation,
these effects would be corrected for by the calibrationdiactFor practical reason the detector
mounting has to be disconnected from image guide and porhtimgubefore the diagnostics is
installed at the plasma vessel. Minimal differences in sitipent ¢~10um would be sufficient)
affect the appearance of calibrated data which is exprasgsgistematic scatter of data points
due to imperfections of the image guide. Taking the quality dynamic range of experimental
data into account, which is strongly influenced by detectosen and hard radiation {),im-
pact, this shift of calibration factors is not easily comgatied. The more important aspect of
correcting for the vignetting effect of the collecting laasiowever met.

Interpretation of [ emission inferred from data deconvolution in terms of atomeutral
flux density suggested the calibration factors being aboatarder of magnitude too low and in
addition, sensitivity of the diagnostics seemed to deersssadily during the campaign.

The reason for the large discrepancy in radiance obtainedfevand to be insufficient IR-
blocking of the interference filters used. Transmissionrad of theXPMC filters is depicted in
figure B.2 which was checked before the calibration measan¢iwnly forA < 800nm. Conse-
guently, the detector was predominantly exposed to IR tadialuring calibration and factors
valid only for the O spectral interval cannot be deduced since the sensiti/ityeavhole optical
setup and sensor would have to be known to high accuracy iRtrenge relative to the interval
of interest.

A continuous drop in sensitivity of the diagnostics can ktelatted to radiation damage.
This aspect is documented by the detector response to a efigled time interval of a standard
discharge (here ohmic discharge with a phase of additiosetiiing) which is a frequently per-
formed part of the experimental campaign. The executioruohsan experiment on a regular
basis serves as an inspection of reliable machine operatidas a diagnostic survey of plasma
performance, eg in terms of impurity content or isotopeoraln this case the diagnostics setup
itself was focussed on. Figure B.9 illustrates the appr@achthe result obtained. Three regions
of interest (ROI) were defined to monitor different partsiaé viewing geometry. Data of these
ROI was averaged over detector area and time to provide atrabeasure largely unaffected by
small deviations in plasma position or density on a shoretgoale. A series of 31 discharges
has been analysed and the radiance obtained by applyingahmampaign calibration factors
is related to the total neutron production as the primargiorof fiber degradation. Although
there is quite some scatter, the general trend seems to bstrdihis series has been adopted to
model the relative decay of image guide transmission asaitumof neutron fluence, for which
monotonic characteristics have been assumed.
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In order to obtain suitable factors for absolute radiand#iEion, a cross-calibration was per-
formed regarding the data of radially viewing fliagnostics which was operated for a couple
of discharges about half time of the experimental campai@pmparison of diagnostics data is
complicated by the fact that the viewing geometries aretalty perpendicular to each other.
Radial integration of volume emission based on tangentialara image data deconvolution
inherently contains systematic uncertainties imposeddig dnalysis. Due to this inaccurate
procedure a systematic error for the calibration factotkiwia factor of 2 cannot be excluded.
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Figure B.9: Left: Image of reference discharge to monitae ttmage guide transmission (#20861,
t € [3.977,3.978s); circles indicate ROI-definitions. Right: Detector respe multiplied by pre-
campaign calibration factor for each ROI, averaged for tagetime interval of steady plasma conditions
and normalised to the first data point of the series. The aeytroduction relates to a total number of 497
discharges.

At this place, the discussion about the impact of ionisimdjagon on optical fibers started in
the previous subsection shall be continued. It has beet tisielocument the status of the im-
age guide by spectrally resolved transmission measuraniese figure B.10) by using a basic
spectrometer-diode setup. The new sample shows a reasanaghitude in transmission about
50% over a wide range of the visible spectrum which would lrel ba achieve with periscope
optics at reduced flexibility. The transmission is seen tgpdn the blue part of the wavelength
interval. The larger error bars for the measurement of thesaample compared to the other two
are based on an improved setup for those. Degradation ofttetfansmission is observed to
predominantly affect shorter wavelengths and is less pmooed for the near IR part. A closer
look reveals that the reduction of transmission found ferkly/Dy lines is not compatible with
the impression gained from the reference discharge saesgmted in figure B.9. The reason is
the impact of white light (3000K) which was used to illumiedhe spectrometer for reference
and the fiber bundle connected to the spectrometer duringélasurement. The fiber was placed
in front of the entrance slit of the spectrometer and theeséxposed to the full spectrum. This
setup was chosen in order to illuminate the fiber to full apertvhich would not have been the
case if put to the exit slit. The left part of figure B.10 shotws &ppearance of the photo bleached
image guide when exposed to white light. Obviously the @ mtart of the bundle which was
illuminated during the transmission measurement is capablransmitting a higher amount of
photons of lower wavelengths. A striking observation ist ghlaoto bleaching of this sample



132 APPENDIX B. CALIBRATION OF Dy DIAGNOSTICS

could not be reproduced, eg by illuminating the edge partsebundle cross section. Although
identical experimental conditions were applied, the gtsscture had lost its sensitivity to pho-
ton impact which indicates the occurrence of some proceasgihg the properties of the fiber
material on a larger time scale.

Reduction of fiber defects by thermal annealing has beeresafidly demonstrated by bak-
ing of the fiber in a vacuum oven. A few tests showed that theenraod longer heat treatment
is applied, the more pronounced the recovery of fiber trassion, eventually reaching original
values. Probably very slow diffusion or reconfigurationgasses in the glass matrix supported
by thermal motion of its constituents are responsible fizrlehaviour. Maximum settings tested
so far are a temperature of 190 and a baking time of 48 This procedure is restricted by the
thermal flow limit of the cement which fixes the fibers in the @ietes.

It is highly desired to recover transmission propertiedeffiber bundles, because of the high
purchase costs. Unfortunately, no silica fiber bundles offgarable image resolution are avail-
able on the fiber market. These would be even more expensivaldo robust against radiation
levels encountered at AUG. An alternative scheme would lopévate imaging diagnostics with
heated fiber bundles. The technical effort might be rewatledn improved resistance of the
system against ionising radiation.

transmission / %

450 600 750 900
Al nm

Figure B.10: Left: Image guide after illumination with whitight for transmission measurement (photo
bleaching). Right: Image guide transmission of one sani@hgth 108): new (blue), after 2006 operation
(red) and the latter after baking at 18D for 24 hours in vacuum (green).

Proton induced X-ray emission (fig. B.11, compare to fig. Br@licates the very different
composition of the glass fiber compared to the pure silica.fiBcept Copper as part of the
sample holder, Potassium, Barium, Cerium, Zinc, Zirconaund Lead are reasonable ingredients
from flux melting agents or as dopants to influence the refr@andices of core and cladding.
The occurrence of the elements K, Ba, Zn, Zr and Pb have bedirroed by a separate X-
ray fluorescence analysis. Given the additional comporiergsupposed that a much higher
effective cross section for the production of defects ardrazenters by the impact gfradiation
and fast electrons exists. Also the nuclear reaction rat#ving neutrons at a certain flux density
in the fiber volume is likely to be larger compared to purecaitand this way directly depositing
sources of-radiation in the fiber material.

The generation of radioactive isotopes due to neutronatativwas examined on a simplified
basis using the activation code FISPACT [114]. Since thepmmsition of the glass is not known
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guantitatively, merely fixed masses of the single elemethisresexposed to a neutron fluence
typical to the one present in the periphery of the AUG plasaraohe discharge. This way, it
was hoped to identify those isotopes which deposite the nibhajaf heat byy- and3-radiation.
For each element, the isotope with the largest integratedydeeat for a time interval of several
half lives was picked. This simple calculus was done onlyi$otopes characterised by a half
life reasonably short with respect to the duration of theeeixpental campaign. It was found
that this decay heat was comparable to the one from the h&t@ which is present in both
silica and glass fibers, albeit in different concentratiddiviously it is necessary to examine the
detailed energy spectrum of the radiators in relation toatbeorption mechanisms of the glass
structure. A problem, which to the knowledge of the authex iat been addressed so far and
unfortunately exceeds the capacity of this thesis.
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Figure B.11: Spectrum of proton induced X-ray emission fthmglass fiber.

XPMC Diagnostics During the 2007 Campaign

Regarding the experience of the 2006 campaign the followiegsures were taken for exper-
iments in 2007. Additional IR blocking of filters was implemented and checked over the
full range of spectral detector sensitivity. Calibratiorasurements were performed before and
after a short phase of dedicated plasma discharges to nsmnadiation induced deterioration of
image guide transmission. The diagnostics setup was liedtar a total number of 104 plasma
discharges with an estimated neutron productiof,pf 7.7 10® which lead to a decrease of
sensitivity of about 20%. For each discharge of interest afsgalibration factors is deduced by
linear interpolation on neutron production between thenolauy values.

Figure B.12 illustrates the calibration factors of one C&idmn obtained by disregard and
consideration of the impact of pitch angle on the filter traission profile. For the latter the
actual filter curve has been measured for several pitch aiagke values for arbitrary pitch angles
are obtained by interpolation of Gaussian fit functions.th@example, the transmission for the
Dq line has been inferred from the average valueXfer [656.0,656.2] nm.

Because the spectral integral of the transmission profidalisweakly dependent on the pitch
angle (variation of a few percent) the blue curve of figureBdpresents the vignetting effect of
the collecting lens only. If in addition the impact of pitchgde is included (red curve), a strong
variation is found for increasing radial distance to theiagitaxis. The more the wavelength
interval of consideration is displaced from the center ef ttansmission profile, the larger the
deviation emerges. Although this strong impact is knowrringple, it is not considered for the
calibration factors and the pragmatic procedure as destifir theSPO diagnostics is applied,
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since the actual fDy spectrum is unknown and the calibration factors should garcked with
an uncertainty of magnitude in the order of a factor of 2,llikacreasing towards the edges of
the image, induced by the large wavelength interval chosen.

0 200 400 600
row index j

Figure B.12: Left: CCD raw data of calibration exposure. lRigCalibration factors for one CCD-column
with (red) and without (blue) the consideration of the intpafeitch angle on filter transmission.



Appendix C

Reflection Properties of Tungsten Surfaces

One of the basic tasks for fusion research is to find intedretafigurations regarding plasma
and machine parameters which ensure compatibility of phaperformance and integrity of
plasma facing components to allow for economic power geioera The contribution of the
ASDEX Upgrade Team in this field is the characterisation afigaten as a first wall material.
Besides the impact on plasma operation, the presence ofiimstafaces in the plasma vessel
displays a drawback for diagnostics in the visible spectrabe, since reflected light becomes
part of the detected signal which in the first place is considé¢o originate from the volume
of primary viewing geometry. A detailed knowledge of theeefion properties is required to
judge the relevance of this issue for a particular diagoagiplication. In the framework of the
analysis of [ video diagnostics data, diffuse reflection at Tungsteresed of the AUG vessel
has been characterised for the first time and considered/traaing for image deconvolution.
In this section, after some remarks about the choice fonpdatacing materials and the situation
at AUG, the measurement of diffuse reflectivity at a Tungstrered tile of the AUG Tokamak
is presented.

The materials used for plasma facing components can beatkvmdo two main groups: low-
Z materials for which examples are Beryllium (Be, JET Tok&rfid 5]) or Carbon (C, DIlI-D
Tokamak [116]) and high-Z materials like Molybdenum (Mogcalor C-Mod Tokamak [117])
and Tungsten (W, AUG Tokamak [106]). An elaborate desaiptf motivation and results of
the Tungsten-programme at the AUG Tokamak, in which the Wt has been successively
converted from Carbon to Tungsten over several experirheatapaigns and experience has
been gathered for both elements, can be found in [118].

Atoms from the first wall are released through physical arehdbal sputtering imposed by
the impinging plasma ions. Physical sputtering is charesetd by a threshold energy which is
determined by the surface binding energy of the wall mdtand the mass ratio of projectile and
target particle. Considering protons, deuterons andisitbe sputtering yield for a given impact
energy is larger for the low-Z elements. Aside from chemieglctions of Oxygen or other
elements which might be present as impurities with the fiedt,\whemical sputtering is relevant
predominantly for reactions of Hydrogen and Carbon. Hydrbons released from the wall
display an impurity source for the plasma and on the othed maight be redeposited in areas
of low or vanishing plasma-wall interaction. This lattepast is in particular important with
respect to the Tritium operation of a power plant, where tial fTritium inventory is restricted
by radiation safety regulations.
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Once particles from the wall penetrate the plasma volunay, dlct as a sink for plasma energy in
the electron channel in terms of radiation and cause iniaddit dilution of the fusion reactants
Deuterium and Tritium. Radiation losses are due to lineatamh originating from electron ex-
citation of the ion stages of the impurity species and Brérakking resulting from acceleration
of electrons in the strong Coulomb potentials of impuritgleu The electron shell of low-Z el-
ements is fully stripped in the plasma core, whereas higle@ents are only partly ionised and
remain a source of line emission even in the hot core regibis dnd the aspect of dilution - for
an ion stage Z an equal number of fuel ions is replaced - pasgeseestrictions on the tolerable
impurity concentration for scenarios of plasma operatalavant for energy production. Maxi-
mum concentrations are in the order of £@or Carbon and 10° for Tungsten. Although high-Z
materials are demanding in terms of impurity content, higisien rates for light elements and in
particular the problem of chemical sputtering of Carboeythre thought of as being the better
choice with respect to the lifetime requirements of plasataig components.

An additional aspect regarding the first wall with impact eflection properties shall be
mentioned, namely wall conditioning. The general goal iprevent impurities at the surface of
the first wall to interact with the fusion plasma, either bsnowal from the plasma vessel, eg by
conversion to the gas phase and pumping, or by enforcednigridithe surface by the growth
of surface layers incorporating or simply covering the imigyuatoms. A review about various
techniques can be found in [105]. Here, only the so calledisation is mentioned briefly,
since it is relevant for the discussion below. Boron layersnore precisely layers containing
boron, are grown on the surface of the vessel wall in a desticglow discharge. Anodes are
placed at several locations in the plasma chamber and tiselvesll acts as the cathode. A
typical procedure like operated at AUG is to perform a Heligiow discharge with a seed of
diborane (BDg), resulting in the production of borane layers eventuatiptaining Carbon if
involved, termed a-C/B:H, with a thickness of several 10niithe primary interest of these
boronised surface layers is to getter Oxygen which is ptesexperimental plasma devices due
to water from air humidity attached to or incorporated in lessel components during vented
maintenance phases.

Dg-measurements discussed in section 5.2 were recorded iAUeexperimental cam-
paigns of the years 2006 and 2007. In 2006 nearly the whokmadacing surface area was
coated with Tungsten, except upper and lower row of the éinfitame of the ICRH-antennas
and lower divertor target modules consisted of pure Graphihese components are indicated
in figure C.1. Frequent boronisations were part of the erpamial campaign which can be seen
in the upper right picture of figure C.1 from the brown shadehenlight grey Tungsten surface.
These layers are residues of the previous campaign. Thesfemgoverage of the first wall had
reached 100% in the campaign 2007, an example of which isrshrothie lower right picture of
figure C.1. During the campaign of 2007 no boronisations yweréormed in order to emphasise
the operation being conducted with a clean Tungsten wah soi@void speculation about the
first wall being replaced by a low-Z material due to wall cdiadiing. First experience gathered
with the all-Tungsten plasma facing components are desttrib [119]. An important detail
is that the Tungsten coating on Graphite tiles is done inadeithicknesses depending on the
tile position and using different techniques. These praces! like physical vapor deposition or
plasma vacuum spray, also result in different surface roegé and optical properties.

All these details are mentioned in order to provide meansndkeustanding the difficulties
faced when trying to characterise the surface of the first wakrms of reflection properties.
The model used for ray-tracing is based on a measuremerftexgtien at a newly manufactured
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and clean Tungsten surface. However, a look on the imageguwefiC.1 reveals that obviously

each part of the plasma facing components is differenteelibcause of surface layers or simply
by the plasma-wall interaction which seems to result in #asermore glazed compared to the
appearance before the exposure. In addition, surface ipiegpare subject to transient change
during an experimental phase depending on position in teseleFurther, surface layers might
be oxidised during vent of the machine, so the actual statb@nvacuum chamber remains
unknown without in situ examination.

radial view on upper left corner
107 of limiter frame of an ICRH-antenna
taken shortly before 2006 operation
e Tungsten tile with layers (incl. Boron)
0.5+ o
e Graphite tile
e Tungsten tile clean (newly installed)
1S
~ 00t
N
= top-bottom view on lower divertor
05) all-Tungsten roof baffle and target plates
- taken shortly before campaign 2007
10l 1™ e newly installed
' . — e residues from previous campaign
[ |

v b b b b 1

10 1.2 1.4 1.6 1.8 2.0 2.2
R/m

Figure C.1: Left: Scheme of the AUG cross section of plasmi@facomponents. In the 2007 campaign

all parts were coated with Tungsten. In the previous 2006peggm, only components indicated with
were pure Graphite. Right: Closeup views of indicated areas

The Tungsten coated tiles used at AUG exhibit a diffuse kihdefbectivity such that a simple
measurement limited to zero order geometry, ie as if presgraispecular model, is not suffi-
cient. Scattering of light to a large solid angle requiregné@nse radiation source and a sensitive
detector. In addition, high precision is desired for thergetric arrangement and the result of
the measurement should be applicable fgribage data analysis. These aspects have been met
in the setup sketched in figure C.2. The beam of a laser istddemto the surface of an original
tile and the cone of scattered light is probed with opticacitéd to a detector in a goniometric
mounting.

An optical parametric oscillator (OPO), in combinationwé powerful pump laser, is used
to deliver light close to the pline. Related to issues of long term stability, the wavgtén
valid for the measurement can be stated to\bg = 6562+ 0.1 nm, however at a fluctuating
pulse energy in the order of 150 %). Repetition rate and pulse length are 10Hz and 10ns
respectively. For light detection, avalanche diodes aoptedl for sensitive and fast recording.
The diode circuit used is characterised by a bandwidth of B@g&uch that the detector output
signal cannot fall below a pulse length of 20ns, which haseté&dpt in mind when discussing
this signal in the following.

The test sample (fig. C.4) is mounted on a rotary table plasdde beam path such that
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the angle of incidenca can be adjusted easily. A mounting which allows to set tuih @tch
anglesf andy - see also fig. C.3 - is placed in the direction of specularcgfia. The vertex
of the cone which is probed coincides with the point of ligntidence at the surface of the
sample. In order to obtain absolute values for solid angielved reflectivity, light intensity
of the incident beam has to be measured simultaneously htscattered beam. Only if the
light source was perfectly stable in intensity, one singterence measurement would suffice
for a series ofa, B, y)-triplets. To meet this issue, a beam splitter is introdudedor to the
reflectivity measurements a relative detector calibraisoperformed by placing the diodes in
the primary and deflected beam path. With this preparatlumsignal in the deflected path is
a measure of the primary beam intensity, which can be relatélde signal obtained from the
detector placed in the reflection cone.

diode A
test sample ‘ ’
Dq-filter
. & . specular
beam splitter direction
o

surface
normal

C Dq-filter
grey filter 2 .

diode B

grey filter 1

OPO laser

Figure C.2: Scheme of the setup to measure diffuse reflggtdalid angle resolved.

Figure C.4: Samples of original tiles. Left: clean, right:
surface layers. The position of the measurement is indi-

Figure C.3:  The goniometric  cated withO, valid for both parts.
mounting used to probe the cone of

reflection.
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Each of the optics involved are configured to have an apeldger than the beam cross section.
In the case of the reflection cone, a sufficiently large parthef surface is mapped such to
include the whole area of incident light which coincideshwiihe beam cross section only for
the specular direction and otherwise is a functioropf3 andy. With Ag denoting the cross
section of the incident beam, the beam spot on the sampleepfrem an arbitrary direction
as Ay = Ag- (cosa cosy — sina sinB siny)/cosa. Narrow band pass filters are used to avoid
perturbation by other light sources. A small tube which @sckkened on the inside is used to
define the aperture of the reflection viewing geometry tocvecording of light scattered from
various locations which occurs easily when working wittemge laser sources. An emphasis is
put on the issue to operate the detectors at good signalise-ratio while preventing saturation.
This is achieved by introducing grey filters GF1 and GF2. WKF1 simply reduces the overall
intensity, GF2 changes the reference signal and therefteansmission has to be determined
in advance. A very high primary intensity might be neces#ayys large, but as a consequence
the reference detector needs to be protected.

Taking the relative calibration into consideration, th&atienship of the output signals of
the detectors, together with transmission of GF2 and thewaeesize of observation, yields the
desired solid angle resolved reflectivity.

An example of the detector signals inferred from is showngnrie C.5. The oscilloscope
used to record the time traces of output voltages of the dizdeits has a bandwidth of 500 MHz
and also a maximum sampling rate of 500 MS/s. A single lasksegs not resolved accurately,
since the impact of electromagnetic interference from kigltage switching, eg from driving of
the Pockels cell as a part of the resonator of the pump lasegnjunction with the time resolu-
tion of 2ns leads to profile shapes hard to interpret. Aveigagiver 50 pulses reduces the impact
of noise to a tolerable level and the output is visualiseth 2 GS/s. The amplitudes of the time
traces are taken as a measure of intensity and the conbmdudim spurious signals expressed in
the zigzag part of the profile is recognised as a degree oftaicty for data analysis.

A couple of examples for measurement series are depictedune C.6 and C.7. Cor-
responding to the mechanical setup, the angle of incidemeestricted toa € [30,85° and
the polar angley < 38°. The three parametexs, 3 andy have been chosen from the sets
a €{30,37.5,45525,60,67.5,75,80,85}°, B [0,180° (AB=15°) andye {0.,2.5,5,10,
15,20, 25,30,35,38}°. The range of3 was fixed after first series supported the assumption
of symmetry about the plane of incidence within the margiméertainty. All possible com-
binations of the three angles, if applicable in the presentps were examined, just for the two
largest values aft only the zero order direction was measured, resulting itied tmmber of 768
single measurements for the construction of a model fouskffreflection.

The series of zero order reflection is the only one where batkan and a coated tile were
examined. In this particular case reflectivity for the imgpsurface is reduced in the specular
direction fora < 65° and higher foix > 70° than observed for the clean surface. The character-
isation of tiles with surface layers is however an unrealistirpose since even each tile exhibits
a variety of reflection properties (see figure C.4). Theeefile measurements were focussed
on the clean surface which is assumed to give a good estimateffectivity of these type of
Tungsten tiles in the framework of plasma operation withwatl conditioning like the AUG
campaign 2007.

Figure C.7 gives an impression about the functional deparids forf3 if a andy are fixed.
Fit functions have been chosen such to be symmetrft about = 0° and = 180°. These
series are combined for all andy and the parameter space is well resolveddar [30, 75 °.
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Linear interpolation is used to obtaitR/dQ for an arbitrary(a, B, y)-triplet. No data is avail-
able fora < 30° and the model is extrapolated by applying the resultifer 30° which is found
not to contain #-dependence. Extrapolation for> 75° is based on the two values for reflection
in the zero order direction and a dependencg @rintroduced to achieve a reasonable value for
total reflection which must not exceed unity. The solid anglegrateddR/dQ, wherey < 38°,

is shown in figure C.8. Shape and magnitude of this quantitpisidered as a support for the
experimental approach. Figure C.9 gives a three dimenisitepaction of the reflectivity model
with color coding on the surface of a sphere centered at tivé pbincidence. One interesting
feature of the observed reflectivity is the deviation of tealpvalue from the zero order direction
which is tilted towards the surface normal by several degdspending on. The accuracy of
the goniometric setup is sufficient to exclude a systemaitar én that respect. For larger values
of a, the model is restricted toyadependence (see fig. C.10).
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Figure C.7:r-series orf for fixed a andy.
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normal. Direction of incidence 'di’ and direction of zeroder 'dzo’ in x-z-
plane. A simpley-dependence is introduced for the parameter space outsde t
range of high measurement density where aiity,y = 0) is known.



Appendix D

Overview on Neutral Penetration Data

As announced in section 5.2.6 the following pages contdilesaD.1 to D.4 which summarise
edge plasma and neutral parameters discussed earlier mdartsed form.
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#21418t ~ 3.4s, H-mode (L-fact.=1.8)ng = 3.7-1019m"
psc/ 0 Xsep— Xpd / o/ np/ ne/ np/Ne Te/
cm ° cm m2s1 m™3 m™3 ev
20 | —-10 18 Xsep: 6.9(+/-0.4) 107 | xsep: 7(+-1)-10%° | xeep: 7.1(+/-0.6) 10 [ xsep: 9(+/-2)-10° | Xsep: 105(+/-13)
Xpd ! 4.8(+-0.4)-10°0 | Xpq:2.4(+-0.4)-10° xaupomﬁ\-oo@.p% Xpd | 2.4(+/-0.5)- 1073 | Xpq: 136(+/-17)
45 | —26 13 Xsep: 3.1(+/-0.2)-107° | Xsep: 3.3(+/-0.4)-10'0 | xsep: 8.0(+/-0.7)- 10" | Xsep: 4.2(+/-0.9)-103 | Xgep: 113(+/-14)
Xpd © NNE 0.2)-10%° | Xpg:1.2(+/-0.2)-10%% xaupmmﬁr\-oog.p% Xpd ! 9(+-2)-10% Xpd : 165(+/- 20)
70 | —45 13 Xsep: L17(+/-0.1)-10°0 | xXsep: 1.8(+/-0.2)-10' | Xsep: 8.4(+/-0.7)-10'8 | Xgep: 2.1(+/-0.4)-103 | Xsep: 115(+/-14)
Xpd © HEE 0.09)-10% | Xpq:6.5(+/-0.9)-10" | Xpq: L15(+-0.1)-10Y | Xpq:4.3(+-0.9)-10% | Xpq: 186(+/-23)
65 | 40 15 Xsep: 6.5(+/-0.5)-10'% | xXsep: 8.1(+/-0.8) 10" | Xsep: 6.2(+/-0.6)-10'8 | Xgep: 1.3(+/-0.2)-103 | Xsep: 95(+/-12)
Xpd | mkt-o.e.pos Xpd : 3.0(+/-0.5)-10'° | xpq: 1L7(+-0.1)-10'° | xpq:1.8(+/-0.4)-10% | Xpqg: 209(+/-25)
#22091 ~ 1.4s, ohmic (L-fact.=0.9)Pg = 2.5- 101°m~
psc/ 0 Xsep— Xpd / o/ np/ ne/ np/Ne Te/
cm ° cm m2s71 m=3 m=3 ev
20 | -8 23 Xsep: L1.8(+/-0.1)-10°0 | xXsep: 1.4(+/-0.2)-10™ | Xsep: 6.4(+/-0.6) 108 | Xsep: 2.2(+/-0.6)-107° | Xsep: 69(+/-9)
Xpd: 1.2(+/-0.1) 107 xgnmﬁ +-0.8)-10 | Xpq: 9.6(+-07)-108 | xpq: 5(+-1)-10 Xpd : 84(+/-11)
45 | —23 17 Xsep: wm?\ 0.2)-101 Xm%”w:i 0.6)- 10" | Xsep: 6.2(+/-0.6)-10'8 | Xgep: 6(+-2)-10% | Xsep: 68(+/-9)
Xpd © NmE 0.2)-10' | Xpg:1.3(+/-0.2)-10% | Xpq: :mﬁ\ 0.08)-10" | Xpg:1.1(+/-0.3)-10% | Xpq: 95(+/-12)
70 | —42 15 Xsep: 1.8(+/-0.1)-10'° | xXsep: 1.8(+/-0.3)-10'° | Xsep: 6.2(+/-0.6) 10" | xsep: 3.0(+/-0.8)-10% | Xsep: 67(+/-9)
Xpd : H.wﬁ\-o.c.pos Xpd: 7(+-1)-10% Xpd : HNwE 0.09)-10'° | xpq: 6(+/-1)-10° Xpd : 102(+/-13)
#220911t ~ 2.2s, ohmic (L-fact.=1)fe = 2.5- 101°m"
psc/ 0 Xsep— Xpd / o/ np / ne/ np/Ne Te!
cm ° cm m2s71 m=3 m=3 ev
20 | —10 2.0 XM% HNOE 0.08)-107% | xsep: 1(+/-0.2)-10™ | xsep: 8.3(+/-0.7)- 108 | Xgep: 1.2(+/-0.3)- 103 | xsep: 64(+/-8)
8.0(+-0.7)-10*° | Xpq:3.7(+/-05)-10% | Xpq: HEE 0.08)- 10" | Xpq:3.6(+/-0.8)-10% | Xpq: 76(+/-10)
45 | —25 1.8 xM% 2.8(+/-0.2)- 109 Xmm?mﬁt-o 5)-10" | Xsep: 6.8(+/-0.6)-10'8 | xsep: 4(+/-1)-10% | Xsep: 56(+/-7)
1.9(+/-0.2)-10*° | Xpg:1.1(+/-0.2)-10% | Xpq: HBA +/-0.08)- 109 | Xpq:10(+/-0.2) 104 | Xpq: 80(+/-10)
70 | —45 1.8 xM% 1.5(+/-0.1)-10*° | Xsep: 1.6(+/-0.2)-10'% | Xsep: 6.0(+/-0.6)-10*® | Xgep: 2.7(+/-0.6)- 104 | Xsep: 52(+/-7)
Xpd | o.:t-o.ov.pos xa_”mit-o.ov.poz Xpd | Sm?\-oo@ 108 | Xpg: 5(+-1)-10° Xpd © 85(+/-11)
#22091 ~ 2.8s, H-mode (L-fact.=1.4)fg = 2.8- 1019m™3
psc/ 0 Xsep— Xpd / o/ np/ ne/ np/Ne Te/
cm ° cm m2s71 m=3 m=3 ev
20 | -9 1.6 xM% 15(+/-0.1)-1070 | xsep: 9(+/-1)-10° | xgep: 15(+/-0.1)-107° | xsep: 6(+-1)-10% | Xsep: 97(+/-12)
9.7(+-0.8)-10*° | Xpg:3.2(+/-0.4)-10" | Xpg: L17(+-0.1)-10Y | Xpq:1.9(+-0.3)-10% | Xpq: 120(+/-15)
45 | —24 1.2 XM% 3.4(+/-0.2)-10*° | xsep: 2.5(+/-0.3)- 10 x%u;i?\-oogpos Xsep: 1.8(+/-0.3)- 104 | xsep: 95(+/-12)
22(+-0.2)-101° | xpg: 9(+/-1)-104 Xpd: 1.8(+-0.1)-10'° | xpg:5.1(+/-0.9)-10° | Xpq:134(+/-17)
70 | —43 11 XM% 1.4(+/-0.1)-10*° | Xsep: 1.0(+/-0.1)-10'° x%u;i?\-oogpos Xsep: 7(+-1)-10° | Xsep: 95(+/-12)
9.4(+/-0.8)-10"® | x5q:3.9(+/-05)-10" | xpq: L9(+/-0.1)-10'0 | xpq:2.0(+/-0.4)-10° | xXpq:147(+/-18)

Table D.2: Collection of neutral penetration data; refecdption of table D.4.



145

‘¥°Q 9|ge1 Jo uond _
ndeaejal ‘eyep uonenauad [eNaU JO UONDIY|IO
! O :€'dsjqelL

(€T-+)10T : P
(TT-/+)gg :d@ ¢OT (T-+)g 1P
(T -“+me “_amx y 0T (L0-/+)87T 199 60T (T0-+)LT P | 01 (T-/+)8 P
SPEX .O._”.ANO )T T pd w.HOH.ANO -/+)8°. -dasy e 8 X m.HOH.AH.O- -
(TT-/+)g8 :9osx SUX 0T (T ¢0T (€0-/+)22 -das; +)9T :Px
0T (-/+)2 958 6 0-/+)GT P e :desx | 0T (T0- .
(T-1+)g6 : Pix X 0T -( q10T (e0-/+)g°T : Pd J+)gg 1desx .
~ yOT- (80-/+)1¢: pd 8 L0-/+)LL -desy . X 01" (€0- ) 1 6e—
A \+v -dasy L FEX ._HO._” . Aw B m._”O._” AN O|\+v .dos 6 \+vm : UQX 0L
0T (7'0-/+)GT :9%8 6 00 EONH : pdy ) :dosy | 0T (€0- .
" GT:99 | 40T-(20-/+)08 :9°8 0T+ (00-1+)87 P | o 0M+)ES x| g
/3L 0 149S% | 910T " (20-/+)2 T 199 00T - (600-/+)80°T : P Te— | sy
u/Au w.mc o 0T (T0-/+)9 -dasy 0z
AOH |\+v©NH : UQX 0T Am o v = \ DC HMMDN:C\_ o l— 02
(€T-1+)00T 45 | ;. YT X . Y Py —d > | st
) y0T" . 6107 (T0-/+ pd _w T — . / Pdy —dasy
Amﬁ |\+VONH - pdy 70T AN 0 \+v._” :dasy 60T AOO.O -“+w Q@MA y10T- AN.O -\+vo G: pdy eol LY 2U(9°T="19®}-1) SPOW-H 's.'¢ )@ ¢ fosd
ANH |\+v®® -dasy |OH AH \+v© : UQX I A ) veT: X mHOH . ANO |\+v¢ “dos mHOH . AOOO |\+v®._”._” : UQX 1.602c#
i . VIOH AMO \+v .das O.HO T O|\+v Uo_x i T: X HOH . AH ) .
WT-1+)TTT : Px 9°¢C 7™X 0T 60" 10T (T0-/+)T°T : P4 6 0-/+)8T :99sx )
) . LT (9014)2E P | oo-\:mm T sdosx (o 1P% | 60T (20- - pd T -
(ET-+)T0T %% | £ 0T ( X | 0T (T0-+)9T :Pd 0T (7'0-/+)T€ 1995 0-/+)L2 P 89
o g 20-/+)TT ;985 - 60 X | 40T (10-/+)T' : Pd 610T" (0-/+)T Y :99x )
6101 - (60°0-/+)92'T 925 TGP | 0T (T zT -
/3] o 910T - (20-/+)¥'T 995 0 TO-+)ET 1P ¢ sy
u/du w.o ' o 00T (T0-/+)0Z :9°x -
@T-4)66 :PIX | <0T-(90-/+) - / Qu HMmm-E wo 6= | 0c
6141, dosx | o )7 P - g pdy _d o | wo
: . 60T (T0-/+ d W 0T ps = (g T 1 POX—C
romes P | ep (€0-1+)27T:0% | 601 (T )0 X | 10T (80 THES 5101 7' = 2(8'T=198)-1) SpOW-H 'ST' 8 | osd
; 0T (T-/+)g P 6 0-/+)ST 99 . 0T-(T0-/+)87T : 1€~ 1/60cc
(6-1+)0L 9% | 0T ( 8 P | OT-(TO-/+)6T P o1+ (€0-+)8T 995 | ¢ TO-1+)8T 1P #
(TT-/+)88 P | LOT- %o 1) LT | 60T (600-/+)9 X 0T (207+)ST: X e0T(€0-/+)8T | g1
(6-/+)zL 199 pOT-(§0°4)TE: M 0T (T v'T:99% | 40T (90-/+)6°€ :9°3 10T (€0-/+)2% P ev— | 0L
¢ 0T (20-/+)TT:9% 6 TO-/+)6T P TUX 0T (50-/+)2°9
o TT:99% | 0T (T0-+)GT :99 60T (L0-/+)6'G : PIx 6101 *(50-/+)L9 :dasy o1
/21 . X SOH.ANO 49T dosy ONOH.ANO-T:. - pdy ve— *174
u/Au w.mc o 00T (Z0-+)8¢ :99% -
AOH |\+vwm._” : UQX o1 AH v = \ DC HMMDN:C\_ o 6— 0z
ZT-/+)56 :9osx 0T (T-/+)9 P - 4 pdy —d : wo
: . 60T (T0- d WA0T -6 =2U(0" | Pex €95y
©T-/+)ppT - PO 0T (L0-1)T€:995 | 0T ( .o-\+v P | 0T T/6 ™ g-Wgi0T -6'€ = 2U(0"T="198}-1) OIWYoO ‘s.” 6 | /osd
) : 40T (€0-+)€T : Pd g10T " (L0-/+)€8 199 PO T 60T (20-4)6T - . LT~ 116022
(@T-1+)56 995 €T:PX | 50T (60°0-/+)zpT : PO 0T (10-+)5Z 9% | ¢ 20-/+)6T 1P #
(GT-/+)veT : Px p 0T (T-+)9 99 | 0T (1 Zr TP | 0T (e0-/+)gT: P 60T (20-/+)87 99 .
z1- : y 0T (60-/+) 7 : P 8 0-/+)2'8 199 . P | 60T (€0-/+) - pd €1 r—
2T-/+)96 :d9esx X | 60T (80" G0T - (L0-1+)61 928 +)Le 1P 0L
0T (0-/+) L7 195 6 oo-EHN T :Pdx . oS | 60T (PO~ .
) . X Ny m._”OH ANO \+v - pd 6 0 \+vm .Qomx .
20T (L0-/+)v'8 desy SX 01" (T A cz—
/3L 5 90T (20-/1+)¥'T -desy 0 T0-/+)€T :Pdx 14
u/du m.o 00T " (T0-/+)02 :99x .
/°u g-W S 6T g—
/Qu 1- m-E 0o 0C
/Y pdy _d o wo
/Pox—desx | g | josd

g-Wei0T-

17= 9 e
¢ = 2u(g'1="19€)-1) SPOW-H 'S0y ~ ¥T60ZCH



2

Q

=

Q

[ #22113t ~ 2.6s, L-mode (L-fact.=1.0)ig = 2.4- 109m"

mhn psc/ 0 Xsep— Xpd / o/ np/ ne/ np/Ne Te!

[ cm ° cm m2s71 m™3 m™3 ev

M 20 | -8 2.4 Xsep: 1.6(+/-0.1) - 1070 | Xsep: 1.1(+/-0.2) 10 | xsep: 7 At-o.d.poa Xsep: 1.4(+/-0.4) 103 | xsep: 81(+/-10)

W Xpd : 1.1(+/-0.1) - 10?° xBLo?\-o 6)-10 | Xpg: 9.5(+-07)-108 | xpq: 4(+-1)-10 Xpd : 100(+/-13)

o 45 | —23 1.7 Xsep: 4.0(+/-0.3)- 10 | Xgep: 3.6(+/-0.6) - 10Y | Xsep: 7.7(+/-0.7)-10'® | xsep: 5(+/-1)-10% | Xsep: 81(+/-10)

N_ Xpd : 2.8(+/-0.2) - 101 | xpq:1.3(+/-0.2)- 10" | Xpq: o£+\-o.o@.55 Xpd | 1L.3(+/-0.3)-107% | Xpq : 113(+/-14)

o 70 | —41 1.6 Xsep: 1.9(+/-0.2) - 10 | Xgep: 1.7(+/-0.3) - 10Y | Xsep: 7.7(+/-0.7)-10'® | Xsep: 2.3(+/-0.6)- 104 | Xsep: 82(+/-10)

_w Xpd | 1.4(+-01)-10"° | xpq: 6(+/-1)-10* Xpd : ooﬁ\-o.o@poz Xpd: 6(+-1)-10° Xpd : 125(+/- 15)

w #22113t ~ 4.4s, L-mode (L-fact.=0.9)ne = 2.5- 109 m™3

=2 psc/ 0 Xsep— Xpd / ! np / Ne/ np/Ne Te!/

= cm ° cm m2s71 m=3 m™3 ev

O 20 | —10 31 Xsep: 1.7(+/-0.1) - 1070 XM%LNE-O.@.BE Xsep: E-o@.é& Xsep: 1.8(+/-0.5)- 103 | xsep: 75(+/-10)

= Xpd : LL(+-0.1)- 1070 | Xpq:4.3(+/-0.7)-10" | Xpq: 7.4(+/-0.7)-10' | xpq: 6(+/-1)-104 Xpd : 102(+/-13)

w 45 | —26 2.0 Xsep: 6.6(+/-0.4)-1019 | Xsep: 6(+/-1)-10'5 | Xgep: 6.7(+/-0.6)-10'8 | xsep: 1.0(+/-0.2)-10°3 | Xsep: 76(+/-10)

- - sep- O. - sep- sep- - sep- sep-

DVn Xpd | 4.7(+-0.4)-10%° | Xpq:2.4(+/-0.4)-10'% | Xpq: 8.8(+/-0.7)-108 | xpq:2.7(+/-0.7)-10% | Xpq: 115(+/-14)

W 70 | —46 18 Xsep: 2.9(+/-0.2) - 101 | Xsep: 2.8(+/-0.5)- 10" | Xsep: 6.7(+/-0.6)-10" | xsep: 4(+/-1)-10% | Xsep: 76(+/-10)

W Xpd : 2.1(+/-0.2) - 101° | xpq:1.0(+/-0.2)- 10" | Xpq: oﬁt-o.o@pos Xpd : 1.O(+/-0.3) - 1074 | Xpg : 126(+/-16)
#221551 ~ 2.8s, ohmic (L-fact.=1.0)g = 2.5- 10 m™3

Q psc/ | 0 | Xsep—Xpa ! o/ np / Ne/ np/Ne Te/

> cm ° cm m2s1 m™3 m™3 eV

Q 20 | -9 2.4 Xsep: 2.0(+/-0.1) - BNM Xsep: 1.7(+/-0.3) - Hma Xsep: 6 At-o.g.popw Xsep: 2.6(+/-0.7) - H.bo.w Xsep: 64(+/-8)

M Xpd : L4(+-0. c.pow Xpd© 6(+/-1)- Hon Xpd: 9 At-o.d.popm Xpd: 7(+/-2)-10 L | Xod 72(+/-9)

a 45 | —24 1.7 Xsep: 6.0(+/-0.3)- 10 | Xgep: 7(+/-1)-10 Xsep: 6.5(+/-0.6) 10" Xsep: 1.0(+/-0.3) - 103 | xsep: 64(+/-8)

o Xpd 1 4.3(+/-0.4)-101° | xpq:2.5(+/-0.4)- 10" | Xpq: HN?\-o.om:% Xpd | 2.2(+/-0.5)- 1074 | Xpq: 77(+/-10)

< 70 | —43 15 Xsep: 3.1(+/-0.2) - 10 | Xgep: 3.3(+/-0.5)- 10" | Xsep: 6.4(+/-0.6)-10'® | xsep: 5(+/-1)-10% | Xsep: 63(+/-8)

Xpd 1 2.2(+-0.2) 10" | Xpg:1.2(+/-02)-10" | Xpq: Soﬁ\-o.om:oz Xpd : 1.0(+/-0.2)-10% | X4 : 80(+/-10)

Table D.4: Collection of neutral penetration data. Def@mitof X,q: Np(Xpd) = €Xp(—1) - Np(Xsep). O is the angle on the poloidal plane between the lines
defined by the connections magnetic axis to X-point and ntagagis to position at separatrix denoted by frssvalue (the symmetry axis of the torus

is to the left of the cross section and the poloidal anglellsvi@d counter-clockwise).
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